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INTRODUCTION

The present title “Animal Physiology & Bio-chemistry” is designed to provide a
firm foundation for undergraduate students of Bhoj University. It provides a
structural approach to learning by covering all important topics in a uniform,
systematic formats. The book has been comprehensively designed incorporating
recent advances in this fast moving field. It also provides accessible information on
physiology of biochemistry in a compact forms for undergraduate students and
related life sciences. It is intelligible to the educated layman, though it deal with
some complex ideas. It is an adequate text for all the requirements of students in
this area. In addition, busy lecturers who require a quick reference compendium
will find it useful, particularly for tutorial planning. Simple yet hopefully clear figures
and tables are provided throughout the book.

The overriding goal of this book is to present the essential information
concerning physiology and biochemistry in a compact, readily accessible form
what leads itself to student learning and revision. The convergence of various
approaches has generated a rich panorama of detail, the significance of which we
are still attempting to unravel. The present title has been written as an introduction
to this rapidly growing field.

To make the work more comprehensive and informative, the author has
consulted many authoritative books, research journals, abstracts and monographs
etc. So that there can be no claim to originality except in the manner of treatment.

The present title integrates twenty one chapters in five units. Many of the
chapters are chiefly, emphasized. These includes: Physiology of digestion in
mammals, mechanism and physiology of respiration in mammals, immune system,
Thermo-regulation, Mechanism of enzyme action, vitamins, physiology of nerve
impules conduction, Theory of muscle contraction and its Biochemistry, Structure
of functions of pituitary gland, structure and functions of Thyroid gland and structure
and function of Adrenal gland.

Dr. Mohan P. Arora
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UNIT – I: NUTRITION AND METABOLISM
CHAPTER 1 PHYSIOLOGY OF
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1.0 INTRODUCTION

Food of an organism consists of macromolecules like proteins, fats and
carbohydrates along with minerals, salts and vitamins in comparatively small
proportions. Because of bigger size, the food moleucles are not diffusable
and the body cannnot utilize them directly; so they are broken down into
diffusable counterparts that the body can utilize for its vital purposes.

Digestion can be defined as stepwise degradation of macromolecules
into their smaller components which are suitable for absorption and
assimilation. This process of chemical change is brought about with the help
of an array of specific enzymes. Process of digestion is not needed or used by
autotrophs, that is the organisms capable of synthesizing their own metabolites
from CO

2
, water and minerals as needed. In digestion, few components of the

diet such as water, inorganic salts, monosaccharides and most vitamins can
be absorbed in the digestive tract without previous chemical change, while
other components of the diet are complicated chemical structures and undergo
hydrolysing reactions.
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1.1 OBJECTIVES

After going through this unit, you will be able to:

Define the term digesiton.

Describe the digestion of food in different parts of gut.

Understand the gastric secretion and its activities.

Describe the enzymatic activities.

Discuss the absorption of food in different parts of gut.

1.2 DIGESTION IN MOUTH

The food material captured has to be passed through the mouth, which in the
vertebrates is helped by a pair of opposed movable jaws. These jaws are used
in a variety of ways to collect and hold for chewing the food. In the mouth,
the food is chewed.

1.2.1 Chewing
The process of chewing is accomplished by the combined actions of the skeletal
muscles of the jaws, lips, cheeks, and tongue. The contraction and relaxation
of these muscles are coordinated by impulses over a number of cranial nerves.
Although these muscles can be controlled voluntarily, the act of chewing is
partly reflexive in nature. The pressure that results when the jaws close
following the introduction of a bolus of food into the mouth produces a reflex
inhibition of the jaw-closing muscles and a reflex contraction of the jaw-
opening muscles. The mouth opens, and the resulting reduction in pressure
causes a reflex contraction of closing muscles and relaxation of opening
muscles. This sequence of muscular activity continues rhythmically until the
bolus of food has been chewed.

A major function of chewing is to reduce a mouthful of food to particles
of a size convenient for swallowing. Although this varies from one person to
another, the extent to which food is chewed has little effect on digestion and
absorption. These processes are completed even when large chunks of food
are swallowed. Chewing, however, does aid in the digestion of food by
increasing the surface area on which digestive enzymes can act. The maximal
force that can be exerted during chewing is much greater than that required
for the chewing of ordinary food. More important in the grinding of food is
the occlusive contact area between the molars and premolars. Another function
of chewing is to move food around the oral cavity and in so doing to stimulate
receptors for taste and smell. This is important because much of the satisfaction
of eating is derived from the perception of these sensations. In addition,
stimulation of these receptors promotes secretion of saliva, which softens
and lubricates the bolus of food.

Saliva is a digestive juice secreted by three pairs of glands, the ducts of
which lead into the mouth. It is a colourless fluid having specific gravity
1.002 to 1.008 and optimum pH of 6.8. It is destroyed below pH 4.0. It
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contains water and little mucin, which helps to lubricate the food and makes
the particles adhere to one another. An adult may secrete from 1 to 1.5 litres
of saliva per day.

The food normally remains for too short a time in the mouth to allow
the digestion of starch to proceed very far but, even after the food is swallowed,
the pH remains for some time favourable to the continued action of amylase
and the starch molecules are hydrolysed to dextrins and then to maltose. In
fact, the salivary amylase cleaves the internal -1,4 glycosidic linkage in starch.
Hydrolysis is finally arrested by a fall in pH and destruction of amylase as the
acid gastric juice gradually penetrates through the food mass in the body of
the stomach.

Check Your Progress

1. What is Chewing?

2. What is the optimum pH of saliva?

3. Which component of food is enzymatic converted in mouth cavity?

4. What is the nature of saliva?

1.3 DIGESTION IN STOMACH

As swallowing occurs, the stomach relaxes in a reflex to make room for the
food. Here food undergoes further mechanical disintegration and chemical
changes primarily in the protein constituents. The stomach is chiefly composed
of stomach muscles. The movements of the stomach are controlled by the
autonomic nervous system which are increased by parasympathetic stimulation
and inhibited by sympathetic activity. The gastric movements are of three
main types:

Fig. 1.1: Four Processes Carried Out by the Gastrointestinal Tract: Digestion, Secretion,
Absorption, and Motility.

Hunger contraction. When the stomach is empty, it may continue to
contract. The squeezing of the empty stomach stimulates nerves in the wall,
and may cause hunger ‘pangs’.
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Filling. The size of stomach expands by the continuous relaxation of muscles
of the stomach wall. Actually this is brought about by more and more food entering
into it.

Emptying. Soon after the food reaches the stomach, peristaltic waves begin
to mix the contents with gastric juices and lead to the mechanical breakdown for
larger bits of food into smaller ones. The peristaltic waves in the stomach propel
the food towards the pyloric sphincter. The opening of the pyloric sphincter at the
proper time is regulated by a mechanism whose action is not completely known.
The strength of the peristaltic waves in the stomach and the consistency of chyme
are important factors in this regulation. Acidity of chyme may lead to the opening
of the pyloric sphincter. Duodenum also plays a role in the evacuation of stomach
contents through pylorus. In one to four hours, depending upon the amount and
kind of food eaten, the stomach is emptied. Food rich in carbohydrates leaves the
stomach more rapidly than proteins, and proteins more rapidly than fats.

1.3.1 Gastric Secretion
The size of the stomach varies,of course, as a meal is eaten and digested. The
maximum capacity of the average person’s stomach is about 2.5 litres. About
35,000,000 gastric glands have been estimated in an average person’s stomach,
secreting about 2 to 3 litres of gastric juices daily. Apparently there is a constant
gastric juice flow into the lumen of stomach. As a result, there is almost
always present in the stomach even before the food about 50 ml. of secretion
which is called the residium.

On the basis of the location, three kinds of gastric glands have been
reported in the stomach:

Cardiac glands. They are single or tubulo-aecemose glands lined by
small columnar granular cells, and are found scattered in the cardiac
part of the stomach. These are probably mucous secreting glands whose
secretion makes the food soft and slippery.

Fundic glands. They are com-pound tubular glands lined with columnar
epithelium. Chief cells and oxyntic cells are in abundance, secreting
enzymes and HCI respectively.

Pyloric glands. These are compound convoluted tubulo-aveolar glands
lined with cuboidal cells. They have maximum argentaffin cells. Pyloric
glands resemble the duodenal glands of Brunner and secrete mucous
rich alkaline visicid juice which is poor in enzyme contents.

1.3.2 Gastric Juice
It is a light coloured thin and transparent fluid of an acid reaction. It has a low
specific gravity ranging from 1,006 to 1.0009. Its pH varies from 0.9 to 1.8.
It has 99.45% water and about 0.55% of the total includes sodium chloride,
phosphates, mucin and the enzymes (pepsin, rennin and gastric lipase). Its
acidity is due to the presence of free hydrochloric acid in it.
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1.3.3 Activities of Gastric Secretion
Hydrochloric acid. It is secreted from the parietal or oxyntic cells. These cells
are supposed to be absent in the pyloric region of the stomach. It is now well
recognized that acid formation requires large amount of energy which is provided
by enzymes, flavoproteins and cytochrome oxidase present in these cells. The
electron microscope shows that these cells have an elaborate system of canaliculi
lined with microvilli, which suggests that they are well adapted for the secretion of
large volumes of fluid. The hydrogen ion’s concentration of parietal cell secretion
is one million times greater than that found in plasma. Hydrochloric acid performs
the following functions:

Fig. 1.2: Phase of Gastric Secretion.
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It kills the detrimental bacteria which have been taken in along with food.

It provides a favourable medium in which the enzymes of gastric juice can
do their work rapidly.

It dissolves the living material between the cells in order to make them
readily available for enzyme action.

Hydrochloric acid has been shown to liberate secretin from intestinal
mucosa into the blood stream which in turn helps in pancreatic secretion
and

It is believed to control the opening and closing of the pyloric aperture.

Sometimes the HCl level in gastric juices may be reduced and the
condition is known as hypoacidity. Hypoacidity has been reported in cases
of gastritis,constipation, and secondary anaemia. In achlorhydria (total
absence of HCl), gastric carcinoma and pernicious anaemia have been
observed. If the amount of HCl secreted is more than normal, the condition is
called hyperacidity. Hyperacidity has been reported in the cases of duodenal
ulcer and gall bladder diseases. Its excess lowers the pH and the latter reduces
the rate of gastric secretion.

Fig. 1.3: Electrolytic Transport and Gastric Acid Secretion.

Pepsin. It is produced by the peptic or chief cells and stored as
pepsinogens. Pepsins are a complex of four chemically distinct enzymes:
pepsins I, IIA, IIB and III. The entire stomach secretes pepsinogen I whereas
pepsinogen II and III are produced only by the mucosa of the body (cardiac)
and fundus in the stomach. These pepsinogens are transformed automatically
into pepsin at acidic pH. These pepsins are active proteolytic enzymes with
optimum pH of action ranging from 1.5 to 3.5. At pH 5 and above, the pepsins
are inactivated. Pepsin breaks the polypeptide chain at many sites, the most
susceptible link involving tyrosine or phenylalanine. The pepsins thus act on
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proteins to produce short peptide chains without liberating a significant quantity of
amino acids.

HCl
activatorPepsinogen (inactive state) Pepsin (active state)

PepsinProteins Peptides

Rennin. Also known as rennet or chymosin, it is also secreted by the
chief cells and is found in the inactive form of prorennin, which on coming in
contact with hydrochloric acid, is converted into active rennin. Its optimum
pH of action is ranging from 5 to 6. It acts upon the milk protein casein
(soluble) and converts into its insoluble form calcium paracaseinate (curd)
in the presence of calcium.

HClPro-rennin (inactive state) Rennin (active state)
CalciumRennin + casein Ca-Paracaseinate (curd)

Formation of milk clot allows a longer stay for milk in the stomach and
thus facilitates more digestion of milk proteins.

Gastric lipase. Gastric juice also contains a significant amount of a
weak lipolytic enzyme, the gastric lipase, having an optimum pH 4.0 and 5.0.
It is probably secreted by chief cells of the fundic glands and is destroyed by
alkalies. It converts fat into fatty acids and glycerol. Gastric lipase activity
becomes more prominent when intestinal contents are regurgitated into the
gastric lumen.

Check Your Progress

5. What is the maximum capacity of average person’s stomach?

6. What do you mean by hunger contraction?

7. What is the pH of gastric juice?

8. Give a list of enzymes present in gastric secretion.

1.4 DIGESTION IN SMALL INTESTINE

The small intestine, into which the chyme (thick pasty form of food) passes
by the force of the peristaltic waves in the stomach, is the part where greater
part of enzymatic digestion and almost all absorption occur. Only alcohol and
a few poisons are absorbed through the stomach wall. Once the food enters
the intestine from the stomach, it remains there for a considerable time. In
man, depending upon the type of food, it may stay there from 12 to 24 hours.
In herbivores, the food may be retained in the intestine for several days. The
food in the small intestine is more or less constantly in motion. The purpose
of this movement is to mix and churn the intestinal contents or chyme and to
propel it towards the large intestine. Following types of movements in the
small intestine have been studied.
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1.4.1 Nature and Actions of Pancreatic Enzymes
Pancreatic juice is secreted by its exocrine part, the acini. It is an alkaline secretion
having pH 8.5. Its specific gravity is about 1.007. Nearly 1000 to 1500 ml.
pancreatic juice is secreted daily in a human being. The juice contains about 98.6
percent water and 1.4 per cent solids. The alkalinity is due to the presence of
sodium bicarbonate. It has the following hydrolytic enzymes:

Fig. 1.4: Churning Action of Rhythmical Segmentation in the Intestine.

Trypsin. It is secreted in its inactive form trypsinogen which is converted
into active trypsin in the presence of intestinal enterokinase. It has also been
reported that active trypsin can also activate inactive trypsinogen into more active
trypsin. This type of activation is called autocatalyst. Trypsin is made up of 223
amino acid molecules and has a molecular weight 34,000. It has optimum pH in
the range of 8 to 9. In an alkaline medium, it hydrolyses proteins at the peptide
bonds involving the carboxyl group of tyrosine and arginine yielding various
polypeptides, and a few free amino acids. It can digest proteoses and peptones
very actively. Trypsin can also hydrolyse amide bonds. The activity of trypsin can
be inhibited by egg white, human and bovine colostrum (the milk produced
immediately after delivery).

Entrokinase
TrypsinTrypsinogen Trypsin
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Proteins, Peptones, and Proteoses, Trypsin polypeptides and free amino
acids.

Chymotrypsin. About a series of four pancreatic chymotrypsins are
known which are secreted in their inactive form chymotrypsinogens. The
chymotrypsinogen becomes active in an alkaline medium (pH 7 to 9) in the
presence of trypsin. The mol.wt.ranges from 27,000to 40,000. It attacks
peptide links with adjacent aromatic amino acids, particularly tyrosine,
phenylalanine, tryptophan and to a less extent methionine. It is inhibited by
organic phosphates such as isopropyl-fluro phosphate and by benzoyl
derivatives of several amino acids.

Carboxypeptidases. They are found in pancreatic juice in inactive form
the procarboxypeptidase. This conversion into the active form is done in
the presence of trypsin and enterokinase. A carboxypeptidase removes a
terminal amino acid with a free carboxyl group. Two different carboxy-
peptidases of pancreatic juice named A and B have been described. The two
differ in specificity, depending on whether the free alpha carboxyl group is on
a terminal aromatic or basic amino acid. Carboxypeptidase acts best on peptides
containing tyrosine, phenyalanine or tryptophan whereas carboxypeptidase
B hydrolyses peptide bonds involving lysine and arginine. Pancreatic
carboxypeptidase has been crystallized: it contains one zinc atom per molecule
and has a molecular weight of 34,000. This enzyme is optimally active at the
pH of 5.0. It does not generally attack dipeptides.

Fig. 1.5: Endopeptidase.

TrypsinProcarboxypeptidases Carboxypeptidase
CarboxypeptidasePolypeptides lower polypeptides, and free amino acids.

Pancreopeptidase E or elastase. This enzyme hydrolyses elastin. It
can also hydrolyse several other proteins.

Amylase or amylopsin. This is the carbohydrate hydrolysing enzyme.
It is maximally active in the pH range 6.2 to 7.2. It converts starch, dextrin and
glycogen into maltose. For amylase, chloride and phosphate act as co-enzymes.

AmylaseStarch, dextrin, glycogen Maltose

Lactase, sucrase and maltase have also been reported in pancreatic juice
in small quantities hydrolysing lactose, sucrose and maltose respectively.



NOTES

Physiology of Digestion
in Mammals

Self-Instructional
12 Material

LactaseLactose Glucose + Galactose
SucraseSucrose Glucose + Fructose

MaltaseMaltose Glucose
Lipase or steapsin. It is the fat splitting enzyme of pancreatic juice. It

is secreted in the active form. It splits dietary fats and oils into glycerol, fatty
acids, monoglycerides and diglycerides. Its action is highly promoted by bile
salts, soaps, calcium salts and certain peptides. The lipase is inhibited by quinine
and some other alkaloids. It shows maximum activity at a pH of 7-8.

Pancreatic juice has also been shown to contain two more lipolytic
enzymes in addition to steapsin or lipase. They are:

Phospholipase. Also known as lecithinase. It removes two fatty acids
from phospholipids.

Cholesterol-esterase. It catalyses the conversion of free cholesterol
into cholesterol-esters in the presence of fatty acids.

Nucleolytic enzymes. It has been reported that the pancreatic juice
contains two enzymes—hydrolyzing nucleic acid (RNA and DNA):

Ribonuclease or RNase. It disassociates RNA into its components or
simple nucleotides.

Deoxyribonuclease or dornase or DNase. It disassociates DNA into
its components or simple nucleotides.

1.4.2 Intestinal Juice
Two distinct types of glands are found in the small intestine: (i) the duodenal
glands (Brunner’s gland) found only in the submucosa of the duodenum,
produce an alkaline secretion containing mucous and (ii) the intestinal glands
or crypts of Lieberkuhn, present throughout the small intestine, are simple
tubular glands which open into the spaces between neighbouring villi. The
crypts of Lieberkuhn contain a number of different types of cells secreting
large number of enzymes. These enzymes are collectively known as succus
entericus.

The intestinal juice or succus entericus is a clear yellow fluid secreted
in amounts of about 2 to 3 litres a day. It has a pH of 7.6, which is (out of
which 1% are inorganic and rest are organic) slightly alkaline and contains
98.5% water, and 1.5% solid matters mucous, and enzymes that complete
the digestion of carbohydrates, proteins and other nutritive substances.

Enzymatic Activities

Peptidases. They are found in the intestinal juice and hydrolyze various
peptides to amino acids. They do not act on native proteins but only complete
the hydrolysis started by other proteolytic enzymes. Two peptides are found
associated with succus entericus:

Aminopolypeptidase. It has an optimum pH of 8.0. It hydrolyses
polypeptides to amino acids and simple peptides by removing the amino
acid containing the free amino group from the polypeptide. The repeated



NOTES

Physiology of Digestion
in Mammals

13
Self-Instructional

Material

action of aminopolypeptidase results in the formation of dipeptide, tripeptide
and free amino acids. Some of the peptidases are activated by Mg++, Co++,
Mn++ and Zn++ ions.

Dipeptidase and tripeptidases. They hydrolyse dipeptides and tripeptides,
upto the stage of amino acids. Co++ ions activate the dipeptidase. Dipeptidase
has a pH optimum of 7.6.

Aminopolypeptidases, dipeptidases and tripeptidases are collectively known
as erepsins.

Enterokinase. It is an enzyme secreted in the crypts of Lieberkuhn. It has
an optimum pH of 7.5 and activates pancreatic trypsinogen into active trypsin.

Fig. 1.6: Exopeptidase.

Carbohydrases. They include disaccharide-splitting enzymes (sucrase,
maltase and lactase). They can completely hydrolyse the incomplerte hydrolytic
products of carbohydrate digestion, obtained by the action of other amylytic
enzymes in the tract.

Sucrase. This enzyme is also known as invertase. Sucrose is consumed
as cane sugar. Sucrase breaks sucrose into a molecule of glucose and a
molecule of fructose. Among disaccharidases, sucrase is present in a
large quantiy. It shows maximum activity at a pH of 5.0 to 7.0.

SucraseSucrose Glucose + Fructose
Maltase. Maltose is derived from the partial hydrolysis of starch by the
amalysis of the saliva and of the pancreatic juice. Maltase splits maltose
into two moleculels of glucose. Its optimum pH varies from 6.7 to 7.2.

MaltaseMaltose Glucose (2)

Lactase. Lactose is found in milk. Lactase digests lactose into a molecule
of glucose and a molecule of galactose. It acts best at pH 5.4 to 6.0.

LactaseLactose Glucose + Galactose.
Nucleolytic enzymes. Three enzymes responsible for the hydrolysis of

nucleic acid are present in the intestinal juice. They are:

Nucleases. These enzymes hydrolyse nucleic acid into nucleotides or
mononucleotides.

Phosphatases. These break the nucleotide into nucleoside and phosphoric
acid or we can say that they remove phosphoric acid from nucleotide.

Nucleosidases. These enzymes cleave nucleosides into free nitrogenous
bases and pentose sugar.
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There is a correlation between the food and the type of enzyme. Carnivores
have extracellular proteolytic enzyme which is much stronger than found in
herbivores. On the other hand, amylolytic enzymes are more active in herbivores.

Check Your Progress

9. What is chyme?

10. Give a list of pancreatic enzymes.

11. What are the crypts of Leiberkuhn?

12. Define the succus entericus.

1.5 ABSORPTION

The term absorption is derived from a Latin word absorbere which means to
suck in, i.e. taking in of nutritive materials through living cells or tissue within the
body of an organism. The food which has already been digested, is passed through
the layer of cells into the blood and lymphatic vessels and then distributed. The
basic process followed in absorption is diffusion but it has been indicated that
diffusion and osmotic laws are not followed very strictly as the hexose sugar diffuses
more rapidly than the pentose sugar in the body. Therefore, the differential
absorption is taking place.

The process of absorption is mainly confined to the small intestine. No
absorption takes place in the mouth and oesophagus. To a limited extent,
absorption of water, alcohol, simple salts, glucose and chlorides takes place
in the stomach. Small intestine is well adapted for absorption. The mucosal
layer of the intestine has undergone a marked surface enlargement. In
mammals, there is a three-fold increase in the surface area due to the formation
of mucosal folds. Again, on each fold, densely spaced 1mm long villi cause a
further ten fold increase. (Total 30 folds increase) Finally, the lumenal sides
of the epithelial cells are covered with microvilli about one micron long (in
man, each epithelial cell has 100 microvilli). This situation still increases the
total area of absorbing surface at least 20-30 times. Thus, the surface area of
the small intestine increases about 600 times. In the human small intestine,
the total mucosal surface has been estimated at about 75,000 sq.cm. In human
beings, the length of the small intestine is about 25 feet long. About 5 million
of villi have been estimated. Each villus contains an arteriole and a venule
with their communicating capilliary plexus and also a blind-ending lymphatic
vessel or lacteal. The veins ultimately open into the portal vein going to the
liver, about 1.4 litres of blood flows through this vein per minute, and during
the digestion of a meal, this amount increases by one third.

1.5.1 Mechanism of Absorption
The actual mechanism of absorption in the small intestine is not known. The
basic process in absorption is diffusion (active and passive transport). Rate of
absorption varies from molecule to molecule. Some molecules like fructose,
glucose and galactose are the same in their size and chemical composition but are
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absorbed at different rates. This is differential absorption. There are some
evidences that white blood cells pass through the intestinal wall, become loaded
with food and carry it back into the blood and lymph and thus helps in absorption.
It has also been reported that during digestion and absorption, the villi contract
fairly quickly at irregular intervals and relax slowly. The contraction probably helps
to pump lymph into the lacteals of the submucosa.

Fig. 1.7: Absorption in Alimentary Canal.

1.5.2 Carbohydrate Absorption
The duodenum and jejunum have the highest capacity to absorb sugar.
Carbohydrates are broken down and absorbed in the form of monosaccharides.
Various kind of monosaccharides are absorbed at different rates. The rate of
absorption of the different sugars has been found in the following decreasing
order: galactose, glucose, fructose, mannose, xylose and arabinose. The
pentoses (ribose, deoxyribose) have smaller molecules and therefore diffuse
more rapidly than hexoses.

The mucosal cells are also capable of absorbing disaccharides as such
when these are present in excess, however, the extent of such an absorption is
very small. Most of the dietary disaccharides which are absorbed in the intact
form are hydrolysed within the mucosal cells into their constituents
monosaccharides, and subsequently carried further. Undigested disaccharides may
serve as food for intestinal organisms in the large intestine.
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Fig. 1.8: Intestinal Villi Showing their Structure and Vascular Supply.

Some of the monosaccharides are absorbed by passive transport. In this
process, the concentration of monosaccharides is more in the intestine than that of
blood capillaries, hence the molecules diffuse passively from lumen of the intestine
to the blood. In this process, energy is not required. Mono-saccharides are also
absorbed by the active transport.

Fig. 1.9: Liver in Processing Food.

The absorption depends on the presence of Na+. During transport, the sugar
combines with a mobile carrier to form the sugar-carrier complex that brings the
sugar across the lipid barrier of the cell membrane and releases sugar inside the
cell. Carrier needs energy. Na+ and glucose or galactose are transported into the
cell by the same carrier membrane protein, which has two Na+ binding sites and
are sugar binding sites. Na+ affects the supply of energy from ATP probably by
activating ATpase in the cell membrane.
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The absorption of fructose by the intestine is less well understood. Fructose
does not compete for the glucose-galactose system and fructose transport is not
linked to Na+ absorption. Yet it is transported almost as rapidly as glucose and
glactose and much more rapidly than other mono-saccharides. Hence it is presumed
that fructose uptake is mediated by a membrane protein. Active transport of fructose
has been observed in the rat intestine but has not been demonstrated in the human
intestine.

It is believed that during absorption, the sugars combine with phosphoric
acid to form hexose phosphate. Before entering the bloodstream, the hexose
phosphates are apparently hydrolysed, since hexoses are found in the blood
rather than hexose phosphates. The rate of absorption of sugar is influenced
by the amount of thyroxine, ant, pituitary hormone, vitamin B complex and
the state of the mucous membrane, and the time for which the carbohydrate
remains in contact with it.

1.5.3 Protein Absorption

Intact Proteins and Large Peptides

These are not absorbed by humans to an extent that is nutritionally significant,
but amounts sufficient to trigger an immunological response can be absorbed.
M cells of the mucosal immune system take up small amounts of luminal
proteins. In ruminants and rodents, but not in humans, the neonatal intestine
has a high capacity for the specific absorption of immune globulins present in
the colostrum. This is vital in the development of normal immune competence
in ruminants and rodents. Absorption takes place by receptor-mediated
endocytosis.

Absorption of Small Peptides

Dipeptides and tripeptides are transported across the brush border membrane.
The rate of transport of dipeptides or tripeptides usually exceeds the rate of
transport of individual amino acids. In the experiments, glycine was absorbed
by the human jejunum less rapidly as the amino acid than it was from
glycylglycine or from glycylglycylglycine. In this case, the transport capacity
of the jejunal mucosa was greater for the dipeptide and the tripeptide than for
the amino acid; the apparent affinities for glycine and glycylglycine were similar.

A single membrane transport system with broad specificity is probably
responsible for absorption of small peptides. The transport system has high
affinity for dipeptides and tripeptides, but very low affinities for peptides of
four or more amino acid residues. The transport system is stereospecific and
prefers peptides of the physiological L-amino acids. The affinity is higher for
peptides of amino acids with bulky side chains. Transport of dipeptides and
tripeptides across the brush border plasma membrane is a secondary active
transport process powered by the electrochemical potential difference of Na+

across the membrane. The total amount of each amino acid that enters intestinal
epithelial cells in the form of dipeptides or tripeptides is considerably greater
than the amount that enters as the single amino acid. If undigested or partly
digested proteins are repeatedly injected into the blood or tissue of an animal,
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the animal may receive a severe shock or even die after an injection of some
protein later on.

Proteins are broken down into amino acids by the action of proteases.
Amino acids are absorbed into the intestinal capillaries and these enter the
portal vein, to be carried into the general circulation by way of the liver. They
are absorbed at different rate of speed depending upon the molecular weight.
The glycine is absorbed more rapidly followed by alanine, cystine, glutamic
acid, valine and so on. The L-amino acids (natural form) are absorbed more
rapidly as compared to the corresponding amino acids (optical isomer). The
d-amino acids are absorbed passively but the L-forms are absorbed actively.
The transport system of amino acids contains a complex of carrier, its specific
amino acid, and Na+.Vitamin B

6
 is involved in the active transport of the L-

amino acids. Its deficiency shows a lowered rate of uptake of the L-amino
acids.

Normally amino acids are transported across the brush border plasma
membrane into the enterocyte by way of certain specific amino acid transport
systems. Transport of amino acids out of the epithelial cell across the basolateral
membrane occurs by other transporters. Some of the transporters depend on
the Na+ gradient, whereas other transport systems are independent of Na+.
The Na+ -dependent brush border transport systems are found only in epithelial
cells. Brush border membranes of the small intestine and proximal renal tubule
are similar with respect to the nature of Na+ -dependent amino acid transport
processes. The amino acid transporters in the brush border plasma membrane
that do not depend on the Na+ gradient are similar to amino acid transport
systems that have been found in non-epithelial cells.

Other transport systems are responsible for transporting amino acids
across the basolateral plasma membrane of the intestinal epithelial cell. As is
true for the brush border membrane, some of the amino acid transporters
present in the basolateral membrane depend on Na+ and others do not. The
basolateral membrane, however, is less highly differentiated than the brush
border membrane, in that all of the amino acid transporters present in the
basolateral membrane occur in certain non-epithelial cells. For most amino
acids, simple diffusion is a significant pathway across both brush border and
basolateral membranes. The more hydrophobic the amino acid and the larger
its concentration gradient across the membrane, the greater the importance
of diffusion.

1.5.4 Absorption of Fats
The fats on hydrolysis yield a mixture of glycerol, diglycerides, monoglycerides
and free fatty acids. Since glycerol is water soluble, there is no difficulty in
explaining its absorption. The absorption of fatty acids is relatively hydrophilic
whereas that of the high molecular weight fatty acids is hydrophobic. Low
molecular weight fatty acids are absorbed without much difficulty. The high
molecular weight fatty acids cannot be absorbed till they are brought about
into soluble form (fattyacid-bile salt complex). About 25-60% of the fat appears
to be fully hydrolysed before it is absorbed. The action of bile salt in forming water
soluble complexes with fatty acids is known as hydrophic action. The fatty acids
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can also be absorbed in combination with the steriods by forming more soluble
esters. As soon as absorption takes place, this complex breaks down, the fatty
acids liberated from the complex and the bile salt is eventually carried to the liver,
where it is re-secreted into the bile. Experimentally it has been proved that if fats
are fed to an animal whose bile duct has been tied off, about 80 per cent of the
fatty acids are found in the faeces.

The absorbed or resynthesized long chain fatty acids enter the lymphatic
system as triglycerides specially in the form of chylomicrons. The chylomicrons
are about one micron in diameter and consist of 2% protein, 7% phospholipid,
9% cholesterol and 82% triglycerides. The particles of emulsified fat having
dimensions 0.1 to 0.5% are called the micelles that can be easily absorbed as
such without undergoing hydrolysis. In some, the urine becomes milky and
the condition is known chyluria. Sometimes fats may pass into the pleural
fluid causing chylothorax. Here too, pleural fluid becomes milky.

The villi, through a process of contraction force, pour chyle into the
large lymphatics, and the chyle finally enters the blood stream at the junction
of the subclavian and juglar veins under the left shoulder by way of the thoracic
duct. The blood carries the fats to the tissues.

1.5.5 Absorption of Nucleic Acids
Nucleic acids are first hydrolyzed in the gut into nucleosides of RNA and
DNA in the presence of ribonuclease and deoxyribonuclease respectiviely.
Thus nuelcoside is the diffusable form of nucleic acid.

1.5.6 Absorption of Water
Typically, about 2 L of water is ingested each day and approximately 7 L/day
is contained in gatrointestinal secretions. Only about 50 to 100 ml of water
per day is lost in the faeces. Thus the gastrointestinal tract typically absorbs
almost 9 L/day. Very little net absorption occurs in the duodenum, but the
chyme is brought to isotonicity here. The chyme that is delivered from the
stomach is often hypertonic. The action of digestive enzymes creates still
more osmotic activity. The duodenum is highly water permeable, and very
large fluxes of water occur from lumen to the blood and from blood to the
lumen. Usually the net flux is from blood to lumen because of the hypertonicity
of the chyme. Large net water absorption occurs in the small intestine; the
jejunum is more active than the ileum in absorbing water. The net absorption
that occurs in the colon is relatively small, about 400 ml/day. However, the
colon can absorb water against a larger osmotic pressure difference than can
the rest of the gastrointestinal tract.

1.5.7 Faeces
As the contents of the small intestine enter the large intestine,they are semi-
liquid and consist largely of undigested food, residues and the remains of
digestive juices. Much of the water of the intestinal contents is absorbed here. The
contents of the large intestine are called the faeces. The composition of the faeces
depends very little on the constitution of the diet. The faeces normally are about 3/
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4 water and 1/4 solid matter containing 30 per cent dead bacteria, 10 to 20
percent fat, 10-20 per cent inorganic matters, 2 to 3 per cent protein and 30
percent undigested food including undecomposed cellulose (roughage). The colour
of the faeces is due to stercobiln, an oxidation product of bile pigment, the odour
is due mainly to the indole and skatole, derived from the action of bacteria on
certain amino acids; and to gases produced by fermentation of carbohydrates.

The volume of intestinal gases may vary from about 10 ml. to 2500 ml. High
milk diet increases hydrogen, high vegetable diet methane, non-vegetarian diet
nitrogen and hydrogen sulphide. At high altitude, gas formation is increased. The
amount of faeces produced in twenty four hours varies widely, according to the
diet, from about 80 to 200 gm, but is usually about 100 gm. The reaction is usually
slightly alkaline on the surfaces (pH 7.0 to 7.5).

1.5.8 Defecation
Mass peristalic movement pushes faecal matter into the rectum. The resulting
distension of the rectal wall stimulates pressure-sensitive receptors, initiating
a reflex which is gastrocolic reflex for defecation, which is emptying of the
rectum. There is a defecation center in the medulla oblongata of brain that
receives a series of sensory impulses from the wall of colon and rectum
provided with stretch receptors. Pelvic nerves carry motor impulses from brain to
the rectum, producing strong peristaltic movements leading to defecation. First
biological change occurs at the time of defecation is the relaxation of sphincter
muscle of the anus to make the expulsion of the faeces possible.

Contraction of the longitudinal rectal muscles shortens the rectum, thereby
increasing the pressure (from 20 mmHg to 50 mmHg) inside it. The pressure
forces the sphincters open, and the faeces are expelled through the anus. Voluntary
contractions of the diaphragm with simultaneous holding the breath and contraction
of abdominal muscles resulting defecation by increasing pressure inside the abdomen
(upto 200 mmHg), which pushes the walls of the signoid colon and rectum inward.
The muscles of the floor of pelvis help defecation simply by their contraction. If it
does not occur, the faeces remain in the rectum until the next wave of mass peristalsis
again stimulates the pressure-sensitive receptor, creating the desire to defecate.

Check Your Progress

13. Define the term absorption.

14. What do you mean by differential absorption?

15. How much water is absorbed per day in human being?

16. Define the term defecation.
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1.6 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Chewing is the mechanical breakdown of food into small pieces in the mouth
cavity.

2. The optimum pH of saliva is 6.8.

3. It is the starch that is converted into maltose with the help of enzyme ptyalin
or salivary amylase present in saliva.

4. Saliva is an antiseptic secretion making the food sweet.

5. The maximum capacity of the average person’s stomach is about 2.5 litres.

6. When the stomach is empty, it may continue to contract. The squeezing of
empty stomach stimulates the nerves that may cause hunger pangs.

7. The pH of gastric juice in stomach varies from 0.9 to 1.8.

8. The gastric secretion contains propepsin, pro-rennin, and gastric lipase.

9. Chyme is the thick pasty form of food present in stomach.

10. Trypsinogen, chymotrypsinogen, carboxypeptidase, aminopeptidase,
elastase, amylase, lipase, and nucleolytic enzymes are all secreted in
pancreas.

11. Crypts of Liberkuhn are the intestinal glands, and present through out
the small intestine. These are simple tubular glands which open into the
spaces between the neighbouring villi.

12. Term succus entericus is given to all the enzymes secreted by the crypts
of Lieberkuhn.

13. Absorption means to suck in, i.e. taking in of nutritive materials through
living cells or tissue within the body of an organism.

14. Some molecules like glucose, fructose and galactose are the same in
their size and chemical composition but absorbed at different rates.
This is the differential absorption.

15. The gastrointestinal tract typically absorbs almost 9 litres of water per
day in human beings.

16. Defecation is basically the emptying of the rectum.

1.7 SUMMARY

Digestion is the biochemical conversion of undiffusable form of food into
diffusable form. If this conversion of food is made inside the cell, it is called
intracellular digestion and when outside the cell or in the lumen of gut, it is
called extracellular digestion. In mammals the food is chewed in the mouth
cavity by the combined actions of the skeletal muscles of jaws, lips, cheeks
and tongue. Saliva is properly mixed during chewing. Saliva contains amylase
enzyme that converts starch into maltose, and mucin of saliva lubricates the
food to make the swallowing easy and smooth. In stomach the medium of
food becomes acidic. Pepsin converts protein into peptids and peptones in
acidic medium. The amount of gastric juice secreted in 24 hrs in human beings
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varies from 2 to 3 litres. About 50 ml of gastric secretion is always present in
stomach even before the entry of food there. This is called residium. Rennin
converts milk into curd in the presence of calcium ions. In small intestine digestion
of food is done with the help of succus entericus and pancreatic enzymes. Villi
present there increase the rate of absorption of digested food. Undigested wastes
are stored for a short in large intestine and then after given out as feces.

1.8 KEY TERMS

Ductus choledochus:  It is a common bile duct that allows bile to flow
from liver and gall bladder into the duodenum.

Jejunum: It is the part of small intestine present between duodenum and
ileum.

Peristalsis: Peristaltic waves push food down from the oesophagus to the
stomach, where it is churned and passed into the small intestine.

Tongue: Flexible muscular structure in mouth cavity that pushes the food
under griding surface, and helps in mixing saliva in food.

1.9 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the saliva and its action.

2. Write notes on the crypts of Lieberkuhn.

3. Describe the gastric juice.

4. Write notes on faces and defecation.

Long Answer Questions
1. Write an essay on physiology of digestion in mammals.

2. Describe the digestion of food in different parts of gut.

3. Describe the various enzymes involved in the mechanism of digestion.

4. Write notes on the succus entericus and hunger contraction.

1.10 FURTHER READING

1. Charles Edward Stevens. Comparative Physiology of the Vertebrate
Digestive System.

2. Church D.C. Basic Animal Nutrition and Feeding.
3. David J. Chivers and Peter Langer. The Digestive System in Mammals.
4. Peter Langer. The Mammalian Herbivore Stomach; Comparative

Anatomy Function, and Evolution.
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2.0 INTRODUCTION

Protein is an indispensable constituent of the diet because it is the only source of
amino acids. Amino acids are needed to built up new tissue during the period of
growth:to maintain the structure of every tissue cell including its content of protein—
containing enzyme systems, to provide raw material for the manufacturing of
digestive enzymes and certain hormones, and to maintain the normal concentrations
of plasma proteins and haemoglobin.

The proteins are macromolecules of very high molecular weight. The polymer
molecules of protein are formed by linking together a number of amino acids.
About 20 odd different kinds of amino acids are known. These amino acids
incorporate in any combination and sequence and form a vast number of proteins.
Each amino acid has an amino (NH

2
) and carboxyl (COOH) group. A bond is

formed between the amino group of one amino acid and carboxylic group of other
amino acid is called peptide bond. With the help of such peptide bonds, it can
form a long chain molecule called polypeptide.

The nutritional value of protein depends upon its amino acid composition.
Synthesis of amino acid from organic keto acid is of common occurrence in bacteria
and plants. Animals can synthesize only about half of the naturally occuring amino
acids.

2.1 OBJECTIVES

After going through this unit, you will be able to:

Describe the utility of protein in the body.

Know the glucogenic amino acids.
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Define the deamination.

Explain the metabolism of nucleoproteins.

2.2 PROTEIN METABOLISM

Proteins are essential dietary components forming the building blocks for the
formation of new cells and growth. All enzymes which are essential for various
body activities are made up of proteins. There are many proteinous hormones
taking active part in many vital activities of the organism. There are different
proteins in the diet which are broken down by proteolytic enzymes to their
respective amino acids in the alimentary canal of the organism. These amino
acids are required for growth, repair and maintenance of the body of the
organism. There are about 20 naturally occurring amino acids belonging to
the following categories:

2.2.1 Essential Amino Acids
Essential amino acids are those which cannot be synthesized in the body; and their
intake from outside is essential. Essential amino acids are threonine, valine, leucine,
isoleucine, methionine, phenylalanine, histidine, tryptophan, lysin, arginine, cysteine,
cystine and tyrosine. Last three are the replaceable amino acids.

2.2.2 Non-essential Amino Acids
Non-essential amino acids can be ordinarily synthesized in the body and hence
their presence in the diet is not essential. This category includes glycine, alanine,
serine, aspartate glutamic acid, proline, hydroxy proline and arginine.

2.2.3 Glucogenic Amino Acids
In the liver, almost all amino acids undergo deamination and their carbon skeleton
can further be converted into glucose or glycogen. Amino acids of this category
are known as glucogenic amino acids. They are alanine, arginine, aspargine,
aspartic acid, glutanine, histidine, hydroxyproline, methionine, proline, serine,
threonine, tryptophan and valine.

Amino acids are absorbed and transported to the liver that distributes them
to all body cells. If there are more amino acids than are necessary for the synthesis
of cell proteins, then the surplus amino acids undergo enzymatic reactions in three
following steps:

Deamination

It is a process in which the amino group is removed from one amino acid and is
usually transferred to the other carboxylic acid. It enables interconversions of
amino and carboxylic acids. The deamination may be oxidative or non-oxidative.
Amino acids lose -amino group by a process of oxidative deamination. It converts
the amino acid into -keto acid and ammonia: the conversion is catalysed by the
enzymes amino acid oxidases. The non-oxidative deamination is catalysed by
flavoproteins. In this, alanine is converted into the pyruvic acid and glutamic acid
into the alpha ketoglutaric acid in the presence of catalytic enzymes.
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Proteins-Amino acids  Ketoglutaric acid

Glutamic dehydrogenase-Ammonia

-ketoacid — Glutamic acid

Transamination

This process involves the reversible transfer of an amino group to an organic acid,
called keto acid catalysed by transaminase or amino transferase. An excellent
example of transmination is the conversion of alanine, threonine and valine into
pyruvic acid. Another example deals with the conversion of glutamic acid to alpha
ketoglutaric acid and alanine in the presence of pyruvic acid.

Transmethylation

It is the transfer of the methyl group of methionine to other suitable acceptors. The
phenomenon of transmethylation was discovered by Vignaud and his colleagues.
The reactions are enzymatically catalysed by transmethylases. Methionine is first
activated and then converted into S-adenosylamethionine (active methionine) by
an ATP dependent enzyme system. Methyl group can also be transferred to sulphur
atom showing the sulphur metabolism.

Methionine which a methyl group donor supplies while synthesizing choline
from glycine is shown in the following lines:

Decarboxylation

Decarboxylation is a process in which certain amines are formed by the removal
of CO

2
 from the COOH group of amino acid. The process is catalysed by amino

acid decarboxylases, and pyridoxal phosphate is required as a co-factor. Some of
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the amines formed as a result of decarboxylation have important physiological
effects, probably not in man. Decarboxylation reactions are involved in the synthesis
of histamines, dopamines, aminobutyric acid etc. These substances are important
neurohumors (chemiccal transmitters). Decarboxylation reactions are irreversible.
Some reactions are given below:

tyrosine decarboxylase
Tyrosine Tyramine (increased blood pressure)

kidney

histidine decarboxylase
Histidine Histamineintestine

Kidney, liver, lungs, stimulates 
gastric secretion

glutamic acid decarboxylase
Glutamic acid -aminobutyric acid(liver, muscles and brain)

(inhibits synaptic trans-
mission)

2.2.4 Formation of Urea
Ammonia is produced as a result of deamination of amino acids in liver and kidney
tissues. It is very toxic, hence its detoxification is absolutely essential. It is detoxified
by its conversion to urea solely in the liver. Kreb and Henseleit had studied the
mechanism of conversion of ammonia into urea. Ammonia combines with CO

2

and forms urea which has been explained as ornithine cycle in the chapter Excretion.

2.2.5 End Products of Protein Metabolism
Excretory products of protein metabolism are :

Urea

The synthesis and excretion of urea depends upon the amount of protein intake. In
human beings about 30 gm. urea is excreted in 24 hours. Urea excreting animals
are known as ureotelic. Mammals belong to this category.

Uric Acid

It is mainly the end product of nucleic acid metabolism. Some amino acids which
are incorporated by purine biosynthesis too produce uric acid as the end product
of their metabolism. The amount of uric acid excreted in 24 hours, in a human
being is about 0.5 to 1.0 gm. Animals like insects, reptiles and birds excrete uric
acid as the main end product and these animals are known as ureotelic.

Ammonia
Ammonia is produced during deamination. In human beings, it is excreted out in
small proportions. About 0.3 to 1.2 gms. ammonia is excreted in 24 hours, in
human beings. Ammonia output is also increased by increasing proteins in the diet.
Ammonia is the chief excretory product in aquatic animals which are also known
as ammonotelic.

Creatine and Creatinine

Creatine is found abundantly in muscle and is composed of amino acids: glycine,
arginine and methionine. Creatine is excreted in very small amounts. In man, it is
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about 200 mg. per day. Creatinine is solely derived from creatine. It is found in
muscle and is excreted in slightly greater proportion about 1 to 1.8 gm per day.

Amino Acids

Amino acids are either excreted in free form or in conjugated form. The amount of
amino acids excreted in 24 hours in a human being is about 0.5-1.0 gm.

2.2.6 Protein Biosynthesis
For this, consult book Evolutionary Biology written by the same Author.

Nucleoprotein Metabolism

Nucleoproteins are the conjugated proteins forming the important constituents of
nucleic acids (DNA & RNA). Chemically they are composed of simple proteins
like protamines and histones with nucleic acids and are rich in basic amino acids.
Nucleoproteins are hydrolysed in the intestine into nucleic acids and proteins.
Nucleic acids (DNA and RNA) are composed of phosphoric acid, pentose sugar
and nitrogenous bases (purine and pyrimidine). The purine bases comprise adenine
and guanine and pyrimidine bases are thymine and cytosine. In RNA, thymine is
replaced with uracil.

Catabolism of Purines

In lower forms, purines may be degraded to urea, ammonia and CO
2
. However,

in many higher animals, purines are excreted as such. In some of them, only
adenine is oxidized. In pig, guanine is excreted as such. Thus, the end product
of purine metabolism varies with different species. The end product of purines
in men, other primates, dog and some reptiles is uric acid. Mammals other
than primates carry further breakdown of uric acid to allantoin due to the
presence of uricase enzyme system here. In some teleosts, allantoin is further
converted into allantoic acid in the presence of allantoinase enzyme. In many
fishes and amphibians, further breakdown of allantoic acid into urea and
glyoxalic acid takes place in the presence of allantoinase enzyme.

adenase xanthine oxidaseAdenine Hypoxanthine Xanthine Uric acid

guanase xanthine oxidaseGuanine Xanthine Uric acid

uricaseUric acid Allantoin

allantoicaseAllantoin Allantoic acid

allantoicaseAllantoic acid Urea and Glyoxylic acid

3 2
ureaseUrea 2NH CO

As we ascend the evolutionary scale, the ability of complete purine
degradation upto ammonia is progressively lost owing to the loss of enzymes.

Catabolism of Pyrimidine

Comparatively little is known about the metabolism of pyrimidines. They are
completely broken down, mainly in the liver. In the degradation of pyrimidines,
cytosine is deaminated to form uracil and methyl cytosine to thymine. The final end
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products of uracil and thymine are amino acids which on further deamination,
produce ammonia. Ammonia can be eliminated either as it is or first converted into
less toxic forms like urea, uric acid etc. and then removed out.

2.2.7 Regulation of Protein Metabolism
Protein metabolism is influenced and regulated by the following factors.

Food

The nature of food exerts considerable influence on the protein metabolism. Meat
foood gives rise to greater amount of uric acid, creatinine and ammonia.

Water
The amount of water available to the organism has its own effect on metabolsim.
Aquatic animals excrete ammonia which is converted into urea in terresterial animals,
getting sufficient amount of water. Animals living in xeric conditions excrete uric
acid.

Hormones

Hormonal regulation is most significant. Different hormones have different effects
as given in the following lines:

Insulin. Whenever the amount of glucose falls in the blood and under
secretion of insulin occurs, the breakdown of protein is promoted,
especially in muscles. It raises the amino acid concentration in blood
and they are deaminated in liver to form glucose or acetoacetate. The
amino group of amino acid is converted to urea resulting in negative
nitrogen balance. Increase in protein metabolism is associated with tissue
hypoxia, resulting in the excretion of K+ in the urine.

Thyroxine. Thyroxine greatly influences the intensity of protein
metabolism. In hyperthyroidism or if excess of thyroxine is taken orally,
the catabolism of protein is increased resulting in the increased nitrogen
loss in the urine and loss in the body weight.

Growth hormone. It is the pituitary hormone and increases transcription
or the formation of m RNA which on the other hand promotes the
synthesis of protein from the amino acid. It lowers the amino acid
concentration in blood.

Cortisol. Adrenal hormone cortisol promotes the catabolism of proteins,
and thus causes a negative balance. It also increases the excretion of
creatine. Other effects are growth retardation, thinning of skin and body
and wasting of muscles.

2.2.8 Biological Importance of Proteins
Proteins constitute a large part of the cell structure and are present in all the tissues.
Many proteins have special physiological functions:

Membrane proteins. The integral proteins include translocases, the
peripheral proteins include cytochrome-C and monoamine oxidase.
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Enzymes. The enzymes are biocatalysts to influence the rate of a chemical
reaction. All the enzymes are proteins.

Hormones. Some of the messengers of our body, the hormones are proteins.

Blood proteins. 6 major plasma components are albumen, 
l
 globulin, 

2

globulin, -globulin and fibrinogen—all are proteins.

Protective Proteins. Fibrous protein keratin forms external protective
structures of animals like nails, hoofs, scales, hair, feathers, horny layer
of skin etc. Silk worms protect themselves in the cocoon stage by silk
fibres. The latter are built up of protein fibroin. Spider webs are also
built of this protein.

Toxins. They are both defensive and offensive proteins produced by
certain animals, bacteria and some plants. e.g. snake venum, ricin of
castor, bacterial toxins etc.

Structural Proteins. Proteins constitute more than 50% of the dry
weight of protoplast. They take part in the formation of colloidal
complex of protoplasts, cell membranes and cell products. Many proteins
form supporting structures e.g. elastin of ligaments, collagen of tendons
and cartilage. Along with proteoglycans, the two above mentioned
fibrous proteins form a major component of connective tissue.

Transport Proteins (Carrier Proteins). Haemoglobin of RBCs
transports oxygen from lungs to different parts of the body. Myoglobin
of muscles stores oxygen. Certain lipoproteins of blood plasma are
specialized to transport lipids from liver to other organs. A number of
carrier proteins occur in the cell membranes for transporting specific
materials to the inside e.g. glucose, amino acids.

Storage Proteins. They occur in milk, eggs and seeds to nourish the
young ones. Important protein of milk is casein. Major proteins of egg
white is ovalbumin while it is glutelin in cereals. Iron storing protein
commonly found in animal tissue is ferritin. Proteins having all the
essential amino acids are called first class proteins.

Protein Buffers. The polar side chains of the proteins can combine
with excess acid and base. This helps in keeping the pH constant.

Hormones. Some hormones are proteinaceous, e.g. insulin (regulates
sugar metabolism), growth hormone of pitutary, parathyroid hormone;
parathormone (regulates Ca and phosphate transport).

Repressors. Most of the repressors of the genes are proteinaceous in
nature.

Monellin. This is the sweetest chemical which is actually a protein obtained
from an African berry. The protein is 2000 times as sweet as sucrose. It
may prove to be boon for diabetic patients since it is non-fattening, non-
aloric and non-toxic sweetener.

Blood Clotting Proteins. Fibrinogen and thrombin prevent blood loss
from injured vessels by causing clotting of blood.

Antibodies. They are formed of proteins.
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Visual Pigments. Rhodopsin and iodopsin are protein pigments respectively
present in rods and cones of retina. They take part in perception of image.

Other Proteins. Nucleoproteins are proteins associated with nucleic acid.
Human memory is believed to be stored in specific proteins called memory
proteins. Proteins being multivalent macromolecules can carry on a number
of chemical reactions.

Check Your Progress

1. What are essential amino acids?

2. Define the term deaminaton.

3. What is transamination?

4. What are the end products of protein metabolism?

2.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Essential amino acids are those cannot be synthesized by an organism and
their intake from outside becomes essential.

2. Deamination is a process in which the amino group of one amino acid
is usually transferred to the carboxylic acid.

3. Transamination is the process that involves the reversible transfer of an
amino group to an organic acid by amino transferase or transminase.

4. The end products of protein metabolism usually include urea, uric acid,
ammonia, creatine and creatinine etc.

2.4 SUMMARY

Proteins are the essential dietary components forming the building blocks for the
formation of new cells and growth. All enzymes which are essential for various
metabolic activities are made up of proteins. Most of hormones are also proteins
in their chemical nature. Proteins are made up of amino acids which may be of
essential or non essential types. The metabolism of protein includes deamination,
transamination, transmethylation, decarboxylation etc. Urea, uric acid, ammonia,
creatine and creatinine are the main end products of protein metabolism. The
biosynthesis of protein is made in almost all living cells of the organism. The
biologically important proteins are the membrane proteins, enzymatic proteins,
hormonal proteins, blood proteins, protective proteins, structural proteins, transport
proteins, storage proteins, visual proteins, and blood clotting proteins etc.

2.5 KEY TERMS

Alzheimers disease: It is an irreversible, progressive brain disorders that
slowly destroys memory and thinking skills and, eventually, the ability to
carry out the simplest tasks.
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Eczema: Eczema is a skin condition that causes patches of itchiness,
inflammation, swelling and cracked skin.

Phenylketonuria: A birth defect that causes an amino acid called
phenylalanine to build up in the body.

Prion Diseases: It occurs when normal prion protein found on the surface
of many cells, become abnormal and clump in the brain, causing brain
damage.

2.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Name all the essential amino acids.

2. Describe the glucogenic amino acids.

3. Write notes on the decarboxylation.

4. Explain the transmethylation.

Long Answer Questions
1. Write an essay on the protein metabolism.

2. Discuss the biological properties of protein metabolism.

3. Write an essay on the biosynthesis of proteins.

4. Describe the nucleoprotein metabolism as well as catabolism of purines
and pyrimidines.

2.7 FURTHER READING

1. Aleksandr Palladin & N.M. Poljakova. Protein Metabolism of the Brain.

2. Antoine E., Elkhoury. Methods for Investigation of Amino Acid and
Protein Metabolism.

3. Hamish Munro, James Boyd Allison. Mammalian Protein Metabolism.

4. Jacek Skomial, Helene Lapierre. Energy & Protein Metabolism and
Nutrition.
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3.0 INTRODUCTION

The sum total of chemical reactions necessary for the foodstuff to be utilized by
the body is termed as metabolism. It includes both the physical and the chemical
aspects of life processes. In general, it is a chemical process occuring within the
organism that involves breaking down of organic compounds with the liberation of
energy. The reactions or changes which are concerned with the production of heat
to maintain the body temperature and supplying of energy for their vital activities
constitute ‘energy metabolism’. The living organisms produce energy either in
the presence of oxygen (aerobic) or in the absence of oxygen (anaerobic). Aerobes
are free living organisms whereas anaerobes are parasites. They obtain energy by
breaking down the carbohydrate molecules into smaller ones by enzymatic reactions.

The degradation of complex substances into simpler molecules is termed as
catabolism. It releases energy for all cellular functions. It is the degradative
phase of metabolism. In anabolism, simple substances are converted into
complex substances. It is also called the constructive phase of metabolism. It
helps in growth, repair, secretion, storage and reproduction. Both anabolism
and catabolism are the dependants of one another and in the absence of one,
the other does not exist. This is called metabolism balance. Both catabolic
and anabolic reactions take place at extremely rapid rates in the presence of
specific enzymes. Temperature, hydrogen ions concentration and other ionic
concentrations have their significant effects on these reactions. Carbohydrates
is the main foodstuff synthesized by plants and utilized by animals for their
energy requirements. The chief sources of carbohydrates are flour, rice,
potatoes, all cereals, bread, milk, fruits, vegetables, cane sugar, grape sugar
etc.
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3.1 OBJECTIVES

After going through this unit, you will be able to:

Know the importance of carbohydrates in animal kingdom.

Describe the level of blood sugar and its tolerance.

Discuss the various stages of carbohydrate metabolism such as: cori cycle,
glycogenesis, glycogenolysis, gluconeogenesis, glycolysis and kreb’s cycle
etc.

Know the functions of carbohydrates.

Describe the regulation of carbohydrate metabolism.

3.2 METABOLISM OF CARBOHYDRATE

Carbohydrates is the main foodstuff synthesized by plants and utilized by animals
for their energy requirements. The chief sources of carbohydrates are flour, rice,
potatoes, all cereals, bread, milk, fruits, vegetables, cane sugar, grape sugar etc.
These normally contain carbohydrates in the form of di-and poly saccharides,
which are hydrolysed in the course of digestion into monosaccharides or simple
sugars. Three kinds of simple sugars-glucose, fructose and galactose are absorbed
in the digestive tract. In liver, all the three simple sugars may be converted into one
simple sugar, glucose, the primary monosaccharide of the blood stream and body.
The level of sugar in blood increases to its maximum (250 mg. per 100 ml of
blood). Within 3-4 hours., the blood sugar returns to its initial level due to utilization
of sugars through different metabolic pathways. In the liver and muscles, the excess
of glucose is converted into glycogen.

The normal level of sugar in blood varies from 80 to 100 mg. per 100 ml.
When the blood sugar crosses the level of 180 mg.per 100 ml, the stage is known
as hyperglycemia. In several hyperglycemia, sugar appears in the urine. This
stage is known as glycosuria. In hypoglycemia, the blood sugar level falls below
the normal value. Such a condition may arise in starvation or after administration
of high dose of insulin. If the blood sugar level falls even below 60 mg. per 100 ml,
the individual may fall unconscious, result in mental confusion and may result in
death because the brain is the first organ to suffer as the brain cells are unable to
store any appreciable quantity of glucose and they have only a limited ability to use
fats or amino acids as the source of energy. The capability of an organism to
administer and utilize glucose without glycosuria is known as glucose tolerance.

3.2.1 Cori Cycle
Cori cycle represents a sort of relationship between the liver glycogen and muscle
glycogen. During the process, the liver glycogen is broken down into glucose by a
process of glycogenolysis, which diffuses into the blood stream and is carried to
the muscles where it is resynthesized as glycogen which is muscle glycogen. This
part of the cycle is called glycogenesis. On the other hand, the muscle glycogen
breaks into lactic acid which diffuses out of muscles into the blood stream. It is
carried to the liver tissue where it can synthesize liver glycogen. In muscle, glycogen
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cannot be converted into glucose due to the absence of glucose-6-phosphatase
which is essential for the process.

The metabolism of carbohydrates can be studied under the following
heads:

Glycogenesis
Glucose is the primary source of energy for all cells and its concentration in
the blood must be maintained at a certain minimal value. Just after the meal,
the amount of glucose increases in blood. Excess of glucose is converted into
glycogen in liver and muscles. The process of biosynthesis of glycogen from
glucose is called glycogenesis. The liver tissue may store glycogen
approximately 5-6% of its weight. In an adult man weighing 70 kg, liver
constitutes about 1.8 kg. and stores about 90-100 gms. of glycogen. Muscles
constitutes about 35 kg. in an adult individual and may store 245 to 350 gm.
glycogen.

Muscle glycogen serves only as a local fuel deposit, available for
muscular work and is not available for regulating the blood glucose level as
they do not have glucose-6-phosphatase to convert glycogen into glucose.
During glycogenesis, the initial step involves the phosphorylation of glucose
as a result of which gluocse-6-phosphate is formed in the presence of
hexokinase.

hexokinaseGlucose ATP Glucose-6-phosphate ADP
Mg

Glucose 6-phosphate is converted into glucose 1-phosphate by
intramolecular rearrangment in the presence of phosphoglycomutase.

phosphoglycomutase
Glu cose-6-phosphate Glucose-1-phosphate

Finally, glucose-1-phosphate is converted into glycogen in the presence
of an enzyme phosphorylase.

phosphorylase
Glucose-1-phosphate Glycogen Phosphoric acid

Glycogenolysis

The process of breaking down of glycogen to glucose in the tissue is referred
to as glycogenolysis. The process is enhanced by hypoglycemia or under the
influence of certain hyperglycemic hormones. The sequence of reactions
involved in the process is exactly reverse to that described in glycogenolysis.
The reactions are given below:

3 4

phosphorylase
Glycogen Glucose-1-phosphateH PO

phosphoglucomutase
Glucose-1-phosphate Glucose-6-phosphate

LiverGlucose-6-phosphate Glucose Phosphoric acid
phosphate
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3.2.2 Gluconeogenesis
Gluconeogenensis meets the needs of the body for glucose when carbohydrate is
not available in sufficient amounts from the diet. The process is concerned with the
conversion of non-carbohydrate precursors like glucogenic amono acids, lactic
acid and glycerol, to glucose. The starting point of the gluconeogenic pathway is
pyruvic acid, whereas the terminus is glucose. The principal points of entry into the
pathway are pyruvic and oxaloacetic acids. After transamination or deamination,
glucogenic amino acids form either pyruvic acid or members of the citric acid
cycle, which can be transformed into glucose.

Glucose

 Gluconeogenesis

Oxaloacetic acid  Some amino acids

Lactic acid  Pyruvic acid  Some amino acids

Gluconeogenesis occurs in animals only during starvation or under other
wasting conditions such as diabetes mellitus, when an organism necessarily
requires glucose but has no other source of carbon than proteins available. In
addition, these gluconeogenic mechanisms are used to clear the products of
the metabolism of other tissues from the blood, e.g., lactic acid produced by
muscle and erythrocytes and glycerol, which is continuously produced by
adipose tissue.

A continuous supply of glucose is necessary as a source of energy,
especially for the nervous system and erythrocytes. It is the precursor of milk
sugar in the mammary glands and is taken up actively by the foetus. It is not
surprising, therefore, to find that enzymatic pathways have been developed in
certain specialized tissues for the conversion of non-carbohydrates to glucose.
The principal site of gluconeogenesis is the liver. It also occurs in the cortex
of the kidney, but the total amount of glucose formed there is about 1-10th of
that formed in the liver because of its smaller mass. Brain, skeletal muscles
and heart muscles are other sites where very little gluconeogenesis takes place.

3.2.3 Energy Liberation
Energy is liberated during the cellular break down of glucose in the following
stages:

Glycolysis

The biochemical changes occuring in the conversion of glucose to pyruvic
acid or lactic acid are included under glycolysis. The stepwise degradation
through several consecutive reactions is often called the Embden Meyor
hof pathway. The reactions may proceed under anaerobic as well as aerobic
conditions. Under aerobic conditions, lactic acid does not accumulate and it
is changed into pyruvic acid which is further oxidised to CO

2 
and H

2
O by

Kreb’s cycle. The glycolysis involves a number of anaerobic reactions:
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Phosphorylation of glucose. In liver and muscles, glucose can directly
enter into the glycolytic series of reactions. Glucose is activated to form
glucose-6-phosphate in the presence of hexokinase, ATP and Mg++ ions. It
involves the transfer of the terminal phosphate group of ATP to the number
6 carbon of glucose to form glucose-6-phosphate and ADP.

hexokinaseGlucose ATP Glucose-6-phosphate ADPMg

The reaction can, however, be reversed by another enzyme glucose-6-
phosphatase, present in the liver and kidney tissue. Muscles do not
contain glucose-6-phosphatase.

Glucose-6-phosphate conversion to fructose-6-phosphate. Glucose-
6-phosphate forms the active substrate for glycolysis. Glucose-6-
phosphate is isomerised to form fructose-6-phosphate in the presence
of an enzyme called phospho-hexo-isomerase. At this stage fructose
can also enter in glycolytic reactions by forming fructose-6-phosphate.
Conversion of fructose to fructose-6-phosphate is catalysed by an
unspecific-hexokinase in the presence of ATP and Mg++ ions.

Phosphorylation of fructose-6-phosphate to fructose-1, 6-
diphosphate. At this stage, fructose-6-phosphate is phosphorylated
and is converted in the diphosphate derivative by the transfer of the
terminal phosphate group of another ATP to the number 1 carbon of
fructose-6-phosphate to form fructorse-1, 6-diphosphate. This reaction
is catalysed by the enzyme fructose-6-phosphokinase in the presence
of ATP and Mg++ ions.

fructose-6-phospho-
kinaseFructose-6-phosphate ATP Fructose-1-6-dis-Mg

 phosphate ADP

This reaction is also irreversible due to its strongly exergonic nature. It
is done in the presence of fructose-1, 6-disphosphatase found in liver,
kidney and striated muscles.

Cleavage of fructose-1, 6-diphosphate to triose phosphate. Fructose-
1, 6-diphosphate splits between carbon 3 and 4 into dihydroxy-acetone
phosphate and glyceraldehyde-3-phosphate under the influence of an
enzyme aldolase. The two trioses formed can be reversibly changed
into one another by the enzyme triose-phosphate-isomerase, thereby
showing isomerizing reactions.

Oxidation of glyceraldehyde-3-phosphate and formation of ATP.
Glyceraldehyde-3-phosphate is oxidised to form 1,3 diphosphoglyceric
acid by the enzyme glyceraldehyde-3-phosphate dehydrogenase in the
presence of DPN (diphospho-pyridine, nucleotide) as hydrogen acceptor
and inorganic phosphate. The oxidation takes place by donating two of
its hydrogen atoms to DPN.

The newly formed phosphate bond in the glyceric acid is a high energy
type similar to that of ATP. In the presence of ATP phosphoglyceric
transphosphorylase, the high energy phosphate is transferred from
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1,3-diphosphoglyceric acid to ADP form to 3-phosphoglyceric acid and
ATP.

Conversion of 3-phosphoglyceric acid to phosphopyruvic acid. In the
presence of phosphoglycero-mutase, 3-phosphoglyceric acid is converted
into 2-phosphoglyceric acid, affecting a shift of the phosphate group from
the number 3 carbon to the number 2 carbon.

2-phosphoglyceric acid is then converted into phosphopyruvic acid in
the presence of enolase enzyme. The chemcial arrangement is called
the enol.

Phosphopyruvic acid to pyruvic acid & ATP formation. The high
energy phosphate group in the phosphopyruvic acid molecule is
transferred to ADP in the presence of pyruvic kinase and Mg++ with
formation of ATP and pyruvic acid.

Pyruvic Acid to Lactic Acid

Pyruvic acid forms the main end product of glycolysis in those tissues which
are supplied oxygen in abundance. But in those tissues, where oxygen supply
is not met fully, e.g. skeletal muscles, lactic acid forms the usual end product
of glycolysis. In such cases, pyruvic acid is reduced to lactic acid under the
influence of an enzyme lactic dehydrogenase. DPNH reduces pyruvic acid
to lactic acid.

In many microorganisms and plant cells where there is limited oxygen
supply, pyruvic acid is converted into ethyl alcohol and CO

2
 instead of lactic

acid.

Under anaerobic conditions, there occurs a net gain of 2 ATP moles per
free glucose mole broken down to pyruvic acid or lactic acid whereas under
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aerobic conditions, there occurs a net gain of 8 ATP moles per free glucose mole
broken down to pyruvic acid. This is because of the oxidation of reduced DPN
under aerobic condition resulting in the formation of 6 moles of ATP.

3.2.4 Kreb’s Cycle
Sir Hans Krebs, in 1937, postulated a series of reactions in mitochondria which
accounted for the oxidation of acetyl residues to CO

2 
and water. He suggested

that these reactions were arranged in cyclic sequence termed as the citric acid
cycle. After the forest component of the cycle that was isolated, Krebs himself
preferred to call it the tricarboxylic and acid cycle (TCA) because of the presence
of molecular forms within the cycle having three carboxylic groups. This cycle is
also referred to as the Krebs Cycle. In the year 1953, Krebs was awarded a
Nobel prize for medicine.

Fig. 3.1: The Kreb’s Cycle.

The enzymes involved in this cycle are mainly found in the mitochondrial
fraction and remain closely associated with the enzymes of the respiratory chain.
Such as association facilitates quick electron transport chain oxidation. The end
product of glycolysis, the pyruvic acid, enters the mitochondria where each of
them is converted into 2 carbon atom acetic acid. One carbon is released as CO

2

and the related process is called decarboxylation. The acetic acid combines with
co-enzyme A to form acetyl co A. During this process, 2H are released, which are
accepted by NAD to form NADH + H+. The 2A are transferred to electron
transport system where these produce 3 ATP molecule. The citric acid cycle consists
of following ten consecutive steps:

Condensation. The first step in the citric acid cycle is the condensation of
acetyl COA (2 carbon molecules) with oxaloacetic acid (4 carbon molecule)
to form citric acid (6 carbon molecule). This condensation is brought about
in the presence of an enzyme citrate synthetase.
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Dehydration. In the next step, citric acid undergoes dehydration in the
presence of an enzyme aconitase and results cisaconitic acid. A
molecule of water is also lost.

Hydration I. In the next reaction, the same enzyme adds up a molecule
of water to cisaconitic acid in a different fashion across the double
bond forming isocitric acid.

Oxidation-I or dehydrogenation I. In this step, isocitric acid is
dehydrogenated to form oxalosuccinic acid (6 carbon molecule) in the
presence of an enzyme isocitrate dehydrogenase. One pair of hydrogen
atoms (2H) released is accepted by NAD+ to form NADH+ H+. Its
transported to the electron transport system (ETS).

Decarboxylation I. In the next  step, oxalosuccinic acid is
decarboxylated to form -Ketoglutaric acid, a 5 carbon molecule.
This reaction is catalysed by the enzyme oxalosuccinic decarboxylase
in the presence of Mn++ Ions. One CO

2 
is releasd during the reaction.

Oxidation II or dehydrogenation II and decarboxylation II. It is
also called oxidative decarboxylase. In this step, -Ketoglutaric acid is
oxidatively decarboxylated by the enzyme -ketoglutaric dehydro-
genase in the presence of thiamine pyrophosphate (TPP), co-enzyme A,
lipoic acid, FAD and NAD in a manner similar to oxidative decarboxylation
of pyruvic acid by pyruvate dehydrogenase systems.



NOTES

Carbohydrate Metabolism

Self-Instructional
40 Material

-Ketoglutance acid enters a series of subreactions in which it losses CO
2

and becomes an aldehyde. The latter joins with Co A and loses 2H to lipoic
acid and ends up as succinyl CoA which is a 4 carbon compound. The two
hydrogen atoms released by lipoic acid are accepted by NAD+ to form
NADH+ H+, which is passed down to the electron transport system (ETS)
and release 3 ATP molecules.

-Ketoglutaric acid may also be obtained by deamination or transmination
reactions from glutamic acid.

Phosphorylation. Succinyl co-enzyme A possess a high energy thiol group.
It is the converted into succinic acid by the enzyme succinic thiokinase or
succinyl CoA synthetase. In the presence of guanosine diphosphate (GDP)
and inorganic phosphate the high energy bond of succinyl CoA is transffered
to GTP with the formation of guanosine triphosphate (GTP). Energy contained
in the terminal phosphate group may later on be utilized for ATP formation
from ADP. However in the absence of GDP Succinyl CoA is deacylated
liberating heat energy. Deacylase has been reported to exist in the liver
tissue. (IDP inosine diphosphate) may participate in place of GDP)

Oxidation III or dehydrogenation III. In this step, succinic acid is
dehydrogenated by the enzyme succinic dehydrogenase to form fumastic
acid. This dehydrogenase contains flavin adenine dinucleotide, (FAD)
as its prosthetic group. It is the only dehydrogenation in the citric acid
cycle which is the substrate to FAD without which the participation
involves the direct transfer of hydrogen form of NAD. The pair of
hydrogen atoms (2H) released from succinic acid are picked up by
flavoprotein which contains FAD. FAD accepts hydrogen atoms and
forms FAD. It passes the hydrogen atoms to electron transport system
(ETS) and produces 2 ATP per mole of substrate rather than the common
three moles of ATP for the entire system.

Hydration II. Fumaric acid is converted into malic acid by the addition of
a molecule of water across the double bond. This (–) addition is brought by
the enzyme fumarase.
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Oxidation IV or dehydrogenation IV. Malic acid is freely diffusible across
the mitochondrial membranes. In the normal course, malic acid is
dehydrogenated to form oxaloacetic acid in the presence of malate
dehydrogenase. The co-factor required is NAD. This NAD accepts a
pair of hydrogen atoms (2H) released during the reaction and then the
hydrogen atoms are passed onto the electron transport system (ETS)
where 3 molecules of ATP (3 ATP) are released.

Oxaloacetic acid again combines with acetyl co-enzyme A to enter the citric
acid cycle and repeats the same chain of reactions.

There exists another enzyme in the mitochondrial as well as in extra
mitochondrial fraction, known as malic enzyme acid. This enzyme is
NADP specific which can convert malic acid into pyruvic acid.

This involves decarboxylation. In this way, oxaloacetic acid is
regenerated on completion of the cycle.

3.2.5 Regulation of Carbohydrate Metabolism
Carbohydrate metabolism is influenced by several hormones as given in the following
subheads:

1. Insulin. It is synthesized by the beta cells of islets of Langerhans of pancreas.
It converts glucose into glycogen in liver and muscles. Over secretion of
insulin leads to hypoglycaemia which may result in unconsciousness or
insulin shock. The under secretion of insulin causes diabetes mellitus. It
accelerates gluconeogenesis.

2. Glucagon. It is secreted by the alpha cells of the pancreas. It has the
opposite effect of insulin. It increases the blood glucose level by
promoting glycogenolysis. It has some effect on phosphorylation.

3. Thyroxine. It increases the rate of absorption of carbohydrates from
the intestine, thus raising the blood glucose level. It accelerates the
catabolism of carbohydrates.

4. Growth hormone. Houssay reported the diabetogenic effect of growth
hormone. Growth hormone stimulates the metabolism of carbohydrate.
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5. Adrenal hormone. Glucocorticoid of the adrenal gland plays an important
role in gluconeogenesis and thus elevates the blood glucose level. Epinephrine
promotes the metabolism of carbohydrates.

6. Kidney in glucose metabolism. Under normal conditions, the kindney
does not take any part in the regulation of blood sugar other than the
reabsorption in excretory tubules. But whenever there is an urgency, it
performs gluconeogenesis to regulate the blood sugar.

7. Nervous regulation. Nervous system alone does not play any role in
the regulation but indirectly it regulates the blood sugar with the help
of various hormones stated already.

8. Carbohydrate metabolism in cancer. In cancer, the input of oxygen
remains the same as in the normal cells but there is a drastic change in
the input of glucose or glucose consumption which increases about 5
to 10 times the usual or normal consumption. Aerobic glycolysis, which
is the conversion of glucose into lactic acid even in the presence of
oxygen, becomes common. In the conversion of glucose to lactic acid,
two ATP molecules are produced. But the conversion of lactic acid
back into glucose in the liver requires about six ATP molecules. Thus,
the cancer cells live a parasitic life and drain off much energy from the
host organism.

Check Your Progress

1. Define the term gluconeogenesis.

2. Differentiate glycogenesis from glycogenolysis.

3. What is the meaning of glycolysis?

4. Explain the Kreb’s cycle diagrammatically.

3.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Gluconeogenesis is the process concerned with conversion of non-
carbohydrate precursors like glucogenic amino acids, lactic acid and
glycerol to glucose.

2. Glycogenesis is the synthesis of glycogen from glucose when it is made
in liver, it is called liver glycogen, and in muscles, it is the muscle
glycogen. Glycogenolysis is the conversion of glycogen into glucose
which diffuses out in blood stream.

3. Glycolysis is a process that involves a series of biochemical changes
responsible for the conversion of glucose to pyruvic acid or lactic acid.

4. For this consult the text.
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3.4 SUMMARY

Carbohydrates are among the most widely distributed compounds in both plant
and animal kingdoms. Plants can build up carbohydrates from carbon dioxide by
photosynthesis. Many animals and plants contain large quantities of carbohydrates
as reserve food material. The most important function of carbohydrates is to provide
energy to the body. Some of the common functions of carbohydrates are: storage,
structural components, fat metabolism, protein  sparing and also the gastrointestinal
functions. The metabolic activities of carbohydrates include: cori cycle, glycogenesis,
glycogenolysis, gluconeo-genesis, glycolysis, and Kreb’s cycle etc. Carbohydrate
metabolism is influenced by several hormones such as insulin, glucagon, thyronine,
growth hormone, thymine, growth hormone and adrenal hormone.

3.5 KEY TERMS

Glycogenin: Glycogen is a highly branched structure, consisting of the
core protein called glycogenin which is surrounded by branches of glucose
units linked together.

Glycosuria: A condition characterized by an excess of sugar in the urine,
without causing diabetes.

Hypoglycemia: Also called low blood sugar, the condition often occurs in
people with diabetes.

Stevia: A natural sugar substitute that has no calories. Truvia is the brand
name for a sweetener made from the stevia leaves.

3.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the glycogenesis.

2. What is the glycogenolysis?

3. Name all the hormones in the metabolism of carbohydrates.

4. Explain the gluconeogenesis.

Long Answer Questions
1. Write an essay on the metabolism of carbohydrates.

2. Describe the Kreb’s cycle.

3. Write notes on the glycolysis.

4. Discuss the various stages of carbohydrate metabolism.
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4.0 INTRODUCTION

Lipids are biologically significant and include neutral fats, phospholipids,
cerebrosides and sterols. About 30-50 per cent of the dietary lipids are
hydrolysed in the gut and the remaining part is absorbed as such in the form
of micells. Hydrolysed lipids are absorbed through the lacteal route, except
phospholipids which are absorbed through the blood route. The amount of
total plasma lipid in the human being is about 570 mg./100ml. plasma<:
phospholipids 215 mg./100 ml; total cholesterol, 200 mg./100 ml. plasma.
When the lipids content of blood rises above the normal value, the stage is
known as hyperlipaemia. The lipids have following physiological functions:

They are the constituents of cell structures and are therefore essential
for the building of new cells.

They are rich sources of energy.

They are insulators of body and

In lactating women, a portion of it is secreted in the milk and acts as
nourishment for the baby.

4.1 OBJECTIVES

After going through this unit, you will be able to:

Know the utilization of lipid in the living organisms.

Know the role of liver in the metabolism.

The process of oxidation of fats.

The formation of triglycerides.
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4.2 STORAGE OF FAT

Mobile fat is in the form of minute droplets known as chylomicrons. After
absorption, fat is either oxidized to release energy or stored in the adipose
tissue until required. Fat storage is not only confined to the subcutaneous
depots but it is also stored in intermuscular space and abdominal cavity. The
total amount of fat in the human body varies from 10-20 percent of the body
weight but in a very obese person, it may be as high as 50 percent of the body
weight. Of the total fat stored in the adipose tissues, about 50 percent exists
in the subcutaneous tissues, 10 to 15 percent in the abdominal cavity. 10 to
15 percent in the renal space and remaining 5 percent in the intermuscular
space. All fat in the body does not come from dietary food but it is readily
synthesized from the excess of cabohydrates not stored as glycogen.

4.2.1 Liver in Fat Metabolism
Liver is not normally an accumulator of fats as it is for carbohydrates. Liver contains
about 3 to 8 percent fat contents. The phospholipids and short chains fatty acids
absorbed via the portal blood are brought to the liver. It also takes up the free fatty
acids from the systemic blood, and the triglycerides from the chylomicrons. The
latter are hydrolysed to fatty acids and glycerol. Thus we see that the liver has a
key role in the metabolism of fats. It also synthesizes cholesterol and supplies to
the blood. The quantity of cholesterol synthesized is regulated to keep the total
amount available from food and by hepatic synthesis constant. Liver is also
responsible for the conversion of cholesterol to bile acids and its elimination in bile
as bile salts. In this way, liver plays an important role in the hameostasis of blood
cholesterol.

Under fasting or untreated diabetic condition, lipid is metabolised in
greater proportion. Lipid contents of liver may increase to 30 to 40% giving
rise to fatty liver. The causes for fatty liver may be: (i) increased mobilization
of fat from depots to liver; (ii) impaired utilization of fat in the liver and
impaired transport of fat from liver; (iii) hormonal causes like diabetes mellitius,
and defected pancreatic lipocolic regulation and (iv) the toxic factors.

Abnormalities Due to Defective Lipid Metabolism
1. Obesity. It is only due to ingestion of more food than required to meet

the normal metabolic needs of the organism. In this, there is excessive
deposition of fat in the depots with decreased mobilization. Lesions of
hypothalamus increase appetite and cause obesity. Castration,
hypothyroidism and hyperinsulim are hormonal causes.

2. Cochexia. It is the opposite condition where the fat depots are very
scanty. It shows a very severe ill health. It occurs in most cases when
extensive suppuration is present, in mailgment disease or advanced
pulmonary tuberculosis in severe hypethyroidism etc.

3. Gaucher’s disease. In this abnormality, cerebrosides are increased in
the brain, liver and spleen. There is an imbalance between the synthesis
and the breakdown of this lipid.
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4. Tay-Sach’s Disease. In this, there is an accumulation of glycosides in the
brain. It shows an adverse effect on mental development. It causes mental
retardation, paralysis, dementia and blindness. The diseased children do
not survive beyond 2-4 years.

4.2.2 Oxidation of Fats
The oxidation of fatty acids is a stepwise process involving the cleavage of 2
carbon fragments starting from the carboxyl end of the chain. The fragmentation
produces acetyl CoA and the process by which it is formed is called -oxidation
of fatty acids. The successive stages of this process are as follows:

Activation

Before a fatty acid is oxidized, it must be activated by converting itself to an
acyl-CoA derivative with the help of an activating enzyme.

The enzymes catalyzing this reaction act according to the specificities
upon short, medium or long chain fatty acids. During this reaction, a molecule
of ATP is consumed.

First oxidation. The active fatty acid acyl CoA (active palmityl CoA)
is then dehydrogenated by acyl CoA dehydrogenase (FAD) and , -
unsaturated acyl CoA derivative is formed.

Hydration

A water molecule reacts at the site of double bond so that H atom from water
attaches to the -carbon and remaining OH-redical attaches to -carbon.
This reaction is mediated by an enzyme called crotanase (enyl hydrase). The
end product of this reaction is called L (+)-  hydroxylacyl-CoA derivative.

Second oxidation. L(+)-  hydroxyacyl CoA derivative undergoes
dehydrogenation by the action of a dehydrogenase enzyme (NAD),. During
this proces, 2H atoms are removed each from the -carbon and hydroxyl
radical by NAD. The resultant compound is called -keto acyle CoA
derivative.

Cleavage

Finally the -ketoacyle CoA formed, cleaves by reacting with another molecule
of coenzyme CoA. This cleavage of the compound is catalyzed by -keto-
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thiolase between a and b carbon. The long chain portion combines with the new
molecule of coenzyme A while the shorter acetyl portion remains combined with
the original coenzyme A in the form of acetyle CoA.

Thus a fatty acid molecule loses its 2 terminal carbon atoms as acetyl
CoA during the above set of reactions. The other product produced (myristyl
CoA) becomes activated fatty acid with two less carbons than the original
molecule (active palmityl) and becomes ready for oxidation. This process is
repeated again and again with 2 terminal carbon atoms less each time until all
the fatty acids are split off as acetyl CoA.

A palmitic acid molecule contains 16 carbons. It will therefore, yield 8
molecules of acetyl CoA, 7 FADH

2
 and 7 (NADH + H+) molecules on its

complete degradation. Each acetyl CoA molecule finally enters the Kreb’s
cycle. The H atoms produced during dehydrogenation process will undergo
phosphorylated oxidation. The net gain of ATP molecules after complete
degradation of palmitic acid would be:

7 FADH
2
 will produce = 12 ATP (2ATP for every 2H atoms)

7(NADH + H+) will produce = 21 ATP (3 ATP for every 2H atoms 8
acetyl CoA will produce)

8 × 3 (NADH + H) = 72 ATP

8 × 1 (FADH
2
) = 16 ATP

Total Again = 123 ATP

ATP molecule produced as ATP during = 8 ATP (1 ATP for every
acetyl CoA degradation acetyle CoA degraded)

ATP molecule consumed during fatty = –1 ATP
acid activation

Net gain = 130 ATP molecules.

4.2.3 Acetone Bodies
The liver also contains a potent enzyme called deacylase which can convert acetyl
CoA into acetoacetic acid. This enzyme becomes operational when the rate of
acetyl CoA production exceeds its rate of utilization. The accumulation of acetyl
CoA leads to the condensation of 2 of its molecules to form acetoacetic acid. This
reaction is irreversible in liver.

Excessive accumulation of acetic acid promotes their conversion into
-hydrozybutyric acid and acetone.
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The acetoacetic acid, -hydrozybutyric acid and acetone are called the
acetone bodies. These acetone bodies diffuse into the blood and are
transported to the other tissues whereby reverse reaction of the acetyl CoA is
regenerated and degraded through citric acid cycle for energy. This process
does not permit the concentration of acetone bodies to rise appreciably in
blood plasma (3 mg/100 ml of blood in man). However, the lack of insulin
interferes with glycogen storage and normal metabolism of glucose in the
liver and no carbohydrate is utilized under such a situation. The lack of insulin,
as is the case in diabetes mellitus, not only prevents the entry of triglycerides
obtained during the meals in the fat cells but also mobilizes the fatty acids
from them because of the diminished quantity of -glycerophosphate. The
net result of these events causes the availability of large amount of triglycerides
for their degradation. This forces the organism to burn excessive amount of
fatty acids for energy with the release of extra acetyl CoA. The excess of
acetyl CoA then condenses and forms acetoacetic acid and other ketone bodies.
They then diffuse into the blood leading to the rise of their level in it. This
condition of high concentration of ketone bodies in the blood plasma is referred
to as ketosis.

The acetone is a volatile substance and is blown off in small quantities
alongwith expired air during respiration. This gives the breath an acetone
smell. This is frequently used as a diagonstic criterion of ketosis.

Acetone bodies are also produced during the first few days of a fast. In
this case, the combination of a excessive fatty acid metabolism with a decrease
in Kreb’s cycle intermediates are responsible for their formation. As the fast
proceeds, the fatty acids are utilized and the acetone bodies disappear from
the blood as well as urine.

4.2.4 Synthesis of Fatty Acids
It was first believed that the synthesis of fatty acids takes place by simply reversing
the oxidation degradiation of the fatty acids. This apparently happens to a small
extent in the mitochondria. However, most of the fatty acid synthesis takes place
in the cytoplasm by a mechanism which is similar but not identical to that of
degradation. The synthesis of fatty acids includes the following steps:

Step I. The fatty acid molecule is actually synthesized from acetyl CoA
which is converted into Malonyl CoA before condensation. Malonyl CoA is
formed by acetyl CoA and bicarbonate ions with biotin as a coenzyme. A
large amount of energy is transferred from ATP to malony CoA. Biotin is first
converted to carboxyl-biotin by reacting with bicarbonated and ATP.
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Step II. The malonyl CoA reacts with acyl carrier protein, so called fatty
acid synthetase and becomes melonyl enzyme.

The melonyl enzyme then binds an other molecule of acetyl CoA and
an acetoacetyl enzyme is formed with the liberatin of CO

2
.

       

Step III. The acetoacetyl enzyme then is reduced by NADPH
2
 as per

the following reaction:

Step IV. The reduced acetoacetyl enzyme then loses a water molecule
and becomes butyryl enzyme.

Step V. The unsaturated butyryl enzyme becomes saturated by
combining with NADPH + H+.

Step VI. The saturated butyryl enzyme then reacts with an enzyme
CoA and becomes butyryl CoA releasing enzyme synthetase once again.

Step VII. The butyryl CoA then reacts with malonly enzyme and more
carbons are added. Through this cycle the chain length reaches 16 to 18 carbons
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and the fatty acid is released from the enzyme CoASH complex and a free fatty
acid is formed. It is evident from the above set of reactions that acetyl CoA is the
starting molecule of the fatty acid production. The acetyl CoA could be the end
product of fatty acid degradation or it could be an intermediate of the glucose
metabolism. The excess of carbohydrate in the body leads to the production of
excess of acetyl CoA. This promotes the synthesis of fatty acid for their storage as
fats in the adipose tissue, if they are not to be utilized for their immediate use in the
form of energy.

4.2.5 Formation of Triglycerides
Fatty acids after their synthesis get bound to glycerol and form triglycerides. The
glycerol molecule is provided to the fatty acid as -glycerophosphate, a product
formed from glycose during glycolysis. This reaction is brought about by the highly
specific enzyme Glycerokinase in the presence of ATP. The whole process of
triglycerides formation is controlled by -glycerophosphate. When excess of glucose
is available to the cell for degradation, a large quantity of -glycerophosphate
accumulates in the cell. It reacts with fatty acids to form triglycerides. This shifts
the equilibrium of the reaction in the direction that promotes the formation of
triglycerides for storage. Fats are conjugated products of fatty acids and glycerol.
Fats are hydrolyzed enzymatically before they are oxidized.

Glycerol

Glycerol undergoes phosphorylation into glycerol phosphate in the presence
of glycerokinase enzyme found in the liver. Glycerol phosphate is oxidized to
3-phospho-glyceraldehyde which is an intermediate product of glycolysis. It
can either be oxidized in Kreb’s cycle or converted into glycogen by reverse
steps of glycolysis. Complete aerobic respiration of one molecule of glycerol
produces a total net gain of ATP.

Fatty Acids

Whenever the glucose concentration falls below normal value, fatty acids
may be oxidized into CO

2 
and water. The repiratory decomposition of fatty

acids is known as beta oxidation. The fatty acids undergo oxidation at beta
position from COOH group in the fatty acid chain giving rise to a molecule of
acetic acid and a new fatty acid shorter by two carbon atoms than the original.
The new shorter fatty acid again undergoes beta-oxidation, giving rise to a
molecule of acetic acid and a still shorter fatty acid by another two carbon
atoms. Thus, the entire fatty acid is converted into several molecules of acetic
acid. Acetic acid then enters the Kreb’s cycle and undergoes complete oxidation
to CO

2 
and H

2
O.

Ketosis

The concentration of total ketone bodies in the blood of well fed mamals is
about 1 mg./100 ml. However, as a result of excessive fat catabolism, the
concentration increases in blood (ketonemia) or urine (ketomuria). The
production of ketone bodies is called ketogenesis and the process that checks
the formation of ketone bodies is called antiketogenesis. Ketone bodies are
oxidized through a series of chemical reactions and the end products are CO

2
 and
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H
2
. The simplest form of ketosis occurs in starvation. Diabetes mellitus is the most

important clinical cause of ketosis. In this, insulin deficiency prevents glucose
utlization and excessive mobilizaiton of deposited fat leads to lipaemia and fatty
liver. Renal glycosuira and abrupt replacement of normal diet by one low in
carbohydrate and very rich in fats often leads to ketosis.

4.2.6 Metabolism of Cholesterol
Cholesterol is an important lipid and belongs to the class sterols. Ingested
cholesterol is absorbed along with other lipids. It is also the precursor of steroid
hormones and bile. It occurs in free form in the cells and as cholesterol esters
in the plasma. Cholesterol is synthesized in the body usually in the liver, from
two carbon units in the form of acetyl CoA formed either from fatty acids or
from the metabolism of the carbohydrates through pyruvate. Two molecules
of acetyl CoA condenses to form aceto-acetyl; CoA, which again reacts with
the third molecule of acetyl CoA and forms beta hydroxyl methylglutaryl CoA.
This compound is broken down by a series of steps forming several
intermediates and ultimately yields cholesterol. It has been estimated that 1.5
to 2.0 gm. cholesterol is synthesized daily in a human being. The excess of
cholesterol is first converted to cholic acid in liver and then eliminated in the
bile along with faeces. Gall stones, hypertension and atheroclerosis are the
main disorders which are due to high cholesterol level in blood.

4.2.7 Regulation of Lipid Metabolism
The metabolism of lipids is also influenced by the nervous system and hormones.
Insulin, growth hormones, cortisol, reproductive hormones and thyroxine are the
hormones having their significant effects on lipid metabolism.

Check Your Progress

1. What is the amount of plasma lipid in human beings?

2. Name the abnormalities occurred due to defective lipid metabolism.

3. Define the term ketosis.

4. What is cholesterol?

4.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The amount of total plasma lipid in the human beings is about 570 mg/
100 ml.

2. Abnormalities occurred due to defective lipid metabolism are obesity,
cochexia, Gaucher’s disease, and Tay-sach’s disease.

3. Ketosis is a process that happens when your body doesn’t have enough
carbohydrates to burn for energy. Instead, it burns fat and makes things
called ketones, which it can use for fuel. The concentration of ketones
increases in blood. It happens when carbohydrate intake and insulin
levels are low.
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4. Cholesterol is a type of fat found in the blood. Liver manufactures cholesterol
in the body. It is also present in food that includes meat, fish, eggs, butter,
cheese and milk. Fruits, vegetables and grains don’t have any cholesterol.

4.4 SUMMARY

Lipids comprise a rather heterogenous class of organic compounds which are
sparingly soluble in water but show considerable solubility in organic solvents
like ether, chloroform, acetone, benzene, hot alcohol and petroleum either.
The lipids are non polar and hydrophobic. Lipids are all made of carbon,
hydrogen and sometimes oxygen. Sometimes small amounts of phosphorus,
nitrogen and sulphur are also present. Lipids are widely distributed throughout
the plant and animal kingdom. In plants, they occur in the seeds, nuts and
fruits. In animals, they are stored in adipose tissues, bone marrows and nervous
tissues. Lipids play several biological functions like (i) in the formation of cell
membranes, myelin sheath, steroidal hormones, vitamins, subcutaneous fats.
The defective metabolism of lipid may cause the abnormalities like obesty,
cochexia, Gaucher’s disease, Tay-sach’s disease etc. The oxidation of fat
involves the activation of fatty acids, oxidation, hydration, cleavage, acetone
bodies, synthesis of fatty acids and formation of triglycerides. The metabolism
of lipid is also influenced by the nervous system and hormones. Insulin, growth
hormones, cortisol, reproductive hormones, and thyroxine are the hormones
having their significant effects on lipid metabolism.

4.5 KEY TERMS

Depression: Depression is a mood disorder that causes a persistent feeling
of sadness and loss of interest. It is a serious mental illness that can interfere
with a person’s life.

Macular degeneration: It causes loss in the centre of the field of vision.
In dry macular degeneration, the centre of retina deteriotes. With wet
macular degeneration, leaky blood vessels grow under the retina.

Osteoporosis: A condition in which bones become weak and brittle. It is
due to the low calcium taking for a long period.

Sclerosis: It is the localized hardening of skin, and is generally caused by
underlying diseases, such as diabetes and scleroderma.

4.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. What are the ketone bodies?

2. Name the hormones showing significant effects on lipid metabolism.
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3. Define the term glycerokinase.

4. What are acetone bodies?

Long Answer Questions
1. Write an essay on lipid metabolism.

2. Explain the oxidation of fats.

3. Describe the abnormalities occurred due to defective lipid metabolism.

4. Write notes on synthesis of fatty acids and formation of triglycerides.

4.7 FURTHER READING

1. Christian Ehnholm. Cellular Lipid Metabolism.

2. Robert J. Moffatt and Bryant Stainford. Lipid Metabolism and Health.

3. Salih J. Wakil. Lipid Metabolism.

4. Vance D.E. and Vance J.E. Biochemistry of Lipids, Lipoproteins and
Membranes.
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UNIT – II: RESPIRATION, EXCRETION AND
IMMUNE SYSTEM

CHAPTER 5 MECHANISM AND
PHYSIOLOGY OF
RESPIRATION IN
MAMMALS (TRANSPORT
OF GASES, CHLORIDE
SHIFT)

Structure
5.0 Introduction
5.1 Objectives
5.2 Transport of Respiratory Gases

5.2.1 Carriage of Oxygen
5.2.2 Carriage of Carbon Dioxide
5.2.3 Exchange of Gases in Alveoli and Tissues

5.3 Answers to ‘Check Your Progress’
5.4 Summary
5.5 Key Terms
5.6 Self-Assessment Questions and Exercises
5.7 Further Reading

5.0 INTRODUCTION

The various processes carried out by the body e.g. movement, growth and
reproduction, require the expenditure of energy. In animals, this energy can
be obtained only from the food they eat. Before the energy can be used by the
cells of the body, it must be set free from the chemicals of the food. This
process of liberating energy is called respiration and involves the use of
oxygen and the production of carbon dioxide. Robert Boyle and Robert Hooke
(1600) were the first to give the real understanding of respiration. But it was
Lavoisier (1743-1794) who showed the importance of oxygen in respiration.

Oxygen enters the animal’s body from the air or water surrounding it.
In the less complex animals, the oxygen is absorbed by the entire exposed
surface of the body, but in the higher animals, there are special respiratory
areas such as lungs or gills. Excess carbon dioxide is usually eliminated from
the same area. Decarboxylation, the removal of carbon dioxide from a larger
molecule, can proceed independently of oxygen utilization.

Since there is considerably more oxygen in free air than is dissolved in water,
free air breathers, in general, exhibit more energy than aquatic forms, living as they
do in a more favourable respiratory environment. As a matter of comparison, sea
water contains five to seven cubic centimeters of oxygen per litre; flowing fresh
water, six to eight cubic centimeters and free air over 200 cubic centimeters per litre.
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In order to utilize the oxygen of the air, any living mechanism that has evolved far
enough to have a true circulatory system must meet the following conditions:

The blood that is to receive oxygen must be separated from the air by a
retaining cellular wall;

The wall must be sufficiently permeable to permit easy osmosis of gases;

The wall must be kept moist in order to permit thinners and permeability
without drying up upon exposure;

The total walls of respiratory surfaces must be extensive enough in
area as to ensure an adequate osmosis of oxygen for the organism
concerned and

A current of fresh air must be made to pass repeatedly or continuously
across the respiratory surface.

5.1 OBJECTIVES

After going through this unit, you will be able to:

Define the term respiration.

Discuss the transport of oxygen from respiratory surface to all cells of the
body.

Describe the transport of carbon dioxide from living cells of the body to the
respiratory surface.

Explain the chloride shift and also the dissociation curve.

5.2 TRANSPORT OF RESPIRATORY GASES

Like most gases, oxygen is poorly soluble in water. In contrast to the atmosphere,
with an oxygen concentration of 210 millilitres (ml) per litre of air, the surface
waters of a lake at sea level at 208 contain only 5 to 10 ml of oxygen per litre.
Because gases diffuse slowly in water, deeper waters often contain even less oxygen.
Any other substances dissolved in water further decreases its ability to dissolve
oxygen. This property affects not only the sea water in which many organisms live
but also such oxygen-carrying body fluids as blood. The solubility of gases in
water also declines with a rise in a temperature. For example, although a litre of
distilled water holds 6.5 ml of oxygen at 200C, it holds only 0.27 ml at 320C.

The amount of oxygen dissolved in water is often barely sufficient to meet
the requirements of some of the water-active aquatic animals. Any factor that
lowers the oxygen contents of a body of water such as thermal pollution or heavy
bacterial growth, may result in massive deaths of fishes, other aquatic animals and
plants.

The movement of gases between the environmental medium and the blood
is in accord with the gas laws. The idea that gases are secreted by the lung or gill
surfaces has been shown to be incorrect. The purely physical phenomenon of
diffusion can account for gas transport across the respiratory membranes.
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Plasma is little better than water in its capacity to carry oxygen and carbon
dioxide. For example, only 0.2 cc of oxygen and 0.3 cc of carbon dioxide will
dissolve in 100 cc of plasma, whereas the same amount of whole blood will absorb
20 cc of oxygen and 50 cc or more of carbon dioxide. If it were not for haemoglobin,
the blood would need to circulate 35 times faster than it does to accom-plish the
same job.

5.2.1 Carriage of Oxygen
Oxygen and carbon dioxide have limited solubilities in blood plasma. This poses
certain functional problems for peripheral tissues need more oxygen and generate
more carbon dioxide than the plasma can absorb and transport. The extra oxygen
and carbon dioxide diffuses into the red blood cells, where the gas molecules are
either tied up or used to manufacture soluble compounds. The important thing
about these reactions is that they are temporary and completely reversible.
When plasma oxygen or carbon dioxide concentrations are high, the excess
molecules are removed by the red blood cells; when the plasma concentrations
are falling, the red blood cells release their stored reserves.

Fig. 5.1: Partial Pressure Involved in Respiration.
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The partial pressure of oxygen in the alveolar air is about equivalent to 101
mm. of Hg. whereas the venous blood coming from tissues to the lungs has got a
partial pressure of about 40 to 50 mm. Hg. Oxygen, therefore, diffuses in the
direction of pressure gradient i.e. from alveolar air to blood, till the PO

2 
is brought

upto about 100 mm. Hg. About 98 percent of the oxygen is carried in combination
with haemoglobin and the rest is dissolved in the plasma in simple physical solution.

Fig. 5.2: Carriage of Respiratory Gasses in Respiration.

Oxygen is present in the blood in two forms: physically dissolved and
chemically bound to haemoglobin. Very little O

2
 is physically dissolved in the

plasma water because O
2
 is poorly soluble in body fluids. The amount dissolved

is directly proportional to the PO
2
 of the blood: the higher the PO

2
, the more

O
2 
dissolved. At a normal arterial PO

2
 of 100 mm Hg, only 3 ml of O

2
 can

dissolve in 1 litre of blood. This means that only 15 ml of 0
2
/min can be dissolved

in the normal pulmonary blood flow of 5 litres/min (the resting cardiac output).
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Even under resting conditions, the cells consume 250 ml of O
2
/min, and this may

increase up to twenty-five-fold during strenuous exercise. To deliver the O
2
 required

the tissues even at rest, the cardiac output would mean additional mechanism of
transporting O

2 
to the tissues. This mechanism is haemoglobin (Hb). Only 2.0% of

the O
2
 in the blood is dissolved, the remaining 98.0% being transported in

combination with haemoglobin. The O
2 
bound to Hb does not contribute to the

PO
2 
of the blood. Because of this, blood PO

2
 is not a measure of the total O

2

content of the blood but only of that portion of O
2
 that is dissolved.

Haemoglobin, an iron bearing protein molecule contained within the red
blood cells, has the ability to form a loose, easily reversible combination with O

2
.

When not combined with O
2
,Hb is designated as reduced haemoglobin: when

combined wtih O
2
, it is called oxyhaemoglobin (HbO

2
).

2 2Hb O HbO

Reduced haemoglobin Oxyhaemoblobin

The normal Hb concentration averages 15 gm of Hb/100 ml of blood.
At a normal cardiac output of 5 litres/min, the Hb contained within this blood
can carry about 1,000 ml of O

2
/min to the tissues, compared to only 15 ml/

min as dissolved O
2
.

We need to answer several important questions about the role of Hb in
O

2
 transport. What determines whether O

2 
and Hb are combined or dissociated

(separated)? Why does Hb combine with O
2
 in the lungs and release O

2
 at the

tissues? How can a variable amount of O
2
 be released at the tissue level

depending on the level of tissue activity? How can we talk about O
2
 transfer

between blood and surrounding tissues in terms of O
2
 partial pressure gradients

when 98% of the O
2 
is bound to Hb and thus does not contribute to the PO

2
 of

the blood at all?

The PO2 is the primary factor determining the percent haemoglobin
saturation. Each of the four atoms of iron within the heme portions of a
haemoglobin molecule is able to combine with an O

2 
molecule, so each Hb

molecule can carry up to four molecules of O
2
. Haemoglobin is considered to

be fully saturated when all of the Hb presents in carrying its maximum O
2

load. The percent haemoglobin (%Hb) saturation, a measure of the extent
to which the Hb present is combined with O

2
, can vary from 0% to 100%.

Table 5.1: Methods of Gas Transport in the Blood.

Gas Method of transport in blood Percent carried in this form

O
2

Physically dissolved 2

Bound to haemoglobin 98

CO
2

Physically dissolved 5

Bound to haemoglobin 15

As bicarbonate (HCO
3

–)  80

The most important factor determining the % Hb saturation is the PO
2
 of

the blood, which, in turn, is related to be concentration of O
2
 physically dissolved

in the blood. According to the law of mass action, if the concentration of one of the
substances involved in a reversible reaction is increased, the reaction is driven
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towards the opposite side. Conversely, if the concentration of one of the substances
is decreased, the reaction is driven towards that side. Applied to the reversible
reaction involving Hb and O

2
(Hb+O

2
=HbO

2
), when the blood PO

2
, is increased,

as it is in the pulmonary capillaries, the reaction is driven towards the right side of
the equation, resulting in increased formation of HbO

2
 (increased % Hb saturation).

When the blood PO
2
 is decreased, as it is in systemic capillaries, the reaction is

driven towards the left side of the equation. Oxygen is released from Hb as HbO
2

dissociates (decreased % Hb saturation). Thus, because of the difference in PO
2

at the lungs and other tissues, Hb automatically ‘loads up’ on O
2
 in the lungs,

where fresh supplies of O
2
 are continually being provided by ventilation, and

‘unloads’ it in the tissues, which are constantly using up O
2
.

Fig. 5.3: Effect of Increased Arterial Pco2 on Ventilation.

However, the relationship between blood PO
2
 and % Hb saturation is not

directly linear, a point that is very important physiologically. Doubling the partial
pressure does not double the % Hb saturation. Rather, the relationship between
these variables is depicted by an S-shaped curve known as the O

2
- Hb dissociation

(or saturation) curve. Note that at the upper end between a blood PO
2 
of 60

and 100 mm Hg, the curve flattens off, or is like plateaus. Within this pressure
range, a rise in PO

2
 produces only a small increase in the extent to which Hb is
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bound with O
2
. In contrast, in the blood PO

2
 range of 0 to 60 mm Hg, a small

change in PO
2
 results in a large change in the extent to which Hb is combined with

O
2
, as depicted by the steep lower part of the curve. Both the upper plateau and

lower steep portion of the curve have physiological significance.

Fig. 5.4: Effect of Increased Arterial Non-carbonic Acid-generated Hydrogen Ion (Non-
CO2-H

+) on Ventilation.

Significance of the plateay portion of the O2
–Hb curve. The plateau

portion of the curve is the blood-PO
2
 range that exists at the pulmonary

capillaries where O
2
 is being loaded onto Hb. The systemic arterial blood

leaving the lungs, having equilibrated with alveolar PO
2
, normally has a PO

2

of 100 mm Hg. Note on the curve at a blood PO
2
 of 100 mm Hg, that Hb is

97.5% saturated. Therefore, the Hb in the systemic arterial blood normally is
almost fully saturated.

If the alveloar PO
2
 and consequently the arterial PO

2 
fall below normal,

there is little reduction in the total amount of O
2 
transported by the blood

until the PO
2
 falls below 60 mm Hg because of the plateau region of the

curve. If the arterial PO
2
 falls 40% from 100 to 60 mm Hg, the concentration

of dissolved O
2
 as reflected by the PO

2
 is likewise reduced to 40%. At a blood

PO
2
 of 60 mm Hg, however, the % Hb saturation is still remarkably high at

90%. Accordingly, the total O
2
 content of the blood is only slightly decreased

despite the 40% reduction in PO
2 
because Hb is still carrying an almost full

load of O
2
, and as mentioned before, the vast majority of O

2 
is transported by

Hb rather than being dissolved. On the other hand, even if the blood PO
2
 is greatly

increased, say to 600 mm Hg by breathing pure O
2
, very little additional O

2
 is

added to the blood. A small extra amount of O
2
 dissolves, but the % Hb saturation

can be maximally increased by only another 11/
2
% to 100% saturation. Therefore,
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in the PO
2
 range between 60 to 600 mm Hg or even higher, there is only a 10%

difference in the amount of O
2
 carried by Hb. This provides a good margin of

safety in the O
2 
carrying capacity of the blood.

Arterial PO
2 
may be reduced because of pulmonary or circulatory disease

accompanied by ventilation/profusion abnormalities or defective gas exchange. It
may also fall in healthy individuals under two circumstances: (i) at high altitudes,
where the total atmospheric pressure and hence the PO

2
 of the inspired air are

reduced or (ii) in O
2
 deprived environments at sea level, such as would be

encountered if someone were accidentally locked in a vault. Unless the arterial
PO

2
 becomes markedly reduced (falls below 60 mm Hg) in either pathological

conditions or abnormal environmental circumstances, near-normal amount of O
2

can still be carried to the tissues.

Significance of the steep portion of the O2
–Hb curve. The steep portion

of the curve between 0-60 mm Hg is in the blood-PO
2
 range that exists at the

systemic capillaries, where O
2
 is being unloaded from Hb. In the systemic capillaries,

the blood equilibrates with the surrounding tissue cells and interstitial fluid at an
average PO

2 
of 40 mm Hg. Note on figure that at a PO

2 
of 40 mm Hg, the % Hb

saturation is 75%. The blood arrived in the tissue capillaries at a PO
2
 of 100 mm

Hg with 97.5% Hb saturation. Since Hb can only be 75% saturated at the PO
2 
of

40 mm Hg in the systemic capillaries, 22.5% of the HbO
2
 must dissociate, yielding

reduced Hb and O
2
. This released O

2 
is free to diffuse down its partial pressure

gradient from the red blood cells through the plasma and interstitial fluid into the
tissue cells.

The Hb in the venous bloods returning to the lungs is still normally 75%
saturated. If the tissue cells are metabolizing more actively, the PO

2 
of the systemic

capillary blood falls (for example, from 40 to 20 mm Hg) because the cells are
consuming O

2
 more rapidly. Note on the curve that this 20% drop in PO

2 
decreases

the % Hb saturation from 75% to 30%: that is, 45% more Hb than normal gives
up its O

2
 for tissue use. The normal 60 mm Hg drop from a PO

2 
of 100 to 40 mm

Hg that occurs in the systemic capillaries results in less than a 25% decrease in %
Hb saturation. In comparison, a further drop in PO

2
 of only 20 mm Hg results in a

further 45% reduction in % Hb saturation (and a 45% increase in the release of O
2

from HbO
2
) because the O

2 
partial pressures in this range are operating in the

steep portion of the curve. In this range, only a small drop in systemic capillary
PO

2 
can automatically make large amounts of O

2
 immediately available to meet

the O
2 
needs of more actively metabolizing tissues. As much as 85% of the Hb

may give up its O
2 
to actively metabolizing cell during strenuous exercise. In addition

to this through withdrawal of O
2 
from the blood, even more O

2 
is made available to

actively metabolising cells, such as exercising muscles, by cardiovascular and
respiratory adjustments that increase the flow rate of oxygenated blood through
the active tissues.

5.2.2 Carriage of Carbon Dioxide
The various metabolic reactions in the cells result in the release of carbon dioxide
which diffuses into blood. The total amount of carbon dioxide in venous blood is
about 60 ml. per 100 ml. blood, and the arterial blood contains about 50 ml. total
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carbon dioxide per 100 ml. There is a clear cut difference in carbon dioxide
concentration between tissue and blood, and carbon dioxide flows in the direction
of this gradient i.e.from tissues to the blood. About 4 ml. of carbon dioxide per
100 ml. of blood is given off by the tissue which is carried to the lungs. In lungs, a
tension gradient is established and carbon dioxide flows from blood to the alveolar
air. If, however, the alveoli become unable to eliminate carbon dioxide as in disease
pneumonia, the carbonic acid will build up in the blood which will then become
more acidic than usual (it is still alkaline), resulting in condition called acidosis.
Tissues cannot tolerate this acidic condition and will soon die. Carbon doxide is
carried in blood in the following three forms:

In physical solution. About 5% of the CO
2 
is removed in the soluble form,

carbonic acid in the plasma. As CO
2
 enters the blood from the tissues, it

combines with water of plasma to form carbonic acid

CO
2
+H

2
O=H

2
CO

3 
(carbonic acid)

CO
2
 is more soluble in plasma as compared to oxygen, and the amount

dissolved is found to be directly proportional to its partial pressure.

In the form of carbamino complex. About 10% of the CO
2 
is given

out in the combined form with haemoglobin. The combination occurs
at the free-NH

2 
groups in the protein molecules with the formation of

neutral carbamino haemoglobin which is a reversible reaction.

CO
2
 + Hb. NH

2 
= Hb.NH.COOH (carbo haemoglobin)

Upon arrival at the pulmonary capillaries, the plasma PCO
2
 declines

and the stored CO
2
 is released.

In the form of bicarbonates. In the form of bicarbonates, about 85%
of the total CO

2
 is carried in both plasma and red blood cells. The CO

2

produced inside the cells diffuses freely into the plasma and a major
fraction of it diffuses from plasma into the RBC’s which are rich in an
enzyme carbonic anhydrase which can actively and reversibly convert
CO

2
 into carbonic acid. Inside the RBC the carbonic acid dissociates

into H+ and HCO
3
- ions. Sodium ions are plentiful in plasma and

potassium ions in RBCs. Some of the bicarbonate ions are bound by K+

ions present therein, forming KHCO
3
, whereas the remaining

bicarbonate ions diffuse out of RBCs into the plasma due to
concentration gradient and combine with sodium to form NaHCO

3
.

Both sodium and potassium bicarbonate are an electrovalent compound
which can easily dissociate. As a result of entry of HCO

3
 ions in plasma,

electroneutrality of the plasma is disturbed, and to compensate it, Cl–

ions enter the RBC. For each bicarbonate ion that comes out from red
cells, one negatively charged chloride ion present in the plasma moves
into the red cells. This is the chloride shift of Hamburger’s
Phenomenon. Thus, chloride shift involves the passage of chloride
ions from plasma into red blood cells to balance the bicarbonate ions
that have passed from red blood cells to the plasma.
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In the red blood cells, most of the buffering is provided by the haemoglobin
itself. The latter is negatively charged and combines with positively charged hydrogen
ions to form haemoglobinic acid.

Liberation of Carbon Dioxide in Lungs

Carbon dioxide is transported to the lungs in the form of carbonic acid, carbamino
complex and bicarbonates. In lungs, they are dissociated to release CO

2
 as follows:

Fig. 5.5: The Diffusion of Gasses in the Body.

In lungs, haemoglobin combines with oxygen forming oxyhaemoglobin which
is a strong acid. This acid reacts with KHCO

3
 and forms carbonic acid. The

carbonic anhydrase breaks the carbonic acid and releases CO
2 
and water. The

CO
2
 is given out on account of pressure gradient. This is the Haldane effect.

When sufficient number of KHCO
3
 molecules are disassociated in RBC, HCO

3
–

ions from plasma start entering into the red blood cells and combine with the
intracellular K+ ions forming KHCO

3
. The KHCO

3
 molecules undergo the same

reaction which have already been mentioned. As the bicarbonate ions enter the



NOTES

Mechanism and Physiology
of Respiration...

65
Self-Instructional

Material

red cells, the chloride ions move out of the red blood cells to maintain the electro-
neutrality of the plasma.

The carbamino compounds also release CO
2
 in the presence of atmospheric

oxygen in the lungs.

5.2.3 Exchange of Gases in Alveoli and Tissues
To make the exchange of gases in alveoli and tissue, the possible oxygen must
move across the alveolar membranes into the pulmonary capillaries, before it is
transported by the blood to the tissues. It then leaves the tissue capillaries, and
finally crosses cell membranes to gain entry into the cells. Carbon dioxide must
follow a similar path in reverse. At rest, during each minute, body cells consume
approximately 200 ml of oxygen and produce approximately the same amount of
carbon dioxide. The relative amount of these two gases of carbon dioxide is
produced for every molecule of oxygen consumed:

C
6
H

12
O

6 
+ 60

2 
 6H

2
O + CO

2 
+ energy

The ratio (CO
2
 produced)/(O

2
 consumed) is known as the respiratory

quotient (RQ): accordingly, for glucose RQ=1. When fat is utilized, only 7
molecules of carbon dioxide are produced for every 10 molecules of oxygen
consumed and RQ=0.7. On a mixed diet, the RQ is between these values, but
for simplicity. Figure 5.5 assumes that the carbon dioxide and oxygen amounts
are equal and the total volumes of air inspired and expired are therefore
identical.

At rest, the total pulmonary ventilation equals 500 ml. of air per minute.
Since only 20 percent of atmospheric air is oxygen, the total oxygen input is
20 percent of 5000 ml. or 1000 ml. per minute. Of this inspired oxygen, 200
ml crosses the alveoli into the pulmonary capillaries, and the remaining 800
ml. is exhaled. This 200 ml of oxygen is carried by 51% of blood, which is the
pulmonary blood flow (cardiac output) per minute. However, note in Fig,
that blood entering the lungs already contains large quantities of oxygen, to
which this 200 ml is added. This blood is then pumped by the left ventricle
through the tissue capillaries of the body, and 200 ml of oxygen leaves the
blood to be taken up and utilized by cells. Because only a fraction of the total
blood oxygen actually leaves the blood, a good deal of oxygen remains in the
blood when it returns to the heart and lungs. The quantities of oxygen added
to the blood in the lungs and removed in the tissues are identical in the steady
state.

As shown in figure, the story reads in reverse for carbon dioxide. There
is already a good deal of carbon dioxide in arterial blood: to this is added an
additional amount as blood flows through tissue capillaries. This additional
amount is then eliminated as blood flows through the lungs. As we shall see,
most of the blood carbon dioxide is actually in the form of bicarbonate ion
(HCO

3
–), but we have shown it as CO

2
 for simplicity.

The pumping of blood by the heart propels oxygen and carbon dioxide
between the lungs and tissues by bulk flow, but it is diffusion which is responsible
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for the net movement of these molecules between alveoli and blood and the cells
of the body. Understanding the mechanisms involved in these diffusional exchanges
depends upon familiarity with some basic chemical and physical properties of
gases, to which we now turn.

Alveolar Gas Pressures

One might logically reason that the alveolar gas pressures must vary considerably
during the respiratory cycle, since new atmospheric air enters the alveoli only
during inspiration, whereas movements of oxygen and carbon dioxide between
alveoli and blood occur continuously. Infact, however, the variations in alveolar
PO

2
 and PCO

2
 during the respiratory cycle are so small as to be negligible, because

a large volume of gas is always left in the lungs after expiration. This remaining
alveolar gas contains large quantities of oxygen and carbon dioxide, and when the
relatively small volume (350 mL) of new air enters, it mixes with the large volume
(2500 mL) of alveolar air already present, lowering its PCO

2
 and raising its PO

2
,

but only by a small amount. For this reason, the alveolar—gas partial pressures
remain relatively constant throughout the respiratory cycle.

The values for alveolar gas pressures, PO
2 
= 100 mmHg and PCO

2 
= 40

mmHg, are normal values for a healthy person breathing air at sea level. They
are basically the resultant of only two variables: (i) the relative magnitudes of
the alveolar ventilaton on the one hand and (ii) oxygen consumption and
carbon dioxide production on the other. This should make intuitive sense; if
the alveolar ventilation is very great (say, because a resting person is
deliberately breathing rapidly and deeply) but the consumption of oxygen is
unchanged, then a smaller fraction of the oxygen moving in and out of the
alveoli is lost to the blood, and the steady state of alveolar PO

2
 is relatively

high, similarly the alveolar PO
2
 would be low, because the normal amount of

carbon dioxide entering the alveoli would be diluted by a larger alveolar
ventilation. This is known as hyperventilation. Conversely, a reduced alveolar
ventilation in a person with a normal oxygen consumption and carbon dioxide
production will result in a low alveolar PO

2
 and a high alveolar PCO

2
. Some

causes of reduced alveolar ventilation (hypoventilation) are muscle weakness,
decreased lung compliance and increased airway resistance. Another cause
of low alveolar PO

2
 would be breathing air containing a low PO

2
, as at high

altitude.

Alveolar-Blood Gas Exchange

The blood which enters the pulmonary capillaries is, of course, systemic venous
blood pumped to the lungs via the pulmonary arteries. Having come from the
tissues, it has a high PCO

2
 (46 mmHg) and a low PO

2
 (40 mmHg). As it flows

through the pulmonary capillaries, it is separated from the alveolar air by only
an extremely thin layer of tissue. The differences in the partial pressures of
oxygen and carbon dioxide on the two sides of this alveolar-capillary membrane
result in the net diffusion on oxygen into the blood and of carbon dioxide into
the alveoli. As the diffusion occurs, the capillary blood PO

2
 rises and the PCO

2

falls. The net diffusion of these gases ceases when the alevolar and capillary partial
pressures become equal. In a normal person, the rates at which oxygen and carbon
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dioxide diffuse are so rapid and the blood flow through the capillaries so slow that
complete equilibrium is usually reached before the end of the capillaries. Thus, the
blood that leaves the pulmonary capillaries to return to the heart and be pumped
into the systemic arteries has essentially the same PO

2 
and PCO

2
 as alveolar air. In

other words, the alveolar gas pressures set the systemic arterial gas pressures.

Fig. 5.6: Sequence of Events by Which a Low Arterial PO2 Causes Hyperventilation,
Which Maintains Alveolar (and, Hence, Arterial) PO2 at a Value Higher than
would Exist if the Ventilation had Remained Unchanged.

One of the normal factors important for determining the rate of diffusion
of oxygen and carbon dioxide between alveolar air and pulmonary capillary
blood is the surface area available for difffusion. Many of the pulmonary
capillaries are normally closed at rest. During exercise, these capillaries open
and are prefused with blood, thereby increasing the surface area for diffusion
and enhancing gas exchange. The mechanism by which this occurs is a simple
physical one: The pulmonary circulation at rest is such a low-pressure system
that the pressure in many capillaries is inadequate to keep the capillaries open,
but the increased cardiac output of exercise raises pulmonary vascular
pressures, which opens these capillaries.

The diffusion of gases between alveoli and capillaries may be impaired in a
number of ways, resulting in inadequate gas exchange. The disease emphysema,
for example, is characterized by the break down of the alveolar walls with the
formation of fewer but larger alveoli. The result is a reduction in the total area
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available for diffusion. Loss of air spaces in the alveoli, as in pneumonia, also
diminishes the surface area available. Decreased surface area is not the only cause
of impaired diffusion; the alveolar walls may become denser and less permeable,
as for example, when beryllium is inhaled and deposited on the walls. But the
major disease-induced cause of inadequate gas exchange between alveoli and
pulmonary capillary blood is simply the mismatching of the air supply and blood
supply in individual alveoli.

Matching of Ventialtion, and Blood Flow in Alveoli

We previously touched on the question of alveolar dead space. The lungs are
composed of approximately 750 million discrete alveoli, each receiving
carbondioxide from and supplying oxygen to the pulmonary capillary blood.
To be most efficient, the right proportion of alveolar air and capillary blood
should be available to each alveolus, a pattern local changes in bronchiolar
smooth muscle tone help maintain. For example, if an alveolus is receiving
too much air for its blood supply, the concentration of carbondioxide in it and
in the surrounding tissue will be low; the airway supplying the alveolus is
exposed to this low tissue carbon dioxide concentration and constricts it (this
effect of carbon dioxide on airway smooth muscle was stated earlier). By this
completely local mechanism, ventilation can be matched to blood supply.

The pulmonary vessels control the distribution of blood to different
alveolar capillaries, thus providing a second mechanism for matching air flow
and blood flow. A decreased oxygen concentration causes pulmonary vessel
constriction, whereas an increased oxygen concentration causes vasodilation
(note that this purely local effect of oxygen on pulmonary vessels is precisely
the opposite of that exerted on systematic arterioles). How does this provide
matching of air and blood supplies? Recall the example above in which an
alveolus has a large ventilation and small blood flow. The area around the
alveolus will therefore have a high oxygen concentration. This causes
vasodilation of the blood vessel supplying it and an increased blood supply to
match the high air supply.

These two mechanisms for matching the ventilation and blood supply
of individual alveoli are quite effective in normal persons. Even so, there is
enough mismatching that gas exchange is affected, and this largely accounts
for the fact that systematic arterial gas pressures are not really precisely the
same as alveolar gas pressures. But in disease states, such as emphysema, the
mismatching may be so great as to cause systematic arterial PO

2
 to be markedly

lower than alveolar PO
2
.

Gas Exchange in the Tissues

As the arterial blood enters capillaries throughout the body, it is separated
from the interstitial fluid only by the thin capillary wall, which is highly
permeable to both oxygen and carbon dioxide. The interstitial fluid, in turn, is
separated from intracellular fluid by cell plasma membrane which are also quite
permeable to oxygen and carbondioxide. Metabolic reactions occuring within these
cells are constantly consuming oxygen and producing carbondioxide. Therefore,
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intracellular PO
2
 is lower and PCO

2
 higher than in blood. As a result, a net diffusion

of oxygen occurs from blood to cells, and a net diffusion of carbon dioxide from
cells to blood. In this manner, as blood flows through capillaries, its PO

2
 decreases

and its PCO
2
 increases.

In summary, the consumption of oxygen in the cells and the supply of new
oxygen to the alveoli create PO

2
 gradients which produce net diffusion of oxygen

from alveoli to blood in the lungs and from blood to cells in the rest of the body.
Conversely, the production of carbondioxide by cells and its elimination from the
alveoli via expiration create PCO

2
 gradients which produce net diffusion of carbon

dioxide from blood to alveoli in the lungs and from cells to blood in the rest of the
body.

Check Your Progress

1. Differentiate external respiration from internal respiration.

2. What is the percentage of oxygen carried in the form of oxyhaemoglobin
in mammals?

3. What is chloride shift?

4. In which form, major part of carbon dioxide is transported from tissues
to the lungs?

5.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. In external respiration the exchange of gases takes place between blood
and respiratory medium (air or water) at the respiratory surface. Whereas
in internal respiration the exchange of gases takes place between blood
and tissue fluid.

2. About 98% of the oxygen is transported in the form of oxyhaemoglobin
and remaining 2% of oxygen is transported in soluble form in plasma.

3. Chloride shift is a process which occurs in a cardiovascular system and
refers to the exchange of bicarbonate 3(HCO ) and chloride (Cl–) across
the membrane of red blood cells (RBCs).

4. Major portion of carbon dioxide is transported from tissues to the lungs
in the form of bicarbonates of sodium and potasium.

5.4 SUMMARY

Energy liberating process is called respiration, when made in the presence of
oxygen, it is called aerobic respiration, and when in the absence of oxygen, it
is called anaerobic respiration. It involves the exchange of gases. Haemoglobin
is the major carrier of oxygen. About 98% of the total oxygen is transported
in the form of oxyhaemoglobin. Vertebrate haemoglobins are not all alike.
The pigment may differ in amino acid composition and arrangement. In human
being, each gram of haemoglobin can combine with about 1.3 ml of oxygen. The
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total amount of carbon dixoide in venous blood is about 60 ml per 100 ml of
blood, and the arterial blood contains about 50 ml total carbon dioxide per 100 ml
of blood. In pneumonia the frequent removal of carbon dioxide is intrupted and
brings about a condition called acidosis. Sometimes the diffusion of gases between
alveoli and capillaries is impaired in a number of ways, resulting in inadequate gas
exchange. The disease is called emphysemia. The exchange of gases (oxygen and
carbon dioxide) is made by a simple process of diffusion. Partial pressure of oxygen
and carbon dioxide plays its significant role in it.

5.5 KEY TERMS

Apnea: A stage without breathing. At the time of parturition apnea stage
persists for few minutes.

Asthma: Sometimes the muscles of trachea fail to relax after their
contraction, the stage is called asthma.

Dyspnea: It is the difficulty in breathing or say laboured breathing.

Sneezing and coughing: Sneezing is due to inflammation in nasal chamber
whereas the tracheal inflammation results coughing.

5.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Define the term respiration.

2. What is partial pressure?

3. Describe the list of methods of gas transport in the blood.

4. Describe the mechanism of chloride shift.

Long Answer Questions
1. Write an essay on the physiology of respiration in mammals.

2. Describe the transport of carbon dioxide from tissues to the lungs.

3. Discuss the exchange of gases in alveoli and tissues.

4. With the help of labelled diagram explain the transport of gases.

5.7 FURTHER READING

1. John B. West. Respiratory Physiology.
2. John F. Nunn. Applied Respiratory Physiology.
3. Juleus H.C. Physiology of Respiration.
4. Prange, Henry. Respiratory Physiology.
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CHAPTER 6 PHYSIOLOGY OF
EXCRETION: UREA AND
URINE FORMATION IN
MAMMALS

Structure
6.0 Introduction
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6.2.1 Urea Formation
6.2.2 Deamination
6.2.3 Krebs-Henseleit Cycle or Ornithine Cycle
6.2.4 Urine Formation
6.2.5 Urine

6.3 Answers to ‘Check Your Progress’
6.4 Summary
6.5 Key Terms
6.6 Self-Assessment Questions and Exercises
6.7 Further Reading

6.0 INTRODUCTION

The processes that make a creature alive can be generally described as chemical
reactions that perpetuate themselves. Many of these reactions, respiration for
example, release energy that is used in setting off other reactions. All these
reactions give rise to end products, some of which are poisonous or could
affect the normal chemical reactions in the body if they were allowed to
accumulate. The removal of such substances from the body is called excretion.
The major waste products are carbon dioxide, excess of water and salts, and
nitrogenous products of protein catabolism. Out of these, carbon dioxide along
with several volatile substances like alcohol, ketone bodies, aromatic oils, water
vapours etc. are excreted through the lungs. Certain other substances like salts,
water and fat derivatives are removed from the body through the skin. The
elimination of nitrogenous waste products creates the main problem. For this,
some specialised structures are developed which are the excretory organs. The
terms excretion and elimination are sometimes confused. Food materials that
have not been absorbed are eliminated from the body in the feces. Such
substances never participated in the organism’s metabolism or entered body
cells, but merely passed through the digestive system.

6.1 OBJECTIVES

After going through this unit, you will be able to:

Know the definition and significance of excretion.

Describe the method of urea formation.
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Explain the role of kidney in the formation of urine.

Discuss the step wise mechanism of urine formation.

6.2 PHYSIOLOGY OF EXCRETION

The physiology of excretion in mammalian body is completed in two steps: urea
formation and urine formation.

6.2.1 Urea Formation
The formation of urea takes place in the liver. Its formation has been studied
by Krebs and Hanseleit. Chemically, urea consists of two molecules of
ammonia and a molecule of carbon dioxide.

Fig. 6.1: A Flow Diagram Showing the Formation and Excretion of Urea.

The process can be studied under the following two heads:

6.2.2 Deamination
Amino acids, derived from proteins in food, can be used by cells for
synthesizing new proteins or other nitrogen-containing molecules. Amino acids
that the body does not use for synthesis are either oxidized to generate energy
or converted to fats or carbohydrates, which can be stored. Before this can
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happen, however, nitrogen containing amino groups (–NH
2
) must be removed

from amino acids. This deamination (amino group removal) during amino acid
breakdown is the source of the nitrogenous wastes. In humans, deamination
reactions occur mainly in the liver. However, both fresh water and salt water fishes
breakdown a significant amount of protein in the gills rather than in the liver. The
ammonia that is produced can be carried away by the water that passes over the
gills. This part of deamination in gills is called flushing. The following deamination
reaction is a key step in nitrogenous waste production:

2 3
GlutamateGlutamate NAD H O -Ketoglutamate NH NADHdehydrogenase

Glutamate is an amino acid: glutamate dehydrogenase is the enzyme that
catalyzes the deamination of glutamate. -ketoglutarate is an organic acid that can
be oxidized in the Krebs cycle; and ammonia (NH

3
) is the nitrogenous waste

molecule produced by this reaction.

Ammonia is a product of deamination: it is also the simplest nitrogenous
waste compound. Because ammonia is quite toxic and very water soluble, it
can be used as a nitrogenous excretory product only if there is a good deal of
water available in which it can diffuse away. This limits direct ammonia
excretion to organisms that live in water such as protists, aquatic inverte-
brates, bony fish and aquatic amphibians. In higher animals, ammonia enters
the Ornithine cycle and is converted into urea as given below.

6.2.3 Krebs-Henseleit Cycle or Ornithine Cycle
The first step involves the enzymatic reaction. The substance carbamyl
phosphate is found in all living organisms. It primarily fixes the components
of urea. Its synthesis consumes two molecules of ATP utilizing one unit of
ammonia and one unit of carbon dioxide. The reaction is catalyzed by the
enzyme, carbamyl-phosphate synthetase and certain co-factors like magnesium.

3 2 2 2 2 3

3 4

Carbamylphosphate
NH CO H O 2ATP H N C H O POsynthetase

H PO 2ADP
Carbamyl-phosphate

In the next step, carbamyl phosphate reacts with the amino acid ornithine
in the presence of ornithine transcarbamylase to form the amino acid
citrulline.

Citrulline gives rise to arginine (amino acid) in two intermediate steps.
In the first step, citrulline and aspartic acid forms arginino-succinic acid in
the presence of ATP and magnesium ions. It is a reversible reaction. In the
second step, arginino-succinic acid splits into fumaric acid and arginine.
Thus, aspartic acid provides one of its amino groups to citrulline to form
arginine. The fumaric acid is later converted to malate and oxalo-acetate in
the citiric acid cycle and gives rise to aspartic acid.

Finally, arginine is broken down into ornithine and urea in the presence
of an enzyme arginase (Clementi was the first who pointed out the presence
of this enzyme in the liver of animals excreting urea). The liver of elasmobranch
is the richest source of arginase. Ornithine enters the cycle again.
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6.2.4 Urine Formation
The uriniferous tubules of the kidney form urine from the blood circulating
in the glomerulus. Formation of urine by the kidneys is considered to be due
to three types of activities—glomerular filtration, tubular secretion and
selective reabsorption.

Fig. 6.2: Processes Involved in Urine Formation.

Glomerular Filtration or Ultra Filtration

The initial stage of urine formation is the filtration of plasma and the accumulation
of the ultra filtrate in the lumen of Bowman’s capsule. The process of ultra filtration
in the glomerulus depends on two factors: (i) a pressure gradient from the lumen of
the capillary to the lumen of Bowman’s capsule and (ii) the sieve like properties of
the three-layered tissue separating these two compartments.

Blood pressure is largely responsible for ultra filtration. In the kidney, the
glomerular capillary is known as high pressure bed and the capillary found on the
tubules is a low pressure bed. In the afferent arteriole, the pressure of the blood is
about 100 mm Hg. in glomerulus, it falls to 70 mm. Hg. In the efferent arterioles,
the pressure goes down to 18 mm. Hg. and in proximal tubule, the same is about
14 mm. Hg.; in distal tubule, it is about 6 mm.Hg. and is the lowest in the collecting
tubule where it is about 2 mm. Hg.

The glomerular filtration is the forcing of fluids and dissolved substances
through a membrane by an outside pressure which occurs in the renal corpuscle
of the kidneys across the endothelium-capsular membrane. When blood enters
the glomerulus, the blood pressure forces water and dissolved blood
components through the walls of the capillaries, basement membrane and on
through the adjoining visceral wall of Bowman’s capsule. The resulting fluid
is the filtrate. The entire volume of the blood in the body is filtered by the
kidneys 60 times a day. The glomerular filtrate is produced at the rate of 125
ml/minute, in males and 115 ml/minute in females or about 180 litres of
glomerular filtrate each day in males and 160 litres per day in females. It is
important to note that the filtration process in the kidney is entirely passive,
deriving its energy from the hydrostatic pressure of the blood, which is
maintained by the contraction of the heart.

The glomerular membrane has a permeability of about 25 times as great
as that of the usual capillary. it is extremely permeable to almost all substances
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having molecular sizes less than those of plasma proteins (molecular weight less
than 70,000). The glomerular filtrate contains no RBCs and less than 0.03 per
cent protein, or less than 1\200 the protein in the plasma.

Regulation of Glomerular Filtration Rate (GFR)

The glomerular filtration rate is about 125 ml. per minute which is actually the
volume of the plasma filtered per minute. GFR can be calculated as:

GFR = UV/P

where U = mg. of the filtered substance per ml. urine.

V = ml. of urine per minute and

P = ml. of filtered substance per ml. of plasma.

The filtration rate is directly proportional to the filtration pressure. Therefore,
any factor that changes the filtration pressure also changes the filtration rate.

Afferent arteriole constriction decreases the rate of blood flow into the
glomerulus and thereby decreases glomerular pressure and the filtration rate.
Constriction of the efferent arteriole increases glomerular filtration.

Activation of the sympathetic nerves is thought to induce the release of
a proteolytic enzyme, renin from certain cells of the JGA, located primarily
in the wall of the afferent arteriole which carries blood into the glomerular
capillaries in Bowman’s capsule. Renin, which is released into the arteriole,
acts on a glycoprotein molecule. ( 2-globulin), manufactured in the liver and
present in the plasma. Renin converts it into angiotensin-I and then into
angiotensin-II, which is a powerful constrictor to arterioles. Angiotensin-II
stimulates the adrenal cortex to release aldosterone to cause general and
probably local specific vasoconstriction (constriction of arterioles).

In mild sympathetic stimulation of the kidney, the afferent and efferent
arterioles constrict approximately proportionately to each other so that the
glomerular filtration rate neither rises nor falls. But the strong sympathetic
stimulants cause all arterioles to constrict so greatly that glomerulus blood
flow is reduced almost to zero, thereby greatly reducing the filtration rate.

Tubular Reabsorption

Many filterable plasma components are either completely absent from the
urine or present in smaller quantities than were originally filtered at the
glomerulus. This fact alone is sufficient to prove that these substances undergo
tubular reabsorption. Reabsorption may be either active or passive. Active
reabsorption is done at the expense of energy (sodium, glucose, and
phosphate). Passive reabsorption does not depend upon metabolic energy.
The substances which are reabsorbed completely are known as high threshold
substances (water, glucose etc.) and those which are not reabsorbed at all are
the athreshold substances (uric acid).

Tubular reabsorption involves transepithelial transport. Throughout
its entire length, the tubule is one cell-layer thick and is in close proximity
with a surrounding peritubular capillary. Adjacent tubular cells do not come
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into contact with each other except at their apical ends, which face the tubular
lumen where they are joined by tight junctions. Interstitial fluid lies in the gaps
between adjacent cells—the lateral spaces—as well as between the tubule
capillaries.

Table 6.1: Fate of Various Substances Filtered by Kidneys

Substance Average percentage of Average percentage
filtered substance of filtered substance

reabsorbed excerted.

Water 99 1

Sodium 99.5 0.5

Glucose 100 0

Urea (a waste product) 50 50

Phenol (a waste product)  0 100

The tight junctions largely prevent movement of substances between the
cells, so materials must pass through the cells in order to leave the tubular lumen
and gain entry into the blood. To be reabsorbed, a substance must traverse five
distinct barriers.

Step 1. It must pass through the cytosol from one side of the tubular cell to
the other;

Step 2. It must leave the tubular fluid by crossing the luminal membrane of
the tubular cell (the apical membrane facing the tubular lumen);

Step 3. It must traverse the basolateral membrane of the tubular cell to enter
the interstitial fluid;

Step 4. It must diffuse through the interstitial fluid and

Step 5. It must penetrate the capillary wall to enter the blood plasma.

This entire sequence of steps is transepithelial (‘across the epithlium’)
transport. There are two types of tubular reabsorption: passive reabsorption
and active reabsorption, depending upon whether or not local energy
expenditure is required for transfer of a particular substance. In passive
reabsorption, all steps in the transpithelial transport of a substance are passive;
that is, no energy is expended for the net movement of the substance from the
tubular lumen to the plasma, which occurs down to electrochemcial or osmotic
gradients. On one hand, a substance is said to be actively reabsorbed if any
one sequence of the steps the energy vary if the four other steps are passive.
With active reabsorption, net movement of the substance from the lumen to
the plasma occurs against an electrochemical gradient. Substances that are
actively reabsorbed are of particular importance to the body such as glucose,
amino acids and other organic nutrients as well as Na

 
+ and other electrolytes

such as PO
4
– – – and Ca++. Rather than specifically describing the reabsorptive

process for each of the many filtered substances that are returned to the plasma,
we will provide illustrative examples of the general mechanisms involved
after first highlighting the unique and important case of Na+ reabsorption.
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The proximal convoluted tubule is ideally structured for the massive
reabsorption of salts and water. Reabsorption of the substances falls under
following categories:

Reabosorption of substances of nutritional value. Five different
substances in the glomerular filtrate of particular importance to bodily nutrition are
glucose, proteins, amino acids, acetoacetate ions and vitamins. Normally all
of these (except proteins) are completely or almost completely reabsorbed by
active processes in the proximal tubule. Protein filtered (about 30 gm. each day)
into the glomerular filtrate, attaches itself to the membrane of the proximal tubule
and this portion of the proximal tubule is known as pinocytosis. The protein is
digested and converted into amino acids which are then absorbed through the wall
of pinocytic vesicles.

Reabsorption of urea and other end products. In addition to CI– and
H

2
O,

 
the passive reabsorption of urea is also indirectly linked to active Na+

reabsorption. Urea, an undesirable waste product resulting from protein
catabolism (breakdown) is not completely reabsorbed. However, the
osmotically induced reabsorption of H

2
O in the proximal tubule, the original

125 ml/min of filtrate is progressively reduced until only 44 ml/ min of fluid
remains in the lumen by the end of the proximal tubule (with 65% of H

2
O in

the original fitrate, or 81 ml/min, having been reabsorbed). Substances that
have been filtered but not reabsorbed become progressively more concentrated
in the tubular fluid as H

2 
O is reabsorbed but they are left behind. Urea is one

such substance. Urea’s concentration as it is filtered at the glomerulus is
identical to its concentration in the plasma entering the peritubular capillaries.
The quantity of urea present within the 125 ml of filtered fluid at the beginning
of the proximal tubule however is concentrated almost three fold in the small
volume of only 44 ml left at the end of the proximal tubule. As a result, the
intratubular urea concentration becomes considerably greater than the plasma
urea concentration in the adjacent capillaries. Therefore, a concentration is
created for urea to passively diffuse from the tubular lumen into the protubular
capillary plasma. Since the walls of the proximal tubules are only moderately
reabsorbed by urea, about 50% of the filtered urea is passively reabsorbed by
the means.

Even though only half of the filtered urea is eliminated from the plasma
with each pass through the nephrons, this is an adequate removal rate. Only
in impaired kidney function, when much less than half the urea is removed,
does the urea concentration in the plasma become elevated. An elevated urea
level was one of the first chemical findings to be identified in the plasma of
patients with severe renal failure. Accodingly, clinical measurement of blood
urea nitrogen (BUN) came into use as a crude assessment of kidney function.
It is now known that the most serious consequences of renal failure are not
attributable to the retention of urea, which itself is not especially toxic but
rather to the accumulation of other substances that are not adequate because
of their failure to be properly secreted most notable being H+ and K+. Health
professionals still often refer to uremia (‘urea in the blood’), indicative of be
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presence of excess urea in the blood even though urea retention is not this condition’s
major threat.

Reabsorption of water. Approximately 1400 ml. of the 2400 ml of water
intake is lost in the urine, 100 ml is lost in the sweat, 200 ml. in the faeces and
remaining 700ml is lost by evaporation through the lungs or by diffusion through
skin. About 80 percent of the water is reabsorbed in the proximal tubule passively.
This portion of the reabsorbed water occurs as a function of the law of osmosis,
so it is referred to as obligatory reabsorption. This water reabsorption is controlled
both by sodium transport and by water carrier molecules. When sodium and other
substances are transported from the tubular lumen across the tubular membrane
into the peritubular fluid, it causes increase in the solute concentration in the
peritubular fluid medium. The proportion of water in the tubular lumen becomes
higher in relation to tubular sodium. Thus, an osmotic gradient is established between
the tubular fluid and the peritubular fluid, and water starts diffusing into the peritubular
fluid.

Passage of most of the remaining water in the filtrate can be regulated by
ADH. When the blood water concentration is low, the posterior pituitary releases
ADH, a hormone that increases the permeability of the plasma membranes of the
distal tubule and collecting duct cells. As the membranes become more permeable,
more carrier molecules can pass in and out of the cell, carrying water moleucles
with them. This facultative reabsorption is responsible for about 18 percent of
the water in the filtrate.

Tubular Secretion
Tubular reabsorption removes substances from the filtrate into the blood. Tubular
secretion adds material to the filtrate from the blood. So these products of
metabolism which are not all required by the body, they are rather injurious to
health, are secreted out by tubular epithelium in the tubular filtrate. The secreted
substances include potassium, hydrogen, ammonia, creatine, uric acid and the
drugs pencillin and para-amino hippuric acid.

Tubular secretion has two principal effects. It rids the body of certain material
and it controls the blood pH. The more important aspect of tubular secretion is the
shift of K+ and H+ ions from epithelial cells to renal filtrate in exchange of Na+ ions
present in the renal filtrate.

A certain amount of carbondioxide normally diffuses from the peritubular
blood into the cells of the distal tubules and collecting ducts. Inside the epithelial
cells, the CO

2
 combines with water to form carbonic acid (H

2
CO

3
), which

then dissociates into H+ ions and bicarbonate (HCO–3) ions. A low blood pH
stimulates the cell to secrete the hydrogen ions into the urine. For each H+ ion
secreted into the tubular filtrate, one sodium ion is absorbed by the tubular
cell. Bicarbonate ions obtained from carbonic acid dissociation and the sodium
ions absorbed from the renal lumen diffuse into the blood stream in the form
of sodium bicarbonate. The H+ ions, secreted into the tubular filtrate combine
with HCO

3
, HPO–4 and NH

3
 to form H

2
CO

3
, H

2
PO

4
 and NH

4
 respectively.

Such reactions therefore fix up the H+ ions in the tubular fluid and prevent
their reabsorption.
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Potassium Secretion

Potassium is an example of a substance that is selectively moved in opposite
directions in different parts of the tubule. Paradoxically, K+ is actively
reabsorbed in the proximal tubule and actively secreted in the distal and collecting
tubule. Potassium reabsorption early in the tubule  occurs in a constant unregulated
fashion, whereas K+ secretion lateral in the tubule is variable and subject to
regulation.

Normally a quantity equivalent to about 10 to 15% of the filtered K+ is
excreted in the urine. However, the filtered pearing in the urine is derived
from controlled K+ secretion rather than from filtration.

During K+ depletion, K+ secretion in the distal portions of the nephron
is reduced to minimum, so only the small percentage of filtered K+ that es-
capes reabsorption in the proximal tubule is excreted in the urine. This con-
serves for the body K+ that normally would have been lost in the urine. On the
other hand, when plasma K+ levels, are elevated, K+ secretion is adjusted so
that just enough K+ is added to the filtrate for elimination to reduce the plasma
K+ concentration to normal. Thus K+ secretion, not the filtration or reabsorp-
tion of K+, is varied in a controlled fashion to regulate the rate of K+ excre-
tion, and thus to maintain the desired plasma K+ concentration.

Potassium secretion in the distal and collecting tubules is coupled in
part to Na+ absorption by means of the energy dependent basolateral Na+ K+-
ATPase carrier. This pump not only moves Na+ out into the lateral space but
also transports K+ into the tubular cells. The resultant high in from the cells
into the tubular cells form the surrounding interstitial fluid, the basolateral
pump also encourages the passive diffusion of K+ out of the tubular cells from
the surrounding interstitial fluid and the potassium exiting the plasma in this
manner is subsequently pumped. In this way, the basolateral pump actively
induces the net secretion of K+ from the peritubular capillary plasma into the
tubule lumen.

Several factors are able to alter the rate of K+ secretion, the most
important being the hormone aldosterone which stimulates K+ secretion by
the tubular cells latic in the nephron simultaneous to entrance in the cells as
reabsorption of Na+. An elevation in plasma K+ concentration directly
stimulates the adrenal cortex to increase its output of aldosterone, which in
an elimination of the excess K+. Conversely, a decline in secretion and a
corresponding decrease in aldosterone stimulated renal K+ secretion.

Note that a rise in plasma K+ concentration directly stimulates aldostrone
secretion by the adrenal cortex, whereas a fall in plasma Na+ concentration
stimulates aldosterone secretion by means of the complex renin-angiotensin
pathway. The aldosterone secretion can be two separate pathways.No matter
what the stimulus, however, increased aldosterone secretion always promotes
simultaneous Na+ reabsorption and K+ secretion. For this reason, K+ secretion
can be inadvertently stimulated as a result of increased aldosterone activity
brought about by Na+ depletion, ECF volume reduction, or a fall in arterial
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pressure totally unrelated to K+ balance. The resultant in appropriate loss of K+

can lead to K+ deficiency.

Except in the overriding circumstances of K+ imbalances inadvertently
during renal compensation for Na+ or ECF volume deficits, the kidneys usually
exert a fine degree of ventral over plasma K+ concentration.This is extremely
important because even minor fluctuations in potassium, being the most abundant
cation in the intracellular fluid plays a key membrane electrical activity of excitable
tissues. Both increases to decreases in the plasma (ECF) K+ concentration can
alter the intracellular to extracellular K+ concentration gradient, which in turn can
change the resting membrane potential. A rise in ECF K+ concentration leads to a
reduction in resting potential and a subsequent increase in excitability, especially of
the heart muscle. This can lead to a rapid heart rate and even fatal cardiac
arrhythmias. Conversely, a fall in ECF K+ depletion lead to skeletal muscle
weakness, diarrhoea and abdominal distention caused by smooth muscle
involvement and abnormalities in cardiac rhythm and impulse conduction.

Organic Anion and Cation Secretion

The proximal tubule contains two distinct types of secretory carriers, one for the
secretion of organic anions and a separate system for secretion of organic cations.
These systems serve several important functions. First, by adding more of a particular
type of organic ion to the quantity that has already gained entry to the tubual fluid
by means of glomerular filtration, these organic secretory pathways facilitate the
excretion of these substances. Included among these organic ions are certain blood-
borne chemical messengers which having served their purpose, need to be rapidly
removed from the blood so that their biological activity is not unduly prolonged.

Second, in some important instances, organic ions are extensively but not
irreversibly bound to plasma proteins, and because they are attached to plasma
proteins, these substances cannot be filtered through the glomeruli. However,
although they are not filtrable, they can be eliminated in the urine by being actively
secreted into the tubular fluid. Even though a given organic ion is largely bound to
plasma proteins, a small percentage of these ions always exists in free or unbound
form in the plasma. Secretion of this free organic ion permits the ‘unloading’ of
some of the bound ion, which is then free to be secreted. This in turn, encourages
the unloading of even more organic ions and so on.

Third, one of the biggest benefits of the organic-ion secretory systems is the
elimination of many foreign compounds from the body. It is important that these
secretory carriers are relatively non-specific. The organic anion system can secrete
a large number of different organic anions, both those produced endogenously
(within the body) and those foreign organic anions that have gained access to the
body fluids. The same non-discriminatory nature holds true for the organic cation
secretory system.

This non-selectivity permits these organic-ion secretory systems to hasten
the removal of many foreign organic chemicals including food additives,
environmental pollutants (for example, pesticides), drugs and other non-
nutritive organic substances that have gained entrance to the body.
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The liver plays an important role in this regard. Many foreign organic
compounds are not ionic in their original form, so they cannot be secreted by the
organic-ion systems. The liver converts these foreign substances into an anionic
form that facilitates their secretion by the organic-anion system and thus accelerates
their elimination.

The rate of excretion of foreign organic compounds is not subject to control.
Although the relatively non-selective organic ion secretory systems enhance the
removal of these substances from the body, this mechanism is not subject to
physiological adjustments.

Many drugs, such as penicillin, are eliminated from the body by means of
the proximal tubule organic-ion secretion system. In order to keep the plasma
concentration of these drugs at effective levels, the dosage has to be repeated on
a regular, frequent basis to keep pace with the rapid removal of these compounds
in the urine.

Hydrogen Ion Secretion
Renal H+ secretion is extremely important in the regulation of the acid-base balance
in the body. Hydrogen ion can be added to the filtered fluid by being secreted by
the proximal, distal and collecting tubules. The extent of H+ secretion depends on
the acidity of the body fluids. When the body fluids are too acidic, H+ secretion is
reduced when the H+ concentration in the body fluids is too low. As in the case of
potassium, the secretion of hydrogen ions is associated with the absorption of
sodium, and the ion pumps are stimulated by aldosterone. Hydrogen ion secretion
lowers the pH of the urine while elevating that of the extracellular fluids. Two
secretory possibilities involve a familiar reaction sequence, the generation of carbonic
acid by the enzyme carbonic anhydrase. The secretion of hydrogen ions generated
by the dissociation of carbonic acid molecules is accompanied by the absorption
or diffusion into the peritubular fluids and the bloodstream. Hydrogen ion secretion
accelerates when the pH of the blood falls and tubular secretion contributes to the
homeostatic of pH.

Hydrogen ion secretion may also be linked to the production and release of
ammonia by the tubular cells into the bloodstream. In effect, the tubular production
of ammonia helps to regulate the pH of the filtrate and the blood simultaneously;
hydrogen ions in the filtrate are removed, and the pH of the blood elevated by the
presence of bicarbonate ions.

Counter Current Theory of Urine Concentration

The descending limb of Henle’s loop is freely permeable to water and ions like
Na+ and Cl–, but the ascending limb of the loop is absolutely impermeable for
water. It has a mechanism that actively transports Cl– from the filtrate into the
interstitial fluid of the medulla. The peculiarity of the loop is very important in
relation to concentration of urine.

The normal osmality of the glomerular filtrate as it enters the proximal tubules
is about 300 milli-osmols/litre. The osmality of the interstitial fluid increases gradually.
It is 300 milli-osmols/litre in the cortex and 1200 milliosmols/litre at the pelvic tip
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of the medulla. This increase is due to the active transport of sodium out of the
loop into the medullary interstitial fluid. The very dark arrows through the wall of
the ascending limb of the loop of Henle illustrate the active absorption of sodium.
As the sodium is actively absorved, an electrical difference develops across the
walls of the tubules which pulls chloride ions and some other negative ions into the
interstitial fluid as well.

The high concentration of NaCl is also the result of the counter current flow
of blood in the vasa recta. As blood circulates through the descending limb of the
vasa recta, Na+ and Cl– ions diffuse into it from the interstitial fluid of the medulla.
The concentration of the blood reaches 1200 milli-osmols at the tip of the vessel.

The ascending limb of the loop is totally impermeable to water. Yet, large
amount of chloride ions are actively transported out of the ascending limb and
sodium ions follow passively into the interstitial fluid of the medulla. This means
that the fluid in the ascending limb becomes more dilute as it approaches the
cortex. The concentration in this limb decreases to about 100 milli-osmol/litre.
Thus the fluid in the ascending limb is hypotonic to the blood plasma.

When the blood flows through the ascending limb of the vasa recta, almost
all of the NaCl diffuses back into the interstitial fluid of the medulla. By the time the
blood in the vasa recta leaves the medulla, its concentration is only slightly higher
than it was when it entered. Thus the counter current flow through the vasa recta
permits most of the NaCl to remain in the interstitial fluid of the medulla.

The antidiuretic hormone (ADH) from post pituitary enlarges the epithelial
pores of the distal convoluted tubule and collecting duct and thus increases
permeabilty. As the dilute fluid passes through the distal covoluted tubule and
collecting ducts, most of the water is reabsorbed by osmosis. The loss of this
water raises the concentration of the dilute fluid from 100 to 300 milli-osmol/litre,
the same concentration as the interstitial fluid of the cortex. As the fluid passes into
the medulla through the collecting duct, it is exposed to the hyperosmotic interstitial
fluid of the medulla. As a result, large amounts of water are absorbed by osmosis
into the interstitial fluid of the medulla from the collecting duct. The highly
concentrated intersitial fluid of the medulla causes the rapid osmosis of water
when the epithelial pores are opened by ADH. Thus in the collecting duct, the
concentration of the fluid approaches 1200 milli-osmols/litre which is equal to the
concentration of the interstitial fluid of the medulla. The fluid that enters the papillary
duct, calycs, renal pelvis and ureter flows into the urinary bladder is a very
concentrated urine.

6.2.5 Urine
The amount of urine eliminated per 24 hours varies tremendously depending upon
the water intake, state of mental and physical activity, environmental temperature
and food intake. The volume of urine varies between 1000 to 1800 ml. The volume
of urine decreases in several pathological disorders, such as dehydration, arterial
hypotension, edema and kidney disease. The stage is called oligourea. On the
other hand, the inceased urine is called polyuria or diuresis. It may be due to
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nervousness, fear, alcoholic beverages and cold climate. Anuria or suppression
is the stage where kidney fails to secrete urine.

Fig. 6.3: Pathways by Which Sodium and Water Excretion are Decreased in Response to
Severe Sweating.

Normally, urine is acidic in reaction. Its pH varies from 4.8 to 7.5. It
may become more acidic in condition of acidosis, fever and high protein intake,
and more alkaline in conditions such as vomiting and prolonged standing of
the urine after it has been voided. On standing, urine becomes alkaline because
conversion of ammonia from urea takes place. Specific gravity of urine
normally varies from 1.003 to 1.032. Excess intake of proteins brings about
increase in the specific gravity. The specific gravity of urine decreases when
intake is increased.

The colour of normal urine is transparent and pale yellow. The colour
is due to the presence of pigment called urochrome. The intensity of the
colour increases in the concentrated urine and lightens in the dilute urine
sample. The turbidity of the urine shows its alkaline nature which is due to
precipitation of calcium phosphate. The turbidity may result from mucin
secreted by the lining of the urinary tract.

The odour of urine may vary. Fresh urine has a characteristic unpleas-
ant odour. In case of diabetes, urine has a ‘sweetish’ odour because of the
presence of acetone. Stale urine develops an ammonia like odour due to am-
monium carbonate formation as a result of urea decomposition.
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Check Your Progress

1. Define the term excretion.

2. In which organ of the body, urea is formed?

3. Differentiate primary urine from secondary or final urine.

4. What is ultrafilteration?

6.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Excretion is the removal of metabolic wastes from the body.

2. It is the liver that manufactures urea.

3. The term primary urine is given to the filterate present in Bowman’s
capsule, whereas term final urine is used for the material present in
collecting duct.

4. Ultrafilteration occurs in Bowman’s capsule. The glomerular wall is
perforated and allows blood to remove the products present in blood
except blood cells and proteins.

6.4 SUMMARY

There are certain substances produced during metabolic activities, which are
basically useless, and if allowed to stay for a longer period, become fatal that
is why such substances are continuously removed from the body and the
related process is called excretion. In mammals both liver and kidneys play
important role in it. Deamination and ornithine cycle occur in liver and result
urea. Final removal of the metabolic wastes including urea is made in
metanephric kidney. Excretory tubules of both the kidneys play a significant
role in it. The process of urine formation is a complicated one and includes
ultrafilteration, reabsorption, tubular secretion and counter current theory of
urine concentration. Hormones like epinephrine, mineralocorticoids,
glucocorticoid, and ADH are significantly involved in the process.

6.5 KEY TERMS

Isotonic animals are those whose body fluids have the same
concentration as that of the surrounding medium are called isotonic
animals.

Kidney stone: Sometimes oxalate salts precipitate out and may result stones
in kidney.

Metanephric kidney: Kidney develops from the embryonic excretory
tubules present in the posterior most region.

Ureotelism: Animals getting sufficient amount of water to drink remove
their wastes mainly in the form of urea hence called ureotelic organisms
and the phenomenon is called ureotelism.
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6.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Write notes on isotonic, hypotonic and hypertonic animals.

2. It is the liver that produces urea. Give reason.

3. Describe the Bowman’s capsule.

4. What is the tubular secretion?

Long Answer Questions
1. Write an essay on the physiology of excretion.

2. Write notes on the mechanism of urea formation.

3. Describe the mechanism of reabsorption of various substances in
different parts of nephron.

4. With the help of labelled diagrams explain the formation of primary as
well as secondary or final urine.

6.7 FURTHER READING

1. Connor W.J. Normal Renal Function: The Excretion of Water, Urea
and Electrolytes.

2. Jay Arthur. Comparative Physiology.
3. Luigi Luciani. Human Physiology.
4. Patrick J. Walsch and Patricia Wright. Nitrogen Metabolism and Excretion.
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CHAPTER 7 IMMUNE SYSTEM
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7.4.1 T-Lymphocytes
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7.6.2 Secondary Immune Responses

7.7 Cellular and Humoral Immunity
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7.9 Summary

7.10 Key Terms
7.11 Self-Assessment Questions and Exercises
7.12 Further Reading

7.0 INTRODUCTION

Immunity refer to the ability to respond to foreign substances, including
microbes or molecules. It deals with the mechanisms that normally protect
individuals from infection and eliminate foreign substances which are
themselves capable of causing tissue injury and disease, in some situations.
When functioning normally the immune system can distinguish between self
and non-self (foreign) materials. It views cancer as non-self and hence attacks
them, protecting the animal against cancer as it does against invading
microorganisms. The word immunity is derived from the Latin word immunitas
that mplies freedom from a bundeu (a technique called variolation). When an
organism develops immunity to a specific infecting agent it will remain free of
infection by that agent or pathogen for life long.
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We live in a potentially hostile world filled with a bewildering aray of
infectious agents of diverse shape, size and composition. These infectious
germs or microbes are the viruses, bacteria, fungi, protozoa and multicellular
parasites. These can cause disease, and if they multiply unchedked they will
eventually kill their host. Most infections in normal individuals are shot lived
and leave little permanent damage. This is due to the immune system, which
combats infectious agents. The molecules, cells, itssues, and organs engaged
in these protective responses constitute the immune system. A collective
and coordinated response by the immune system to the introduction of foreign
substances in an individual is called immune response. The site of infection
and the type of pathogen largely determne which immune responses will be
effective. Each type of infection requires a wide variety of immune responses.
In some cases, the external defenses of the body (body covering) prevent the
entry of those infectious agents that can penetrate through skin. However,
some infectious agents access across the epithelis of the gastrointestinal or
urogenital tract. Others can infect the nasopharynx and lungs. There are few
infectious agents like malaria and hepatitis B, which enter the body of the
host directly through blood.

All viruses, some bacteria and some protozoans replicate inside host cells,
and to clear an infection the immune system must recognize and destroy these
infected cells.

Many bacteria and larger parasites live in tissues, body fluids or other
extracellular spaces, and the responses to these pathogens are quite different.
Sometimes intracellular pathogens have to pass through blood and tissue
fluid before they reach their target cells. In such cases they are susceptible to
elements of the immune system which normally counter extracelluar pathogens.

7.1 OBJECTIVES

After going through this unit you, will be able to:

Know the meaning of innate immunity

Define the acquired immunity

Describe the cells of immune system

Discuss the lymphatic system.

7.2 INNATE IMMUNITY

Innate immunity is also called natural or native immunity. It involves all protective
responses occurring before infection due to microbes, and react in essentially the
same way to repeated infections. Elie Metchnikoff is credited for discovering the
phagocytic cells or macrophages already present in body. These cells are
immediately available to combat a wide range of pathogens without requiring prior
exposure and are a key component of the innate immune system.

Innate immunity is the first line of defense against infections and relies on
mechanisms that exist before infection. It is rapidly activated by microbes before
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the development of adaptive immunity. It prevents infection of the host and, in
many instances, can eliminate the microbes. Innate immunity not only serves  critical
defensive functions early after infection  but also provides the “warning” that an
infection is present against which a subsequent adaptive immune response has to
be mounted. Some components of innate immunity are functioning at all times,
even before infection; these components includes barrier to microbial entry provided
by epidermal and mucosal surfaces. Other components involved in innate immunity
are usually inactive but response very rapidly when microbes invade. Neutrophils,
macrophages and other phagocytes are the main components of this category.

7.2.1 Components of the Innate Immune System
There are many components that recognize microbes or substances produced by
them which are directly or indirectly involved in the innate immune system. Epithelial
covering is the principal barrier that prevents the entry of microbes into the body.
However, those microbes who have breached the epithelial barrier and entered
into the tissues or the circulationhave to depend upon the mercy of principal effector
cells like neutrophils, mononuclear phagocytes and natural killer (NK) cells. Some
macrophages and NK cells secrete cytokines to activate phagocytes and stimulate
the cellular reaction of innate immunity, called inflammation. It results recruitment
of leukocytes to eliminate the infectious microbes.

First Line of Defense

First line of defense is the principal barrier or mechanical barrier that prevents
the entry of microbes causing various types of diseases. There are two types of
barriers: anatomical barrier, and physiological barrier.

Anatomical barriers. This is also called the non-immunological surface
protective barrier. It include skin, gastrointestinal tract, urinogenital tract,
mammary gland and the respiratory tract.

Organ or Tissue Innate Mechanisms Protecting Skin/Epithelium

Skin Antimicrobial peptides, fatty acids in sebum

Mouth and upper Enzymes, antimicrobial peptides, and
alimentary canal sweeping of surface by directional flow of fluid toward stomach

Stomach Low pH, disgestive enzymes, anti-microbial peptides, fluid flow
toward intestine

Small intestine Digestive enzymes, antimicrobial peptides, fluid flow to large
intestine

Large intestine Normal intestinal flora compete with invading microbes, fluid/
feces expelled from rectum

Airway and lungs Cilia sweep mucus outward, coughing, sneezing expel mucus,

macrophages in alveoli of lungs.

Skin. Being the outermost covering of the body it plays most important
role in preventing the entry of microbes. It also protects the organisms from
infectious substances and influences. In the presence of sebum, desiccation,
desqumation etc., a low pH of 5.5. is maintained on the surface of this skin where
dense population of resident bacteria usually grow. Any disturbance in the surface
of skin affects or reduces the infectious chances through skin. Fungal infection
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more commonly occurs in those persons work in water for hours together. In
those parts of the body like groin and axilla where the pH is comparatively with
greater humidity, more chances of infection are there. Recently it has been observed
that human skin synthesizes a small protein with potent antibacterial activity against
Escherichia coli. This proteinaceous substance is called psoriasin. It prevents
colonization of skin by E. coli.

Gastrointestinal tract. With every meal, we ingest huge numbers of
microorganisms, but they must run a gauntlet of defenses that begins with the
antimicrobial compounds in saliva and in the epithelia of the mouth and includes
the hostile max of acid and digestive enzymes found in the stomach.

In stomach the pH of gastric juice is as low as 1.2 to 2.8 (high acidic).
The highly acidic content of the stomach is enough to kill most gastrointestinal
pathogens. Organisms surviving this environment have to face the alkaline
nature of the intestine. However, some organisms are able to utilise extremes
of pH to their advantage and cause in.ammatory diseases such as gastritis.
Peyer’s particles found in the wall of gut are the lymph glands and are
immunological in their functions. In spite of all there the resident flora of gut
helps in the digestion of cellulose in herbivore mammals. The intestinal flora
is also influenced by the nature of diet. Organisms taking melic as food have
colonization of intestine mainly by lactobacilli producing lactic acid and butyric
acid to inhibit the colonization of intestine by pathogenic E. coli. In the gastric
as well as intestinal mucosa antibacterial and antiviral lysozymes are secreted
in large quantities that is why these lysozymes are found in the intestinal fluid.
Lysozyme is the most ubiquitous anti-bacterial substance formed at body
surfaces. This enzyme is present in tears, saliva, sweat and many other mucosal
secretions. It is bactericidal for many Gram-positive bacteria where it destroys
the integrity of the cell wall by disrupting the N-acetyl muramic acid–N-
acetyl glucosamine linkages. However, some organisms are resistant to the
action of lysozyme and their cell walls may represent a problem to the immune
system even after the organism has been killed.

Another type of antimicrobial protein is secreted into the fluid that
bathes the epithelial surfaces of the lung. This fluid contains two proteins—
surfactant proteins A and D, usually abbreviated as SP-A and SP-D—that
bind to and coat the surfaces of pathogens so that they are more easily
phagocytosed by macrophages that have left the subepithelial tissues to enter
the alveoli of the lung. These proteins are members of the collectin family, so
called because they contain both collagen-like and lectin (sugar-binding)
domains. Coating of a particle with proteins that facilitate its phagocytosis is
known as opsonization.

In addition to these defenses, most epithelial surfaces are associated
with a normal flora of nonpathogenic bacteria that compete with pathogenic
microorganisms for nutrients and for attachment sites on epithelial cells. The
normal flora can also produce antimicrobial substances, such as the lactic acid
produced by vaginal lactobacilli, some strains of which also produce an antibacterial
peptides (bacteriocins) that prevent colonization by other bacteria. When the
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nonpathogenic bacteria are killed by antibiotic treatment, pathogenic microorganisms
frequently replace them and cause disease.

Epithelial barriers. There is a continuous layer of epithelial cells acting as
a principal barrier between the environment and the host. Our body surfaces are
defended by epithelia, which provide a physical barrier between the internal
milieu and the external world that contains pathogens. Epithelial cells are
held together by tight junctions, which effectively form a seal against the
external environment. Epithelia comprise the skin and the linings of the body’s
tubular structures—the gastrointestinal, respiratory, and urinogenital
tracts. Infections occur only when the pathogen can colonize or cross through
these barriers, and since the dry, protective layers of the skin present a more
formidable barrier, pathogen entry most often occurs through the internal
epithelial surfaces, which represent the vast majority of epithelial surfaces of
our bodies. The importance of epithelia in protection against infection is
obvious when the barrier is breached, as in wounds burns, and loss of the
integrity of the body’s epithelia, where infection is a major cause of mortality
and morbidity. In the absence of wounding or disruption, pathogens normally
cross epithelial barrier by binding to molecules on the epithelial surfaces of
our internal organs, or establish an infection by adhering to and colonizing
these surfaces. This specific attachment allows the pathogen to infect the
epithelial cell, to damage the epithelium so it can be crossed, or in the case of
colonizing pathogens, to avoid dislodged by the flow of air or fluid across the
epithelial surface.

The internal epithelia are known as mucosal epithelia because they
secrete a viscous fluid called mucus, which contains many glycoproteins called
mucins. Microorganisms coated in mucus may be prevented from adhering
to the epithelium, and in mucosal epithelia such as that of the respiratory
tract, microorganisms can be expelled in the flow of mucus driven by the
beating of epithelial cilia.  In some people, a stage with defective mucus
secretion or inhibitory ciliary movement is developed such people frequently
develop lung infections caused by bacteria that colonize the epithelial surface.
In the gut, peristalsis is an important mechanism for keeping both food and
infectious agents moving through the body. Failure of peristalsis is typically
accompanied by the overgrowth of pathogenic bacteria within the intestinal
lumen. It prevents the entry of microbes from all the three surfaces: the skin,
mucosal surfaces of the gastrointestinal and respiratory tract. The epithelial
cells have the ability to descriminate between pathogenic and nonpathogenic
bacteria.

In place of skin, the alimentary, respiratory, and urogenital tracts and
the eyes are lined by mucous membranes that consist of an outer epithelial
layer and an underlying layer of connective tissue. Many pathogens enter the
body by penetrating these membranes; opposing this entry are a number of
nonspecific defense mechanisms. For example, saliva, tears, and mucous
secretions wash away potential invaders and also contain antibacterial or
antiviral substances. The viscous fluid called mucus, secreted by epithelial
cells of mucous membranes, entraps foreign microorganisms. Some mucous
membranes have cilia, tiny, hair-like projections, movement of which wafts
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any organisms trapped in the mucus out of the body. This process may be accelerated
by reflex actions such as coughing or sneezing, which propel entrapped organisms
out of the body at great speed. In addition, infection may be limited by the short
half-life of intestinal epithelial cells (approximately 30 hours). If invading
microorganisms happen to attach to an epithelial cell as it is shed (desquamation),
infection is prevented.

Various chemical substances secreted by the mucosae also aid in protection
against infection. These include lactoferrin, an iron-binding protein that sequesters
free iron such that the concentration falls below that necessary for bacterial growth.

7.2.2 Complement
Complement acts by inactivating microorganisms and enhancing phagocytosis.
Breakdown products induce vasodilation and are chemoattractants. Thus,
complement plays an important role in in.ammation. Although the classical
pathway generally requires the presence of immune complexes for its
activation, the lectin and alternative complement pathways can be stimulated
to kill some Gram-negative bacteria and to inactivate certain viruses in the
absence of antibodies. Early in infection, prior to synthesis of specific
antibodies, the ability of complement to non-specifically opsonise or kill certain
bacteria may be critical to recovery from infections.

7.2.3 Phagocytes: Neutrophils and Macrophages
Phagocytes are the specialized cells involved in ingesting and destroying the
microbes.  Phagocytic cells include neutrophils and eosinophils
(polymorphonuclear leukocytes), monocytes and macrophages (mononuclear
leukocytes). These cells engulf organisms by phagocytosis, a process that is
enhanced by the presence of opsonins or by the presence of pattern recognition
receptors. Phagocytes also mediate other functions through the secretion of
cytokines and the action of enzymes.

7.2.4 Eosinophils
Eosinophils are amongst the first cells at the site of infection and attack
invading pathogens whilst producing chemotaxins to attract more polymorphs
and mononuclear phagocytes. In addition, PMN products cause changes in
host tissues, which are vital to the inflammatory process (e.g. vasodilation).
Macrophages produce cytokines such as interleukin 1 (IL-1) and tumour
necrosis factor (TNF), which cause fever (and enhance the activity of
in.ammatory cells), vasodilation and generally augment the in.ammatory
process.

Eosinophils are particularly important in worm infections in the gut.
Antigens released by the infecting worms cross-link Fc receptor-bound IgE
on mast cells in the gut mucosa. This induces degranulation of the mast cells
leading to the release of eosinophil chemotactic cytokine L (ECF-L), which
induces extravasation of eosinophils. In addition, the release of IL-5 and GM-
CSF by the gut mucosa stimulates the proliferation of eosinophils. Eosinophil
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granules contain a protein – eosinophil basic protein – which is particularly toxic to
parasites such as Schistosoma mansoni. Also, since these cells have Fc receptors,
they are able to kill worms by antibody-dependent cellular cytotoxicity.

7.2.5 Neutrophils
Infact the neutrophils are the polymorphic granular leuckocytes. They are most
abundantly found in blood constituting about 67% of the total white blood corpuscles
mediating the earliest phases of inflammatory responses. Neutrophils are as big as
12 to 15 μm. The nucleus of neutrophil is lobulated and polymorphic. It is divisible
into 3 to 5 lobes hence called polymorpho-nucleus. The cytoplasm of neutrophil
is granular. These granules are filled with degradative enzymes such as lysozyme,
collagenase, and elastase. Neither these granules are strongly stained with acidic
nor basic dyes which distinguishes neutrophil granules from those of basophils and
eosinophils. Neutrophils are produced in the bone marrow at a rate of about 1 × 1011

neutrophils per day. In bone marrow the neutrophils arise from a common lineage
with mononuclear phagocytes that diverges early in differentiation. Each neutrophil
circulates in the blood for only about 6 hours. If in the mean time the circulating
neutrophil is not recruited into a site of inflammation, it undergoes programmed
cell death and is usually phagocytosed by resident macrophages in the liver or
spleen. A pool of neutrophils may loosely attach to the endothelial lining of large
veins and form a reservoir that can be rapidly mobilized during stress and infection.

In addition to neutrophils, monocytes are thought to be important in the
clearance of fungi. They may be activated by lymphokines (produced by antigen-
stimulated T cells), which enhance their ability to clear the fungi. Also, MNPs have
been shown to express surface receptors that bind fungi, however, their role is
unclear.

Macrophages

Monocytes are the circulating precurssor of macrophages. Monocytes develop in
the bone marrow and may remain in the circulation for extended periods. After
entering into tissues monocytes differentiates into tissue macrophages. Macrophages
are abundantly reside in the interstitia of parenchymal organs, in subepithelial
connective tissues, in the lymphocytic sinuses of lymph nodes and in the lining of
the vascular sinusoid in the liver and spleen. Thus these phagocytic macrophages
are strategically placed at all the sites where microbes may gain entry into the host.
Macrophages are long lived and persist for a longer period at sites of inflammation
and they also respond to microbes as quickly as neutrophils do. Macrophages are
said to be the dominant effector cells of the later stages of the innate immune
response, 1 or 2 days, after infection. Even in plants phagocyte-like cell have been
identified.

Macrophages activated by lymphokines such as interferon gamma may kill
parasites as a result of increased oxygen metabolism and increased FcR and C3R
expression. These cells play a vital role in the control of infections caused by
Trypanosoma cruzi, Leishmania spp., Plasmodium spp. and Schistosoma
mansoni. When parasites are not completely eliminated, granulomata form.
Antigens derived from the parasites stimulate T cells to release lymphokines, which
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in turn stimulate macrophages. These cells release factors that enhance fibrin
deposition resulting in a meshwork, which traps in.ammatory cells behind a wall of
fibroblasts (fibrosis).

Pathogens have developed a variety of strategies to avoid being immediately
destroyed by macrophages. Many extracellular pathogenic bacteria coat themselves
with a thick polysaccharide capsule that is not recognized by any phagocyte
receptor. Other pathogens, for example mycobacteria, have evolved ways to grow
inside macrophage phagosomes by inhibiting fusion with a lysosome. Without such
devices, a microorganism must enter the body in sufficient numbers to simply
overwhelm the immediate innate host defenses and establish a focus of infection.

Check Your Progress

1. What is innate immunity?

2. Which immune system recognizes foreign antigens produced by microbes
or other sources?

3. Define the term complement.

4. Name the circulating precursors of macrophages.

7.3 ACQUIRED IMMUNITY

An individual of a susceptible spedies may scquires a resistance to an infectious
disease either accidentally or artificially. This resistance is spoken of as an
acquires immunity.

7.3.1 Accidental Immunity
Many of the infectious diseases, such as typhoid fever, scarlet fever, and
measles, usually occur only once in the same individual. The resistance of the
host to fix disease is increased so that another exposure to the same specific
organism usually produces no effect. This resistance or immunity may last for
a limited time is for life.

7.3.2 Artificial Immunity
Immunity may be acquired artificially by means of vaccines or by the use of
immune serums. If the immunity is acquired by means of vaccines, it is spoken
of as active immunity; if it is acquired by the suse of immune serums, it is
spoken of as passive immunity.

7.3.3 Naturally Acquired Active Immunity
Active immunity develops after antigens enter the body and the individual’s
immune system responds with antibodies. The exposure to antigens may be
unintentionalor intentional. When it is unintentional, the immunity that develops
is called naturally scquired active immunity.
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Naturally acquired active immunity usually follows about of illness and
occurs in the “natural” scheme of events. However, this need not always be the
case because subclinical diseases may also bring on the immunity. For example,
many individuals have acquired immunity for subclinical cases of mumps or from
subelinical fungal diseases such as cryptococcosis.

Memory cells residing in the lymphoid tissues are responsible for the
production of antibodies that yield naturally acquired active immunity. The cells
remains active for many years and produce IgG immediately upon later entry of
the parasite to the host. Such as antibody response is sometimes called the
secondary anamnestic response, from the Greek anamnesis, for recollection.

7.3.4 Artificially Acquired Active Immunity
Artificially acquired active immunity develops afeter the immune system
produces antibodies following an intentional exposure to antigens. The antigens
are usually contained in an immunizing agent such as vaccine or toxoid and
the exposure to antigens is “artificial”.

Viral vaccines consist of either inactivated viruses incapable of
multiplying in the body or attenuated viruses, which multiply at low rates in
the body but fail to cause symptoms of disease. The Salk polio vaccine typifies
the former while the Sabin oral polio vaccine represents the latter. Bacterial
vaccines fall into similar categories: the older whooping cough (pertussis)
vaccine consists of dead cells, while the tuberculosis vaccine is composed of
attenuated bacteria. Whole microorganism viral and bacterial vaccines are
commonly called first-generation vaccines.

One advantage of vaccines made with attenuated organisms is that
organisms multiply for a period of time within the body, thus, increasing the
dose of antigen administered. This higher dose results in a higher level of
immune response than that obtained with the single dose of inactivated
organisms. Also, attenuated organisms can spread to other individuals and
reimmunize them or immunize them for the first time. However, attenuated
organisms may be hazardous to health because of this same ability to continue
multiplying. In 1984, for example, a recently immunized soldier spread vaccinia
(cowpox) viruses to this daughter. She, in turn, infected seven young friends
at slumber party.

With only one notable exception, there are no widely used bacterial
vaccines made with whole organisms and used for long-term protection. The
exception is the older pertussis vaccine, now in the process of being replaced
by the acellular pertussis vaccine composed of Bordetella pertussis extracts.
Other bacterial vaccines made with organisms are used for temporary
protection. For instance, when health officials suspect that water contains
typhoid bacilli, they may administer a vaccine for typhoid fever. Bubonic Plague
or cholera vaccines are also availabel to limit an epidermic. In these cases, the
immunity lasts only for several months because the material in the vaccine is
weakly antigenic. Weakly antigenic vaccines are also available for laboratory
workers who deal with rickettsial diseases such as Rocky Mountain spotted fever,
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Q fever, and typhus. The danger in these vaccines is that the residual egg protein in
the cultivation medium for rickettsiae may cause allergic reactions in recipients.

Immunizing agents that stimulate immunity to toxins are known as toxoids.
These agents are currently available for protection against diphtheria and tetanus,
two diseases whose major effects are due to toxins. The toxoids are prepared by
incubating toxins with a chemical such as formaldehyde until the toxicity is lost.

To avoid multiple injections of immunizing agents, it is advantageous to
combine vaccines into a single dose. Experience has shown this possible for the
diphtheria pertussis-tetanus vaccine (DPT), the newer diphtheria-tetanus-acellular
pertussis vaccine (DTaP), the measles-mumps-rubella vaccine (MMR) and the
trivalent oral polio vaccine (TOP). There is even a vaccine that will immune against
four disease simultaneously: in 1993, the FDS approved a combined vaccine which
includes diphtheria and tetanus toxoids, whole-cell pertussis vaccine and
Haemophilus influenzae B (Hib) vaccine. Marketed as Tetramune, the quadruple
vaccine is used in children a aged 2 months to 5 years to protec against the DPT
diseases as well as Haemophilus meningitis. For other vaccines, however, a
combination may not be valuable because the antibody response is lower for the
combination than for each vaccine taken separately. Immunologists believe that
poor phagocytosis by macrophages is one reason. Activation of supperior T-
lymphocytes may be another reason.

Modern immunologists foresee the day when preparations called subunit
vaccines, will completely replace whole organism vaccines. For example, pili
form bacteria may be extracted and purified for use in a vaccine to stimulate
antipili antibodies. These would inhibit the attachment of bacteria to tissues and
facilitate phagocytosis. Another example is the vaccine for pneumococcal
pneumonis, licensed for use in 1983. The vaccine contains 23 different
polysaccharides from the capsules of 23 strains of Streptococcus pneumoniase.
Still another example is the vaccine against Haemophilus influenzae b, the agent
of Haemophilus meningitis. Also composed of capsular polysaccharides, the
so-called Hib vaccine has been available since 1988 and has been a critical factor
in reducing the incidence of Haemophilus meningitis from 18,000 cases annually
(1986) to a few dozen cases in current years (1995).

Another form of vaccine is the synthetic vaccine, or third-generation
vaccine. This preparation represents a sophisticated and practical application
of recombinant DNA technology. To produce the vaccine, three major technical
problems must be solved; the immune-stimulating antigen must be identified;
living cells must be reengineered to produce the antigens; and the size of the
antigens must be increased to promote phagocytosis and the immune response.
Thus far, the process has been successful for a vaccine for foot-and-mouth
disease licensed in 1981.

The genetic engineering process has also worked for a synthetic vaccine for
hepatitis B. The vaccine is marketed by different companies as Recombivax and
Engerix-B. Because the vaccine is not made from blood fragments (as the previous
hepatitis B vaccine was), it relieves the fear of contracting human immunodeficiency
virus (HIV) from contaminated blood. Many immunologists believe that the synthetic
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agents will usher in a Renaissance of vaccines. In 1993, for example,
biotechnologiests announced the development of a cholera vaccine containing
Vibrio cholerae whose genes for toxin production were experimentally removed.
An AIDS vaccine also looms on the hozizon.

Immunizations may be administered by injection, oral consumption, or nasal
spray, as currently used for some respiratory viral diseases. Booster
immunizations commonly follows as a way of raising the antibody level by
stimulating the memory cells to induce the secondary anamnestic response. This is
why a “tetanus booster” is given to anyone who sustains a deep puncture wound
by a soil-contaminated object if they have not had a tetanus immunization in the
previous ten years.

Substances called adjuvants increase the efficiency of a vaccine or toxoid
by increasing the availability of the antigen in the lymphatic system. Common
adjuvants include aluminum sulfate (“alum”) and aluminum hydroxide in toxoid
preparations, as well as mineral oil or peanut oil in viral vaccines. The particles of
adjuvant linked to antigen are taken up by macrophages and presented to
lymphocytes more efficiently than dissolved antigens. Experiments also suggest
that adjuvants may stimulate the macrophage to produce a lymphocyte-activating
factor and thereby reduce the necessity for helper T-lymphocyte activity. Moreover,
adjuvants provide slow release of the antigen from the site of antry and provoke a
more sustained immune response. A high priority in the development of synthetic
vaccines is the production of suitable adjuvants.

7.3.5 Naturally Acquired Passive Immunity
Passive immunity develops when antibodies enter the body from an outside
source (as compared to active immunity in which individuals synthesize their
own antibodies). The infusion of antibodies may be unintestinal or intestional,
and thus, natural or artificial. When unintentional, the immunity that develops
is called naturally acquire passive immunity.

Naturally acquired passive immunity, also called congenital
immunity, develops when antibodies pass into the fetal circulation from the
mother’s bloodstream via the placenta and umbilical cord. These antibodies,
called maternal antibodies, remain with the child for approximately 3 to 6
months after birth and fade as the child’s immune system becomes fully
functional. Certain antibodies, such as measles antibodies, remain for 12 to
15 months. The process occurs in the “natural” scheme of events.

Maternal antibodies play an important role during the first few months
of life by providing resistance to diseases such as pertussis, staphylococcal
infections, and viral respiratory diseases. Because the antibodies are of human
origin and are contained in human serum, they will be accepted without problem.
The only antibody in the serum is IgG.

Maternal antibodies also pass to the newborn through the first milk, or
colostrum, of a nursing mother as well as during future breast feedings. In
this instance, IgA is the predominant antibody, altough IgG and IgM have
also been found in the milk. The antibodies accumulate in the respiratory and
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gastrointestinal tracts of the child and apparently lend increased resistance to
diseases.

7.3.6 Artificially Acquired Passive Immunity
Artificially acquired passive immunity arises from the intentional injection of
antibody-rich serum into circulation. The exposure to antibodies is thus, “artificial.”
In the decades before the development of antibiotics, such as injection was an
important therapeutic device for the treatment of disease. The practice is still used
for viral diseases such as Lassa fever, hepatitis, and arthropod bone encephalitis,
and for bacteral diseases where a toxin is involved. For example, established
cases, of botulism, diphtheria, and tetanus are treated with serum containing the
respective antitoxins.

Various terms are used for the serum that renders artificially acquired passive
immunity. Antiserum is one such term. Another is hyperimmune serum, which
indicates that the serum has a higher-than-normal level of a particular antibody. If
the serum is used to protect against a disease such as hepatitis A, it is called
prophylactic serum. When the serum is used in the therapy of an established
disease, it is called therapeutic serum. Should the serum be taken from the
blood of aconvalescing patient, physicians refer to it as convulescent serum.
Another common term, gamma globulin, takes its name from the fraction of
blood protein in which most antibodies are found. Gamma globuin usually consists
of a pool of sera from different human donors, and thus, it contains a mixture of
antibodies including those for the disease to be treated.

Passive immunity must be used with castin because in many individuals, the
immune system recognizes foreign serum proteins as antigens and from antibodies
against them in an allergic reaction. When antibodies interact with the proteins, a
series of clenoid molecules called immune complexes may form, and with the
activation of complement, the person develops a sisease called serum sickness.
This is often characterized by a hive like rash at the injection viz accompanied by
laboured breathing and swollen jects. To avoid the disease, it is imperative that the
patient be tested for allergy before serum therapy is instinged. If an allergy exists,
minuscule doses should be given to eliminate the allergic state, and then a large
therapex dose can be administered.

Artificially acquired passive immunity provides substantial and immediate
protection to disease, but it is only a temporary measure. The immunity that develops
from antibody-rich serum usually wears off within day or weeks. Among the serum
preparation currently in use are those for hepatitis A and cickenpox. Both are made
from the serum of blood donors routinely secreted for hepatitis A and chickenpox.

Check Your Progress

5. What is acquired immunity?

6. Define natural active immunity.

7. What is artificial active immunity?

8. Write down the characters of  acquired immunity.
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7.4 CELLS OF IMMUNE SYSTEM

Several types of lymphocytes have specific responsibilities in immune responses.
All lymphocytes have a similar appearance, but several functional classes are known
to exist. In healthy adults, about 20 percent of the lymphocytes circulate in the
blood, while the remainder reside in lymph nodes, the spleen, the thymus gland,
the tonsils and the appendix. When first formed in the bone marrow, lymphocytes
have no special immune functions. After maturation, they are capable of performing
some critical roles when challenged by an appropriate antigen.

7.4.1 T-Lymphocytes
One class of lymphocytes produced in the bone marrow must first circulate to the
thymus gland, where they are “processed” before being released to the circulation
and distributed to lymphoid organs and tissues. These are known as T lymphocytes
or T cells. There are several T cell sub-populations; each has a specific function in
a cellular immune response.

During their development in the bone marrow, T cell sub-populations—
each has a specific function in a cellular immune response.

During their development in the bone marrow, T cells acquire, on their
plasma membrane, unique antigen-binding molecules of a specific configuration
called T cell receptors. What is the nature of T cell receptors? Their structure
is similar to, but distinct from that of immunoglobulins. Like antibodies, T
cell receptors can bind with an antigen. Each T cell type bears unique receptors
that can recognize and react with only one type of non-self antigen.

T cell receptors recognize and react with antigenic determinants that
are “presented” on the surfaces of other self cells, usually macrophages.
Antigen presentation is a process whereby certain self cells display a foreign
antigen on their surfaces in a form that is recognized by T cell receptors.
Basically, the non-self antigen must be bound to an MHC (self) molecule
before it will be recognized by a T cell receptor. The fundamental structure of
the MHC-presenting molecules is now known. Its shape reveals that a non-
self antigen becomes bound to a MHC molecule because it fits into a “binding
pocket” in the MHC protein.

Why is it necessary for immature T cells to be processed in the thymus
gland? What happens to them in this organ? Evidence suggests that T cells
are subjected to a brutal selection process in the thymus. Only T cells that
have receptors capable of recognizing a non-self antigen in combination with
a self MHC molecule are allowed to survive. T cells with only non-self antigen
receptors, only self MHC molecules or no receptors are destroyed, probably by
macrophages. Thus full-fledged T cells that survive the thymic selection process
are equipped with the appropriate receptors for performing their function. Surviving
T cells can recognize only one type of foreign antigen in combination with an
MHC molecule.
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7.4.2 T-Cell Subpopulations
Four T cell sub-populations are important in normal cellular immune responses.
Sensitized cytotoxic T cells (TC cells; also known by the more colourful name T
killer cells) destroy cells possessing foreign antigens on their surface by puncturing
them. Such cells include virus-infected self cells and cancer cells. Only modified
self cells are killed by T

C
 cells. Normal host cells are not killed because they do

not display foreign (viral or cancer cell) antigens on their surfaces. Activated helper
T cells (TH  cells) stimulate B cells and other types of T cells involved in the total
immune response and stimulate proliferation of T

C
 cells. Suppressor T cell (TS

cells) inhibit the production of T
C
 cells and help control and limit humoral immune

responses. Finally, T memory cells (TM cells)  recognize previously encountered
antigens.

7.4.3 B-Lymphocytes
B Lymphocytes arise in the bone marrow, but their course of processing or
maturation in humans is not yet understood. After they are formed, B cells
migrate to lymph nodes and other lymphoid organs and tissues. Populations
of inactive B cells have many antibody receptors on their surfaces, but all
receptors on a single B cell have the same structure and can recognize only a
single type of antigen. If the surface antibody receptor cell does come in
contact with its matching antigen, the B cell becomes activated and gives rise
to plasma cells capable of manufacturing and secreting the same type of
antibody. B memory cells are also produced during humoral immune
responses.

Millions of different T and B cells are produced daily, each with unique
receptors and recognition capabilities. These cells live only a few days and
only a small fraction of them ever come in contact with their corresponding
antigens. However, because of the great diversity and the continuous
production of unique lymphocytes, an antigen has little chance of escaping
detection for any length of time.

7.4.4 Macrophages
Several other cells have significant functions in specific antibody responses,
including macrophages found in lymphoid organs and tissues. As described
earlier, macrophages are the primary phagocytic cells  and resemble the
amoebocytes or histocytes in their behaviour. They are particularly important
in cleaning up damaged tissues by ingesting dead cell fragments and any
bacteria or other microorganisms present. This latter function serves to bridge
the inflammatory response, which occurs first and the immune responses,
which follow if foreign antigens are present.

The uptake of non-self antigens by macrophages usually constitutes
the first step leading to an immune response. In a sense, at least one member
from an invading horde has been tracked down and trapped. We shall see
what happens next.
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Check Your Progress

9. What are the main cells of the immune system?

10. Name the major proteins of immune system.

11. What are lymphocytes?

12. Define antigen presenting cells.

7.5 LYMPHATIC SYSTEM

The lymphatic system is a second circulatory system, which drains the tissue fluid.
It is different from blood circulation as lymph-drainage is a one way flow.

7.5.1 Tissue Fluid (Interstitial Fluid)
This fluid occurs in the spaces between the cells of a tissue. It bathes all the cells of
the body. Due to the pressure of the blood in the capillaries some amount of water,
and dissolved solutes are filtered out form the blood plasma into the spaces to
form tissue fluid. Substances which remain in the blood vessels are plasma proteins,
RBC, platelets and WBCs except those which are amoeboid. Electrolytes, glucose,
amino acids fatty acids, glycerol, oxygen and carbon dioxide can pass across the
walls of the capillaries. So the concentration of electrolytes in the tissue fluid is the
same as the concentration in plasma. The exchange of any solid, liquid and gas
between blood and tissue cells always take place through tissue fluid. The lymphatic
system consists of:

Lymph. It is a clear, straw coloured watery fluid connective tissue that
circulates in the lymphatic vessels. Its composition is similar to the
blood plasma. It contains large number of leucocytes, especially the
lymphocytes and macrophages. Lymph can be regarded as the filtered
blood, when the blood flows through the capillaries, its plasma diffuses
out into the surrounding lymph spaces. It is devoid of red blood
corpuscles.

Composition
o Lymph plasma. It is similar to that of blood but has fewer blood

proteins, less calcium and phosphorus and high glucose concentration.
Mainly globulin proteins are present which are actually antibodies.
Other components of the lymph plasma are very much like that of
blood plasma, that is organic, inorganic substances, water etc.

o Lymph corpuscles. These are floating amoeboid cells, the leucocytes
(white blood corpuscles) which are mostly lymphocytes. Erythrocytes
and platelets are absent in lymph.

Lymphatic vessels. The lymphatic capillaries unite to form larger lymphatic
vessels. They are composed of an outer coat of fibrous tissue, middle coat
of muscular tissue and an inner lining of endothelial cells. The lymphatic
vessels have numerous valves; these valves occur in pairs, with their free
edges directed toward the current flow. Flow in them is from organs to
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heart as in veins. The lymph vessels of intestinal regions absorb the digested
fats. Lymphatic vessels have the same structure as veins with valves.

Fig. 7.1: Lymphatic Vessels.

Lymphatic capillaries. Lymph capillaries begins as blind, swollen tubules
in the periphery of the body and within the organs. They lie close to the
blood capillaries but differ from them to the extent that they end blindly. The
blind end lies free in a pool of tissue fluid while the other end  communicates
with a larger lymphatic vessel. They have extremely thin walls and composed
of a single layer of endothelial cells. They are more porous, therefore, the
larger particles of waste products found in the tissue fluid can be picked up
by the lymphatic capillaries but not by the blood capillaries. They permeate
nearly all parts of the body except brain, spinal, cord, eyeball, internal ear
and bone marrow.

The lymphatic capillaries from the small intestine are termed lacteals
(pertaining to milk) are so named because they pick up a white milk
like lymph called chyle, which is rich in absorbed fats.
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Fig. 7.2: The Position of a Lymphatic Capillary within Body Tissue.

Lymphatic nodes. Lymph nodes are small round to bean shaped lymphoid
organs situated at various points in the course of lymphatic vessels. Lymph
nodes are abundant in neck, armpit and groin. The lymph filters through
lymph nodes. The vessels bringing lymph to the lymph node are called
afferent vessels. Lymph leaves the node by efferent vessels. Cells of
these nodes produce lymphocytes, filter out the cell debris and other inert
particulate materials from the lymph, phagocytize and destroy bacteria and
other pathogens present in the lymph and synthesize antibodies.

Thoracic duct. The lymphatic vessels of left side unite to form a thoracic
duct. It drains all parts of the body except those located on the right side
above the diaphragm. The first part of this duct is enlarged to form a temporary
storage sac called cisterna chyli. It receives lymph from the abdominal
cavity, pelvic cavity and legs by way of the right and left lumbar vessels and
the intestinal vessels (a sac-dilation situated in front of the first and second
lumbar vertebrae). The thoracic duct contains several valves. It discharges
its lymph into the cardiovascular system at the junction of left internal
juglar and left subclavian veins.

Right lymphatic duct. The lymphatic vessels of the right side of the thorax,
head and neck unite to form the right lymphatic duct. It is a short vessel,
about 1/2 inch in length. It discharges its lymph into the cardiovascular
system at the junction of the right internal juglar and right subclavian
veins. By means of the thoracic duct and the right lymphatic duct, therefore,
the whole of the lymph of the body returns to the blood.

7.5.2 Lymph Movement
The lymph flows slowly. The average flow rate of lymph in the lymphatic system is
about 1-2 millilters per minute, it varies with the tissue fluid pressure and amount
of excercise. Lymph that returns from the head and neck into large lymphatic
ducts, moves easily due to the force of gravity. However, the lymph that moves
from those portions of the body below the entrance of the lymph ducts into the
venous system, depends upon the action of skeletal muscles, breathing movements,
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movement of the heart, and abdominal organs. It means contractions of the body
muscles and movements of viscera help the movement of the lymph. The valves
present in the lymphatic vessels prevent the back flow of the lymph. Movement of
villi helps flow of lymph in the lacteals. Blocking of lymph flow causes oedema.

7.5.3 Lymphatic Tissue in other Parts of the Body
The organs which secrete lymph are called lymphoid organ. Besides the lymph
nodes the other lymphoid organs are: (i) The tonsils, (ii) Thymus gland, (iii) Peyer’s
patches – scattered patches in the small Intestine, (iv) The adenoids – enlarged
masses on the posterior wall of the pharynx, (v) The vermiform appendix,
(vi) Liver, and (vii) Spleen.

Table 7.1: Difference between Blood and Lymph

Blood Lymph
1. It consists of plasma, erythrocytes, 1. It consists of plasma and leucocytes

leucocytes and platelets. (lymphocytes most abundant)

2. It is red in colour due to the presence 2. It is colourless as haemoglobin is
 of haemoglobin in erythrocytes absent.

3. Its plasma has more proteins, calcium 3. Its plasma has fewer proteins and less
 and phosphorus and phosphorus.

4. Glucose concentration is less in blood. 4. Glucose concentration is higher in
lymph.

5. Amount of CO
2
 and other metabolic 5. Amount of CO

2
 and other metabolic

 wastes is normal wastes is much more.

6. It carries materials towards and away 6. It transfer materials from the blood to
 from the tissue, therefore, it acts as a the body cells and vice-versa, there-
“vehicle”. fore, it acts as “middle man”.

Check Your Progress

13. What is the lymphatic system?

14. How many components are found in lymphatic system?

15. What are lymph nodes?

16. Define the lymphoid organ, and present a list of various lymphoid organs
of the body.

7.6 IMMUNE RESPONSE

The Immune response is how your body recognizes and defends itself against
bacteria, viruses, and substances that appear foreign and harmful. It recognizes
the proteins usually present on the surface of cells, viruses, fungi or bacteria
as antigens. Non-living substances such as toxins, chemicals, drugs and foreign
particles can also be antigens. The immune response may be primary or secondary
as given under the following heads:
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7.6.1 Primary Immune Responses
To assist in conceptualizing the immune response, it is commonly divided into
cellular responses and humoral responses. Although such a separation of functions
facilitates understanding, it must be emphasized that both types of immune responses
occur simultaneously in the same tissues and are regulated by overlapping
mechanisms. The first response to an antigen not previously encountered by the
immune system is called a primary immune response. Lymphocytes are dormant
until stimulated by an antigen. When an immune response is initiated in response to
an antigen, a series of cellular interactions occur that leads to the creation of active
T cell sub-populations and the production of antibodies by B plasma cells.

T Cells
A primary immune response is initiated after a non-self antigen is first “processed”
by a macrophage. For example, a protein antigen is broken down to smaller
segments (10 to 20 amino acids), at least one of which acts as an antigenic
determinant. Once this task is completed, the antigenic determinant is bound to a
self MHC molecule, and both are displayed on the surface membrane of the
activated macrophage. In addition, the presenting macrophage secretes a substance
called interleukin 1 that attracts and activates T cells. Interleukins are hormones
that act on lymphocytes, and they are critical for the activation, maturation,
proliferation and functioning of all cells involved in immune responses. Following
these events, a T

H
 cell with receptors for the specific non-self antigen-MHC protein

complex is attracted to, and reacts with the presenting macrophage and becomes
activated.

Activated T
H
 cells induce growth, proliferation, and development of other

functional T cell strains, including T
C
, T

S
 , and T

M
 cells. Following activation, the

immune response could cause the body to becoming overloaded with immune
cells and antibodies. What regulates T and B cell proliferation and antibody
production? Several factors are probably involved but the actions of T

S
 cells are

extremely important. T
S
 cells are thought to limit quantities of T cells and antibodies

through the action of a suppressor factor they release that retards further production
of both B cells and T

H
 cells.

B Cells

B cells can become activated by two processes. A “native” B cell (one that has not
yet been activated) possessing a matching antibody  receptor for the specific non-
self antigen may be stimulated directly by the antigen, which leads to its proliferating
and producing large numbers of identical cells or clones. This process is known as
clonal selection. Alternatively, T

H
 cells formed in response to an antigen may

activate a B cell with matching receptors and stimulate its proliferation, growth
and maturation.

The B cells produced from clonal selection or T
H
 cell activation develop

into plasma cells capable of producing only a single type of antibody—the
type that was responsible for its development. Plasma cells remain in lymphoid
tissues, but antibodies are released and are present in plasma and tissue fluids.
Antigen-antibody reactions generally occur in lymphoid organs and tissues.
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Memory Cells

In the primary immune response just described, activated B and T cells proliferate
and develop into different subsets of functional immune cells that have the capacity
to react directly with the specific, initiating nonself antigen. During this first exposure
to the antigen, B and T cells also produce an additional type of cell, called a
memory cell. B or T memory cells are specific for (retain a memory of) the
antigenic determinant that provoked their development. That is, like their
antecedents, they possess receptors that bind with only one antigen. Memory
cells have very long lives (up to 20 years) and do not mature into active immune
cells unless challenged by the same antigen that led to their creation.

Monoclonal Antibodies

A monoclonal antibody is a single specific antibody produced from a clone of B
lymphocytes. The clone of cells is derived from an immunized lymphocyte fused to
a cancer cell to produce a somatic cell hybrid called a hybridoma. The immunized
lymphocyte (a cell previously subjected to a given antigen and producing a given
antibody to that antigen) offers the hybridoma cell its ability to make a specific
antibody. The cancer cell offers the hybridoma perpetual growth. The fabrication
of the mouse hybridoma cell offered research scientists a rapidly proliferating cell
line that produced a pure or single type antibody in “unlimited” quantity. The original
hybridomas were constructed using immunized mouse lymphocytes fused to mouse
myeloma cells. Today, the same procedure is used to make pure human antibody.
It involves the use of human lymphocytes from a cancer patient and a human
myeloma cell.

Synthesis of monoclonal antibodies. In the production of either human
or mouse monoclonal antibodies, the researcher begins with hypoxanthine
guanine phosphoribosyl transferase mutant myeloma cells (HPRT–). To obtain
immunized mouse lymphocytes for fusing with the mouse myeloma cells, the
researcher injects a mouse with a given antigen to which the mouse produces
a specific antibody. The mouse spleen is removed, and the lymphocytes are
extracted, mixed with mouse myeloma cells, and briefly incubated in
polyethylene glycol to promote somatic cell fusion. The cell mixture is then
placed in HAT growth medium. Unfused myeloma cells and myeloma-myeloma
hybrids, which lack the enzyme HPRT, cannot survive in the HAT medium.
Unfused spleen lymphocyte cells and spleen-spleen lymphocyte hybrids die
naturally after a few replications. The remaining spleen cell-myeloma hybrids
are assayed for antibody production against the antigen. Positive hybridomas
are cloned. The hybridomas can then be frozen and stored. To amplify antibody
production, mice may be injected with hybridomas. Such injections produce
ascites tumors. The tumors generate large amounts of monoclonal antibody.

For humans, the lymphocytes are taken from a lymph node of a person
with cancer and mixed with myeloma cells. Hopefully, the lymph node cells
will produce an antibody against the patient’s cancer; if not, the procedure will not
work. The human mixed-cell culture is treated as for mice. Amplification of the
monoclonal antibody for humans is done in tissue culture or in immunosuppressed
animals (animals having a drug-suppressed immune system).
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In mid-1986, the Food and Drug Administration approved the first
monoclonal antibody for use in preventing rejection in human kidney
transplants. Production of a single type antibody has allowed scientists to
research its structure and diversity, thereby answering the question of how a
B cell produces a single specific antibody to one of millions of possible antigenic
challenges.

7.6.2 Secondary Immune Responses
If the immune system encounters an antigen for the second time, a more intense
secondary immune response occurs quickly because it is not necessary to
activate native cells. Memory cells can give rise to active B and T cells directly.
Memory cells and secondary immune responses provide the basis for long-lasting
immunity. Once an individual has been exposed to a foreign antigen and has mounted
a successful immune response, he or she will usually not suffer from the effects of
that antigen at a later time. If the original antigen is encountered again, memory
cells ensure that it will be eliminated before it can cause any noticeable symptoms.

Immunological Inherited Diseases

Primary immunodeficiency diseases involve one or more of the components of the
immune system: lymphocytes, phagocytes and complement proteins. Regardless
of the recent advances in understanding the molecular biology of the immune system,
it is clear that the fundamental causes for most of the immunodeficiency diseases
remain unknown. In 1985, the World Health Organization (WHO) classified twenty-
four separate inherited primary immunodeficiency diseases according to their cellular
functional deficiency.

The inheritance of an immunological disease means that the affected person
is producing too much immunoglobulin—a condition of hypergamma-
globulinemia—or too little immunoglobulin—a condition of hypogamma-
globulinemia. In many cases, a hypergammaglobulinemic condition is caused
by a cancer. Most of the hypogammaglobulinemias are hereditary.

Autosomal-Recessive Immunological Diseases

Two of the more common autosomal recessive inherited immunological
anaemias are adenosine deaminase deficiency, one of the severe combined
immune agammaglobulinemias and ataxia-telangiectasia.

Adenosine deaminase deficiency. The severe combined immuno-
deficiency diseases, like adenosine deaminase deficiency (ADD) are
characterized by the absence of all adaptive immune functions. ADD is a
severe, but rare, recessive disorder of the human immune system. It occurs
once in 200,000 live births. It is also one of the few genetic diseases that can
be “cured”. ADD patients can be transfused with compatible bone marrow cells.The
problem is finding histocompatible bone marrow for transplantation.

Adenosine deaminase (ADA) is an enzyme that converts adenosine to inosine
in the purine salvage pathway. The ADA enzyme is essential to the production and
maintenance of immunological T cells and B cells. The absence or continued loss
of T and B cells results in immuno-deficient children who die at very young ages.
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ADA deficiency, depending on the level within different cell types, may produce a
clinical disease within ten days and upto five years after birth.

The ADA gene is located in the long arm of chromosome 20, region 1,
band 3.1 (20q13.1). This gene is of genetic interest for two reasons. First, it is a
leading candidate for the first attempt at gene therapy (placing a normal ADA into
the patient’s own bone marrow cells). Second, for the study of its promoter gene
sequence because this gene contains a promoter region that does not contain the
CAAT or TATA DNA sequences used as signals in many genes for the beginning
of mRNA synthesis. The promoter region for this gene is rich in G and C. The
gene is 32,000 bases in length and contains twelve exons. The exon or coding
protion is only 1,500 bases in length; 95 percent of these bases are committed to
introns.

Ataxia-telangiectasia. Patients with recessively inherited ataxia-
telangiectasia produce lower than normal levels of IgA. These people do not
reject skin grafts in the normal time period; they suffer from progressive ataxia
(lack of muscle coordination), brain abnormalities, pulmonary infections and
cancer.

Check Your Progress

17. What do you mean by immune response?

18. What is primary immune response?

19. Write down the meaning of secondary immune response.

7.7 CELLULAR AND HUMORAL IMMUNITY

Cellular Immunity is another form of adaptive immunity and is also called
Cell mediated immunity. This immunity is mediated by specific cells called
T-lymphocytes. T lymphocytes mature in the thymus, circulate in the blood,
populate secondary lymphoid tissues, and are recruited to peripheral sites of
antigen exposure. This type of immunity serves as the defense mechanism
against the microbes (viruses and some bacteria) that survive within the
phagocytes and other host non-phagocytic cells, where they are inaccessible
to circulating antigens. Defense against such infection is a function of cell
mediated immunity, which promotes the destruction of microbes residing in
phagocytes or the lysis of infected cells.

Humoral immunity is a type of adaptive immunity. This immunity is
the principal defense mechanism against extracellular microbes and their toxins.
This immunity is mediated by molecules in the blood, called antibodies which
are produced by the specific cells called B-lymphocytes. B lymphocytes, or H
cells, develop in the bone marrow, and mature B cells are found mainly in lymphoid
follicles in secondary lymphoid tissues, in bone marrow, and in low numbers in the
circulation. The antibodies can bind to the microbes and toxins and assist in their
elimination.
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Humoral immunity secretes antibodies to fight against antigens, which are
present outside the infected cells or free from circulating in the blood. Whereas
cellular immunity secretes cytokines and works inside the infected cells and no
antibodies to attack, and destroy the pathogens by the process of lysis. Humoral
immunity is fast and quick in their action against antigens, whereas cell mediated
immunity show delay though permanent action against pathogens. Humoral immunity
is involved in the early stages of graft rejections due to the formation of antibodies.
Similarly cell-mediated immunity is involved in the rejection of organ transplants.

Check Your Progress

20. What is cellular immunity?

21. Define the humoral immunity.

22. What are -lymphocytes?

23. Define the T-lymphocytes.

7.8 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Innate (natural) immunity is so named because it is present at birth and does
not have to be learned through exposure to an invader. It thus, provides an
immediate response to foreign invaders.

2. It is the adaptive immune system that recognizes foreign antigens produced
by microbes or other sources.

3. Complement is a major component of innate immune system involved in
defending against all the foreign pathogens through complement fragments
that participate in opsonization, chemotaxis, and activation of leucocytes
and through cytolysis by C5b-9 membrane attack complex.

4. Monocytes are the circulating precursors of macrophages.

5. Acquired immunity is immunity you develop over your life time. It can come
from a vaccine, exposure to an infection or diseases or from another person’s
antibodies.

6. In natural active immunity, antibodies are produced in response to pathogenic
infection.

7. Whenever antibodies are produced in response to a controlled exposure to
an attenuated pathogen (i.e., vaccination), the stage is called artificial active
immunity.

8. Characters of acquired immunity are: specificity of antigen, diversity,
difference between self and nonself, retaining memory

9. The cells of the immune system can be categorized as lymphocytes (T-cells,
-cells and N  cells), neutrophils and monocytes macrophages. These are

all types of white blood cells.

10. The major proteins of the immune system are predominantly signalling proteins
(often called cytokines), antibodies, and complement proteins.
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11. Lymphocytes are white blood corpuscles that are also one of body’s main
types of immune cells. They are provided in the bone marrow and found in
blood and lymph tissues.

12. Antigen preventing cells are a heterogenous population of leucocytes with
very efficient immune stimulatory capacity.

13. The lymphatic system is a second circulatory system, which drains the tissue
fluid. It is different from blood circulation as lymph drainage is a one way
flow.

14. The lymphatics system consists of five components: lymphatic capillaries,
lymphatic vessels, lymphatics nodes, thoracic duct, and the right
lymphatic duct.

15. Lymph nodes are small round to bean shaped lymphoid organs situated
at various points in the course of lymphatic vessels. The lymph is filtered
through the lymph nodes.

16. The tonsils, thymus gland, Payer’s patches, the adenoids, vermiform
appendix, liver and spleens are the various lymphoid organs of the body.

17. An immunie response is a collective and co-ordinated response to the
introduction of foreign substances in an individual mediated by the cells
and molecules of the immune system.

18. Primary immune response is an adaptive immune response that occurs
after the first exposure of an individual to a foreign antigen.

19. Secondary immune response is an adaptive immune response that occurs
on second exposure to an antigen.

20. Cellular immunity is mediated by T-lymphocytes. This immunity
promotes the destruction of microbes residing in phagocytes, or the
killing of infected cells to eliminate reservoir of infection.

21. Humoral immunity is mediated by macromolecules found in extracellular
fluids such as secreted antibodies, complement protein, and certain
antimicrobial peptides.

22. -lymphocytes are a type of white blood cells playing a role in the
humoral immunity component of the adaptive immune system. -cells
produce antibody molecules.

23. T lymphocytes are one of the major components of the adaptive immune
system. Their roles include directly killing infected host cells, activating
other immune cells, producing cytokines and regulating the immune
response.

7.9 SUMMARY

Immunology is the study of the immune system and is a very important branch of
the medical and biological sciences. The immune system protects us from infection
through various lines of defence. If the immune system is not functioning as it
should, it can result in disease, such as autoimmunity, allergy, neurodegenerative
conditions (Alzheimer’s) and cancer. Immune system is a complex system of
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molecular and cellular components. The function of these components is divided
up into non-specific mechanisms, those which are innate to an organism, and
responsive responses which are adaptive to specific pathogens. Innate immunity is
the first line of defence and is non-specific whereas adaptive immunity is the second
line of defence which involves building up memory of encountered infections so
can mount an enhanced response specific to the pathogen or foreign substances.
Adaptive immunity is further divided into cell mediated immunity and humoral
immunity. The humoral response is defined as the interaction between antibodies
and antigens. Antibodies are specific proteins released from a certain class of
immune cells known as -lymphocytes while antigens are defined as anything that
elicits the generation of antibodies.

7.10 KEY TERMS

Autoimmunity: The condition where one’s immune system attacks one’s
own tissues i.e., an auto-immune disorder.

Cytokins: Any of the various small regulatory proteins that regulate the
cells of the immune system, they are released upon binding to PRRS to
PAMPS.

Lymph: A colourless watery, bodily fluid carried by the lymphatic system,
consisting mainly of white blood cells.

Memory cells: Memory cells are those responding to second and
subsequent exposures to the same antigen.

7.11 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Differentiate innate immunity from acquired immunity.

2. Write notes on lymphocytes.

3. Differentiate primary immune response from secondary immune
response.

4. Write down the differences between -lymphocytes and T-lymphocytes.

Long Answer Questions
1. Write an essay on the immune system.

2. Describe the acquired immunity.

3. Write notes on the cells of immune system.

4. Write notes on active and passive immunity.
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Functions and Disorders of the Immune System.
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UNIT – III: REGULATORY MECHANISMS
OF ENZYMES AND ROLE OF VITAMINS

CHAPTER 8 THERMOREGULATION

Structure
8.0 Introduction
8.1 Objectives
8.2 Normal Body Temperature

8.2.1 Poikilothermic Animals
8.2.2 Homeothermic Animals
8.2.3 Acclimatizatoin

8.3 Thermal Balance in Homeotherms
8.3.1 Heat Production
8.3.2 Heat Exchange between the Body and the Environment
8.3.3 Radiation
8.3.4 Emissivity
8.3.5 Conduction
8.3.6 Convection
8.3.7 Vaporization (Evaporation) of Water

8.4 Temperature Regulation
8.4.1 On Keeping a Cool Head
8.4.2 Central Mechanisms Regulating Body Temperature
8.4.3 Threshold for Sweating during Exercise at Different Skin Temperatures
8.4.4 Temperature Regulation in Poikilothermic Animals
8.4.5 Terresterial Poikilothermic Animals

8.5 Answers to ‘Check Your Progress’
8.6 Summary
8.7 Key Terms
8.8 Self-Assessment Questions and Exercises
8.9 Further Reading

8.0 INTRODUCTION

The range of temperatures in the universe extends from near absolute zero in
some regions of space to millions of degrees celsius in the cores of the hottest
stars. The range of temperatures on the earth is much less than this, and the
range of temperatures over which life can exist on earth is even more limited.
Life activities occur only within a narrow range of temperatures. If cells, cool
to below 00C, ice crystals can form within them and damage their structures,
possibly fatally. Some animals have adaptations such as antifreeze molecules
in their blood that helps them resist freezing; others have adaptations that
enable them to survive. The lower temperature limit for life is about –20C,
just below the freezing point of water and the upper temperature limit is
about 500C, the temperature at which most proteins begin to denature. Brock
reported in 1967 that few algae can live in hot springs at temperature of
about 700C. In 1969, Bott and Brock reported few thermophilic bacteria living
in boiling temperature of water. This fact limits the distribution of animals on
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earth because of the great diversity of environmental temperatures. A large number
of animals including all aquatic inverterbrates and most of the aquatic vertebrates
have the same temperature as their surroundings. Such animals are also known as
poikilotherms or cold-blooded animals. But birds and mammals maintain a
constant body temperature inspite of wide variation in the surrounding temperature.
Such animals are known as homeotherms or warm blooded animals.

8.1 OBJECTIVES

After going through this unit, you will be able to:

Know the animals having a constant as well as fluctuating body temperature.

Describe the point temperature.

Discuss the thermal balance in homeotherms.

Explain the temperature regulation in various animals.

8.2 NORMAL BODY TEMPERATURE

Warm blooded (homeothermic) animals like ourselves maintain a high and
relatively constant body temperature, despite large fluctuations in that of the
environment. In man, the deep body (or core) temperature i.e. that of heart,
lungs, viscera and brain is kept within a narrow range around 370C (98.60F).
Surrounding the central organs, there is a ‘shell’ of peripheral tissues and
skin, whose temperature fluctuates within quite a wide range according to
the environment.

It is useful to think of the body as having a set point temperature,
around which regulatory mechanisms operate. If the core temperature is greater
than this set point, then cooling mechanisms ensue. If the core temperature is
less than that of the set point, then heating mechanisms or behavioural changes
occur. This set point varies with a 24 hour cycle causing the core temperature
to vary with it. In fever, the set point is raised and regulation occurs around
this new value. In exercise, the set point is unchanged, but the core temperature
rises because heat is produced more quickly than it can be dissipated.

Table 8.1: Body Temperature in Warm Blooded Animals

S.N. Name of animal Core body S.N. Name of animal Core body
temp. 0C temp.0C

1. Elephant 36 9. Pig 39

 2. Mouse 36.5 10. Sheep 39

 3. Man 37 11. Dog 39

 4. Rat 38 12. Rabbit 39.5

 5. Horse 38 13. Turkey 41

 6. Cow 38 14. Chicken 41

 7. Cat 39 15. Duck 41.5

 8. Guinea pig 39 16. Sparrow 43
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The core temperarture is often estimated by the rectal temperature; other
measures of it may be obtained in the oesophagus, the outer end nasopharynx.
The latter is an index of brain temperature. The oral temperature (below the tongue)
is sufficiently accurate for clinical purposes, but it is about 1/

4
0C below the core

temperature.

Women exhibit an additional cyclic temperature fluctuation that is
characterized by a slight rise in core temperature at the time of ovulation during the
sexual cycle. This monthly pattern is, of course, superimposed upon the diurnal
variations described above. On the basis of the temperature maintained, the animals
are categorized into:

8.2.1 Poikilothermic Animals
Also known as cold blooded animals, this category includes all animals in
which the body temperature varies with that of the environment. All
invertebrates and most of aquatic vertebrates are of this type. The cold-blooded
animals have a comparatively low body temperature than reported in warm-
blooded animals but an insect sitting in the sun or a desert lizard may have
higher body temperature than a mammal. Cold blooded animals acquire heat
from the environment and regulate their body temperatures quite independent
of the heat produced in the body. These animals are also called the ectothermic
animals. All animals produce heat from cellular metabolism, but in most the
heat is conducted away as fast as it is produced. In ectothermic animals the
body temperature is determined solely by the environment. In contrast to
this, the endothermic animals produce sufficient heat in their own body
during metabolic reactions and thus they maintain a constant body temperature.
Birds and mammals are endothermic animals. Endothermy allows animals
(birds and mammals) to stabilize their internal temperature so that biochemical
processes and nervous system functions can proceed at steady high levels of
activity. Endotherms can thus remain active in winter and exploit habitats
denied to ectotherms.

There are two categories of poikilotherms-the aquatic poikilothermic
and the terresterial poikilothermic. The aquatic poikilothermic animals live
in waters subject to large temperature changes (fresh water, tidal waters or
shallow oceans) are eurythermic animals capable of adapting and surviving
relatively large temperature changes in their enviornment. Those poikilotherms
living in a temperature stable aquatic enviornment (deep sea habitat) are usually
stenothermic animals unable to adapt to and to survive changes in their
environmental temperature. Stenothermic animals have a constant body
temperature due to living in a constant environment.

8.2.2 Homeothermic Animals
Also known as warm-blooded animals, homeothermic animals can be defined
as those which regulate their body temperature, that is why they have a constant
body temperature inspite of great variations of external temperature. Birds
and mammals belong to this category. Due to the establishment of a highly
developed temperature regulating mechanism, homeothermy is one of the
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most important features of highest forms of life and is of great survival value. A few
mammals like dormice and hedgehog undergo hibernation during which their
body temperarture may decreae with no harm to the animal. Thus, a polar bear, a
tropical monkey and a walrus have almost the same body temperature of about
380C irrespective of the fact that they are found in environments of different
temperatures.

Fig. 8.1: Showing Heat Gain and Loss.

8.2.3 Acclimatizatoin
It is an improvement in the ability of an animal to withstand thermal stresses as a
result of continued exposure to unusually low or high temperature. Thus, animals
get adapted to extreme temperature but this ability has limits. If the temperature is
raised slowly, it will soon reach an upper limit for a particular animal beyond which
it fails to adjust to the rise of temperature. Similarly, there is also a lower lethal limit
of temperature for each animal beyond which it fails to adjust itself. The most
important factor which regulates the acclimatization of animals to higher or lower
temperature is their previous environmental temperature in which they were living.
Acclimatizatin can, however, alter the lethal limits to a small extent. It is generally
believed that acclimatization involves either the synthesis of new forms of enzymes
which are able to operate under new temperature zone or quantitative changes in
the amounts of existing enzymes. When the animal is returned to its normal
temperture, the rate of reactions does not return to the original level, but may be
higher or lower as the case may be depending on the direction of acclimatization.

Check Your Progress

1. What is point temperature?

2. Define the term homeotherme animals.

3. What are poikilothermic animals?

4. Explain the eurythermic and stenothermic animals.

8.3 THERMAL BALANCE IN HOMEOTHERMS

Thermal balance deals with the production of heat, its distribution within the body
and heat exchange between the body and the environment.
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8.3.1 Heat Production
Followings are the major deals with the production of heat, its distributioin
within the body, and heat exchange between the body and the environment:

Exergonic reaction. The oxidative reactions liberate heat energy as a byproduct
of the various specific metabolic processes, and that heat is contributed to the
overall thermal pool of the body throughout the life time of the individual.

Ingestion of food stuffs. The ingestion of food leads to an increase in
basal heat production that varies in accordance with the type and quantity
of the foodstuffs that are consumed. This effect is called the specific
dynamic action of food.

Muscular contraction. The principal source of heat in the human body
is derived from muscular work. During vigorous exercise the heat
generated can accumulate within the body to such an extent that the
rectal temperature may rise above 400C. Shivering is an involuntary
rhythmic contraction of the skeletal muscles that serves as a physiologic
mechanism to increase heat production in a very cold environment.

Endocrine factors. Hormones also play an important role in heat
production within the body of the organisim. Hormones like epinephrine
and nor-epinephrine produce an evanescent rise in heat production,
whereas throxine causes an increase in body heat that develops slowly
over a matter of days and weeks, but is of prolonged duration. Thus, in
hyperthyroidism, the body temperature is elevated chronically upto 0.50C
above the normal range.

Brown fat. Apart from the four major factors, brown fat also takes in
the process.The brown fat is most conspicuously developed and active
in many new born mammals including the human being. Brown fat was
first described in hibernating marmots, Muris alpinus. It was called
the hibernating gland and assumed to play an active role in hibernation.
It is highly vascular and multilocular. It has relatively high concentration
of myoglobin, cytochromes and flavin compounds. The heat produced
in the brown fat is transported to the brain and head through blood
circulation.

8.3.2 Heat Exchange between the Body and the Environment
Heat gain by the body must equal heat loss if body temperature is to remain
constant. If gain exceeds loss, the excess heat will be stored in the body,
causing an increase in the body temperature (hyperthermia). This balance is
conveniently described by the equation

M ± ER ± EC ± EG – EE ± S = 0

Where M=Metabolic heat production, ER = Radiation, EC =
conduction, EG = Convection, EE = Evaporation, S = Heat storage, (±) =
gain and (–) = loss of heat in the body.



NOTES

Thermoregulation

117
Self-Instructional

Material

8.3.3 Radiation
All objects having temperature greater than absolute zero (–273° k) lose energy
by radiation. Radiation occurs in the form of electromagnetic waves and needs
no medium to propagate it. Therefore, radiation will travel through the near vaccum
of space or through the atmosphere on the thermal gradient from warmer to cooler
objects.

Fig. 8.2: Showing Thermal Radiation.

Since the surface of the human body is warm, it too emits radient energy,
and thus some heat is lost from the body by radiation to cooler objects in the
environment.

8.3.4 Emissivity
The surface temperature of objects and the type or quality of an object’s
surface is important in determining energy flux by radiation. Emissivity of a
surface refers to its properties as a radiator. A surface absorbing all but
reflecting no radiant energy has a maximum emissivity of 0.1. When a surface
reflects energy, the emissivity of that surface is 0.

Table 8.2: Approximate Relative Quantities of Heat Lost from the Body at 21°C.

Mechanism of heat loss Heat loss % of total

Convection 35

Radiation 34

Vaporization of insensible perspiration 27

Respiration 2

Conduction 1

Urination and defaecation  1



NOTES

Thermoregulation

Self-Instructional
118 Material

Obvious example of such a surface is a mirror or a highly polished metal. It
is common for objects to absorb some wavelength almost completely yet be highly
refractive in other wavelengths. Human skin, e.g. whether white or pigmented,
absorbs almost all infrared radiation. In the visible region, however, black skin
absorbs significantly more visible radiation. Under most circumstances, the
surrounding objects radiating to the body and to which the body radiates are
within 20°C of the body’s surface temperature.

8.3.5 Conduction
Heat flow between two objects whose surfaces are in contact with each other is
conduction. Heat moves down a thermal gradient from the warmer to the cooler
object. In this, the energy is transferred through layers of molecules without any
molecular transfer.The sensation of touching a ‘hot’ or ‘cold’ object relates to the
direction of heat flow via conduction. Conduction helps to maintain the skin
temperature.

Fig. 8.3: Route of Heat Gain and Loss.

Standing on a cold shower floor with bare feet causes only a slight heat loss
through the soles. On the other hand, bathing or diving in an ice cold mountain lake
can cause a major heat loss from the body not only by conduction but also by
convection currents that are set up in the water which are in contact with the body.

8.3.6 Convection
Heat transfer by convection occurs as a result of a fluid or gaseous medium,
an object convection heat exchange, unlike conduction results in an exchange
of molecules as well as energy. If the skin temperature is warmer than that of
the environment, then heat is transferred from the body to the surrounding
air. The heated air next to the body rises, and it is replaced by more dense and
cooler air from below. Thus, the net effect of this process is a continuous
flow of cool air past the body where the air is warmed, and thereby a net heat
loss from the body surface takes place continuously.
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8.3.7 Vaporization (Evaporation) of Water
When water evaporates from a surface, it will be cooled because energy is used
to transfer the liquid to vapour or gaseous state. For each gm. of water evaporated,
about 0.59 watt. of heat is lost. The major pathways of evaporation are from the
skin and respiratory passages as a result of ventilation. The major form of
evaporation for temperature regulation in man is sweating. At rest, we lose about
30 gms of water by evaporation from the skin and respiratory passages per hour.
Evaporative heat loss is subjected to physiological control and can be increased
by sweating.

Check Your Progress

5. What are the major deals with the production of heat?

6. Differentiate emissivity from conduction.

7. Define the term evaporization.

8.4 TEMPERATURE REGULATION

Body temperature is regulated by a combination of behavioural and physiological
responses, in man the behavioural responses are much important, the physiological
ones acting as a fine control system. Thus, when hot, we move to cooler places
and remove clothing; more blood circulates through our skin and we start to sweat.
When cold, we move to a warmer place, curl ourselves up to reduce our surface
area and put on more clothes, the circulation of blood to our skin decreases and
we may shiver. The hypothalamus plays a cardinal role in controlling these activities
and damage there can put the regulating system out of question. The current
suggestion is that the hypothalamic temperature-sensitive cells activate defences
against a tempreature rise, i.e. lead to sweat and increased peripheral blood flow;
while an interaction between central and skin receptors guards against a temperature
fall. Thus, cooling responses are switched on at a lower core temperature if the
skin is hot rather than cold.

8.4.1 On Keeping a Cool Head
Temperature changes applied to the head have a much greater effect on heat
regulatory systems than the same changes applied to the body. In man, the
venous blood from the face, mouth etc. returns via the internal juglar vein
which runs closely along the common carotid artery. It seems that this system
acts as a counter current heat exchanger so that cool blood from the head
affects the arterial blood going to the brain, which then organises appropriate
responses by the rest of the body. In this way, the brain temperature is kept
remarkably constant. In various animals, there is a heat exchange system
between the arterial blood supply to the brain and venous blood returning
from the nasal cavity. Perhaps the reputation of hot tea as a cooling drink
originates from some such effect; the hot tea heats the brain and thus sets in
motion or amplifies sweating, leading to a lower skin temperature.
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8.4.2 Central Mechanisms Regulating Body Temperature
The integrating centre in the anterior hypothalamus compares the ‘core’
temperature with the ‘set point’ temperature; if they differ, a thermoregulatory
response is made. This response is modified by information from skin and spinal
cord temperature sensors, and other stimuli, for example, osmotic and barostatic
inputs; but these inputs are of secondary importance. These neurons are close to
others in the hypothalamus which regulate vasomotor activity, and also send
connections to areas subserving behaviour and consciousness.

8.4.3 Threshold for Sweating during Exercise at Different
Skin Temperatures

During vigorous exercise, the core temperature rises, and when it exceeds a
threshold value, sweating starts; and above this value, the rate of sweating is
proportional to the core temperature. At lower skin temperatures, the core
temperature needs to rise to a higher level before sweating starts, but once
staried, it has the same proportionality to core temperature. After exercise,
which rises the core temperature by 10C., sweating brings it back to the set
point in about 30 minutes. These results are explained by supposing that
sweating is primarily determined by the difference between the core
temperature and the set point temperature, but that the starting point for
sweating is also influenced by the skin temperature.

8.4.4 Temperature Regulation in Poikilothermic Animals
Cold-blooded animals too maintain their body temperature but in narrow
range. But when the environmental conditions go beyond the limits, such
animals usually go either for hibernation (winter sleep) or for aestivation
(summer sleep). There are two categories of poikilothermic animals: (i) aquatic
poikilothermic and (ii) terresterial poikilothermic.

Aquatic poikilotherms have no fixed metabolic rate. They have the ability
to compensate for environmental temperature changes by altering their
metabolic rate. In cold conditions, their body temperature is low and in hot
weather, the body temperature rises. Aquatic invertebrates can tolerate wide
ranges of temperature fluctuation as compared to poikilothermic vertebrates.
Fishes are gill-breathing aquatic poikilotherms. Their gills are extremely
efficient organs for respiratory exchanges and also help in equilibrating
temperature of the blood and the surrounding water. However, in fishes like
tuna and some sharks, a high body temperature is maintained in their swimming
muscles. The temperature of the axial muscles is about 14°C higher than that of
the water in which they swim.

In fishes, it is particularly difficult to raise body temperature, because
blood pumped from their hearts comes into close contact with water flowing
over the thin gill membranes before it travels through the body. Therefore,
any heat transferred to the blood from active muscles is lost rapidly to the
environment. It is thus surprising to find that some large, rapidly swimming
fishes such as bluefin tuna and great white sharks can maintain temperature
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differences as great as 10 to 150C between their body and the surrounding water.
The heat comes from their powerful swimming muscles and the ability of these
‘hot’ fish to conserve that heat is due to remarkable arrangements of the blood
vessels.

In the usual (‘cold’) fish circulatory system, oxygenated blood from the gills
collects in a large dorsal vessel, the aorta, which travels through the centre of the
fish, distributing blood to all organs and muscles. ‘Hot’ fish have a smaller central
dorsal aorta. Most of their oxygenated blood is transported in large vessels just
under the skin. Hence the cold blood from the gills is kept close to the surface of
the fish. Smaller vessels transporting this cold blood into the muscle mass run
parallel to to the vessels transporting warm blood from the muscle mass back
towards the heart. Since the vessels carrying the cold blood into the muscle are in
close contact with vessels carrying warm blood away, heat flows from the warm
to the cold blood and is therefore trapped in the muscle mass.

Because heat is exchanged between blood vessels carrying blood in opposite
directions, this adaptation is called a countercurrent heat exchanger. It keeps
the heat within the muscle mass, enabling the fish to have an internal body temperature
considerably above the water temperature. Why is it advantageous for the fish to
be warm? Each 100C rise in muscle temperature increases the fish’s sustainable
power output almost threefold! Fishes living in cold arctic waters appear to have
an anti-freeze substance in their tissues that prevents freezing when temperatures
fall below those at which their body fluids would normally freeze (Fry, 1964).

8.4.5 Terresterial Poikilothermic Animals
Terresterial poikilothermic animals usually maintain their body temperature almost
equal to that of environment. These animals have to face greater temperature
fluctuations. In order to raise the body temperature, the terrestrial animals have to
reduce evaporation and heat loss by conduction. Heat gain by radiation and
metabolic heat production are also to be increased. Insects and reptiles use solar
radiation. To increase the heat gain from solar radiation, the exposed area is usually
increased. This is done by orienting the body at right angles to the direction of the
sunrays and by flattening the body and spreading the legs. In some poikilothermic
animals, the internal heat production is also increased to attain a high body
temperature, as seen in the incubating female snakes.

Amphibians are very sensitive to high temperatures and in this respect, they
have poor adaptability as compared to reptiles, birds and mammals. Amphibians
cannot withstand high temperatures on land owing to inadequate physiological
mechanisms.

Unlike the experiment in the metabolism chamber, the body temperature of
the lizard in its real environment can be very different from ambient temperature.
At night, the temperature in the desert may drop close to freezing, but the
temperature of the lizard remains stable at 160C. This is not difficult to explain: the
lizard spends the night in a burrow where soil temperature is a constant 160C.
Early in the morning, soon after sunrise, the lizard emerges from its burrow. The air
temperature is still quite cool, but the body temperature of the lizard exceeds
300C in less than 30 minutes.
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The lizard achieves this rapid rise in temperature by basking on a rock with
maximum exposure to the sun. As its back skin absorbs solar radiation, its body
temperature rises considerably above the surrounding air temperature. By altering
its exposure to the sun, the lizard maintains its body temperature at around 350C
all morning as it seeks food, avoids predators and interacts with potential mates or
competitors.

By noon, the air temperature near the surface of the desert has risen to
500C, but the lizard’s body temperature remains around 350C. The lizard is now
staying mostly in shape, frequently up in bushes where there is a cooling breeze.
As afternoon progresses, the air cools and the lizard again spends more of its time
in the sun and on hot rocks to maintain its body temperature around 350C. The
lizard returns to its burrow just before sunset, and its body temperature rapidly
drops to 160C.

Thermal regulation in insects is of greater interest. Many insects warm
up by fanning their wings before commencing actual flights. The period of
warming up is longer at low temperatures. In Vanessa, it takes about 6 minutes
at 110C and 18 seconds at 340C. Honey bees regulate not only their own
temperature but that of the entire hive as well.

Check Your Progress

8. Which part of the brain is involved in thermal regulation?

9. What is the role of sweat glands in thermal regulation?

10. Describe the role of adipose tissue in thermal regulation.

11. What is counter current heat exchanger?

8.5 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The temperature of the body around which regulatory mechanisms
operate is called point temperature.

2. Homeothermic animals are the warm blooded animals maintaining a
constant body temperature inspite of wide variation in the surrounding
temperature.

3. Poikilothermic animals are the cold blooded animals whose body
temperature varies with that of the environment. All invertebrates and
most of aquatic vertebrates are of this type.

4. Eurythermic animals are the cold blooded animals capable of adapting
and surviving relatively large temperature changes in their environment.
On the other hand stenothermic animals are also cold blooded animals
living in a temperature stable aquatic environment (deep sea habitats),
hence show a constant body temperature.

5. The major deals with the production of heat include exergonic reactions,
muscular contraction, ingestion of food stuff, endocrine factors and
brown fat.
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6. Emissivity of a surfaces refers to its properties as a radiator. A surface
absorbing all but reflecting no radiant energy has a maximum emissivity,
whereas heat flow between two objects whose surfaces are in contact
with each other is called conduction. Heat moves down a thermal
gradient from the warmer to the cooler object.

7. Evaporation is the conversion of liquid to vapour or gaseous form from a
surface. For each gram of water evaporated, about 0.59 watt of heat is
lost.

8. It is the hypothalamus of the brain involved in thermal regulation.

9. Sweating is the major form of evaporation for thermal regulation in human
beings. At rest, we lose about 30 gms of water by evaporation from the
skin and respiratory passages per hour.

10. Adipose tissues are the subcutaneous fatty tissues and keep the body warm.
These tissues prevent the loss of heat from the body thereby keeping the
body warm. Primarily these tissues store reserve food materials for the
organism.

11. Counter current heat exchanger is a sort of adaptation of exchanging heat
between blood vessels carrying blood in opposite directions, as seen in the
majority of fishes.

8.6 SUMMARY

Homeothermic animals are the warm blooded animals maintaining a high and
relatively constant body temperature, despite large fluctuations in that of the
environment. Birds and mammals belong to this category. There is a set point
temperature around which regulatory mechanisms operate. In these animals
the deep body temperature or the core temperature is seen around heart,
lungs, viscera and brain. On the other hand poikilothermic animals are the
cold blooded animals in which the body temperature varies with that of the
environment. Cold blooded animals acquire heat from the environment and
called the ectothermic animals, and those produce sufficient amount of heat
in their body during metabolic reactions are called endothermic or stenothermic
types. There are major deals with the production of heat, its distribution within
the body and heat exchange between the body and the environment. The deal
includes emissivity, conduction, connection, vapourization and countercurrent
heat exchanges.

8.7 KEY TERMS

Acclimatization: It is an improvement in the ability of an animal to withstand
thermal stresses as a result of continued exposure to unusually low or high
temperature.

Accute phase response: A multifactorial stereotyped response of an
organism to infection, injury or trauma.
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Aestivation: It is the summer sleep when the temperature rises beyond the
tolerance limit, the organisms hide themselves till the conditions of
comparatively low temperature come back.

Anapyrexia: A pathological condition in which there is a regulated decrease
in core temperature.

8.8 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the core temperature.

2. What is the hibernating gland?

3. Explain the role of sweat glands and adipose tissues in thermal
regulation.

4. Describe the role of hypothalamus in thermal regulation.

Long Answer Questions
1. Write an essay on the thermal regulation.

2. Discuss the thermal regulation in poikilothermic animals.

3. Describe the thermal balance in homeotherms.

4. Write notes on homeothermic and poikilothermic animals.

8.9 FURTHER READING

1. Austin B. Cisneros, Bryon L. Body Temperature Regulation.
2. Christopher J. Gordon. Temperature Regulation in Laboratory Rodents.
3. Eugon H. Wissler. Human Temperature Control.
4. Whittow G.C. Comparative Physiology of Thermoregulation.
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9.0 INTRODUCTION

Enzymes may be defined as the organic compounds, protein in nature, colloidal
in physical state, produced in the living organisms, having highly specific
catalytic activity. These are cellular catalysts whose function is to speed up
reactions that otherwise would proceed too slowly to be of use to cells.
Enzymes is a Greek word meaning ‘in yeast’ because such catalytic activites
were first noticed in the yeast cell juice. Berzelius was the first who defined
and recognized the nature of the catalyst and in 1873, proposed that ferments
were catalysts produced by living cells. The word enzyme was introduced by
W. Kuhne in 1878. Louis Pasteur (1860) postulated that enzymes of yeast are
inextricably linked with the structure and life of yeast cells. In 1896, Buchner
extracted zymase from yeast. In 1926, J.B. Sumner isolated urease in
crystalline from jack bean extracts and was awarded a Nobel Prize in 1946.
Northrop isolated pepsin from the gastric juice of cow in 1930. Nothrop and
Kuniz isolated trypsin from the pancreas of cow in 1931. Over 1000 enzymes
of all classes are now identified and about 150 have been crystallized and
purified.

Pure enzyme can catalyse the transformation of as many as 10,000 to
1000,00 moles of substrate per minute per mole of enzymes. Biological
enzymes catalyse one particular kind of reaction, whereas non-biological
catalysts (organic or inorganic) catalyses a wide variety of reactions. Enzymes
produced in the cells of a particular tissue and required by the same cells are
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known as intracellular enzymes, whereas the enzymes produced in the cells of
a particular tissue and used by the cells of other tissues are known as extracellular
enzymes. If an enzyme is secreted in a form which can act upon its substrate as
such without undergoing any proper modification in its structure, it is known as
‘active or zymase form’. On the other hand, if it is secreted in a form which as such
is inactive and becomes active undergoing some proper modification in its structure,
it is known as inactive, zymogen or pre-enzyme form.

9.1 OBJECTIVES

After going through this unit, you will be able to:

Know the definition of enzyme.

Describe the nomenclature of enzymes.

Discuss the various types of enzymes.

Explain the classification of enzymes.

9.2 NOMENCLATURE AND CLASSIFICATION
OF ENZYMES

Enzymes are practically synthesized almost in all living cells of the organisms
but only few cells are capable of secreting them outside to perform extracellular
activities. On the basis of their occurrence and distribution, enzymes are
categorized into two types: (i) intracellular, and (ii) extracellular. Intracellular
enzymes are secreted and function within the same cell (enzymes associated
with plasma membrane, mitochondria lysosomes and endoplasmic reticulum).
Extracellular enzymes are also secreted by the cells but given out to perform
the activities extracellularly (digestive enzymes: salivary glands, pancreas,
and crypts of Lieberkuhn).

9.2.1 Nomenclature
Enzymes are usually designated by the suffix ase that signifies an enzyme and
the word to which it is added that way the enzyme acts—Urease, sucrase,
maltase, lactase, lipase, protease, nuclease are the excellent examples.
However, there are some enzymes like pepsin, ptyalin, trypsin etc. which
are named before this scheme came into being and whose names by adding
ase in the word, descriptive to the reaction which it catalyses; for instance,
the enzyme which brings about the oxidation is named oxidase, and the other
that brings about the removal of hydrogen ions is the dehydrogenase. The
suffix lytic is used to denote enzyme splitting the substrates. Proteolytic
(protein splitting), lipolytic (fat splitting) and sarcolytic (carbohydrate
splitting) are the examples. Some enzymes of plants and microorganisms have
been named after the species of their origin e.g. papain after papaya, ficin
after ficus etc.
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9.2.2 Extraction and Purification of Enzymes
Enzymes can be collected and purified very easily from the glands in case of
extracellular enzymes. In case of intracellular enzymes, the enzyme has to be
first liberated from the cell. For this, the tissue is subjected to mild
homogenization in the cold. The homogenate is next subjected to centrifugation
at varying speeds. It may also be done by rupturing the cell membranes by
alternate freezing and throwing of the tissue or by dehydration brought about
by grinding with acetone and filtration, whereby the acetone with the dissolved
cell lipid is removed leaving the protein material with the enzymes. Thus the
enzymes present in the crude preparation are purified by methods similar to
protein purification.

9.2.3 Units of Enzyme Activity
The unit of enzyme activity is the amount of enzyme that will catalyze the
transformation of the micromole of substrate per minute at standard conditions
for the enzyme, that is, optimal pH and preferably at a temperature of 300C.
The specific activity is defined as the unit of enzyme per milligram of protein.
The molecular activity is the number of molecules of substrate transformed
per minute by one molecule of enzyme when substrate is not limiting. When
the active site is well characterized, enzyme activity can be expressed as
catalytic centre activity—the number of molecules acted upon per minute
per catalytic site. Enzyme concentrations should be expressed as units per
millilitre.

9.2.4 Chemical Nature of Enzymes
All enzymes are proteins in nature without any exception and exhibit all
properties of the proteins, they have high molecular weights ranging upto
483,000. They are water soluble; precipitated by usual protein precipitating
reagents like alcohols, ammonium sulphate and alkaloidal reagents, and they
are non-dialyzable and amphoteric having isoelectric points and have a nitrogen
content of about 16%. Extreme alterations of pH and high temperatures
denature the enzyme protein and thus make it inactive.

Some enzymes are also capable of combining with non-protein organic
compounds. On the basis of difference in chemical nature, the enzymes may
be described as follows:

Simple Enzymes
Simple enzymes are those that yield only amino acids on hydrolysis. This
category includes digestive enzymes like pepsin, trypsin, chymotrypsin etc.

Conjugated Enzymes

These are also known as holoenzymes. In this category, some non-protein
organic compounds are bound to protein. A holoenzyme may be dissociated
into a protein component, termed the apo-enzyme and a non-protein moeity,
the co-factor. There are several categories of co-factors classifying the
conjugated enzymes under the following heads:
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Prosthetic group. In this, the co-factors are bound very tightly by covalent
linkages to the enzyme protein. Porphyrin part of the enzyme haemprotein
peroxidase and FAD in succinic dehhdrogenase are prosthetic groups.

Co-enzymes. These are non-protein, dialyzable organic substances of
known chemical composition, in most cases being derivatives of substances
recognized as vitamins. Co-enzymes are more or less permanently bound to
the apo-enzyme. Generally, co-enzymes attach themselves to the apo-enzymes
only at the time of reactions:

apo-enzyme + co-enzyme—holo-enzyme

NAD, NADP, thiamine pyrophosphate and tetrahydrofolic acid are
excellent examples of co-enzymes.

Metallo-enzymes. A fairly large group of enzymes contain metal atoms
as an integral part of their structure. They are tightly bound and are necessary
for the activity of the enzymatic protein. Such enzymes are called
metalloenzymes. In such cases, the removal of the metalllic part causes a
loss in the catalytic action of the enzyme. Ascorbic acid oxidase is an example
of metallo-enzyme. In this, copper is tightly bound and is not separated readily
from the protein apo-enzyme. Many other enzymes require metal ions like
Ca, Co, Cu, Mg, Mn, Mo, Na, K and Z for their activation.

Pro-enzymes. Some enzymes are secreted in an inactive or zymogen
form by the living cells and are activated and converted into active or zymase
form by specific ions or by other enzymes of proteolytic nature.

Pepsinogen H Pepsin
trypsin

Procarboxypeptidase Carboxypeptidase

enterokinaseTrypsinogen Trypsin

Once small amounts of pepsin or tyrpsin are formed, they themselves
further catalyze the conversion of the pro-enzymes into active pepsin or trypsin
as the case may be. This is autocatalysis.

Iso-enzymes or isozymes. Some enzymes having similar catalytic
function but obtained from different sources exhibit different physical and
chemical characteristics. They are known as iso-enzymes or isozymes. The
most thoroughly studied isozyme is lactic dehydrogenase (LDH) which can
occur in five possible forms in the organs of most vertebrates.

Two basically different types of LDH occur. Heat LDH occurs in the
heart and consists of four identical H subunits, viz. H, H, H, H. Muscle LDH
is present in the skeletal muscles and consists of four similar M sub-units viz.
M, M, M, M. The synthesis of the M and H polypeptide chains is genetically
regulated by two different genes. Hence the type of iso-enzyme present in
each tissue is genetically regulated. There are more than 100 enzymes which
are known to exist as isoenzymes.

Endo-enzymes. Intracellular enzymes come under this category. Such
enzymes act only within the cells. The excellent example is cytochrome
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oxidase which was discovered by Warburg in 1926. It catalyzes the oxidation of
cytochrome in the presence of free oxygen.

Exo-enzymes. This category includes enzymes which normally work outside
the cells after they have been secreted by the cells. Digestive enzymes come under
this head.

Anti-enzymes. According to Bersin anti-enzymes are proteins or protein
like substances which are produced in the body of an organism to inhibit the
catalytic action of the enzyme molecules. Antipepsin, antitrypsin. antiamylase,
anti-rennin and anti-urease etc. are the examples. Such enzymes are secreted
by the intestinal parsites like Ascaris lumbricoides, Taenia solium etc.
inhabiting the gastrointestinal tract as a parasite. The mucous membrane is
also believed to contain antiproteolytic enzymes.

Coagulative enzymes. Rennin and rennet are the best known
coagulative enzymes which convert soluble calcium caseinogen into insoluble
calcium caseinate.

9.2.5 Classification of Enzymes
There are six main classes of enzymes based on their reaction specificity as
suggested by the International Union of Biochemistry (IUB).

Oxido-reductase

These enzymes are concerned with biological oxidation and reduction—the
removal or addition of hydrogen atoms. More than 200 enzymes have been
listed in this cateogry. The important sub-classes are:

1. Dehydrogenases. A dehydrogenase or reductase is an enzyme that
catalyzes reactions in which the electron transfer is accompanied by
the transfer of hydrogen atoms from one substrate A to another substrate
B (other than to molecular O

2
)

2 2

dehydrogenase
AH B A BHreductase

Examples of this category are alcohol dehydrogenase and glutamic
dehydrogenase.

2. Oxidases. An oxidase is an enzyme that catalyzes the transfer of
hydrogen atoms from a substrate to the molecular O

2
. The oxygen is

usually reduced to form water. Cytochrome oxidase belongs to this
category.

3. In Oxygenases, oxygen is partly incorporated into the molecule and in
peroxidases, H

2
O

2
 serves as an acceptor.

Transferases

Enzymes which bring about transfer of a group other than hydrogen from
one substrate to another are known as transferases. Creatine phosphoryl-
transferase is an excellent example. It is found in muscles and transfers the
energy-rich phosphate group from creatine phosphate to adenosine
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diphosphate to form adenosin triphosphate. Other examples of transferases are—
transaminase, transmethylase, transformylase, transaldolase,
transketolase etc.

Hydrolases

They break up the complex molecules into simple ones by the addition of water
molecules. There are several sub-classes of hydrolases:

1. Proteolytic enzymes. This pertains to the break up the peptide bonds of
proteins and peptides. Proteases are further categorized into:

2. Exopeptidases are those attacking terminal peptide bonds adjacent to a
free amino or carboxyl group. Main exopeptidases are:

Carboxypeptidases. A carboxypeptidase removes a terminal amino acid
with a free carboxyl group. Pancreatic carboxypeptidase contains one
zinc atom per molecule and has a molecular weight of 34,000.

Aminopeptidases. An aminopeptidase acts on a peptide bond next to
the terminal amino acid with a free amino group. It requires maganese
as an activator.

Dipeptidases. Dipeptidases break dipeptides into their constituent
amino acids. They require Mn++ or ZN++ for their activation.

3. Endopeptidases. They act on the interior peptide bonds of proteins
and split peptide bonds into suitable simple peptides and their derivatives.
The important endopeptidases are trypsin, pepsin, cathepsin, plasmin,
papain, chymotrypsin and ficin etc.

4. Carbohydrases. These enzymes attack the glycosidic bonds. The chief
carbohydrases are:

Glycosidase that hydrolyses glycosides and oligosaccharides. The
excellent example of this category is invertase that converts sucrose
into glucose and fructose.

Polysaccharidases. Amylase comes under this head. It hydrolyses
starch into maltose.

5. Estrases. Estrases catalyze hydrolysis of ester linkage. This category
includes lipases, phosphatases, pyrophosphatases, nucleases etc.

6. Lyases or desmolases. They split or cleave the substrate without another
reactant being present. Examples are carbonic anhydrase,
decarboxylase, pyruvic acid decorboxylase and fumarase etc. Some
reactions are given below:

2 3 2 2

carbonic anhydrase
H CO H O CO

3 2 2

decarboxylase
CH CO COOH CH CHO CO

7. Isomerases or mutases. These are the enzymes that catalyze the
interconversion of a compound to one of its isomers by the
intramolecular rearrangement of various atoms or groups. Examples
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are phosphohexose-isomerase, phospho-hexosemutase, phospho-
glyceromutase, cistrans-isomerase etc.

8. Ligases or synthetases. These are the enzymes that catalyze the linking
of two separate molecules: the reaction is coupled with the breaking of an
energy rich bond ATP. Examples are acetyl CoA carboxylase, succinic
thiokinase, glutamine synthetase etc.

Check Your Progress

1. What is the basic difference between enzyme and a catalyst?

2. Write notes on the distribution of enzymes.

3. Which suffix is used to denote the name of enzyme?

4. What are the coagulative enzymes?

9.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. An enzyme is a protein and acts as biological catalyst whereas simply
catalyst oreaus inorganic catalyst which is a compound of variable nature
not found in biological processes. It includes elemental metal and other
inorganic substances.

2. Enzymes are practically synthesized almost in all living cells of the
organism but only few cells are capable of secreting them outside to
perform extracellular activities. Thus the enzymes may be intracellular
as well as extracellular. Intracellular enzymes are associated with plasma
membrane, mitochondria, lysosomes, endoplasmic reticulum, Golgi
complex. Extracellular enzymes consists mainly of the digestive enzymes
and secreted by the cells of salivary glands, gastric glands, pancreas
and crypts of Lieberkuhn of intestine.

3. Enzymes are usually designated by the suffix “ase” that signifies an
enzyme and the word to which it is added that way the enzyme acts.
Urease, sucrase, maltase, lactase, lipase, protease and nuclease.

4. Renin and rennet are the best known coagulative enzymes which convert
soluble calcium caseinogen into insoluble caseinate or curd.

9.4 SUMMARY

An enzyme is a biological catalyst and is almost always a protein. It speeds up
a rate of chemical reaction in the cell. The enzyme is not destroyed during the
reaction and is used over and over. It is vital for life and serves a wide range
of important functions in the body, such as aiding in digestion and metabolism.
There are different categories of enzymes. Each enzyme performs the critical
task of lowering the activation energy of chemical reaction inside the cell. An
enzyme interacts with only one type of substance or group of substances,
called the substrate, to catalyze a certain kind of reaction. Because of this
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specificity, enzymes often have been named by adding the suffix “ase” to the
substrate name (as in sucrase, which catalyzes the breakdown of sucrose, or
urease for urea). According to the international Union of Biochemists (IUB) enzymes
are divided into six functional classes and are classified based on the type of
reaction in which they are used to catalyze. The six kinds of enzymes are hydrolases,
oxidoreductases, lyases, transferases, ligases and isomerases.

9.5 KEY TERMS

Activation energy: A threshold that must be crossed to facilitate a chemical
reaction.

Active sites: Folds and clefts on the surface of an enzyme that enable
attachment to its particular substrate.

Endopeptidase and exopeptidase: Endopeptidase attacks on the peptide
bonds present between amino acids whereas exopeptidase breaks down
the carboxyl as well as amino groups of protein molecules.

Trypsin: A proteolytic enzyme that breaks down protein/peptons into
peptides and proteases.

9.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. What do you mean by biological catalyst?

2. Differentiate intracellular enzymes from extracellular enzymes.

3. Explain all the enzymes digesting milk sugar, malt sugar and cane sugar.

4. What are the proteolytic enzymes?

Long Answer Questions
1. Write an essay on nomenclautre and classification of enzymes.

2. Describe all the enzymes of six functional classes as per IUB
recommendations.

3. Explain the digestive enzymes secreted in human gut.

4. Write notes on the distribution and nomenclature of enzymes.

9.7 FURTHER READING

1. Andrew G. McDonald, Sinead Boyce, Keith F Tipton. Enzyme
Classification and Nomenclature.

2. Duclaux Henri. Introduction to Enzymes and their Applications.
3. U. Udatha. Towards Classification and functional Description of

Enzymes.
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10.0 INTRODUCTION

Enzymes are proteins that act as biological catalysts capable of altering
chemical reactions. The molecules upon which enzymes may act are called
substrates, and the enzymes convert the substrates into different molecules
known as products. The biological processes that occur within all living
organisms are chemical reactions, and most are regulated by enzymes. Enzymes
work by binding to reactant molecules and holding them in such a way that
the chemical bond breaking and bond forming processes take place more
readity. Enzymes have the following properties:

Unaltered state. Enzymes are never used up in the reaction. They appear
unchanged at the end of reaction and may enter into another reaction with
another substrate of the same type. This is the unaltered state of enzyme.

Quantity. The enzymes work at extremely small concen-trations. They can
be used again and again and thus can catalyze very large quantities of
substrates. It has been estimated that a single enzyme can act upon 500,000
substrate molecules per minute.

Proteinaeous. All enzymes are basically proteins and each with one or
more active sites and catalyzes or speeds up a reaction.

Rate of reaction. An enzyme changes only the rate of reaction. From
the thermodynamic point of view, an enzyme is a catalytic agent which
speeds up a reaction by lowering the activation energy. It does so by
increasing the number of molecules that are activated and therefore
reactive.

Reversibility. There are some enzymes exhibiting reversibility of their action.
Excellent examples are: carbonic anhydrase, succinic dehydrogenase etc.
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anhydrase

Denaturation. If the natural conditions are changed, the enzyme protein
denaturation is accompanied by a parallel loss of enzymatic activity.
Enzymes may be denatured by acids, high salt concentration, heavy metal
salts, alkaloidal reagents, ultraviolet light treatment, high temperature etc.

Activation. Most of the enzymes can be activated by the addition of certain
specific agents known as enzyme activators. In the absence of these factors,
enzymes become inactive or less active with the absence of these factors.

Inhibition. There are certain substances which may inhibit the enzyme
activity. These are the inhibitors.

Enzyme specificity. Enzymes are highly specific: for example, a
particular enzyme catalyses only single reaction and an enzyme usually
recognizes only one specific molecule. Thus all contain thousands of
different enzymes and each catalyzes a particular reaction or group of
reactions. The molecular basis of the specificity of an enzyme for a
particular molecule depends on the structure of a region of the enzyme
called the active site, the region of which catalysis occurs. The active
site is always located either on the surface of the molecule or in a crevice
on the surface. The molecule acted on catalytically by a particular
enzyme is called the substrate of the enzymes. The specificity of enzyme
for its substrate resides in the ability of the active site to recognise and
to bind its substrate reversibly. Thus we see that enzymes are specific
in their functioning. One type of enzyme catalyzes one specific reaction.
This is reaction specificity. Similarly, a particular enzyme acts only on a
particular substrate. This is the substrate specificity. For example,
urease is a specific enzyme that acts on urea only. Still there are enzymes
acting only on particular chemical groups (carboxypeptidase,
aminopeptidase etc.)

10.1 OBJECTIVES

After going through this unit, you will be able to:

Know the relation between enzyme, substrates and products.

Describe the mechanism of enzyme action.

Describe the general properties of enzymes.

Explain the factors affecting the enzyme activity.

10.2 MECHANISM OF ENZYME ACTIONS

To appreciate the pivotal role that enzymes play in virtually all the reactions that
make up cell metabolism, we need to know something about chemical reaction
mechanisms. This is examined in a manner described below:
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Any chemical reaction in which a molecule S is converted into a product, P
occurs because during any moment, some of the S molecules acquire enough
energy from their surrounding to reach an activated condition called the activated
state (S1). In this state probability that a particular covalent bond will be made or
broken enabling S* to become P is greatly increased:

S S*  P

The rate at which S is converted to P is proportional to the fraction of S
molecules that are in the activated state.The more readily S molecules achieve the
activated state, the more frequently S converts to P, that is, the more rapid the
overall rate of the reaction viewed in another way, the need to reach the activated
state before S can change to P represents an energy barrier that impedes the
overall conversion of S to P.

There are two ways to accelerate a reaction. Energy may be added by
heating, thereby increasing the fraction of S molecules that reaches the acti-
vated state at an instant of time. Raising the temperature by 100C approxi-
mately doubles the proportion of molecules that are elevated to the activated
state at any moment doubling the rate of the reaction. Alternatively, the rate
of reaction may be increased by adding a catalyst. A catalysts and accelerates
reactions by lowering the requirement to reach the activated state.

Fig. 10.1: To Undergo a Chemical Change a Molecule S must Acquire Energy from its
Surrounding to Reach an Activated State S*. A Molecule in the Activated State
may Lose Energy and Revert to S or may Undergo a Reaction and Convert to P,
with an Attendant Loss of Energy. An Enzyme Speeds up Conversion of S to P
by Lowering the Amount of Energy Needed to Reach the Activated State.

As S is converted to P, the concentration of S molecules decreases, and
hence the rate of the conversion decreases. Likewise, as the concentration of
P increases, the rate of reverse reaction increases until finally the rate of the for-
ward reaction (S P) is equalled by the rate of the back reaction (P S). At
this point equilibrium has been reached, and the relative concentrations of S and P
remain constant. Every chemical reaction is characterized by the relative concen-
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trations of reactants (S) and products (P) present at equilibrium and the concen-
trations of S and P in moles (P) and (S) are used to define the equilibrium constant
for the particular reaction. A mole of a substance is equal to its molecular weight
measured in grams:

P
Keq

S

The ratio of [P] to [S] at equilibruim, that is the value of Keq is the
same whether or not the reaction is catalyzed by an enzyme. The only difference
is that starting with all S molecules, the arrival at equilibruim might typically
take days without catalysis but takes only few minutes when catalyzed by an
enzyme that is the earlier example with H

2
O

2
 and catalase is a more extreme

example of rapid catalysis.

All spontaneous reactions, such as the conversion of S to P in the
discussion above are accompanied by a release of energy. The released energy
is referred to as free energy because it is available to do work. For example,
the burning of wood is a chemical reaction in which carbohydrate molecules
are converted to H

2
O and CO

2
. The heat given off (free energy) can be used

to power a steam engine. In a cell, it is the break down of the formation of
new chemical bonds rather than release entirely as heat. The free energy
released in a spontaneous reaction is indicated by the symbol DG. The release
of energy in a reaction is indicated by a –ve value of for G, that is – G or

G < O: thus

S  P G < O

For some enzymes, lowering the active energy is less important than
simple providing binding sites that can bind together two molecules into a
particular orientation that allows them to react with one another. The required
orientation would be expected to occur for free molecules in solution only by
chance and hence rarely.

10.2.1 Enzyme Catalyzed Reaction
Different enzymes catalyze their respective reactions with different efficiencies.
The efficiency of an enzyme depends on the way in which it interacts with its
substrate.

10.2.2 Enzyme Substrate Complex
A most important insight about how an enzyme works was first obtained by
observing how the velocity (V) of simple reaction (eg. S P) is related to the
concentration of the substrate [S] when the amount of enzyme in the solution
remains constant. At low concentrations of the substrate, the velocity of the
reactions S P increases the increase in the concentration of substrate [S]. At
higher and higher concentrations of the substrate, further increase in the
substrate concentration brings about less and less of an increase of the velocity of
the reaction, until finally, a substrate concentration is reached at which the velocity
of the reaction reached is barely affected. This velocity is denoted by Vmax.
Further increase in substrate concentrates are without significant effect on the
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velocity of the reaction because clearly enzyme molecules are working virtually at
its maximum rate.

The existence of a maximum rate is critical in understanding how enzyme
works. It led to the idea that in an enzymatically catalyzed reaction, a substrate
binds reversibly to an enzyme, forming a transient enzyme substrate complex.

E + S  ES

A Vmax substrate concentration is so high that virtually all enzyme
molecules are constantly in the ES form while bound to an enzyme molecule,
the substrate may undergo a chemical reaction, either because its requirement
for activation energy has been lowered by its binding to the enzyme or because
it has been brought into proper juxtaposition with another bound substrate
molecule. Thus the substrate may be converted to a product P, which is then
released for the active site:

E + S  ES  E + P

Release of P form the enzyme regeneration free enzyme, which may
repeat cycle with another molecules. These events occur at rates that are
difficult to comprehend. In most cases, individual enzyme moleucles form ES
complexes and releases product molecules a few hundred to many thousand
of times per second depending on the particular enzyme.

The value of Vmax and the amount of substrate needed to saturate
enzymes differ from one kind of enzyme to another, depending on a number
of factors. Among these factors are the strength of the binding between
enzymes and substrates and between enzyme and product, and the nature of
the chemical reaction that is catalyzed.

10.2.3 The Michalies-Menten Constant
Different enzymes works at different rates. Any particular enzyme is the
Michales-Menten Constant which accelerates a reaction 108-–1010 fold and
a few are even more powerful catalysts. A convenient way to characterize the
catalytic power of any particular enzyme is the Michalies Menten Constant
km. One can find formal derivation of an expression for km in almost any text
book on biochemistry. For our purpose, it is sufficient to know that km is
equal to the substrate concentration (moles/litre) at which the enzyme is
working at half its maximal rate that is [S] at 1/2 Vmax. This also means that
when the substrate concentration is equal to km, the active sites on half of the
enzyme molecules are occupied with substrate molecules, that is half the
enzyme molecules are in the complex form E.S. The lower the value of km
(in moles/litre), the lower the concentration of S required to elicit one half of
the maximum activity of the enzyme.

The value of km for different enzymes cover a broad range, usually
falling between substrate concentrating of and 10–1m. In addition to giving
the substrate concentration at which the velocity of an enzyme catalyzed reaction
equal 1/2 max, for many, enzyme km is equal to the dissociation constants for the
ES-complex, and
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E S
Km

ES

hence is a measure of the strength of the ES complex. A light Km means the weak
binding between the enzymes and its substrate, and a low km means strong binding.
Hexokinase reaches 1/2 Vmax in the phosphorylase of glucose at 75mm glucose
but the achievement of 1/2 Vmax for phosphorylation of fructase by the same
enzyme requires a 10 fold higher concentration of substrate (1.5 mm), that is the
active site of the enzyme has a higher affinity for glucose than for fructose. Both
hexokinase and glucokinase catalyze the phosphorylation of glucose to glucose
6-phosphate. However, the value of enzyme for hexokinase is 67 times smaller
than it is for glucokinase, showing that glucose binds less readily to glucokinase
than to hexokinase.

The Vmax is important to know. It shows how well the enzyme catalyzes a
reaction when the concentration of substrate is high enough so that all enzyme
molecules exist as ES complexes, that is when the enzyme molecules are saturated.
When all the enzymes exist as ES, the rate of the reaction ES  E + P is at a
maximum.

Turnover Number of Molecular Activity of an Enzyme
At saturation, all the enzyme molecules are in ES complexes, hence the rate of the
reaction (Vmax) is determined by the rate of ES  E + P and not by the rate of E
+ S  E.S. A 10–6 M solution of carbonic anhydrase catalyzes the formation of
0.6M of H2 CO3 per second when the enzyme is saturated with substrate.

CO
2
 + H

2
O = H

2
CO

3

The rate constant for ES  E + P is therefore equal to

6

06M (product formed sec)

10 m (enzyme concentration)

or 6 × 105 per second per enzyme molecule. In other words, a single enzyme
molecule converts 600,000 molecules of CO

2
 and H

2
CO

 3
 molecules per

second. This rate constant is also called the turnover number or the molecular
activity of the enzyme. The turnover number of carbonic anhydrase is one of
the highest for any enzyme. Turnover numbers of most enzymes range between
one and 10, 000 per second. The enzyme DNA polymerase, which in the
animal cell has a trunover number of about 50, catalyzes the replication of
DNA molecules. That is, it adds deoxynucleotides to a replication of DNA
molecules at a rate of 50 per second. To keep pace with all of the DNA
polymerase molecules, an animal cell must synthesize deoxynucleotides needed
to make DNA at a rate of 400, 000 per second.

Finally, in any unregulated metabolic pathway, the overall rate of
conversion of the starting molecule to the end product is determined by
enzymes in the pathway with the lowest turnover number.

Co-factors in Enzyme Action

The catalytic activity of some enzymes appear to depend only upon the physical
and chemical interactions between the amino acids of the active site and the
substrate. Many enzymes, however, require additional non-protein low moleculear
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weight substances in order to function. Such non-proteins that are essential for
enzyme function are known as co-factors.

Ion as Co-factors

Certain ions are co-factors for particular enzymes. For example, the magnesium
ion (Mg++) is required in all enzymatic reactions involving the transfer of a
phosphate group in position K+, Ca++ and other ions play similar roles in other
reactions. In some cases, ions serve to hold the protein together.

Enzymatic Pathway
Enzymes work in series the pathway we referred to earlier

enzyme 1 enzyme 2
product 1 product 2

enzyme 3 enzyme 4
product 3 product 4

enzyme 5
product 5 end product

As a consequence, compared to chemists in a laboratory, a living
organism carries out its chemical activities with remarkable efficiency. First,
there is little accumulation of waste products since each tends to be used up
in the next reaction along the pathway. A second advantage of such sequential
reactions can be understood readily if you remember the principle of reversible
reactions. If product 2 is for example used up (by being converted into product
3) almost as rapidly as it is formed, the reaction product 1  product 2 can
never reach to an equilibrium. If the eventual end product is also used up
rapidly, the whole series of reactions moves more towards completion.

Fig. 10.2: Model of an Enzyme. The Enzyme (the Digestive Enzyme Chymotrypsin) is
Composed of Three Polypeptide Chains. The Amino (NH2) and Carboxyl
(COOH) Ends of Each are Labelled. The Numbers Represent the Positions of
Particular Amino Acids in the Chains. Five Disulfied Bridges Amino Acids 1
and 122, 42 and 58, 136 and 201, 168 and 182, and 191 and 220.

A third advantage is that the groups of enzymes making up a common
pathway can be regregated within the cell. Some are found in small vesicles,
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membrane—surrounded sacs in the cytoplasm, others are embedded in the
membranes of specialized organelles.

Structure of Enzymes

Enzymes are large to very large complex globular proteins consisting of one or
more polypeptide chains. They are folded so as to form a groove or pocket into
which the reacting molecule or molecules of the substrate fit and where the reaction
takes place. This portion of the enzyme is known as the active sites. The relationship
between the active site and the substrate is very precise. Emil Fischer, postulated
the existence of active to very exact folding of the polypeptide chain.

The active site not only has the right three-dimensional shape, but also it has
exactly the right array of charged or uncharged hydrophillic and hydrophobic areas
on the binding surface. If a particular portion of the substrate has a negative charge,
the corresponding feature on the active site not only confines the substrate molecule
but also orients in the right direction.

The amino acids involved in the active site need not be adjacent to one
another on the polypeptide chains. Infact, in an enzyme with quaternary
structure, they may even be on different polypeptide chains. They are brought
together at the active site by the precise folding of the molecule.

Some Features of Active Sites

The acitve site of an enzyme is the region that binds the substrates (and in the
prosthetic group, if any) and contributes to the residues that directly participate
in the making and breaking of bonds. These residues are called the catalytic
groups. Although enzymes differ widely in structure, specificity and the mode
of catalysis, a number of generalizations concerning their activities can be
stated.

The active site takes up a relativley small part of the total volume
of an enzyme. Most of the amino acid residues in an enzyme are not in
contact with the substrate. This raises the intriguing question of why
enzymes are so big. Nearly all enzymes are made up of more than 100
amino acid residues which gives them a mass greater than 10 kelal and
a diameter of more than 25Å.

The active site is a three dimensional entity. The active site of an
enzyme is not a point, a line or even a plane. It is as intricate three-
dimensional form made up of groups that come from different parts of
the linear amino acid sequence indeed, residues for a part in the linear
sequence may interact more strongly than adjacent residues in the amino
acid sequence, as has already been seen for myoglobin and haemoglobin.
In lysozyme, an enzyme in the important group in the active site are
contributed by residues numbered 35, 52, 62, 63 and 101 in the linear
sequence of 129 amino acids.

Substrates are bound to enzymes by relatively weak forces. ES
complexes usuallly have equilibrum constant that range from 10–2 to
10–8 M, corresponding to free energies of interaction, ranging from



NOTES

Mechanism of Enzyme
Action

141
Self-Instructional

Material

–3 to –12 Kcal/mol. These values should be compared with the strength
of covalent bonds, which are between –50 and –10 Kcal/mol.

Active sites are clefts or crevices. In all enzymes of known structure,
substrate molecules are bound to a cleft or crevices from which water
is usually excluded unless it is a reactant. The cleft also contains several
polar residues and that certain polars that are essential for binding and
catalysis. The non-polar character of the cleft enhances the binding of
substrate. In addition, the cleft creates a micro-environment in which
certain polars acquire special properties essential for their catalytic role.

The specificity of binding depends on the precisely defined
arrangement of atoms in an active site. A substrate must have a
matching shape to fit into it. Emil Fischer’s metaphor of the lock and
key stated in 1980, has proved to be an essentially correct and highly
fruitful way of looking at the stereo specificity of catalysis. However,
recent work suggests that the active sites of some enzymes are not
rigid. In such an enzyme, the shape of the active site is modified by the
binding of the substrate. The active site has a shape complementary to
that of the substrate only after the substrate is bound. This process of
dynamic recognition is called induced fit. Furthermore, some enzymes
preferentially bind a strained form of a substrate corresponding to the
transition state.

10.2.4 Inhibition of Enzymes
Inhibition of enzymes is the basis of a major mechanism by which metabolism
is normally regulated in the cell. Inhibition occurs because the activity of an
enzyme can be affected by the binding of substances other than the substrate.
For example, an enzyme may be inhibited by an ion or molecule that binds to
the protein outside the area of the active site and in so doing slightly, the
tertiary or quaternary configuration of the enzyme. In turn the shape of the
active site changes. In other instances, the inhibitor binds to the active site
itself, thereby blocking access to the active site by substrate molecules. These
inhibitions of an enzyme may be reversible or irreversible.

Reversible Inhibition

In reversible inhibition, an inhibitor binds reversbility to the active site or to
another location on the enzyme in a way that changes the shape of the active
site. Reversible inhibition occurs normally in cells for many enzymes and is
important in regulating the activity of enzymes.

Reversible inhibition can be competitive or non-competitive.

Competitive inhibition. Some compounds inhibit enzyme activity by
temporarily occupying the active site of the enzyme, and regulation in this
way is known as competitive inhibition, because the regulatory compound
and the substrate compete for the active site. The result of the competition
depends on how many of each kind of molecules are present, for example; in
the reaction series

3 51 2 4E EE E E
A B C D E F E5



NOTES

Mechanism of Enzyme
Action

Self-Instructional
142 Material

the final product F might be rather similar in its structure to product D. It could
occupy the active site`of enzyme E4, preventing D, the normal substrate, from
binding to an enzyme. As F was used up by all the cells the active site of enzyme
E4 would once more be available to D.

One of the earliest and best studied cases of competitive inhibitions, is the
inhibition of the enzyme succinate dehydrogenase. This enzyme catalyzes the
removal of two hydrogen atoms from succinate to form fumarate. To carry out the
catalyst, the enzyme requires NAD+ as a co-enzyme, coupling the removal of H

2

from succinate to the reduction of NAD+, malonate has a structure similar to
succinate : it has one less CH

2
 group than succinate. The active site of succinate

dehydrogenate reversibly binds malonate but does not catalyze a change in malonate.
Therefore, in the presence of malonate, the opportunity for succinate to bind to
the enzyme is reduced.

In other cases of competitive inhibition, the inhibitor is the product of the
reaction catalyzed by the enzyme. Enzyme usually catalyzes relatively small chemical
changes in the substrates. Hence the chemical structure of the product of a reaction
still bears a strong structural resemblance to the original substrate. In the case of
succinate dehydrogenase, the product fumarate is sufficiently similar as to the
structure of succinate to compete with succinate for the active site of the enzyme.
Therefore, an increasing accmulation of fumarate in the cell in mitochondria, where
succinate dehydrogenase is located, results in a progsressively increased inhibition
of the enzyme and a decreased conversion of succinate to fumarate.

Many enzymes in the cell are subjected to competitive inhibition, and such
inhibition plays an important role in the regulation of enzyme pathways. Through
regulation of enzyme pathways, the concentrations of molecules within the cells
can be controlled.

Competitive inhibition probably does not play a large role in the normal life
of a cell, but it takes an important mechanism in the action of some drugs. For
instance, bacteria can make the vitamin folic acid, while animal cells do not make
(animals obtain folic acid from their food). One of the compounds in the metabolic
pathway leading to folic acid is para-aminobenzoic acid. Sulfanilamide, as you
can see, has a structure similar to PABA, so similar, infact, the enzyme involved in
converting PABA to folic acid combines with the drug rather that with the PABA
without folic acid, the bacterial cell dies leaving the animal cell, which lacks this
enzyme unharmed.

Non-competitive inhibition. In non-competitve inhibition, the inhibitory
chemical which need not resemble the substrate binds with the enzyme either at
the active site or elsewhere in the molecule and prevents its functioning. Lead, for
instance, forms covalent bond with sulfhydryl (SH) groups. Many enzymes contain
cystein, which has a sulfhydryl group. The binding of lead to such enzymes
permanently deactivates them, producing the symptoms associated with lead
poisoning. The most potent poisons known, including arsenic, cyanides, mercury
and the nerve gases, all combine together and prevent the functioning of enzymes
necessary for survival, as do many useful drugs.
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Irreversible Inhibition

Irreversible inhibition binding of an inhibitor molecule or ion is so strong that
dissociation is extremely slow, and virtually all the enzyme molecules remain
permanently inacitvated. Irreversible inhibition of enzymes does not normally occur
in cells but follows uptake of a poison from the environment. For example, a-
amanitin, a toxic agent of many types of poison mushrooms (e.g. amanita), inhibits
the enzyme RNA polymersase and nearly irreversibly RNA polymerase catalyzes
the joining of nucleotides in the cell to form RNA molecules and the cell cannot
long survive without RNA synthesis.

Fig. 10.3: Irreversible Inhibition. DEP is an Irreversible Inhibitor of the Digestive Enzyme
Prypsin, Bonding Covalently to a Side Group of the Amino Acid Serine in the
Active Site. In this Inhibited Condition, Trypsin is Unable to Act on the Specific
Peptide Linkage.

Allosteric Inhibitions

In mixed inhibitions, the inhibitor molecule attached to the enzyme prevents
the breakdown of the enzyme substrate complex and also at the same time, it
interferes with the binding of the substrate to the enzyme. Thus, such inhibitors
exhibit partially competitive and partially non-competitive kinetics. The sites
other than the active sites, lying on the different region in the enzyme molecule
where an inhibitor molecules may get attached is known as allosteric site—
this brings about the conformational changes occuring on the active site. The
conformational changes occuring on the active sites affect the affinity of the
active site towards the substrate. It results into reduced enzyme substrate
complex formation and reduced reaction rate. Similarly, if the substrate
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molecules have preoccupied the activity site, it may affect conformation around
the allosteric sites, thereby reducing enzyme inhibitor complex formation, and thus
reduce the extent of inhibition.

Fig. 10.4: Allosteric Regulation of Enzymes.

In the above figure, the hypothetical enzyme has two subunits–one
regulatory and the other catalytic. In the absence of other molecules, the
active and inactive forms of the enzymes are in equilibruim. When the enzyme
is in its active form, the active site on the catalytic subunit can accept its
substrate (S) and carry out a reaction. In the enzymes, there is inactive confor-
mation of the allosteric inhibitor (I): the active site of the inactive form of the
enzyme is controlled in such a way that it cannot accept substrate molecules.

Fig. 10.5: Lock-and-Key Model of the Interaction of Substrates and Enzymes. The Active
Site of the Enzyme by Itself is Complementary in Shape to that of the Substrate.

Lock and Key Theory

The lock and key theory of enzyme action was proposed by Emil Fischer in
1890. It is also called the rigid model of the catalytic site. In the Fischer
model, the catalytic site is presumed to be preshaped to fit the substrate just
as only particularly shaped keys. Fit into particularly shaped locks, similarly
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only certain types of molecules will establish a close fit with a given type of enzyme
protein. This concept was developed to explain the great specificity of enzymes.
According to this concept, a structurally well defined catalytic site will accept only
those substrate molecules which have a matching shape and will repel others that
differ structurally. In other words, the catalytic site of the enzymes by itself is
complementary in shape to that of the substrate.

Induced Fit Hypothesis

This model was given by Koshland in 1966. It is also called the flexible model
of the catayltic site. According to this model, the catalytic site of some enzymes
are not rigid and undergoes a conformational change when it comes in contact
with the substrate and thus the shape of the catayltic site is modified to the extent
of formation of enzyme substrate complex possible. The catayltic site has a shape
complementary to that of the substrate where only the substrate is bound. This
process of dynamic recognition is called induced fit. It brings about the amino
acid residues or the other groups on the enzyme in the correct spatial orientation
for substrate binding catalysts or both. At the same time, other amino acid residues
may become buried in the interior of the enzyme molecules. In the absence of
substrate, the catalytic and substrate binding groups are several bond distances
removed from one another. When the substrate approaches, there occurs a
conformational change in the enzyme protein, aligning the groups correctly for
substrate binding for catalysis.

Fig. 10.6: Induced-fit Model of the Interaction of Substrate and Enzymes. The Enzyme
Changes Shape upon Binding Substrate. The Active Site has a Shape
Complementary to that of the Substrate only After the Substrate is Bound.

Enzyme Deficiencies

As with the haemoglobin molecule, slight variations in the amino acid sequence
of an enzyme can have drastic effects on the function of the enzyme. A mistake
involving any of the amino acids directly involved in the active site renders
the enzyme less efficient or even completely inactive. Changes in the rest of
the molecules can be more or less important, depending upon the extent to
which they affect the tertiary or quaternary structure. For instance, one of the
ways in which sianiese cats differ from their more common counterpart is
that a particular enzyme, involved in controlling the synthesis of dark pigment for
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the coat, is especially sensitive to temperature. It is found adequately in the cooler,
peripheral areas of the body such as ear, nose paws and tip of the tail, but it
becomes inactive in the warmer areas of the body. Cat lovers who want their
sianiese to be perfect specimens do not let them out in the winter because exposure
to cold can make the entire coat turn darker.

10.2.4 Factors Affecting the Enzyme Activity
Contact between the enzyme and substrate. The enzymes being a protein
form a colloidal solution, and the substrate must also be a water soluble
substance. If the substrate is a lipid, it must be emulsified to enable it to
come into contact with the enzymes. Thus pancreatic lipase can act on
lipids in the gastrointestinal tract only when the lipid is emulsified by bile
salts.

Temperature. Every enzyme has got an optimum temperature at which it
shows its maximum activity. An increase in temperature increases the enzyme
activity but when the temperature increase above the optimal value, it results
in the denaturation of the enzyme. At temperature lower than optimum
temperature, enzymes are less effective and at freezing point, they are totally
ineffective. Though each particular type of enzyme has its own specific
optimum temperature, most enzymes operate maximally in a temperature
range of about 25-400C (370C).

pH. A pH at which maximum activity is observed is known as its optimum
pH. Different enzymes have got specific optimum pH values varying from 6
to 7.5. Extremely high or low pH values result into extensive denaturation
of the enzymes. Only few enzymes are there which can work even in a very
low range of pH. Pepsin works in a high acidic medium of a pH of about
1.8.

Fig. 10.7: Effect of pH on Enzyme Action.

Enzyme substrate concentration. The concentration of enzyme has its
significant effect on the rate of enzyme catalyzed reaction. On the other
hand, for a given amount of an enzyme, the rate of reaction is influenced by
the concentration of the substrate. If the substrate concentration is gradually
increased keeping the enzyme concentraion constant, the rate of reaction
first increases but after attaining a certain level, increase in the substrate
connection does not increase the reaction rate. Only in certain cases, further
increase of substrate concentration might inhibit the enzyme activity.
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Fig. 10.8: Enzyme Substrate Concentration.

Concentration of the products. Accumulation of products of reaction
causes a lowering of the enzyme activity. This is prevented by prompt
removal of the products from the site of formation. Example: absorption
of the products of digestion from gastrointestinal tract into the blood
stream.

Time. It has been demonstrated that the optimum temperature for the
velocity of enzyme-catalyzed activity exhibits a time dependence as
well as a pH dependence. When this additional factor is taken into
account, then the optimum temperature for the activity of a number of
enzymes from warm blooded organisms is around 370C only if the time
is measured in hours. If the time is measured in minutes, then the
temperature optimum is far lower, whereas if the time is measured in
days, then the temperature optimum may arise above 700C. Thus a
time factor is also an important consideration in strictly defining the
conditions that regulate the velocity of enzyme activity.

Oxidation state of the enzyme. Mild oxidation can reversibly inactive
a group of enzymes generally referred to as sulphydryl enzymes.
Conversely, enzymes of this type are reactivated by certain reducing
agents. Examples are urease, succinic dehydrogenase and the
intracellular catheptic enzymes.

Radiation. Exposure to ultraviolet rays, X- rays, beta and gamma rays
causes the formation of peroxides which oxidize the enzymes and make
them inactive. This is an immediate effect. In addition, they exert effects
on the DNA molecules (genes) which will lead to impaired synthesis of
the enzymes as a delayed effect.

Activators. Many metallic ions and molecules act as co-factors and
thus serve to activate certain apo-enzymes. The activation of the pro-
enzymes pepsinogen by hydrogen ions is the excellent example.
Glutathione and cysteine are an important activator of the sulphydryl
complex of enzymes. Certain enzymes are themselves capable of
activating other enzymes. For example, enterokinase can activate
trypsinogen and produce active trypsin.

The inactive precursors of certain enzymes are termed zymogens. In
the activation of zymogen molecules, a specific and unique peptide
bond is hydrolysed; therefore this fundamental change in the primary
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structure of the protein involved in each instance presumably results in the
formation of a catalytically active site or locus on the molecule.

It is synthesized by cells in the lining of the stomach in the form of pepsinogen,
which contain 42 additional amino acids on the amino end of the molecule
and is inactive. After pepsinogen is released into the stomach, a particular
enzyme snips off these last 42 amino acids, converting pepsinogen to pepsin,
the active form, In this way, pepsin (and other digestive enzymes) are
prevented from digesting the proteins in the cells in which the enzymes cannot
again be deactivated.

Fig. 10.9: Lock and Key Hypothesis.

Inhibition. The inhibition of enzymes is made possbile even by specific
small molecules or ions. This inhibition serves as a major control
mechanism in biological systems. Certain enzyme inhibitions are
poisonous for living organisms as cyanide, carbon monoxide and oxalic
acid etc. Similarly many enzymes like papain, urease and succinic
dehydrogenase require for their activity the presence of free-SH groups
in their molecules. Enzyme inhibition may be reversible or irreversible.

Fig. 10.10: The Formation of an Enzyme Substrate Complex by an Induced Fit Hypothesis.

The inhibition may be competitive, where the inhibitor has close
structural resemblance to the substrate and competes with the substrate
for the active site and thus diverts much of the enzyme to form the
enzyme-inhibitor complex instead of enzyme-substrate complex. With
uncompetitive inhibition, the inhibitor combines with the enzyme
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substrate complex (ES complex) instead of E and causes inhibition.
Sometimes an enzyme may have more than one binding site: one for
the substrate and other for the modifier substance. The latter is called
the allosteric site. When a modifier is bound to the allosteric site, it
causes conformational changes at the substrate binding site and thus
prevents the binding of the substrate to the enzyme. This type of
inhibition is called allosteric inhibition.

Check Your Progress

1. Give a list of general properties of enzymes.

2. Name all the factors affecting the enzyme activity.

3. What is induced fit model of enzyme action?

4. Write notes on the enzymatic inhibition.

10.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. General properties of enzymes may include unaltered state, quantity,
proteinaceous, rate of reaction, reversibility, denaturation, activation,
inhibition and enzyme specificity.

2. There are several factors affecting the enzyme activity. These are: contact
between enzyme and substrate, temperature, pH, enzyme substrate
concentration, concentration of the products, time, oxidation state of
the enzyme, radiation, activation and inhibition.

3. It is also called the flexible model. According to this model the catalytic
sites of some enzymes are not rigid and undergo a conformational
changes when come in contact with the substrate. Thus the shape of
the catalytic site is modified to the extent of formation of enzyme
substrate possible. The catalytic site has a shape complementary to that
of the substrate where only the substrate is bound. This process of
dynamic recognition is called induced fit.

4. The enzymatic inhibition serves as a major control mechanism in
biological system. The inhibition of enzymes is made possible even by
small molecules or ions. The inhibition may be competitive, reversible
or irreversible or allosteric.

10.4 SUMMARY

Enzymes are the cellular catalysts mainly composed of proteins. They have
the capacity to alter the chemical or biological reactions taking place in living
organisms. The molecules upon which enzymes work are called the substrates
and forms of molecules thus produced are the products. Enzymes have
unaltered state, quantitative relation with the substrate, ability for activation
and denaturation. Enzymes work very smothly at an optimum temperature
and pH. The concentration of enzyme has its significant effect on the rate of
enzyme catalyzed reactions. Functionally or metabolically the concentration
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of products, time, radiation, activators and inhibitor also affect the enzymatic
activities. Ions and cofactors also have their significant effects. Enzymes have
active sites to smothen the lock & key and induced fit models possible.
Enzymatic inhibition may be of reversible, competitive, non-competitive
irreversible and allosteric types.

10.5 KEY TERMS

Amphibolic pathways: An amphibolic pathway is a biochemical pathway
that includes both anabolic and catabolic processes.

Anabolism: The synthesis of complex molecules in living organisms from
simpler ones together with the storage of energy constructive metabolism.

Co-factors: Co-factor is a non protein chemical compound that tightly or
largely binds with an enzyme.

Homeostasis: It is the state of steady internal, physical and chemical
conditions maintained by living systems.

10.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Write notes on enzyme, substrate and products.

2. Mention the allosteric regulation of enzymes.

3. Describe the lock and key mechanism.

4. What do you mean by enzymatic specificity?

Long Answer Questions
1. Write an essay on the mechanism of enzyme action.

2. Describe all the factors affecting the enzyme activity.

3. Discuss the mechanism of enzyme catalysis.

4. Write notes on the inhibition of enzymes.

10.7 FURTHER READING

1. Adilga Arya, Amit Kumar and Jayanti Jha. Understanding Enzymes: An
Introductory Text.

2. Koskiney, Ari, Klibanov A. Enzymatic Reaction in Organic Media.
3. Saurabh Bhatia. Introduction to Enzymes and their Applications.
4. Trevor Palmer and Philip L. Bonner. Enzymes Biochemistry,

Biotechnology, Clinical Chemistry.
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11.0 INTRODUCTION

All enzymes are protein molecules. Some enzymes are simple proteins whereas
others are conjugated proteins. The non-protein part of a conjugated protein
or enzyme is known as prosthetic group. It is observed that prosthetic group
is necessary for protein to act as an enzyme and is generally termed as
coenzyme, the protein part of a conjugated protein as apoenzyme and the
intact molecule or conjugated protein or holoenzyme. Thus,

Holoenzyme Apoenzyme Coenzyme

Thus, the coenzyme may be defined as a non-proteinous substance
necessary for the activity of the enzyme. Only when enzyme and coenzyme
are present together, catalysis will occur. Coenzymes are organic molecules
of a size intermediate between the small-molecule intermediary metabolites,
which serve as the substrates of enzymatic reactions, and the macromolecular
proteins. A coenzyme is an easily dissociable protein (sometimes called the
prosthetic portion or group) attached to the protein component (apoenzyme)
to form the complete, enzymatically active, conjugated protein (holoenzyme).
Each coenzyme (or cofactor) acts usually as acceptor or donor of some specific
type of atom or group of atoms to be removed from or added to a small
molecule substrate in a reaction catalysed by the holoenzyme. For example,
the folic acid coenzymes accept or donate single carbon units (at various
states of oxidation) in a considerable number of enzymatic reactions grouped
together as single carbon unit metabolism.

Non-protein organic molecules may also play a crucial role in enzyme-
catalyzed reactions. For example, in some oxidation reduction reaction
electrons—often travelling as a hydrogen ion with a pair of electrons are
passed to a molecule that serves as an electron acceptor. There are several
different electron acceptors in any given cell, each tailor made to hold the
electron at slightly different energy levels. As an example, let us took at just
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one, nicotinamide adenine dinucleotide (NAD+). At first glance, NAD+ looks
complex and unfamiliar but if you look at it most closely, you will find that you
recognize most of its component parts. The two units labelled ribose are five
carbon sugars. They are linked by two phosphate groups. One of the sugars is
attached to the nitrogeneous base adenine. The other is attached to another
nitrogeneous base. (A nitrogeneous base plus sugar plus a phosphate is called a
nucleotide, and a molecule that contains two of them is called a dinucleotide).
The majority of coenzymes are chemical derivatives of nucleotides.

Fig. 11.1: Nicotamine Dinucleotide (NAD) in Ionized Form, NAD+, and its Reionized
Form NADH.

An essential component of most of coenzymes is generally phosphate
in the form of nucleotides. For example, nicotinamide adenine dinucleotides,
also known as coenzyme I (NAD) or coenzyme II (NADP) act as coenzymes
for dehydrogenases. Iron containing cytochromes make the electrons to get
transferred from flavoproteins to cytochrome oxidase. Pyruvate decarboxylase
is an enzyme that splits pyruvate into CO

2
 and acetaldehyde in the yeast cells.

It contains thiamine (vitamin B
1
) as a part of its coenzyme.

11.1 OBJECTIVES

After going through this unit, you will be able to:

Know the meaning of co-enzymes.

Describe the various types of co-enzymes.

Discuss the mechanism of action of co-enzymes.

11.2 TYPES AND ACTIONS OF CO-ENZYMES

There are several types of co-enzymes with different chemical nature and functions.
The coenzymes have been classified in accordance to the reactions they participate
in. Such a classification with their corresponding vitamins has been summarized in
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table 11.1. Now we will describe the chemical structure and mechanism of action
of some important coenzymes.

11.2.1 Coenzyme I
It is also known as coenzyme, DPN (diphosphopyridine phosphate nucleotide),
codehydrogenase I or NAD+ (nicotinamide adenine dinucleotide).

Table 11.1: Classification of Major Coenzymes

Class Abbreviation Corresponding Group transferred
vitamin

Hydrogen Transferring Coenzymes
Nicotinamide adenine dinucleotide NAD+/NADP Nicotinamide Hydrogen, electrons

Flavin mononucleotide FMN Riboflavin Hydrogen, electrons

Flavin adenine dinucleotide FAD Riboflavin Hydrogen, electrons

Ubiquinone Q Riboflavin Hydrogen, electrons

Lipoic acid Lip (S
2
) — and acyl group

Cytochromes — — Electrons

Group Transferring Coenzymes
Adenosine triphosphate ATP — Phosphate, AMP

Adenosyl methionine — Methionine Methyl group

Phospho adenyl sulfate PAPS — Sulfate group

Pyridoxal phosphate PALP Pyridoxine Amino group

Cytidine diphosphate CDP — Phosphoryl choline

Uridinediphosphate UDP — Sugar uronic acid

Tetrahydrofolate COF Folate Formyl group

Biotin — Biotin Carboxyl group

Coenzyme A CoA Panthothenate Acyl group

Thiamine pyrophosphate TPP Thiamine C2-aldehyde group

Glutathione — — Addition of thiol group

Isomerase and Lyase Coenzymes
Urdinediphosphate UDP — Sugar isomerisation

Pyridoxal phosphate PALP — Decarboxylation

Thiamine pyrophosphate TPP Pyridoxine Decarboxylation

B
12

 coenzyme — Thiamine Carboxyl displacement

Glutathione — Cobalamin Isomerization of olefins

Coenzyme I is mainly involved in many hydrogen transferring reactions.
In these reactions, H is added to a substrate from —C-atom of the pyridine
nucleus. The pyridine gets reduced thereby retaining only two double bonds.

From the experimental work, it could be concluded that NAD+ enzyme
complex is usually stereospecific, only one hydrogen (Ha or Hb) is reacting
exclusively. Which face of NAD+ is attacked and which hybride ion from
NADH is transferred depends upon the nature of the enzyme.

NADH absorbs light at 340 nm whereas NAD+ shows no absorption at
that wavelength. Thus, when NADH is formed during a reaction, absorption
of light at 340 nm increases. The increase in absorption has been found to be
proportional to the enzyme activity. This property finds use extensively in the
bioassay of dehydrogenases and other oxidoreductases which empty NADH
as coenzyme.
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11.2.2 Coenzyme II
It is also known as phosphocozymase, TPN (triphosphopyridine nucleotide),
codehydrogenase II or NADP+ (nicotinamide adenine dinucleotide phosphate).

   

This coenzyme has one additional phosphate group than coenzyme I molecule in
position 2  of ribose molecule of adenosine.

The role of coenzyme II is similar to that of coenzyme I.

Adenosine monophosphate, adenosine diphosphate and adenosine
triphosphate. These coenzymes are involved in transphosphorylaion. The
structure of adenosine triphosphate is shown as follows:
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Adenosine triphosphate is a polyelectrolyte molecule having four negative
charges. Since it has low molecular weight, it moves freely in cells. It acts as a
mediator to receive energy from one reaction and transfers this energy to drive
another reaction. ATP is synthesized in several metabolic reactions of the cell (cyclic,
non-cyclic phosphorylation and oxidative phosphorylation).

In order to overcome the energy barriers, the energy must be supplied. In
biosynthetic processes, ATP supplies this energy in transphosphorylation reactions
in the presence of a suitable enzyme and it is converted into adenosine diphosphate
(ADP).

ROH + ATP  R—OPO(OH)
2
 + ADP

ADP also behaves as a phosphorylating agent and it is converted into
adenosine monophosphate (AMP).

ROH + ADP  R—OPO(OH)
2
 + AMP

A less usual reaction of ATP is pyrophosphorylation, e.g.,

ROH + ATP  R—OPO(OH)—OPO(OH)
2
 + AMP

If the structural formulae of ATP, ADP and AMP (given above) are
inspected, it can be seen that the phosphate bond in AMP is linked by the
normal ester bond while the terminal phosphate groups in ADP and ATP are
linked to a phosphate group by an acid anhydride bond. In hydrolytic reactions,
the free energy changes (heat of reaction) of an ester bond has been found to
be ~ –4.0 to –12.5 kJ mol–1 while that for the acid anhydride bond is ~ –33.5
kJ mol–1. Therefore, there is a net free energy change of –29.5 to –21.0 kJ
mol–1 in transphosphorylaion reactions involving ADP and ATP. This free
energy is used to drive coupled reactions. The acid anhydride bonds are known
as energy-rich bonds. These are generally represented by the symbol. For
example, ATP and ADP may be represented as follows:

ATP: Adenine—ribose—O—PO(OH)~O—PO(OH)~O—PO(OH)
2

ADP: Adenine—ribose—O—PO(OH)~O—PO(OH)
2

Pyridoxal phosphate (Codecarboxylase). It is involved in a number
of important metabolic reactions of the -amino acids, e.g., transmination,
racemisation, decarboxylation and elimination reactions.

Nearly all pyridoxal enzymes catalyse reactions of amino acids
recemisation, decarboxylation, transamination, elimination of substituents and
others. All the reactions can be described by the same mechanism.
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Pyridoxal phosphate is attached to the apoenzyme tightly; the aldehyde group
of pyridoxal reacts with amino acids to form a Schiff’s base. For racemi-sation,
there occurs a shifting of electrons in Schiff’s base, thereby leading to labilisation
of all bonds around the -carbon atom of the amino acid.

Pyridoxal phosphate also acts as a coenzyme reaction between amino acids
and keto acids.

This reaction, of great importance biologically, is catalysed by pyridoxal
phosphate and its mechanism is similar to racemisation.

Thiamine pyrophosphate (Cocarboxylase). It is involved in the
transfer of acyl and carboxyl groups. It is derived from the vitamin, thiamine
(vitamin B

1
).
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The enzyme carboxylase breake down pyruvic acid into acetaldehyde in
fermentation and carbohydrate mechanism. This reaction takes place in the presence
of coenzyme, cocarboxylase.

3 3 2

Carboxylase
CH COCOOH CH CHO COCocarboxylase

The mechanism of the cocarboxylase depends upon the ionisation of the
proton at C–2 in the thiazolium ring. The liability of this hydrogen atom is by its
ready displacement by deuterium when thiazolium salts are dissolved in acidified
deuterium oxide.

The most important reaction catalysed by TPP is the decarboxylation
of pyruvic acid to acetaldehyde. The reaction mechanism is given as follows:

The decarboxylation of pyruvic acid by this mechanism involves a non-
enzymaic process and in its there occurs transfer of electron pairs. In all other
thiamine catalysed enzymic reactions also, the mechanism has been found to
be almost similar. Thiamine cleaves the carbonyl —x bond, where x is generally
—H or —COO– group. A substrate-thiamine complex is later on cleaved at

-carbon atom to liberate the coenzyme.

11.2.3 Coenzyme A
This coenzyme is a complex thiol derivative and is usually written as CoA—
SH but CoA is also in common usage. In contrast to coenzyme I and coenzyme
II, it is not an oxidising-reducing coenzyme but it is acylating; it is an acyl
transfer coenzyme and a cofactor for a wide variety of biologically acylations,
e.g., the formation of acetoacetate from acetate in pigeon liver.
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where ** denotes the following groups:

Coenzyme A is required for the acetylation reactions. Coenzyme A
accepts acetyl groups from one metabolite and donates them to another in
the presence of specific enzymes.

The most important CoA compound is acetyl CoA (activated acetate),
which takes part in many acyl transferring reactions. In this, the acyl residue
is bound to free —SH groups to form very reactive thioester.

In the formation of aceto acetyl CoA from acetate thioester there occurs
nucleophilic displacement at the carbon and one more acetate group gets
added at the place of coenzyme A.
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Besides, acylation, coenzyme A can also undergo phosphorylation.

In the reactions catalysed by phosphotransacetylase, thiokinase and
phosphokinase, phosphorylation of CoA occurs. Thiokinases have been found
to catalyse the following reaction by involving CoA.

acetyl CoA + adenylic acid + 2H
3
PO

4
  ATP + acetate + CoA—SH

Coenzyme A also takes part in the elimination reaction. For example, in
the formation of unsaturated fatty acids from saturated fatty acid coenzyme A
is involved. This needs another coenzyme FAD.

Flavin nucleotides. There are two types of flavin nucleotides that take
part in the respiratory chain; flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD). FMN consists of phosphate, ribitol, and flavin bonded together.
The combination of ribitol and flavin forms riboflavin (vitamin B

2
). FAD is the

combination of FMN and AMP jointed by an anhydride intake.

Fig. 11.2: Flavin Nucleotides. (a) Flavin Mononucleotide, FMN. (b) Flavin Adenine
Dinucleotide, FAD.

Hydrogens are picked up and released by the flavin portion of the
molecule to form reduced and oxidized forms of the coenzymes:

Oxidation of FMNNH
2
: FMNH

2
  FMN + 2H

Reduction of FMN: FMN + 2H  FMNH
2

Oxidation of FADH: FADH
2
  FAD + 2H
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Reduction of FAD: FAD + 2H  FADH
2

In the electron transport system, FMN removes hydrogens from NADH
2
.

This makes NAD available to oxidize additional metabolites.

A metabolite may react directly with FAD. The coenzyme is used
primarily during reactions in which hydrogens are removed from adjacent
carbon atoms during conversion of carbon-carbon single bonds to double
bonds.

During carbohydrate and lipid metabolism, the conversion of succinic
acid to fumaric acid involves such a change. The reaction is catalyzed by
succinic dehydrogenase through the action of its coenzyme, FAD. In this case,
enzyme action directs the formation of the trans isomer exclusively.

Both FMN and FAD are coenzymes for dehydrogenases. If the
metabolite is FAD dependent, the metabolite loses hydrogens to FAD directly.
A metabolite which is NAD dependent initially loses hydrogens to NAD,
which passes them on to FMN.

In either case, the reduced flavin nucleotide interacts with coenzyme
Q, the next carrier in the respiratory chain.

11.2.4 Coenzyme Q
It is a lipid material whose role has only recently been completely established.
The coenzyme can exist in oxidized and reduced forms, a role consistent with
its activity in an oxidation-reduction sequence.

Reduction: CoQ + 2H  CoQH
2
 (reduced form)

Oxidation: CoQH
2
  2H + CoQ (oxidized form)

CoQ accepts hydrogens from FADH
2
 or FMNH

2
, causing oxidation of

the FADH
2
 or FMNH

2
 and reduction of CoQ.
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It has been experimentally demonstrated that sodium amytal, a barbiturate,
blocks electron transfer from FMNH

2
 to coenzyme Q.

Check Your Progress

1. Define the term co-enzymes.

2. What do you know about co-enzyme Q?

3. What is thiamine pyrophosphate?

4. Give table showing the various types of co-enzymes.

11.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. A co-enzume is an organic non protein compound that binds with an
enzyme to catalyze a reaction.

2. Coenzyme Q, also known as ubiquinose, is a coenzyme family that is
ubiquitous in animal and most bacteria. It can exist in oxidized and
reduced forms. It accepts hydrogens from FADH2 or FMNH2 causing
oxidation, and reduced of CoQ.

3. Thiamine pyrophosphate (TPP) acts as coenzyme for certain enzyme
reactions in the metabolism of carbohydrate and amino acids, thus
making metabolites for the production of energy.

4. For this consult text.

11.4 SUMMARY

A coenzyme is an organic non-protein compound that binds with an enzyme
to catalyze a reaction. Coenzymes are often broadly called cofactors, but
they are chemically different. A coenzyme cannot function alone, but can be
reused several times when paired with an enzyme. An enzyme without a
coenzyme called an apoenzyme, and where an enzyme gains a coenzyme, it
then becomes holoenzyme or active enzyme. Coenzymes, like enzymes, can
be reused and recycled without changing reaction rate or effectiveness. They
attach to a portion of the active site on an enzyme, which enables the catalyzed
reaction to occur. When an enzyme is denatured by extreme temperature or
pH, the coenzyme can no longer attach to the active site. Most organisms
cannot produce coenzymes naturally in large enough quantities to be effective.
Instead, they are introduced to an organism in two ways: (i) Vitamin: Many
coenzymes are vitamins or derived from vitamins NAD (nicotinamide adenine
dinucleotide) and coenzyme A are the most important and widespread vitamin
derived coenzymes. (ii) Non vitamin: Non vitamin coenzymes can be produced
from nucleotides such as adenosine, uracil, guanine, or inosine, ATP (adenosine
triphosphate) is an example of most widely distributed non vitamin coenzyme
in the human body. There are different types of coenzymes but the most
common ones are coenzyme I, coenzyme II, AMP, ADP, ATP, coenzyme A,
and coenzyme Q.
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11.5 KEY TERMS

Active site: The region on an enzyme where substrates bind during a
reaction.

Catalyse: To cause or accelerate a reaction.

Enzyme: A protein that catalyzes chemical reactions within an organism.

Substrate: The substance on which an enzyme acts to make a new product.

11.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Explain coenzyme in short.

2. How many types of co-enzymes are widely used in living organisms?

3. Describe coenzymes which are vitamins and non vitamins.

4. Describe coenzyme I.

Long Answer Questions
1. Write an essay on coenzymes.

2. Describe the mechanism of action of coenzymes.

3. Write notes on coenzyme I, coenzyme II, coenzyme A and coenzyme
Q.

4. Classify coenzymes and discuss their physiochemical activities.

11.7 FURTHER READING

1. Hans Bisswager. Enzyme Kinetics.
2. Isobel. W. Jennings. Vitamins in Encdocrine Metabolism.
3. Karl August Folkers. Vitamins and Coenzymes.
4. Tim Bugg. Introduction to Enzyme and Coenzyme Chemistry.
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12.0 INTRODUCTION

In addition to carbohydrates, lipids, proteins, iorganic salts and water, normal
growth and good health require the presence of additional compounds in the
diet. These are organic in nature and are called vitamins. It was Sir Frederick
Crowl and Hopkins who reported the necessity of certain accessory food
factors in 1880 besides the well-known dietary compounds. Funk (1912)
was the first biochemist to use the term vitamins. Vitamins are an untidy
collection of complex organic nutrients that occur in the biological materials
we consume as food. Not all living organisms require vitamins (some bacteria
do not), nor do they necessarily need the same number or kind, since some
vitamins can be synthesised by the organism. For example, the guinea pig,
man and other primates cannot synthesize vitamin C, whereas the rat can
synthesize it, and therefore does not require it in the diet. Moreover, a particular
substance may be a vitamin for one living being but may not be vitamin for
another.

Vitamins are the accessory, indispensable food factors, organic in nature,
(organic acids, amines, amino acids, esters, alcohols, steroides etc.) required
in minute quantities to maintain normal growth and regulation of metabolism.
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In terms of chemical structure they have nothing in common, and their biological
functions similarly after no help in their definition or classification. All vitamins are
essential components of biochemical or physiological systems of animal and have
growth factors. Lack of any one of them from the diet of the young animal slows
down or prevents growth. Vitamin deficiency results in several diseases or specific
syndromes characteristic of each vitamin deficiency. Generally they are synthesized
by plants and are found in animals as a result of food intake or the activity of
microorganisms in the gut.

Vitamins are small organic molecules in the diet that either cannot be
synthesized by human or are synthsized at a rate less than that consistent with
health. There are some biological inactive compounds which are quite similar to
the vitamins and are easily converted into vitamins in vivo. Such compounds
are called the provitamins or precursors. For example: -carotene is the pro-
vitamin for vitamin A, and similarly ergosterol is the provitamin for vitamin D.

Vitamins are usually divided into two categories on the basis of their solubility
in two different solvents: Fat soluble vitamins and water soluble vitamins.

12.1 OBJECTIVES

After going through this unit, you will be able to:

Know the biochemical nature of vitamins.

Know about the categories of vitamins on the basis of their solubility in
water and fat solvents.

Describe the various types of fat soluble vitamins.

Explain the water soluble vitamins.

Understand the quantities and physiological functions of vitamins.

12.2 FAT SOLUBLE VITAMINS

Fat soluble vitamins are vitamin A, vitamin D, vitamin E, and vitamin K.

12.2.1 Vitamin A
Or axerophthol or retinol (C

2
H

29
OH). It is also known as antixero-phathalemic

or anti-infective vitamin.

Natural Sources

It is found in animal tissues, especially in liver, in which it is stored. Fish liver
oils are particularly rich in vitamin A. In plants, this vitamin occurs in a
precursor form as provitamin and as carotene pigments. Carotenes usually
exist in green and yellow vegetables like carrots, sweet potatoes, tomatoes,
apricot and cabbage and are converted into vitamin A in the intestinal tract of
animals.
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Physiological Functions

It is absorbed from the intestine and absorption is faciliated by bile salts. Vitamin A
is stored in the liver for emergency purposes. It may be considered to act as a
regulator of growth and activity of epithelial tissues—that is why it is also known
as growth promoting factor. It occurs in the retina of the eye and remains
associated with a protein to form a visual purple. Retina has rods and cones and
vitamin A is stored in the epithelial cells, surrounding the outer segments of rods
and cones. When light falls on retina, it is bleached, a process which enables an
organism to see.

Deficiency

The deficiency of this vitamin causes several abnormalities in the body. Some
of the important abnormalities are given below:

1. Xerophthalmia. Lacrymal glands cease to produce tears. It also causes
retardation of growth, drying of the epithelial cells and deposition of
horny substances in the cornea of the eye. Appearance of whitish deposits
bitosis spots on the conjunctiva. Blindness may occur.

2. Nyctalopia. It is a sort of failure of vision in dim light and is also
known as functional heneralopia or night blindness. In this defect,there
is a regeneration of visual purple after it has been bleached by the effect
of light rays.

3. Keratomalacia. When the deficiency is prolonged, it results in the
degeneration of the cornea, followed by ulcers and perforation and
may result in permanent blindness.

4. Dermatoses. The skin becomes dry resulting in scaly condition and
looks like toad skin.

5. Keratinization. The living cells of the nasal passage, trachea, bronchi,
gum and vagina are transformed into a stratified epithelium and undergo
the extensive keratinization. It leads to ulceration and dysfunction of
the affected parts.

6. Other affected parts:

Salivary and mucous glands. The ability of salivary glands to secrete
saliva is lost. Similarly mucous gland cells of the gut are atrophied
and filled with bacteria.

Skeleton. As stated already, vitamin A is the growth promoting factor.
Its deficiency ceases the normal growth of the bones like skull,
vertebral column etc.

Resistive nature. Vitamin A is responsible to make the body resistant
to infection. Its deficiency reduces this ability of the body.

Excess

Vitamin A is absorbed from the intestine and is mostly stored in the liver. Its
excess intake over the recommendation should be avoided because of its
difficult excretion. Its excess hyper-vitaminosis which is toxic may cause
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loss of appetite, weight loss, cracking and bleeding of the lips, loss of hair, liver
enlargement and pains in bones and joints.

12.2.2 Vitamin D
Also known as antirachitis vitamins or calciferol or sunshine vitamin.

Natural Sources

This is found in abundance in codliver oil and other fish oils in moderate
amounts in egg yolk and animal liver and in lesser quantities in milk. It is the
only vitamin synthesized by man in sun light.

Physiological Functions

The primary function of vitamin D is to regulate the absorption as well as
utilization of calcium and phosphorus. It increases both active as well as
passive transport of calcium through the small intestine.Vitamin D also
increases the volume of gastric secretion.

Deficiency

1. Rachitis or rickets. It is common in infants where the bones fail to
calcify properly. It is characterized by softness of the bone, owing to
the irregular deposition of the calcium phosphate in the bones leading
to bending of the long bones, teeth etc. The ribs become headed and
may be deformed producing the condition known as pigeon breast.

2. Coeliac rickets. (In children): This pertains to defective absorption fat
and calcium leading to diarrhoea, skeletal deformities, anaemia and
dwarfing. A similar condition in the adult is referred to as idiopathic
steatorrhoea. Relative quantity of calcium and phosphorus is lost
through faeces.

Fig. 12.1: Rickets Symptoms.
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3. Osteomalacia. It is a condition in adults similar to rickets in children. It is
characterized by the softening of the bones especially the pelvic girdle and
ribs in females leading to deformities. It may account for difficulty in child
birth in adulthood. Here the bones become softer than in rickets and serum
calcium is sometimes reduced to the extent that it may cause tetany.

Excess

Since vitamin D is not readily excreted and can be stored in circulation for
months, its excess intake should be avoided, otherwise hypervitaminosis is
caused which is toxic. Toxicity is manifested by nausea, headache, digestive
troubles, weakness, polyurea and anorexia. Kidney may sometimes get
damaged. There might occur ossification of soft tissues.

12.2.3 Vitamin E
Also known as anti-sterility vitamin, tocopherol or fertility vitamin.

Natural Sources

Natural oils like wheat germ oils, cotton seed oils, rice germ oils, corn oils,
green leaves and alfalfas are the rich sources of vitamin E. Poor sources are
meat, egg yolk, butter, fish liver oil etc.

Physiological Functions
It is absorbed through the intestine and this process is promoted by bile salts.
Presence of fat also helps in their absorption. It is stored mainly in adipose
tissues. It maintains the structural integrity of the muscles and the peripheral
muscular system in the animals. It is an anti-oxidant and prevents the oxidative
destruction of unsaturated fatty acids, vitamin A, carotene and ascorbic acid
both in the digestive tract and in body tissues. It also functions as a co-factor.
It appears that this vitamin is concerned with the processes of cell maturation
and differentiation and affects all tissues of mesodermal origin.

Deficiency

1. In rats, deficiency results in the damage of the reproductive system in
males and females. Germinal epithelium is permanently damaged. Even
if pregnancy occurs, it results in death and reabsorption of foetus.

2. It also causes neuro-muscular dystrophy (paralysis) and affects the
cardiovascular system.

3. The deficiency of this vitamin may cause haemolysis and the rate of
lipogenesis is also decreased.

4. In rabbit, nucleic acid biosynthesis has been reported to be reduced in
vitamin E deficiency.

Excess
As stated already, the excess of this vitamin is stored in adipose tissues and
muscles. Its excess intake over the recommendation should be avoided because
of its difficult excretion.
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12.2.4 Vitamin K
Also known as anti-haemorrhagic vitamin, phylloquinone or naptho-quinones.

Natural Sources
Best sources are microbacteria,moulds and yeasts. Green leafy tissues, cabbage,
chestnut, alfalfa, cauliflower, tomato and spinach are good sources of vitamin K.
Poor sources of this vitamin are milk, eggs and liver. It is also synthesized in the
intestinal microorganisms which are destroyed by excess sulpha drugs.

Physiological Functions

The absorption of this vitamin occurs in the intestine and is hastened in the presence
of bile salts. Although vitamin K is stored, the site of storage is not known definitely.
It is necessary for the clotting of blood in higher animals. It promotes the biosynthesis
of prothrombin in the liver tissues.

Vitamin K in the form of co-enzyme Q forms the normal electron carrier,
and is also believed to help in the oxidative phosphorylation process.

Deficiency
1. Its deficiency results into delay in the coagulation of blood. Actually it

causes a deficiency of prothrombin in the circulating blood, a condtion
known as hypoprothrombinemia (blood fails to clot and results in
bleeding).

2. Its deficiency in the mother results mostly in the death of the infant.

3. Deficiency of this vitamin occurs when liver or the gall bladder fails to
secrete or pass bile juice because deficiency of the bile juice reduces
the absorption of this vitamin.

Check Your Progress

1. Name all fat soluble vitamins.

2. Describe the natural sources of vitamin A.

3. Write notes on hypervitaminosis.

4. Describe the results developed due to deficiency of vitamin D.

12.3 WATER SOLUBLE VITAMINS

Water soluble vitamins are vitamin C, and vitamin B-complex.

12.3.1 Vitamin C or Ascorbic Acid
Also known as antiscorbutic vitamin.

Natural Sources
Citrus fruits such as lemons and oranges, amla, plumes, guava, grapefruits,
strawberry and apple are the richest sources of vitamin C. Other good sources
of this vitamin are berries, melons, tomatoes, green peppers, raw cabbage
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and salad greens. In animals, it occurs in tissues and various glands or organs like
adrenal glands, liver, thymus, corpus luteum etc. Poor sources are potatoes and
rose hips. In both human and cow milk, it is present in the least amount.

Physiological Functions

Most of animals including all vertebrates and some invertebrates can synthesize
vitamin C from carbohydrate, therefore, they have not to depend upon the
external supply. But human beings, monkeys and pigs are unable to synthesize
this vitamin and hence they have to depend upon external supply.

It functions as a part of the oxidation reduction system and acts in the
living cell as a hydrogen transporter.

It also helps in the secretion of collagen, cement, dentine, cartilage and
matrix of bones.

It helps the body to build resistance against infection from bacteria and
the toxic products by such infections.

It also helps in absorption of calcium and iron from the intestine.

It is involved in tryosine metabolism.

It has been reported to act as co-enzyme for cathepsin and liver
esterases.

It controls the cholesterol metabolism.

It is required to maintain the normal proportion of the plasma proteins.

It helps in the absorption and utilization of iron.

Deficiency

Lack of vitamin C causes a disease called scurvy. It is the oldest vitamin
deficiency disease recorded in history. This is characterized by weight loss,
weakness, bleeding gums, loosening and falling out of teeth and subcutaneous
and intramuscular haemorrhage, bone and joint pains and fragility of bones
etc.

In children there might occur loss of appetite. Healing of wounds is
delayed.

Its deficiency also causes anaemia as it helps in the absorption and
utilization of iron.

12.3.2 Vitamin B Complex
Originally, vitamin B is referred to a vitamin whose absence gives rise to
beriberi in man and polyneuritis in birds. The vitamin B complex comprises
a group of water soluble factors more or less closely associated in their naural
occurrence. It is now customary to refer them by their chemical names.
Previously they were named as B

1
, B

2
, B

3
 etc. The only common property

exhibited by these vitamins is that they form co-enzymes or prosthetic groups
of different enzymes. Following are the compounds comprising the vitamin B
complex:
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12.3.3 Thiamine (Vitamin B1)
Also known as antineuritis factor, aneurine or heat labile factor.

Natural Sources
Cereals, pulses and yeast are the best sources. Among rich sources are nuts,
oilseeds, egg, fish, pork, beef, liver, heart, kidney and many vegetables. Milk
and fresh fruits also contain appreciable amounts of thiamine. In animal tissues
and in yeast, it occurs primarily as the coenzyme thiamine pyrophosphate or
cocarboxylase. The synthetic vitamin is also available commercially.

Physiological Functions
Thiamine involved in carbohydrate metabolism was demonstrated by Peters.
Thiamine reacts with two terminal phosphates of ATP to form thiamine
pyrophosphate TPP, that acts as co-enzyme and helps in carbohydrate
metabolism specially during glycolytic pathway and Kreb’s cycle. It is
suggested that insulin is required for formation of TPP from thiamine.

It has also been proved that thiamine is neccessary for normal uptake
of oxygen by the brain tissue.

Deficiency
The deficiency of this vitamin in man produces a disease called beriberi or
polyneuritis. Symptoms are the lack of appetite, muscular atrophy, oedema,
cardovascular changes, feeling of fatigue, weakness, headache and dizziness.
Beriberi is of two types:

Dry beriberi. This takes place in the case of lesser deficiency of
thiamine. In this type of disease, there occurs muscular weakness and
loss of weight, neuritis, pain in the arms and legs and decrease in blood
pressure. The person suffering from dry beriberi responds rapidly to
thiamine administration.

Wet beriberi. This takes place in the case of severe deficiency of
thiamine. In this case, the entire nervous system is affected and results
in a type of paralysis, leading to edema and impaired cardiac function.
The wet type of beriberi is more common in infants.

12.3.4 Riboflavin (Vitamin B2)
It is also known as vitamin G or lactoflavin or ovoflavin.

Natural Sources

Eggs, milk, yeast, liver, kidney, meat and fresh leafy vegetables are the good
sources of riboflavin. It is present in little amounts in whole cereals and pulses,
and in various plants and animal tissues. The commercial production by yeasts
and certain microorganisms is widely practised.

Physiological Functions
It is absorbed from the intestine, and HCI of the stomach is probably needed
for the absorption. It is usually stored in liver. It is involved in the metabolism
of proteins, fats, carbohydrates and nucleic acids by forming part of the
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flavoprotein. Riboflavin is a part of the structure of two flavin co-enzymes, flavin
mono nucleotide (FMN) and flavin adenine dinucleotide (FAD). FMN is derived
from riboflavin by the enzyme flavokinase as given below:

Riboflavin + ATP...---...flavo Kinase FMN + ADP

FAD arises from FMN by reaction with ATP and an enzyme found in
yeast and animal tissue.

FMN + ATP = FAD + PP

Riboflavin is a constituent of several enzyme systems, such as amino
acid oxidases, xanthine oxidase, cytochrome C-reductase etc. These enzymes
are called flavoproteins. The main function of this vitamin is concerned with
oxidation reduction.

Deficiency

Cheilosis. The deficiency of riboflavin (ariboflavinosis) has been
produced experimentally in man. The skin becomes rough and scaly:
the pink parts of the lips are bright red, swollen and cracked (angular
stomatitis). Sometimes, it causes waxy accumulation of the skin
(seborrheic dermatitis).

Glossitis. The tongue is enlarged. Tender and magenta in colour due to
inflammation.

Recent studies indicate that riboflavin is present in the eyes and probably
plays an important part in the nutrition of the eye. Absence of this vitamin in
diet produces, conjuctivitis and keratites and sometimes cataract in rats. In
man, its deficiency increases the sensitivity of eye to light and the stage is
called photophobia.

Excess

The excess of riboflavin is eliminated in the urine in the form of a pigment,
uroflavin, the excretion of which fluctuates with the intake of vitamin. In
many mammals, this vitamin is synthesized by intestinal microorganisms. Rabbit
excretes its faeces ten to fifteen times their intake—so grows without dietary
riboflavin.

12.3.5 Pantothenic Acid (Vitamin B3)
Also known as antidermititis factor, the liver filterate factor, the yeast
factor and the chick antipellagra factor.

Natural Sources

It occurs in all types of plant and animal tissues. Due to its universal occurrence
the word pantothenic (Greek it means every where) is used. Rich sources are
liver, kidney, heart, brain, pancreas, yeast, rice bran, mollasses, peas,
cauliflower, sweet potatoes and tomatoes.

Physiological Functions

In the living cell, pantothenic acid combines with mercaptoethylamino to form
pantothene which in turn is built up into the important substance, co-enzyme
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A (active acetate) to play an essential role in the metabolism of both fat and
carbohydrates. Co-enzyme A is found in the liver with lesser quantities in the
adrenals and other tissues. Lipmaunn described the following reactions in
which CoA is involved:

1. Acetyle transfer
ATP + CoA-acetate:

ATP + CoA + Ac — AcCoA + AMP + PP

Phosphotransacetylation:

AcP + CoA — Ac CoA + F

Formotransacetylation:

Pyruvate + CoA — Ac CoA + formate

Trans acetylation

Ac CoA + butyrate — butyryl CoA + Ac.

Aceto acetate.

Citrate.

Acetaldehyde + CoA + NAD---AcCoA

Pyruvate + CoA + NAD – AcCoA + NADH + CO
2

2. Succinyl transfer
-Keto glutarate + NAD + CoA Succinyl CoA + NADH

3. Benzyol transfer. Hippuric acid synthesis is an example.

4. Complex system. Involment of C oA in fatty acid synthesis, fatty acid
oxidation, and the synthesis of steroid and fat.

Deficiency

Co-enzyme A is concerned with the pigmentation of skin and hair. In the
black rat, it prevents graying of its hair. That is why it is also known as the
‘anti-graying factor’. Its deficiency causes retarded growth and lesser
reproductive power. Deficiency causes pellagra like symptoms in chicks. In
human beings, there occassions a ‘burning feet syndrome’ which can be cured
by injection of calcium pantothenate. In human beings, it develops irritability,
restlesseness, fatigue and gastrointestinal troubles.

Deficiency symptoms of this vitamin are classified under three D’s,
namely dermatitis, diarrhoea and demention.

The most common disease of this vitamin is pellagra in which patches
develop on the skin; mouth and tongue develop soreness and inflammation,
achlorhydria, diarrhoea, thickening and pigmentation of the skin. A prolonged
deficiency also causes irritability, depression, loss of weight and strength and
lack of appetite. Mental symptoms such as irritability, anxiety, depression and
confusion appear and the patient may become demented. Milk and milk
products because of their high tryptophan contents can prevent the above
defects.
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12.3.6 Folic Acid (Vitamin B4)
Also known as pteroylglutamic acid (PGA), several other compounds have
been obtained showing similar biological properties as folic acid and are known
as vitamin M, Vitamin Bc, factor R, factor S, factor U, lactobacillus casei
factor and the anti-anaemic factor.

Natural Sources
In liver, kidney, yeast and mushroom, it is found in abundance. Green leaves
and grass are also rich sources of folic acid. It is present in good amount in
wheat, gram, dried lima beans, peanuts and whole wheat. In small amounts, it
is found in tomatoes, bananas, rice, corn, sweet potatoes, pork and meat.

Physiological Functions

Folic acid plays an essential role in cellular metabolism. It is necessary especially
for production of red cells in the bone marrow (haemopoiesis) and serve
deficiency results in the megaloblatic anaemia. It is also responsible for the
synthesis of thiamine. Folic acid does not take part in transmethylation but it
is needed for transformylation reactions and transmethylation in which it is
probably implicated is necessary for the formation of the thymidylic acid, a
constituent of DNA. Thus, folic acid performs three main functions: (a) it is
concerned with nucleoproteins, (b) it is essential for growth of micro-organisms
and (c) it is a potent anti-anaemic factor, for this vitamin is concerned with
maturation of RBC.

Deficiency

Folic acid deficiency in man causes megaloblastic and nutritional macrocytic
anaemia leucopenia, mouth lesions, glossitis and disorders of the
gastrointestinal tract. In rats, deficiency of this vitamin leads to graying of
hair.

12.3.7 Nicotinic Acid (Vitamin B5)
Also known as niacin, pellagra prevention factor or nicotinamide or vitamin
B

5
.

Natural Sources

Kidney, liver, milk, yeast and egg are good sources of niacin. It is present in
small amounts in various plants such a polished rice, groundnut, wheat germ
and whole cereals and animal tissues. Common fruits or vegetables contain
very little or none at all.

Physiological Functions

It forms an essential component of NAD (nicotinamide adenine dinucleotide)
and NADP (nicotinamide adenine dinucleotide phosphate) and thus forms
co-enzymes. It is the form of NAD that forms the normal components of the
electron transport chain.

This enzyme as a co-enzyme is important for fermentation and glycolysis.
Nicotinic acid or nicotinamide when given through the mouth is absorbed as
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it is. The conversion of nicotinic acid to nicotinamide takes place in kidney and
brain slices, as well as liver slices in the presence of glutamide. It is clear that in the
body, the amino acid is converted to anthranilic acid and through a series of
intermediates to nicotinic acid.

Fig. 12.2: Signs of Pellagra and Symptoms on the Hand.

12.3.8 Pyridoxine (Vitamin B6)
Also known as vitamin B

6
, it is the generic name officially given to a group of

naturally occuring derivatives of pyridine.

Natural Sources

It is found both in animal and plant tissues. Brewer’s yeast is the excellemt
source of pyridoxine. Other rich sources are liver egg yolk, kidney, meat,
fishes, legs of lambs, wheat bread, whole grams, cabbage and leguminous
seeds. Milk, vegetables and fruits are the poor sources.

Physiological Functions

It is an essential component of the co-enzyme pyridoxal phosphate which is
an important co-factor in transmination and decarboxylation of all naturally
occuring amino acids. Pyridoxal phosphate catalyses the synthesis of
tryptophan from indole and serine, and is necessary for the conversion of
tryptophan to nicotinic acid. It is also required in the haemesynthetic pathway,
acting specifically as a co-enzyme at the stage of formation of d-
aminolaevulinic acid.

It promotes growth in rats and is essential for the life of many lower
organisms such as yeast, mosquito larvae and some microorganisms. It is
also concerned with the utilization of unsaturated fatty acids as well as
production of respiratory enzymes.

It is used in the treatment of tuberculosis.
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Deficiency

Its deficiency in human beings causes a specific type of anaemia with pellagra
like symptoms, i.e. extreme nervousness, insomnia, irritability, abdominal pain
and difficulty in walking. It may also cause vomitting, diarrhoea, convulsions
and skin lesions.

In rats, it causes acrodyma with swollen oedematous paws, thickened
ears, denuded nose and sometimes ulceration of the mouth and tongue occur.

Recently it has been noticed that pyridoxine plays an important role in
brain metabolism. It converts glutamic acid to gamma amino butyric acid
(GABA) in the brain. The latter acts as a regulator of nervous activity.

12.3.9 Biotin (Vitamin B7)
Also known as co-enzyme R, or vitamin H or anti-egg white injury factor.

Natural Sources

Rich sources are liver, kidney, egg yolk, milk and molasses. In vegetables, nuts
and cereals, it is present in moderate amount. It may be synthesized by intestinal
bacteria, which is a more potent source than that obtained from the diet.

Physiological Functions
It plays an important role in a variety of carboxylation and decarboxylation
reactions. It acts as a co-enzyme in the fixation of carbon dioxide in
carboxylation reactions such as the conversion of pyruvic acid to oxalo-acetic
acid or the carboxylation of acetyl co-enzymes A to form malonyl co-enzyme
A in fatty acid biosynthesis.

It is also concerned with the determination of certain amino acids.

It is necessary for growth and respiration of certain species of bacteria.

Deficiency

Biotin deficiency has been produced in man by a diet consisting mainly of
uncooked egg white. The protein, avidin of egg white forms with biotin a
stable compound which since it is not hydrolysed in the intestine, cannot be
absorbed.

Sulfaguanidine can inhibit the formation of biotin by the intestinal flora
of microorganisms and thus creates its deficiency. Its deficiency in the human
being causes dermatitis which is followed by anorexia, muscular pain and
hyperesthesia. In rats, its deficiency leads to loss of hair and muscular control.

12.3.10 Cobalamin (Vitamin B12)
Also known as antipernicious anaemia factor, animal protein factor (APF)
or extrinsic factor of Castle.

Natural Sources

The best sources of this vitamin are liver, eggs, meat, beef, pork, muscles,
milk and milk products. Vegetable foods generally lack this vitamin. This
vitamin is synthesized exclusively by microorganisms. Intestinal flora of
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microorganisms can also synthesize this vitamin in animals including man. It is
conserved in the liver, where it is found as methylcobalamin, adenosyl-cobalamin,
and hydroxocobalamin. Liver is therefore a good source of vitamin. There is no
interference with absorption. It is also present in cow dung and urine.

Physiological Functions

This vitamin has been shown as a very important growth factor for many animals,
man and micro-organisms. It is essentially required for normal formation of blood
and erythrocyte maturation is unknown. It is also required for the biosynthesis of
methyl groups from one carbon precursor and for the synthesis of thymidine and
other dioxyribosides. It has also been implicated in protein synthesis, in the activation
of SH enzymes and affects myelin formation.

Vitamin B
12

 like other vitamins of the B group, is converted in the living cell
into a co-enzyme B

12
, which is involved in the enzymatic conversion of

methyldmaonly CoA to succinyl CoA. These vitamins are involved in the metabolism
of glycine, serine, methionine and choline.

Deficiency Symptoms
Castle suggested that gastric juice contained a factor known as intrinsic factor
(muco protein) which is essential for the absorption of extrinsic factors known as
vitamin B

12
. In humans, B

12
 deficiency rarely occurs. Its deficency causes pernicious

anaemia which in the late stages is accompanied by degeneration of the spinal
cord resulting in ataxia and paralysis. Its deficiency also causes typical sore
tongue, demyelination and several other neurological disorders.

12.3.11 Inositol
Also known as mouse antialopecia factor.

Natural Sources

It is found in muscles, liver, kidney, brain and other animal tissues, and it is also
widely distributed in the plants, e.g. fruits, vegetables, whole grains and yeast.

Physiological Functions
It stimulates the growth of yeast cells in a special medium. It has been claimed that
the spectacle eye condition in rats can be cured with inosital. In human beings, its
significance is not known definitely. But it is observed that in the presence of
inosital, blood cholesterol level is not increased.

Deficency Symptoms

In mice, its deficiency causes retardation in growth and alopecia (loss of hair). It
also produces a special type of fatty liver containing much cholesterol whenever
the animal does not get it in sufficient amount. It is said that it acts as a lipotrophic
factor. Its deficiency also causes haemorrhagic degenaration of the adrenal gland.
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12.3.12 Choline

Natural Sources

The richest source is egg yolk. In liver and kidney it is found in abundance. In
cereal grains, choline is found largely in the germs. It is also found in meat, peas
and leafy vegetables in good amount.

Physiological Functions

It is an important lipotrophic factor and can be synthesized in the body. It
prevents the excessive development of the fatty liver. It also participates in
transmethylation reactions. The methylation reaction is essential for the
synthesis of adrenaline, methionine, creatine and phospholipids etc. The methyl
groups of choline play an important role in intermediatry metabolism. It is
responsible for the transmission of nerve impulses.

Deficiency Symptoms

Its deficiency in most of the animals is associated with haemorrhagic changes
in kidney and cirrhosis in the liver. Its deficiency results in the development of
the fatty liver. In puppies, there occurs severe anorexia i.e. loss of appetite.
Its deficiency delays or stops the ovulation in hen and lactation in rats.

12.3.13 P-Amino Benzoic Acid
It is known as PABA or para amino benzoic acid or anti-graying factor.

Natural Sources

It is widely distributed in animals and plants in both free and combined forms.
The rich sources are liver yeast, rice bran and whole wheat.

Physiological Functions

It serves as co-enzymes in certain enzyme systems. It is converted into folic
acid in bacterial systems. Although it is not an essential dietary factor, it is an
essential metabolic. It is non-toxic even in large doses but it interferes with
the bacteriostatic action of sulphonamide.

Deficiency

Its deficiency affects adversely the growth and the maintenance of the normal
fur coat of the rats. In rats, failure of lactation occurs in the deficiency of this
vitamin.

Check Your Progress

5. Name all water soluble vitamins.

6. Describe the natural sources of vitamin C.

7. Explain the physiological functions of vitamin B
4
 (Folic acid).

8. Describe the deficiency caused due to P. amino Benzoic acid.
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12.4 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Fat soluble vitamins are vitamin A, vitamin D, vitamin E, and vitamin K.

2. In animal tissue, liver is the main source whereas in plants this vitamin is
present in its precursor forms as provitamin in green and yellow vegetables
like carrot, sweet potatoes, tomatoes, apricot and cabbage.

3. When the vitamins are present in higher concentration than required the
stage is called hypervitaminosis. Excess of fat soluble vitamins becomes
toxic because their excretion from the body is very slow or does not occur.

4. The deficiency of vitamin D causes rachitis or rickets, coeliac rickets in
children, osteomalacia and tetany.

5. Vitamin C and vitamin B complex (all) are water soluble and their
excretion from the body is easily made.

6. Citrus fruits such as lemons and oranges, amla, plumes, guava, grape
fruits, strawbarry and apples are the richest sources of vitamin C. Other
good sources includes berries, melons, tomatoes, green peppers, raw
cabbage and salad green.

7. Folic acid plays an essential role in cellular metabolism. It is necessary
especially for production of red cells in the bone marrow (haemopoiesis).
It is also responsible for the synthesis of thiamine. It is also essential for
growth of micro-organisms.

8. The deficiency of P-amino Benzoic Acid affects adversely the growth
and the maintenance of the normal fur coat of the rats. In rats the failure
of lactation occurs in the deficiancy of this vitamin.

12.5 SUMMARY

Vitamins are the organic compounds that people need in small quantities for
the proper functioning of their metabolism. Most vitamins come from food
because the body either does not produce them or produce very little. Vitamins
are generally classified as either fat soluble or water soluble. Fat soluble
vitamins (vitamin A, vitamin D, vitamin E, and vitamin K) are easily dissolved
in fat and tend to accumulate in the body. Water soluble vitamins (vitamin C
and the B-complex vitamins, such as vitamin B

6
, vitamin B

12
 and folate) must

dissolve in water before they can be absorbed by the body, and therefore
cannot be stored. Any water soluble vitamin unused by the body is primarily
lost through urine. A diet that includes plenty of fruits, vegetables, whole
grains, good protein packages, and healthful fats provide vitamins as well as
nutrients for good health. Vitamin deficiency results in several diseases or
specific syndromes, characteristic of each vitamin deficiency. Diseases like
xerophthalmia, nyctalopia, neuromuscular dystrophy, rickets, osteomalacia,
scurvy, beriberi, cheilosis, glossitis, megaloblastic anaemia etc.
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12.6 KEY TERMS

Antioxidants: Substances like vitamins A, C, E and beta carotene, that
protect your body from the damage of oxidation caused by free radicals.

Daily value: Found as food and drink nutrition labels, this number represents
the percentage of the recommended dietary allowance provided by one
serving of the food or drink in question.

Free radicals: An atom or molecule with atleast one unpaired electron,
making it unstable and reactive.

Micronutrients: The name given to certain vitamins and minerals that your
body needs only in small amounts. Examples are chromium, zinc and
selenium.

12.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Give an outline classification of vitamins.

2. Write down the deficiencies caused by vitamin D.

3. Describe the common natural sources of all fat soluble vitamins.

4. Write notes on the physiological functions of vitamin C.

Long Answer Questions
1. Write an essay on vitamins.

2. Describe the physiological functions of all vitamins.

3. Discuss the deficiency diseases of all vitamins.

4. Explain water soluble and fat soluble vitamins.

12.8 FURTHER READING

1. Carolyn Dean M.D. Vitamins and Minerals, Diet and Nutrition.
2. Catherine Shanghan. Deep Nutrition.
3. Gerald F. Combs, Jr. James P.M. The Vitamins.
4. Janobs Zenpleni, John W. Suttie, Jesse F. Gragory III., Patric J. Strover.

Hand Book of Vitamins.
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13.0 INTRODUCTION

Neuron is the basic unit of the nervous system. Neuron is the largest cell in
the body. A neuron may be round, flask shaped, oval, triangular and star
shaped. A neuron consists of three distinct portions:

Cell Body or Cyton or Perikaryon. It contains a well defined nucleus
and nucleolus surrounded by a granular cytoplasm. Within the cytoplasm are
several mitochondria, Golgi bodies and Nissil granules. Nissil granules or
bodies are angular granules stained with basic dyes. They consist of
nucleoprotein and organically combined iron. They are probably concerned
with the continued synthesis of the new cytoplasm

Nissil bodies disappear during fatigue and injury to the nerve cell and
reappear after rest. There is no centrosome. For this reason, fully matured
nerve cell fibres arises is known as axon hillock. This portion is found to be
rich in neurofibrialle. Neurofibrils are fine filaments passing through the
cytoplasm from the dendrite to the axon. These are composed of microtubules
and may assume a funciton in support.

Dendrites. The cell membrane of the cell body is projected in the form
of typically short, highly branched fibres which are known as dendrites. A
neuron usually has several main dendrites. In some neurons the dendrites are
more than 1 mm long, and they account for more than 90% of the surface
area. Dendrites typically contain Nissil bodies and mitochondria. Dendrites
are specialized to receive stimuli and send nerve impulses to the cell body.

Axon. The nerve fibre contains a shift axon which remains surrounded
by the plasma membrane. It is a single highly specialized long process that
conducts impulses away from the cell body to another neuron or tissue (muscle or
gland). The axon arises from soma in a specialized region called the axon hillock.
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The cytoplasm of axon is the axoplasm that contains mitochondria and
neurofibrils but no Nissil bodies. Axolemma is the plasma membrane that
surrounds the axon. The length of axon varies from a few millimetres in the
brain to a metre or more between the spinal cord and toes. Along the course
of an axon, there may be side branches called axon collaterals. The axon and
its collaterals terminate by branching into many fine filaments called
telodendria.

Fig. 13.1: Structure of a Neuron.

There are several Schwann cells located along the axon. These cells produce
the myelin sheath around the large peripheral axons. Myelin is white and made up
of phospholipids. It is responsible for the colour of the white matter in the brain,
spinal cord and nerves. Nerves with myelin sheath are myelinated or medullated
and those without it are unmyelimintated or non-medullated. The function of
myelin sheath is to insulate and maintain the axon. The neurolemma or sheath of
Schwann is the peripheral nucleated cytoplasm layer of the Schwann cell that
encloses the myelin sheath. The axon appears to bear certain node type inner
depression at distances known as nodes of Ranvier. The myelin sheath remains
interrupted at the nodes of Ranvier.
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13.1 OBJECTIVES

After going through this unit, you will be able to:

Define neuron as well as glial cells.

Describe the structure of a neuron.

Discuss the types of neurons.

Explain the types of neuro glial cells.

13.2 TYPES OF NEURONS

On the basis of the number of processes emerging from the cell body, neurons
can be classifed as:

Apolar. These are the most primitive neurons which are devoid of
cytoplasmic processes like dendrites or axons. Embryonic neurecto-
dermal cells belong to this category.

Fig. 13.2: Myelinated Fibers. (a) A Myelinated Fiber is Surrounded by Myelin at Regular
Intervals. The Intervening Unmyelinated Regions are Known as Nodes of
Ranvier. (b) In the Peripheral Nervous System, each Patch of Myelin is Formed
by a Separate Schwann Cell that Wraps Itself Jelly-Roll Fashion Around the
Nerve Fiber. In the Central Nervous System, each of the Several Processes of a
Myelin-forming Oligodendrocyte Forms a Patch of Myelin Around a Separate
Nerve Fiber.
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Unipolar. In this category, a single neuron has only one cytoplasmic stiff
process, the axon. It lacks dendrites. These are mostly found within the
posterior roots of spinal nerves and in the roots of certain cranial nerves like
trigeminal, glossopharyneal and vagus.

Bipolar. This type of neuron develops one axon like dendron. In such
cases, the nerve impulses pass though cyton as in retinal layer of the
vertebrate eye.

Pseudobipolar. No doubt the cyton develops one axon like dendron,
but the impulses do not pass though the cyton.

Multipolar. In this, the cyton has a long axon and many cytoplasmic
processes or dendrites.

Histologically the neurons are categorized into:

Medullated or myelinated neurons are those provided with myelin
sheath. These neurons appear to be white hence known as white neu-
rons.

Non-medullated or unmyelinated neurons do not contain such a
sheath of lipid. Such neurons appear to be gray, hence known as gray
neurons.

On the basis of the chemical substance released by the neurons, these
are categorized into:

Adrenergic neurons are those releasing substances of hormonal nature.
Majority of postanganglionic sympathetic fibres release sympathin,
similar to hormone adrenaline, hence are often known as adrengeric
neurons.

Cholinergic neurons produce a substance called acetylcholine, hence
called cholinergic neurons. Postaganglionic parasympathetic and
sympathetic fibres of sweat glands and uterus belong to this category.

Functionally neurons may be grouped as follows:

Sensory neurons. A sensory neuron has only a single fibre which divides
close to the cell body into two main branches. The sensory neurons are
located within the receptor organs. Sensory neurons trasmit impulses
towards the central nervous system.

Motor neurons. A motor neuron conducts impulses away form the
brain or spinal cord. The motor neurons lie within the cord itself in the
gray matter.

Internuncial neurons lie between sensory and motor neurons and transmit
signals in several directions by modifying them in a way best studied to
meet the needs of the animal.

On physio-anatomic basis, the neurons are classified into four following
categories:

Somatic afferent. These belong to the somatic portion of the peripheral
nervous system. They conduct impulses from the skin, skeletal muscles and
joints to the central nervous system.
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Somatic efferent. These also belong to the somatic portion of the peripheral
nervous system. They conduct impulses from the central nervous system to
the skeletal muscles.

Fig. 13.3: Anatomy of a Neuron. Arrow Indicate Direction in which Nerve Signals are
Conveyed.

Visceral afferent. These convey impulses from the viserca and blood
vessels to the central nervous system.

Visceral efferent. They belong to the autonomic nervous system. They
convey impulses from the central nervous system to the smooth muscles,
caridac muscles and glands.

Check Your Progress

1. Define the neuron.

2. Describe the various parts of a neuron.

3. Differentiate medullated neurons from non-medullated neurons.

4. What are the different types of neurons?
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13.3 TYPES OF GLIAL CELLS

The word neuroglia is the combination of neuron (nerves) and glia (glue). It
represents the binding capacity of neurons together. Neuroglial cells are small
with prominent nuclei (3-10 μm in diameter). Astrocytes, oligodendrocytes
(macroglia), microglia and ependymal cells.

13.3.1 Astrocytes
These are star shaped with cytoplasmic branching, large oval to spherical
nuclei, Golgi complex, little granular, endoplasmic reticulum, lysosomes, few
ribosomes and glycogen. There are bundles of glial filaments extending into
the cytoplasmic processes. The cytoplasmic processes extend between neurons,
to the blood vessels and to the surface of brain and spinal cord forming a
layer beneath it. There are two types of astrocytes: protoplasmic and fibrous.

Protoplasmic Astrocytes
These are mainly located in gray matter of CNS (brain and spinal cord). They
are short provided with many branching processes abundantly present around
neurons, synaptic areas and blood vessels.

Fibrous Astrocytes

These are mainly located in white matter of CNS (brain and spinal cord).
They are provided with long slender processes with few or no branches.
Astrocytes play a significant role in supporting the CNS as structural elements.
Around the blood vessels the astrocytes function as a diffusion barrier.
Astrocytes also remove neuronal debris after brain damage, and form a seal
around damaged areas.

13.3.2 Oligodendrocytes or Oligodendroglia
These are smaller than astrocytes also having short and fewer cells processes.
They have small ovoid irregular, heterochromatic nuclei. Cytoplasm contains
numerous free and attached ribosomes, extensive Golgi complex, and several
mitochondria. The occurrence of oligodendroglia is restricted to two locations
in the grey matter of CNS closely associated with perineuronal satellite cells;
and among bundles of axons in white matter. These cells are associated with
the formation of myelin sheath.

13.3.3 Microglia
These are small some what elongated cells having short spiny processes. All
neuroglial cells are originated from ectoderm, only the microglial cells are
mesodermal in origin. These cells are found near blood vessels in both white
as well as gray matter of CNS. Microglial cells are the main source of
phagocytic cells in the CNS.

13.3.4 Ependymal Cells
The inner lining of entire hollow CNS is composed of ependymal cells. The hollow
space of CNS bounded by these ependymal cells is modified into a number of
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ventricles of various shapes and sizes. In the developing embryo these cells are
ciliated whereas in adults they become more or less cuboidal with few cilia.
Ependymal cells are also provided with microvilli.

Check Your Progress

5. What are the glial cells?

6. What are the different types of glial cells?

7. Name the glial cells associated with the formation of myelin sheath.

8. Describe the glial cells forming the inner lining of neurocoel.

13.4 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Neuron is the structural and functional unit of central nervous system.

2. A neuron has cyton, dendrites, axon, nodes of Ranvier. Cyton bears
nucleus and highly branched dendrites. Axon develops Schwann sheath.
Myelin sheath may or may not be present.

3. A neuron with myelin sheath is medullated, and that without myelin
sheath and non-medullated neuron.

4. There are five types of neurons: apolar, unipolar, bipolar, pseudobipolar
and multipolar.

5. Glial cells are basically non-neuronal cells of CNS that provide
developmental, physiological, and metabolic support for neurons.

6. There are four types of glial cells: astrocytes (protoplasmic and fibrous),
oligodendrocytes, microglia and ependymal cells.

7. Oligodendrocytes are mainly associated with the formation of myelin
sheath.

8. Ependymal cells form the inner lining of neurocoel–the cavity of CNS
is modified into variable ventricles in brain.

13.5 SUMMARY

Neuron is the structural and functional unit of nervous system. Neuron is the
longest cell present in an organism. Each neuron is divisible into two parts:
the cyton, and the axon. Cyton is also known as cell body or perikaryon. It is
the broadest part of neuron bearing a well defined nucleus and nucleolus.
Cytoplasm contains Nissil granules and Golgi complex. It lacks centrosome
or centriole. The cell membrane of cyton is projected in the form of highly
branched fibres–the dendrites. Axon is the longest part of cyton. It is filled
with axoplasm. It may or may not enveloped by medullary sheath. Schwann
sheath the membranous covering of axon that develops discontinuities at places
called nodes of Ranvier. There are five types of neurons: apolar, unipolar, bipolar,
pseudobipolar, and multipolar.
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Neuroglial cells are basically nonneuronal cells in the central neurons system.
Neuroglial cells provide developmental, physiological, and metabolic support for
neurons. They are responsible for maintaining homeostatic control and immune
surveillance in the nervous system. There are four types of neuroglial cells:
Astrocytes, oligodendrocytes, microglia and epondymal cells. Astrocytes are further
differentiated into two: protoplasmic astrocytes and fibrous astrocytes. Neuroglial
cells also provide myelin sheaths around axons. The local processes of astrocytes
give these cells a star like appearance.

13.6 KEY TERMS

Radial glia: The glial cells that serve as a bridge for developing neurons as
they move to their end destinations.

Satellite glia: Glial cells that provide nutrients for neurons in the peripheral
nervous system.

Synapses: The junction between the terminal of a neuron and either another
neuron or a muscle or gland cell over which nerve impulses pass.

Ventricles: The neurocoel of CNS which is modified into a number of
spaces of variable shapes and sizes.

13.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Define neuron as well as glial cells.

2. Draw a neat and labelled diagram of a multipolarized neuron.

3. Describe the structure of a neuron.

4. Write notes on the pseudobipolar neuron and Astrocytic neuroglial cells.

Long Answer Questions
1. Write an essay on the structure and types of neurons.

2. Describe the various types of glial cells.

3. Write notes on the various types of neuron and glial cells.

4. Describe the physiological or metabolic functions of all the neurons.

13.8 FURTHER READING

1. Alexel Verkhratsky. Arthur Butt. A Text Book of Glial Neurobiology.
2. Sarah Jakel and Leda Dimou. Glial cells and their Function in the Adult

Brain.
3. Samtiago Ramon Y Cajal. The Neuron and the Glial Cell.
4. A. Suzumura, K Ikenaka. Neuron Glial Interaction in Neuro

Inflammation.
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14.0 INTRODUCTION

In almost all vertebrates including human beings the cell membrane of every
cell is selective permeable. It is impermeable to some ions and permeable to
others. This is the usual state and helps in the movement of desirable ions
across the membrane. It helps in maintaining the balance between negatively
as well as positively charged ions. Whenever there is any ionic disturbance in
sensory cells or neurons it is called an impulse. Impulses move from sensory
cells to CNS or from CNS to muscles in electrochemical means. Only sensory
cells are capable of generating impulses whereas nerve cells simply carry
them to or away from CNS.

14.1 OBJECTIVES

After going through this unit, you will be able to:

Know the meaning of an impulse.

Describe the Donnan equilibrium.

Know the meaning of polarized, depolarized and repolarized membranes.

Transmission of impulses across the synapses.

14.2 CONDUCTION OF NERVE IMPULSES

All living cells have a difference in electric potential between the inside and
outside of the cell membrane. This resting potential may be measured by
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using two small electrodes and a voltage metre. When the microelectrodes are
positioned just outside the cell or if both are inserted into the cell, there is no
deflection of the metre. However, a deflection is seen if one electrode is placed
inside the cell while the other is kept outside the cell membrane. The magnitude of
this electric potential difference depends upon the type of cell examined, but it is
generally between 10 and 100 millivolts (mV). In almost every case, the inside
contents of the cell are negative relative to the outside; that is, there is a
preponderance of negatively charged atoms and molecules inside the cell relative
to the outside fluids. Thus we say that the membrane is electrically polarized. For
example, in squid nerve axons and frog muscle cells, resting potentials of –50 to –
75 mV are routinely recorded, while cells of the freshwater alga Nitella show
potentials of –100 to –200 mV compared to the extracellular fluid.

While membrane potentials appear common to all living cells, it is in the
nerve and muscle tissue that this property seems to be of clearest importance.
Here radical changes in the membrane potential may be measured and are essential
to normal cellular function. It is well to ask how the resting up the transient changes.
Specialized giant neurons of the squid have proved particularly useful in studying
membrane potentials. The nerve axon is extremely large (1 millimetre in diameter)
in contrast to mammalian axons which are only a few microns in diameter.
Introducing microelectrodes into the squid axon is comparatively simple.
Mammalian nerve cells are usually grouped together in nerve bundles and are
sensitive to breakage; the squid’s giant axon is a sturdy single neuron running the
length of the animal’s body. It is covered by a connective tissue sheath which is
easily removed. By the time the difficulties of working with mammalian nerves had
been resolved in 1950, most of the details of conduction in the squid axon had
been solved. Fortunately, the general properties of the systems are the same.

It is only in the past 30 years that physiologists have been able to show that
the resting potential of the cell comes about through differences in the concentration
of certain electrically charged atoms and molecules called ions. Ions are formed
when the number of electrons (carrying a negative charge) is greater or less than
the number of protons (carrying a positive charge) in an atom. Thus the sodium ion
(Na+) carries a positive charge because the sodium atom has lost one of its electrons
so that it has one more proton than electron. The chloride ion (Cl–) carries a
negative charge because the chlorine atom has gained an extra electron. The loss
and gain of electrons (ionization) is common for certain materials such as salts
dissolved in solutions. The relative number of positive and negative ions determines
the electrical charge in the fluids inside and outside the cell. Although there are
many differences in ionic concentration, only differences in K+, Cl–, and Na+ are
large enough to be important for membrane potentials.

14.2.1 Permeability and Diffusion
Cell membranes are selectively permeable. That is, certain atoms and ions
pass through the membrane more easily than others. Permeability is a measure
of the ease of penetration of a substance across a barrier (membrane). It is expressed
in terms of the flow of a substance per unit area per thickness per unit of time. The
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nerve cell membrane is relatively permeable to K+ and relatively impermeable to
Na+ and not at all permeable to large protein molecules.

Molecules, atoms and ions move from places of high concentration to places
of low concentration by the process of diffusion. Suppose that we had two
chambers filled with water separated by a freely permeable membrane. Suppose
further that we add a soluble substance (x) to one chamber. Initially, there would
be a huge concentration difference of x between the two sides of the membrane:
there is a huge concentration gradient. Since we know that atoms are in constant
random motion, we expect that substance (x) will freely mix with the water
molecules, knocking against the membrane and passing through to the other side.
As substance x penetrates the membrane, its concentration in chamber 2 will build
up. As this happens, the number of atoms of x hitting the membrane from chamber
1 will decrease and the number striking the membrane from chamber 2 will increase.
Eventually, the number of atoms of x passing through the membrane in both
directions will be equal. Consideration of the above argument leads one to the
conclusion that if the cell membrane were at all permeable to a substance, ultimately
the process of diffusion would produce equal concentrations on both sides of the
membrane. However, since we know that intracellular fluids differ considerably
from extracellular fluids, processes other than simple diffusion are involved.

14.2.2 Donnan Equilibrium
It is possible to set up a two-chamber system with a membrane that is
impermeable to some ions and permeable to others. This is the usual state of
affairs in cells where the membrane is impermeable to intracellular proteins
that carry a negative change. Suppose that we set up the situation, where K+

and Cl– can freely penetrate the membrane and protein cannot. In the beginning
of the experiment, K+ and Cl–, begin more abundantly in chamber 1 than in
chamber 2, will move from left to right. If there were no proteins involved
after a period of equilibration, the concentration of K+ and Cl– would be equal
on both sides. However, in the presence of protein carrying a net negative
charge, the concentrations of K+ and Cl– will differ across the membrane. The
chamber (2) containing the non-diffusible protein will end up with a greater
concentration of diffusible positive ions (K+) than the other side. This occurs
because electrical neutrality must be maintained in each chamber. In 1911, an
Irishman, F.G. Donnan, found that at equilibrium the product of the diffusible
ions on one side of the membrane equals the product of the diffusible ions on
the other side. Inspite of the electrical neutrality within each chamber, there
are electrical differences between the chambers because of the concentration
differences of diffusible ions between chambers. Thus the distribution of
ions at equilibrium will be a compromise between establishing equal
concentrations on two sides of the membrane and the tendency to establish
electrical neutrality. It is possible to calculate the electrical potential created
by the Donnan equilibrium in neurons; there should be a 20 to 30 mV difference
across the cell membrane. However, we know the true difference to be 70 to 90
mV, therefore another factor must be involved also.
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14.2.3 Active Transport
The cell membrane can actively pump sodium and potassium across its borders.
Thus Na+ is moved from inside the cell to the outside and K+ is transported in the
opposite direction. They are moved against their concentration gradients so that
Na+ accumulates in the extracellular fluids and K+ accumulates in the intracellular
fluids. This process requires metabolic energy and is called active transport to
distinguish it from diffusion, which is passive transport.

The active transport process is not understood, but it is believed that specific
carrier molecules are involved. Suppose that Na+ in the intracellular fluids attaches
to a carrier molecule (x) on the inside of the membrane. This x Na would pass to
the outside of the membrane and release Na+ to the extracellular fluids. The carrier
(x) would be converted by enzymes to another carrier (y), which latches onto K+

in the extracellular fluids, passes across the membrane as yK, and releases K+

inside the cell. It is again converted enzymatically to (x).

In summary, the ionic differences developed across the cell membrane by
active transport and the Donnan equilibrium results in the resting potential. The
extent of polarization is directly related to the concentration difference of the
diffusible ions on two sides of the membrane. The difference in K+ has been shown
to be especially important. In resting potential as they varied the K+ concentration
of the external medium bathing of a neuron, they found that as the K+ concentration
of the extracellular fluid was raised to levels similar to cell contents, the resting
potential was correspondinlgy decreased. More recently, since 1961, it has been
possible to change the concentration of K+ inside the neuron. Neurophysiologists
were able to squeeze out the internal contents of the squid axon (axoplasm) as
you would a tube of toothpaste and replace it with fluids of different ionic
composition. These experiments confirmed that K+ concentration on the two sides
of the membrane was directly correlated with the size of the resting potential.

14.2.4 Nerve Action Potential

Electrical Events
Cells of certain tissues, such as nerves and muscles regularly depolarize. That is,
there is a dramatic shift in the membrane potential which sweeps over the whole
cell. The depolarization wave is called an action potential or nerve impulse in the
case of a neuron. The electrical events involved in the sweep of the action potential
as it develops from the resting potential is readily observed in the squid axon.

In a typical experiment where we wish to study the characteristics of the
nerve impulse, part of the giant neuron is removed from the animal. This is
accomplished by tying the axon with two pieces of thread, then cutting the tissue.
The axon is then placed in a solution which is similar in composition to its body
fluids. A microelectrode is placed inside the squid axon while another is positioned
outside the cell. A oscilloscope is then connected to the two electrodes. The
oscilloscope merely allows us to follow visually the rapid change in polarity that
occurs when a neuron is stimulated. The screen of the oscilloscope really is a
graph of electrical events through time. At the start of our recording, we see a line
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representing the resting potential of the cell as –70 mV relative to the extracellular
fluids. Now if we suddenly stimulate the axon chemically, mechanically or
electrically, there is a rapid change in potential. The membrane rapidly depolarizes.
For a brief moment, the spot where we are recording shifts from –70 mV to about
+45, then rapidly returns to the resting condition. During the action potential, the
inside of the membrane has momentarily gone from a negative to a positive charge
and then repolarized.

Fig. 14.1: Initiation and Transmission of a Neuron Impulse.

This depolarization, reverse polarization and subsequent repolarization to
the resting level occur sequentially along the axon; the whole nerve cell membrane
does not depolarize at once, but the nerve impulse is seen to move along the
neuron at a fairly slow speed (several metres per second). The depolarization of
one section of the membrane appears to trigger the depolarization of the adjoining
section of the membrane. The burning of a fuse of gunpowder is loosely analogous
to the propagation of a nerve impulse: once a match starts the fuse burning, the
heat of one section ignites the adjacent section.
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It is important to emphasize that not all stimuli will initiate a nerve impulse.
This point may be illustrated by electrically stimulating the membrane of a nerve
cell by way of stimulating electrodes while simultaneously recording the electrical
changes using two recording electrodes. If we set the voltage low enough on our
stimulating electrodes, no action potential will be generated; however, a small shift
in the membrane potential at the point of stimulation may be measured. By slowly
increasing the stimulating voltage, we can increase the local disturbance, until
suddenly we find a level where an action potential will sweep the neuron. We have
found a threshold for the nerve impulse. Stimulating voltage below the threshold
are obviously subthreshold and will not stimulate the neuron to fire, unless they
are applied for a longer time. The level of the threshold voltage depends on the
specific neuron studied, but for many cells a local disturbance great enough to
cause a change in the membrane potential from –70 to –60 mV will initiate an
action potential. Once the action potential has been started, it sweeps over the
entire nerve cell in all directions, with no decrease in voltage. No matter where we
record along the cell, the voltage shift is the same. For a given nerve cell, the height
or amplitude of an action potential is always the same. An action potential either
occurs or it does not; there are no intermediate responses. This property of the
nerve is termed an all-or-none response. Stimulating voltages above the threshold
level (suprathreshold) produce the same result as threshold stimuli; that is, all nerve
impulses are alike regardless of the stimulating voltage.

Immediately after an action potential has been started, it is impossible
to stimulate the neuron to fire immediately again no matter what voltage or
stimulus is applied. This brief moment is called the absolute refractory period.
When the membrane has begun to repolarize, it becomes possible to fire the
cell once again, but a larger stimulus than normal is required to do the job.
This period is known as the relative refractory period.

Since we are ultimately interested in the formation-processing ability
of the nervous system, we should point out some of the firing speeds of
neurons. The timing of the various phases of the impulse depends on which
neuron we use. For a fast mammalian neuron, an action potential lasts only
about 1 millisecond, that is, 1/1,000 of a second. Thus, at normal stimulation
voltages, 1,000 impulses could be sent per second for a short time.
Theoretically, if we used high voltages and applied them during the relative
refractory period, a rate of 2,500/sec is possible. In contrast to these fantastic
rates, the normal values fround in nerves in intact animals are seldom over
100 impulses/second.

Ionic Hypothesis

The English neurophysiologists, Hodgkin and Huxley, hypothesized that the
characteristics of the action potential could be explained if part of the neuron
membrane suddenly became permeable to Na+. They argued that such a change
would readily produce the reversal of polarity seen when the intracellular
potential swings from –70 to +45 mV during an action potential. The reader
should notice that the concentration difference between the two sides of the
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cell membrane for Na+ are in the opposite direction to those of K+; thus the reversal
of polarity when the membrane becomes permeable to Na+ should not come as a
surprise. Furthermore, it should be obvious that Na+ is ten times more concentrated
in the extracellular fluids than the intracellular; the increase in Na+ permeability
permits ions to move inside the neuron.

All of these events at a point along the membrane occur in less than a
millisecond and are immediately followed by a period of recovery when the
membrane repolarizes. This is achieved when the membrane becomes
impermeable to Na+ once again and momentarily increases its permeability of
K+. Accordingly, Na+ stops flowing inward and K+ briefly flows outward as
the membrane returns to the resting potential once again. Finally let us note
that the changes of permeability at one site along the membrane sets up an
electric field which alters the permeability of the membrane at a neighbouring
spot, thus producing a self perpetuating action potential which sweeps the
neuron as a nerve impulse.

Many lines of evidence support the Hodgkin and Huxley model. The
amplitude of the action potential has been found to be directly related to the
difference in Na+ concentration across the cell membrane. Modifying either
the external or internal contents of the cell has shown investigators that large
concentration differences in Na+ lead to large action potentials and small Na+

differences produce small action potentials.

Experiments using radioactive K+ and Na+ also support the ionic
hypothesis. If radioactive Na+ is placed into fluids bathing the neuron and if
the nerve cell is stimulated many times, the amount of Na+ passing into the
nerve may be measured. It has been possible to calculate that during one
action potential about 20,000 Na+ pass in through each square micron of
membrane. A comparable number of K+ pass out of the cell during the nerve
impulse. The active transport system of the cell membrane restores the original
balance of the resting potential, but it is not necessary for each action potential.
If we stop the active transport mechanism by poisoning the membrane with
cyanide, we can still produce several thousand nerve impulses. Only after
prolonged stimulation does firing cease. Consequently, active transport of
ions maintains the long-term balance of Na+ and K+, but it is not needed for
moment-to-moment firing.

14.2.5 Saltatory Conduction
It was mentioned earlier that most of the details of the nerve conduction were
similar in squids and mammals. However, in most vertebrate axons, there is a
complicating feature. These nerve cells are covered with a fatty material called
myelin. The myelin is part of the cell membrane of special glial cells called Schwann
cells. Each cell wraps around the neuron repeatedly, creating a jelly roll insulating
layer through which ions connot flow easily. At intervals of about 1 mm, there are
breaks in the myelin sheath, the Nodes of Ranvier. Conduction in myelinated
neurons occurs about 20 times faster than in unmyelinated neurons.
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Fig. 14.2: Salatory Transmission.

An action potential progresses by jumping from node to node. In this
saltatory conduction, depolarization occurs only at the Nodes of Ranvier.
The myelinated portion of the nerve fibre is effectively insulated. Conduction
time in myelinated fibres is reduced because the action potential literally skips
over the insulated section. Also, in myelinated axons, the metabolic demands
of the active transport system are reduced because only the nodes depolarize,
and fewer ions must be pumped back into position.

Fig. 14.3: Salatory Transmission.

14.2.6 Potentials from Nerves
Nerve cells are usually grouped together into bundles. Single nerve cells running
alone, such as those of the giant squid axons, are fairly unusual. In many instances,
it is easier and more useful to study the reactions of groups of neurons. A common
experiment is to follow action potentials in the sciatic nerve (neuron bundle) from
a frog. The nerve is dissected free of the leg of the frog and placed in a moist
chamber across two extracellular recording electrodes. A voltmeter or oscilloscope
allows us to follow the electrical events when we stimulate the nerve. In the first
case, we get a biphasic recording of the meter or oscilloscope trace deflects first
one way, then in the opposite direction. The meter deflects as the action potential
first sweeps under one electrode (making it temporarily negative to the other
recording electrode); then it deflects in the opposite direction as the wave of
depolarization passes beneath the other pick-up electrode. A monophasic
recording is produced by crushing a portion of the nerve between the two recording
electrodes. With this technique, the oscilloscope recording deflects in only one
direction when the nerve is stimulated. The gross action potential passes under
one electrode but is prevented from traveling to the next electrode because of the
injured section of the nerve.
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The excitatory thresholds of the numerous neurons making up a nerve are
different form one another. Therefore, by using a low stimulating voltage, we may
cause only a few fibres to fire. As we gradually increase the stimulation, additional
cells will be activated. A recording of this procedure shows that the gross action
potential progressively increases until all the cells are firing. Obviously, this is not a
contraction of the all-or-more principle, because this concept applies only to the
activities of an individual neuron and not a nerve.

The speed that the action potential travels along a neuron is an individual
characteristic of the cell involved. It depends on the diameter of the neuron;
large neurons conduct at greater speeds than smaller fibres. In a nerve, neurons
of different sizes may be present. Consequently, if we use careful recording
techniques, we may first see the action potential of the fast neurons followed
by other potential levels of slower neurons.

Check Your Progress

1. What do you mean by resting potential?

2. Explain the term active transport.

3. What is saltatory conduction?

4. Define monophasic and biphasic recording.

14.3 IMPULSES THROUGH SYNAPSE

The synapse or junction between two neurons is perhaps the most important
part of the nervous system; it is here that a nerve cell influences other nerve
cells. At similar junctions, neurons transmit information to muscles and glands.
Although we have a fairly good understanding of how action potentials are
generated and conducted along one neuron, our knowledge about synaptic
transmission is more meagre. As we consider the synapse, it will become
clearer why there are enormous difficulties involved in its study and why this
part of the nervous system is crucial to flexible behaviour.

Fig. 14.4: A Snyapse.

As we mentioned earlier, neurons may make contact in several ways. The
axon of one neuron generally synapses with either the dendrite or the cell body of
another neuron. Thus the pre-synaptic ending is an axon branch, whereas the
postsynaptic ele-ments are usually the dendrite or soma. An axon often branches
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before a synapse is reached. The fine axon endings then make contact with several
different neurons or on several places on a single neuron. The number of synapses
that a single neuron may have is fantastic. The great Spanish neuroanatomist, Cajal,
once counted 1,300 axon endings on a single cell in the spinal cord. It is no wonder
that a nervous pathway is often difficult to trace.

In axodendritic connections, the dendrite frequently has a small projection
or spine which meets the end of the axon (type 1 synapse). The junction may be
simple or a complex interdigitation between the axon and the dendrite spine. If the
postsynaptic element has no spine, it is called a type 2 synapse. We always find
this arrangement when axons synapse on the cell body (axosomatic connections)
as well as in some axodendritic connections. Occasionally, we find an axon ending
on the terminal ending of another axon. Axoaxonic synapses seem to have special
importance in certain kinds of neural inhibition. Several structural pecularities found
in most synapses are of special importance:

1. The cell membrane of the neurons do not join but are separated by a distance
of about 200Å.

2. The axon or presynaptic ending is enlarged into a small swelling called
a knob or bouton. Certain axons, such as some of those found in the
sympathetic nervous system, have many boutons in a row.

3. Inside the presynaptic axon, there are many mitochondria. Suffice it to
say here that the mitochondria produce large amounts of chemical energy
from storage molecules. The presence of mitochondria in the axon
ending implies a large demand for energy and

4. In the presynaptic axon, there are minute vesicles. These structures are
small bubbles floating in the axoplasm. They are each surrounded by a
membrane that is similar to the cell membrane.

14.3.1 Electrical Events at the Synapse

Excitation

Undoubtedly the major technical breakthrough in studying the activities at
the synapse has been the development, in 1949, of a minute (0.5-micrometer)
electrode. Such electrodes, developed by Gilbert Ling and R. Gerard, can be
introduced into a cell without apparent injury to the cell membrane.

We can follow the transmission of an impulse from one neuron to another
by using these microelectrodes. Suppose that we stimulate a pre-synaptic
neuron to fire and monitor the response of the postsynaptic neuron. It becomes
immediately obvious that the post-synaptic cell does not necessarily fire when
the pre-synaptic ending is firing. It may take a volley of discharges of the pre-
synaptic fibre to initiate a single impulse in the next neuron. Infact, about the only
place that a one-to-one correspondence is occasionally found in between a motor
neuron and its muscle cell. Here, one excitatory nerve impulse may result in a
wave of depolarization over the muscle.
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Fig. 14.5: Electrical Synapses.

Since it generally takes several impulses arriving within a short span of time
to initiate a single impulse in a responding neuron, the effects of each of the pre-
synaptic impulses must be cummulative in some way. This effect may occur because
one presynaptic neuron is firing repeatedly in a short period of time, or it may
occur because several pre-synaptic neurons are firing roughly simultaneously. It is
important to note that each synapse shows particular and individual
characteristics—whereas in one case, the post-synaptic cell may be hard to fire,
in another case only a few presynaptic impulses may be required.

What is happening during synaptic transmission? The electrical events
of the post-synaptic cell may be briefly summarized. When the pre-synaptic
axon fires, the post-synaptic cell will usually show a minor depolarization
and recovery. Perhaps a change in membrane potential form –70 to –60 mV
and back to –70 mV will be recorded. The local depolarization is termed an
excitatory post-synaptic potential or EPSP. The extent of depolarization
will be greater if two impulses arrive before the membrane has had a chance
to recover. If three impulses arrive relatively simultaneously, the EPSP may
rise from –70 to –60 mV. A disturbance of this magnitude is usually sufficient
to cause the post-synaptic membrane to polarize all the way—that is, it is a
threshold stimulus and sufficient to provoke an axon potential. In this case, it
has taken three pre-synaptic impulses to produce one post-synaptic impulse.

Inhibition

Upto this point we have been concerned only with excitatory neurons, but
there are inhibitory neurons as well. The latter tend to reduce the probability
that a post-synaptic cell will fire. Most inhibitory neurons cause their effect
by hyperpolarizing the post-synaptic cell membrane; when the pre-synaptic axon
fires, it may increase the polarity of the post-synaptic membrane momentarily
from –70 to –74 mV. At this point, the membrane is further away from its threshold
potential of say –60 mV than it was a moment before, so it is less likely to fire. This
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transient local depolarization of the post-synaptic cell is labelled an inhibitory
postsynaptic potential or IPSP. The degree of hyperpolarization or the magnitude
of the IPSP depends upon the rate of discharge of the inhibitory neuron.

It is obvious, then, that whether a particular post-synaptic neuron fires or
not will depend upon the number of inhibitory impulses it receives as well as the
number of inhibitory of excretory impulses it receives. In the clearest sense, the
post-synaptic cell is a ‘decision unit’ integrating impulse inputs and ‘deciding’ whether
or not to fire and at what rise. When we think that a given internuncial neuron will
have hundreds or thousands of axons feeding into it, the integration process is
hardly an easy one to study.

14.3.2 Chemical Events at the Synapse
Considerable argument has occurred over the nature of the transmission of
the synapse. How does one neuron induce another neuron to fire? Two major
schools of thought existed some years ago. One view held that an electrical
process was involved; the other postulated that chemical transmitters
(neurotransmitters) diffuse across the synapse.

Fig. 14.6: Chemical Synapses.

The evidence is now greatly in favour of the chemical-transmitter hypoth-
esis for most synapses. One of the many strong arguments in its favour is the
presence of a time delay during synaptic transmission. That is, if we are recording
with microelectrodes from two neurons with an intervening synapse, we note that
about 0.3 millisecond occurs between the presynaptic action potential and the
postsynaptic reaction. This delay is about what we would expect if a transmitter
were diffusing across a 200Å synaptic cleft, whereas it is too long if electric trans-
mission were involved.

It should be noted that there are some instances where the electric theory
seems to apply. Electrotonic junctions have been found in some invertebrates
(e.g. crayfish abdominal ganglia) and in a few fish. The structure of these synapses
is quite different from the chemical synapse. Whereas the latter have pre-synaptic
vesicles and mitochondria, electrical synapses do not possess them. The cell
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membranes of the pre-synaptic and post-synaptic terminals are much closer than
200Å at electronic junctions and in some cases actually fuse with each other.
Functionally, there is no significant time delay as the action potential passes from
one cell to the next.

Check Your Progress

5. What is synapse?

6. Write down the name of different types of synapses.

7. What do you mean by excitation?

8. Describe the term inhibition.

14.4 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The resting potential is the electrical potential of a neuron or other
excitable cell relative to its surroundings when not stimulated or involved
in passage of an impulse.

2. Active transport is the movement of ions or molecules across a cell
membrane into a region of higher concentration, assisted by enzymes
and requiring energy.

3. Saltatory conduction describes the way an electrical impulse skips from
node to node down the full length of an axon, speeding the arrival of
the impulse at the nerve terminal in comparison with the slower
continuous progression of depolarization spreading down an
unmyelinated axon.

4. Monophasic action potential. To record a monophasic action potential,
one of the recording electrodes should be in ECF and the other in ICF.
For biphasic action potential recording, both the recording electrodes
can be placed either in ECF or ICF.

5. The synapse is the small pocket of space between two neurons, where
they can pass messages to communicate. A single neuron may contain
thousands of synapses.

6. There are five main types of synapses: Axo-axonic, axo-somatic, soma-
somatic, axo-dendritic, dendro-dendritic.

7. Excitation is the act of irritation or stimulation or of responding to a
stimulus, the addition of energy, as the excitation of a molecule by
absorption of photons.

8. Inhibition. There are inhibitory neurons which tend to reduce the
probability that a post-synaptic cell will fire. Most inhibitory neurons
cause their effect by hyperpolarizing the post synaptic cell membrane.
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14.5 SUMMARY

A nerve impulse is the electric signals that pass along the dendrites to generate an
action potential. Infact it is the sensory cell that generates impulse or impulses,
whereas the neuron or nerve simply carries them to the CNS. At rest the membrane
has positively charged ions at its one side and negatively charged ions at the other
side. Such a membrane is said to be the polarized membrane having a value of
resting potential about –70 mV. This membrane is permeable to some ions and
impermeable to others. Whenever a sensory cell is stimulated by its proper stimulus
the membrane becomes permeable to certain ions and thenafter those ions move
from their higher concentration to low in a passive way. The value of resting potential
is changed from –70 mV to +30 mV. This is the depolarized state of membrane.
+30 mV is the value of action potential. The action potential is due to the movement
of ions in and out of the cell (across the membrane). It specifically involves sodium
and potassium ions. They are moved in and out of the cell through sodium and
potassium channels and sodium potassium pump. In the case of myelinated (white)
fibres, saltatory propagation takes place. That is impulse jumps from node to
node and it increases with increase in the speed of nerve impulses.

14.6 KEY TERMS

Axon hillock: Tapering of the neuron cell body that gives rise to the axon.

Biogenic amine: Class of neurotransmitters that are enzymatically derived
from amino acids but no longer contain a carboxyl group.

Chemical synapse: Connection between two neurons or between a neuron
and its target, where a neurotransmitter diffuses across a very short distance.

Graded potential: Change in the membrane potential that varies in size,
depending upon the size of the stimulus that elicits it.

14.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Explain depolarization of membrane.

2. Describe the action potential.

3. Describe the various types of synapses.

4. Write notes on the Donnan equillibrium.

Long Answer Questions
1. Write an essay on the physiology of nerve impulse conduction.

2. Describe the chemical events at the synapse.

3. What are neurotransmitters and their role in the conduction of impulses.

4. Describe the main features of nerve impulses.
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15.7 Further Reading

15.0 INTRODUCTION

A variety of movements occur in the body, including the movements of
chromosomes during anaphase of cell division, the movements of cilia and
flagella found on the surface of certain cells, the movements of sperm cells
and the movements of white blood cells. Thus, the property of movement is
not unique to muscle. In other cells, however, movement is secondary to
performing some other functions of the cell. In contrast, the primary function
of muscle is to generate force and produce movement.

Movement is not restricted to muscles. All cells are capable of a certain
amount of movement, whether it be mitosis and cytokinesis, exocytosis and
endocytosis, or flagellar movement and locomotion by spreading. It is therefore
not surprising to find that actin and myosin are present in all cells. The
difference between, for example, a liver cell and a muscle cell is that the liver
cell contains actin and myosin in very minor amounts whereas in a muscle
cell, actin and myosin constitute over 50 percent of the proteins.

Muscle cells are specialized for contractile ability. There are a wide
variety of muscle types because there is a wide variety of functions to be
served by muscles, including movement of an animal through its environment,
maintenance of body posture and orientation, circulatory movements, gastro-
intestinal tract movements and so forth. To survive in their environments,
different animals require different muscular outputs and the basic contractile
machinery has been adapted to these various needs. In human beings, there
are 639 muscles of which 5 are unpaired and 317 are paired, showing the
following distribution: head 53 neck 32, back 180, breast 54, belly 15, legs
124, arms 98 and viscera 83.
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15.1 OBJECTIVES

After going through this unit, you will be able to:

Know the various types of movements and locomotion occurring in cells
and cell organelles.

Characteristics of muscles.

Describe the various types of muscles.

Discuss the structure of a muscle.

15.2 TYPES OF MUSCLES

The term muscle is derived from the latin musculus meaning “little mouse’ perhaps
because of the shape of certain muscles or because contracting muscles look like
mice moving under the skin. Muscles of the limbs are often fusiform, triangular
muscles appear where there are broad origin and narrow insertions (pectoral group)
and sheet muscles in diaphragm.

Prosser (1960) divided muscles into the following major groups:

15.2.1 Striated Muscles
They are often called skeletal muscles because they are usually attached to
bones or voluntary muscles because for the most part they are under the
control of the will. These muscles form the largest tissue in the body, accounting
for 40 to 50 percent of the total body weight.

Fig. 15.1: Sectional View of Skeletal Muscles.
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Skeletal muscles contain more than half of the body water and have an
extracellular fluid compartment that is about one and a half times greater than
the volume of the plasma. At rest, the energy needs the skeletal muscle of an
individual which can be satisfied with 30 percent of the ATP output of tissue;
by contrast, in heavy exercise, the increased oxygen utilization of muscle
accounts for more than 80 percent of the oxygen consumed by the body and
the amount of ATP required is about three times greater. The striated muscles
arise from the myotomes, thereby also called myotomal muscles. From their
original positions, the myotomes grow down between the skin and the
hypomere, and meet with those of the opposite sides somewhere in the median
ventral line. They thus form a complete sheet of muscles lying beneath the
skin. The horizontal skeletogenous partition intersecting the skin at the lateral
line divides the muscle sheet into dorsal epaxial muscles and ventral hypaxial
muscles.

The two ends of the muscles are connected to the different parts. The
end (punctum fixum) of the muscle which remains relatively fixed when the
muscle contracts is known as origin, the end (punctum mobile) that moves
is called the insertion; and the thick part between the two is called the belly.
Muscles can exert only a pull, not a push. Hence they usually are paired to as
antagonists, one pulling a bone one way. The name flexor and extensor are
applied to muscles to indicate the type of movement they effect. Thus the
biceps, which bends or flexes the arm, is called a flexor, and its opposing
muscle, the triceps or extensor. Other antagonistic pairs of muscles are
adductors and abductors that move parts of the body; levators and depressors
that raise and lower body parts; pronators that rotate body parts downward
and backward and supinators, that rotate them upward and downward; and
sphincters and dilators that decrease and enlarge the size of the opening.
Each end of the whole muscle is attached to a bone by bundles of collagen
fibres known as tendons.

Fig. 15.2: Antagonistic Skeletal Muscles. (A) Human Arm. Flexor and Extensor Muscles
Arranged Outside the Endoskeleton. (B) Arthropod Limb. Flexor and Extensor
Muscles Arranged Inside the Exoskeleton.
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Connective Tissue Components

Striated muscles are always in the form of individual muscle fibres. Connective
tissue serves to bind the individual muscle fibres and also several bundles of a
muscle. Connective tissue surroudning the individual muscle fibres is in the
form of a thin network packing and is known as endomysium. It also holds
together other tissues in the muscle such as blood and lymph vessels and
nerve fibres. Bundles of muscle fibres are held together by large strands of
connective tissue known as perimysium and yet another connective tissue
membrane, the epimysium, surrounds the entire muscle.

Kinds of Voluntary Muscles

Wilder has classified the voluntary muscles in three categories:

Metameric. The group includes the axial and appendicular muscles, in
reality takes in most of the muscles of the body.

Branchiometric. These muscles are associated with the primitive
splanchnocranium and its derivatives.

Integumenteric. This group consists of muscles that have split off
secondarily from the two preceding groups and have taken up major
associations with the integument rather than the skeleton.

15.2.2 Smooth Muscles
These are also called unstriated or involuntary muscles and are devoid of
any cross striations. They are widely distributed in the visceral organ systems;
so usually referred to as visceral muscles. Smooth muscles are typically slow
acting and can maintain prolonged contractions with very little energy
expenditure. They are under the control of autonomic nervous system hence
involuntary and inconscious. They are composed of uninucleated cells
constituting the fibres. A single fibre is about 5 to 10 μm in diameter and 30
to 200 μm long. It is spindle shaped with tapered ends, and contains a centrally
placed nucleus.

Smooth muscle can be divided into two major types: multi-unit smooth
muscle and visceral smooth muscle. The multi-unit smooth muscle is
composed of individual fibres usually having lengths of 100 to 200 microns
and diameters averaging about 10 microns. Here the stimulation of a single
multi-unit fibre causes contraction of only that fibre. This type of muscle is
found in the wall of blood vessels, in the arrector pilli muscle, in the iris of the
eye, and in the nictitating membrane that covers the eyes of some lower animals.

The visceral muscle is found in wrap-around sheets that form part of
the walls of the hollow viscrea such as the stomach, intestines, uterus and
urinary bladder. The fibres in visceral muscle tissue are tightly bound to-
gether and it is sometimes difficult to see the limits between the adjacent
cells. For this reason, this type of muscle is also known as unitary smooth
muscle. Here, the stimulation of a single visceral muscle fibre causes con-
traction of many adjacent fibres. In many invertebrates like earthworms,
smooth muscle is the only muscle found in their bodies.
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15.2.3 Cardiac Muscles
These muscles are found only in the heart. Cardiac muscles, the seemingly tireless
muscle of the vertebrate heart, combine certain characteristics of both skeletal
and smooth muscles. They have the same striated appearance as skeletal muscles
but their contraction is under involuntary autonomic control like smooth muscles.
They are made up of multi-nucleated fibres which are arranged in a syncytial
fashion, but do not appear to be fused with each other. Histologically, the cells of
cardiac muscles are uninucleated and contain large number of mitochondira. The
sarcoplasmic reticulum is poorly developed as compared to the skeletal muscle
cells. Cardiac muscles are not directly innervated, as a result there are no motor
end plates. A part of the inter-calated disc serves to transmit the electrical excitation.

15.2.4 Microscopic Structure of Striped Muscle
The term muscle refers to a number of muscle fibres bound together by connective
tissue. The fibres lie parrallel to each other and range from 10 to 100 μm in diameter
(1 μm = 1 millionth of a meter). A single muscle fibre is usually 750,000 μm or 2.5
feet long. Some fibres may reach a length of 30 cm. or more. Their extraordinary
size is possible because of their syncytial origin; that is, they arise from many
small cells, the myoblasts, which fuse into mytubes. These in turn differentiate
into the multinucleate membrane-limited muscle fibres. Thus, each muscle fibre
is a multinucleate cell which was formed during embryonic development from the
fusion of a large number of mononuclear myoblasts. Each muscle fibre is surrounded
by a plasma membrane called the sarcolemma which contains a quality of
cytoplasm called sarcoplasm. Within sarcoplasm lie many nuclei, a number of
mitochondria and sarcoplasmic reticulum. Running transversely through the fibre
and perpendicularly to the saroplasmic reticulum are I tubules. The tubules open
to the outside of the fibre. A triad consists of a T tubule and the segment of
sarcoplasmic reticulum on either side.

Further magnification indicated that each muscle fibre is made up of
numerous parallel sub units termed myofibrils, about 1 or 2 m in diameter.
These specialized contractile elements, which constitute 80% of the volume
of the muscle fibre, are cylindrical in outline. The myofibrils run longitudinally
through the muscle fibre and consist of two kinds of even smaller structures
called myofilaments. The thin myofilaments mainly contains actin; each
thin filament is composed of two strands of actin (f-actin) arranged in a right
handed helix, together with proteins which control the contraction of the
muscle. Each actin filament is in turn composed of many actin monomers
joined together.

The thick myofibril is largely composed of myosin, (about 400 myosin
molecules), which has a high molecular weight protein (480,000- 500,000)
large enough to be visible under the electron microscope as a rod- like structure
with a globular head of one end. Myosin is interesting in that it is both a
structural protein and an enzyme. In addition to myosin, two other proteins,
C protein and the M-line protein, are also essential for the thick filament
function. It is postulated that the C protein which is a long molecule, is wrapped
around the myosin tails to keep the bundle of myosin molecules intact. It is proposed



NOTES

Types and Structure of
Muscles

Self-Instructional
208 Material

that M-line proteins serve a similar function, at the M-line. The Z line is actually a
flattened disc like cytoskeletal protein that connects the thin filaments of two adjoining
sarcomeres.

The myofilaments of a myofibril do not extend the entire length of a
muscle fibre- they are stacked in compartments called sarcomeres, which are
partitioned by Z-lines, which are narrow zones of dense material. The sar-
comere of a myofibril is the funtional unit of striated muscle. Each sarcomere
is about 2.6 m long. Each sarcomere is composed of one whole A band and
half of each of the two I bands located on either side. During growth, a
muscle increases in length by the addition of new sarcomeres, not by increas-
ing the size of each sarcomeres. Just as the Z-lines hold the sarcomeres to-
gether in a chain along the myofibril’s length, another system of supporting
proteins is believed to hold the thick filaments together with each stack. These
proteins can be seen as the M-line which extends vertically down the middle
of the A band within the centre of the H-zone.

The bandings of the myofibril are due to the arrangement of protein fila-
ments within the fibril. The dense and less dense bands of the fibril repeat along the
fibril’s length giving the striated appearance. The dark band contains highly
refractile material which is birefringent. Another term for birefringent is anisotropic,
so it is this property which has led to this band being called the anisotropic or A-
band. The A-band is about 1.6 mm long. The alternate light bands are isotropics,
and are called I-bands. I-band is composed of thin myofilaments (actin protein)
and only I-band is about 1 m long. The light region in the centre of the A-band is
called the H-band (the ‘H’ stands for hell, German for bright). The H zone is about
0.5 m long.

Lastly, in the centre of the I band is found a narrow line of highly refractile
material called Z-line (Zwischenscheibe = between disc).

The actin molecules are arranged in a double stranded coil that gives
the thin myofilaments their characteristic shape. On the other hand, a myosin
molecule is shaped like a rod with a round head. These rods form the long
axis of thick myofilaments and the heads form projections called cross bridges.
The cross bridges are arranged in pairs and seem to spiral around the main
axis of the thick myofilaments. It is estimated that a single muscle fibre may
contain 16 billion thick and 32 billion thin filaments, all arranged in this very
precise pattern within the myofibrils.

Check Your Progress

1. Describe the total number of muscles and their distribution in human
body.

2. Which muscle is found in largest amount?

3. Why do the cardiac muscle called the tireless muscles?

4. Define the neuromuscular junction.
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15.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. In human beings there are 639 muscles of which five are unpaired and 317
are paired, showing the following distribution: head 53, neck 32,  back
180, breast 54, belly 15, legs 124,  arms 98 and viscera 83.

2. Skeletal muscles which are striated muscles form the largest tissue in the
body, accounting for 40 to 50 percent of the total body weight.

3. Cardiac muscles are usually called tireless muscle as these muscles work
slowly and never get fatigue.

4. The area of contact between neuron and muscle fibre is called
neuromuscular junction.

15.4 SUMMARY

Movement is not restricted to muscles. All cells are capable of a certain amount
of movement whether it be the chromosomal (cell division) cytokinesis,
exocytosis, endocytosis, pseudopodial, ciliary or flagellar. It is not surprising
to find that actin and myosin are present in all cells. In a muscle cell, actin and
myosin constitute over fifty percent of the proteins. Muscle cells are specialized
for contractile ability. In human being there are 639 muscles of which five are
unpaired and 317 are paired, showing the following distribution: head 53,
neck 32, back 180, breast 54, belly 15, legs 124, arms 98 and viscera 83.
Phasic muscles, tonic muscles, striated muscles, smooth muscles and cardiac
muscles are the major groups of muscles.

Striated muscles are voluntary and each muscle fibre is provided with
dark bands and light bands arranged alternatively length wise. All skeletal
muscles belong to this category. Smooth muscle fibres do not show such dark
and light banded areas and present in visceral organs like alimentary canal,
uterus, urinary bladder etc. Cardiac muscles are the tireless muscles present
in heart. These muscles work slowly and never get fatigue.

15.5 KEY TERMS

Epimysium: The connective tissue membrane that surrounds the entire
muscle is called epimysium

Isometric contraction: Sometimes the muscles is activated, but instead of
being allowed to lengthen or shorten, it is held at a constant length. This
static conntraction of a muscle without any visible movement in the angle of
the joint is called isometric contraction.

Myopathy: Myopathy is a disease of the muscle in which the muscle fibres
do not function properly.

Mysthenia gravis: The condition is caused by a breakdown in
communication between nerves and muscles.
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15.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. How many types of muscles are found in human beings?

2. Describe the phasic muscles.

3. Write notes on actin and myosin fibres.

4. Describe the connective tissue components binding the individual muscle
fibres, muscle bundles together.

Long Answer Questions
1. Write an essay on types and structure of muscles.

2. Describe the various types of muscles.

3. Explain the microscopic structure of striped muscles.

4. Write notes on the sectional view of skeletal muscles and the cardiac
muscles.

15.7 FURTHER READING

1. Craig Ramsay. Anatomy of Muscle Building.
2. Gerard J. Tortora. Principles of Anatomy and Physiology.
3. Geoffrey Boume. The Structure and Function of Muscle.
4. Jim Stoppani. Encyclopaedia of Muscle and Strength.
5. Paul Blakey. The Muscle Book.
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CHAPTER 16 THEORY OF MUSCLE
CONTRACTION AND ITS
BIOCHEMISTRY
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16.0 INTRODUCTION

Muscle is a specialized contractile tissue that is a distinguishing characteristics
of animals. Changes in muscle length support an exquisite array of animal
movements. The contraction of a muscle is under the control of the nervous
system. The nerve cells whose axons innervate the muscle fibres are known
as motor neurons. The area of contact between neuron and muscle fibres is
called a neuromuscular junction.

Skeletal muscle contractions are neurogenic as they require synaptic
input from motor neurons to produce muscle contractions. The contractions
of smooth and cardiac muscles are myogenic as they are initiated by smooth
or heart muscles themselves, although they can be modulated by stimuli from
the autonomic nervous system.

16.1 OBJECTIVES

After going through this unit, you will be able to:

Know the basis of muscle contraction.

Describe the various theories related to muscle contraction.

Discuss the molecular basis of muscle contraction.

Explain the control of muscle contraction.
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16.2 MECHANISM OF MUSCLE CONTRACTION

Just like neurolemma, the outer surface of the muscle fibre is positively charged
with respect to the inner surface which is negatively charged. Whenever a
natural or artificial stimulus is given, it brings about the release of acetylcholine
at the neuromuscular junction. This substance depolarizes the muscle
membrane by increasing its permeability to sodium ions and this depolarization
in turn excites an ‘action potential’ which propogates along the muscle fibres.
The average velocity of conduction in skeletal muscle fibres is about 5 metres
per second. When an action potential spreads along the muscle fibre, the fibre
begins to contract after an initial latent period of about 3 milliseconds. To
explain the mechanism of muscle contraction, following theories have been
given:

16.2.1 Sliding-filament Theory
The sliding filament theory was proposed independently by A.F. Huxley and
H.E. Huxley and J.Hanson and by R. Neidergerken in 1954. It has been
reported that during muscle contraction, the thin myofilaments slide inward
toward the H-Zone, causing the sarcomere to shorten. However, the lengths
of the thin and thick myofilaments do not change. The cross bridges of the
thick myofilaments connect with portions of actin of thin myofilaments. The
myosin cross bridges move like the oars of a boat on the surface of the thin
myofilaments and the thin and thick myofilaments slide past each other. As
the thin myofilaments move past the thick myofilaments, the width of the H-
Zone between the ends of thin myofilaments gets smaller and may even
disappear when the thin myofilaments meet at the centre of the sacromere.
Infact, the cross bridges may pull the thin myofilaments to meet at the centre
of the sacromere. In fact, the cross bridges may pull the thin myofilaments to
slide inward, then their ends overlap. As the thin myofilaments slide inward,
the Z lines are drawn towards the A-band and the sacromere is shortened.
The sliding of the myofilaments and shortening of the sarcomeres cause the
shortening of the muscle fibres.

In muscle contraction, the cross bridges play an important role and in
fact the sliding movement is mediated by the bridges. It has been stated that
the heads of myosin molecules have the enzymatic and actin binding properties.
They serve as the cross bridges connecting the actin and myosin filaments in
the muscles. During contraction, the cross bridges do not remain attached to
the same point on the actin filament throughout this process. It has been
reported that the bridges are attached to one site on the actin filament for past
of the contraction, then detach and reattach themselves at a new site further
along. Moreover, at each site where cross bridge and actin filament interact,
one molecule of ATP splits to generate a sliding force between the two kinds
of filaments and hence betwen arrays of filament. During normal contractions,
the length of the sarcomere changes about 20 percent and the thin filaments
in each half of the A-band have to move about a quarter of a micron.
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Fig. 16.1: Cross Bridge on Thin and Thick Myofilaments.

16.2.2 Cross Bridge Cycle
When a cross bridge is activated, it moves in an arc parallel in the long axis of the
thick filament, much like an oar on a boat. If, at this time, the cross bridge is
matched to a thin filament, this swivelling motion slides the thin filament towards
the centre of the A band, thereby producing shortening of the sarcomere. One
stroke of a cross bridge produces only a small displacement of a thin filament
relative to a thick filament, but the cross bridges undergo many cycles of movement
during a single contraction, each cycle requiring attachment of the bridge to the
thin filament, another movement of the bridge while attached and then detachment
from the thin filament, reattachment at a new location and repetition of the cycle.
Each cross bridge undergoes its own independent cycle of movement, so that at
any one instant during contraction only about 50 percent of the bridges are attached
to the thin filaments, while the others are at intermediate stages of a cycle.

As stated already that the myosin molecules in the two halves of each thick
filament are oriented in opposite directions, such that all their tail ends are directed
towards the centre of the fibre. Because of this arrangement, the power strokes of
the cross bridges in the two ends of each thick filament are directed towards the
centre, thereby moving the thin filaments at both ends of the sarcomere towards
the centre of the sarcomere during shortening.

In addition to the binding site for actin, the globular end of myosin contains
a separate enzymatic site that catalyses the breakdown of ATP (adenosine
triphosphate) to ADP (adenosine diphosphate) and inorganic phosphate, releasing
the chemical energy stored in ATP.
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Fig. 16.2: Cross-bridge Activity. (a) During each Cross-bridge Cycle, the Cross Bridge
Binds with an Actin Molecule, Bends to Pull the Thin Filament Inward During
the Power Stroke, then Detaches and Returns to its Resting Conformation,
Ready to Repeat the Cycle. (b) The Power Strokes of all Cross Bridges Extending
from a Thick Filament are Directed Toward the Center of the Thick Filament.
(c) Each Thick Filament is Surrounded by Six Thin Filaments, all of which are
Pulled Inward Simultaneously Through Cross-bridge Cycling During Muscle
Contraction.

The splitting of ATP occurs on the myosin molecule before it attaches to
actin, but the ADP and inorganic phosphate generated remain bound to myosin.
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The chemical energy released at the time of ATP splitting is transferred to myosin
(M) producing an energized form of myosin (M)

1M ATP M*ADP.P
ATP breakdown

The subsequent binding of this energized myosin to actin (A) via a cross
bridge triggers the discharge of the energy stored in myosin, with the resulting
production of the force that causes movement of the cross bridge (the ADP and P

1

are released from myosin at this time):

1 1A M *. ADP.P A.M *.ADP P A.M ADP P ?
Actin binding               Energy release and bridge movement

This sequence of energy storage and release by myosin is analogous to the
operation of a mousetrap. Energy is stored in the trap by cocking the spring (by
ATP splitting and released by springing the trap by binding to actin). This is, of
course, only an analogy: the actual structure changes in myosin.

16.2.3 Thick Filament
This pertains to orientation of myosin molecules in thick filaments, with the globular
heads of the myosin molecules forming the cross bridges, which accompany energy
storage and release are unknown.

During contraction, the myosin cross bridge binds very firmly to actin, and
this linkage must be broken at the end of each bridge cycle: the binding of a new
molecule of ATP to mytosin is responsible for breaking this link:

A.M ATP A M. ATP
A.M. dissociation

Thus, upon binding (but not splitting) a molecule of ATP, myosin dissociates
from actin. The free myosin bridge then splits its bound ATP, thereby re-forming
the energized state of myosin, which can now reattach to a new site on the actin
filament and so on. Thus, ATP performs two distinct roles in the cross bridge
cycle: (i) the energy released from the splitting of ATP provides the energy for
cross-bridge movement: and (ii) the binding (not splitting) of ATP to myosin breaks
the link between actin and myosin at the end of a cross-bridge cycle to be repeated.
Many cross-bridge cycles occur even during the briefest contraction of a muscle
fibre.

The importance of ATP in dissociating actin and myosin at the end of a
bridge cycle is illustrated by the phenomenon of rigor mortis (death rigor
pertains to the stiffening of skeletal muscles after death). Rigor mortis begins
3 to 4th after death and is complete after about 12th, but then slowly disappears
over the next 48 to 60 h. Rigor mortis occurs because of the lack of ATP and
the myosin cross bridges are still able to bind to actin, but the subsequent
breakage of the link between them and the energizing of myosin requires
ATP, which is not produced in a dead muscle cell. The thick and thin filaments
become linked to each other by the immobilized cross bridges, producing the
rigid condition of a dead muscle. In contrast, in a living muscle at rest, the
myosin bridges are not bound to actin, and the filaments readily slide past each
other when the muscle is passively stretched.
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16.2.4 Molecular Basis of Muscle Contraction
It was studied by R.E. Davis in 1963. According to him, the side chains of the
myosin terminates in a protein bound molecule of ATP. Near the base of the
side chain is a fixed negative charge probably—COO– of the side group of
glutamic and aspartic acid. In the resting molecule, the repulsion between the
negative charge at the tip of ATP and the fixed charge near the base of the
side chain keeps the later in the extended form. Otherwise, the side chain
polypeptide would tend to coil up. As the calcium ions are released from the
tubule system, their plus charges fit between the two sites with minus charges
(one on myosin and one on actin). Thus the repulsion is over, cross bridges
are formed and shortening of the muscles is resulted in. Once this happens,
the minus charge at the ATP tip is neutralized. The force of repulsion between
this tip and the fixed negative between this tip and the fixed negative charge
at the base of the side chain is removed. The side chain at once coils into a
helix and the ATP tip is exposed to the action of the ATPase. The ATP splits
by the ATPase which may lead to the breaking of calcium actin complex link,
but it is rephosphorylated by creatine phosphate. The ionized ATP is thus
reformed and the electrostatic repulsion between the two ends of the bridge
is restored. Many rapid repetitions of these stages produce the overall effect
of contraction.

As stated already, the globular head region of the myosin cross-bridge
contains both an actin binding site and an ATPase site. But more interestingly,
the globular head of the myosin molecule has been shown to the alkali light
chains, which are essential for ATPase activity and have been shown to differ
in number and chemical structure between fast and slow muscle myosins.
Recent experiments have provided strong evidence that the alkali light chains
are responsible for regulating the rate of cycling of the cross bridge with the
thin filament, thus giving rise to muscles with different speeds of shortening.

16.2.5 Control of Muscle Contraction

Regulator Proteins and Calcium

Since a muscle fibre contains all the ingredients necessary for cross bridge
activity actin, myosin and ATP—the question arises: Why are muscles not in
a continuous state of contraction? The answer is that in a resting muscle
fibre, the cross bridges are unable to bind to actin and undergo the cross-
bridge cycle that produces contraction. This inhibition of cross-bridge binding
is due to two regulator proteins: troponin and tropomyosin, which are bound
to the thin actin filaments. Tropomyosin is a rod-shaped molecule with a
length approximately equal to that of seven actin molecules.

Each tropomyosin molecule consists of two polypeptide chains located
in each groove formed by the coils of the actin filament. Tropomyosin
molecules are arranged end-to-end along the chains of actin, so that they
partially cover the myosin binding sites on actin, thereby preventing the cross
bridges from making contact with these in this blocking position by a molecule of
troponin itself bound to both tropomyosin and actin. In order for the cross bridges
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to bind to actin, the tropomyosin molecules must be moved away from their blocking
positions on the thin filaments. This occurs when calcium binds to specific binding
sites on the troponin. The binding produces a change in the shape of troponin,
such that it pulls the tropomyosin bound to it one side, uncovering the cross-
bridge binding sites on actin. Conversely, removal of calcium from troponin reverses
the process and tropomyosin moves back into its blocking position so that cross-
bridge acitivity ceases.

As stated above, if the thin filament has its regulatory proteins stripped off,
it will now react with myosin to develop tension, even in the absence of Ca2+. If the
regulatory proteins are present on actin then no reaction with myosin will occur
until the ionised calcium concentration rises above a certain level. The presence of
the regulatory proteins on actin makes it possible to control the system by varying
the ionised calcium concentration. At rest, in a relaxed muscle, when the calcium
concentration is very low, tropomyosin masks the myosin combining sites on the
actin and inhibits the activity of the cross bridges. In an activated muscle, calcium
released from the vesicles of the sarcoplasmic reticulum binds to troponin complex
which results in an uncovering of the myosin’s combining site of actin showing full
cross bridge activity. It should be that ATP molecules are hydrolysed for each
cross bridge formed and broken between myosin and actin.

Role of Calcium in Muscle Contraction

Calcium ions play an important role in the contractile activity of the muscle. The
normal concentration of calcium ions is only 10–7 molar, which is too little to elicit
contraction. The minimum concentration of calcium required to cause maximum
muscle contraction is about 2 × 10–4. The flow of electrical current through the
walls of the longitudinal tubules causes them to release calcium ions into the
surrounding sarcoplasm. Within a few ten thousands of a second, these ions diffuse
to the interior of the myofribrils and there initiate the contractile process.

The calcium ions do not remain in the myofibrils for more than a few
millseconds, because once the electrical current caused by the action potential
is over, the longitudinal tubules almost immediately reabsorb the calcium ions
out of the sacroplasm. Therefore, in effect, the action potential causes a short
pulse of calcium ions in the myofibrils, and it is during this time that the
contractile process is activated. At the termination of this pulse of calcium
ions, the muscle immediately relaxes.

It has been reported that troponin protein which is associated with the
actin filament inhibits interaction between actin and myosin molecules at rest.
But when calcium ions are released troponin combines with calcium. There
upon the restraint that troponin places on the interaction of actin and myosin
is released and the two types of filaments slide past one another, causing the
muscle to contract. Relaxation is brought about when the free calcium ion
concentration is reduced.
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Fig. 16.3: Schematic Representation of Role of Calcium in Turning on Cross Bridges.

T-System. It is a system of transverse tubules. The transerve tubules are
open to, and so are part of the extracellular space; while the sarcotubular system
is an intracellular structure. The T system occurs at the Z-lines in cardiac muscle
and at the A-1 boundaries in most other striated muscles. These two membrane
structures, whcih are in close contact but not actually joined, occupy about 15
percent of the muscle-cell volume depending upon the muscle type. The T-system,
which is an invagination of the surface membrane of the muscle, has been shown
to allow the inward conduction of the action potential from the cell surface to the
innermost myofibrils. The effect of the action potential propagated down the
transverse tubules is in some way communicated to the SR, causing release of
calcium into the myofilament space.

The released calcium activates the cross bridges and results in contraction.
In activated muscle, calcium levels rise to around 10-5 mol/1; after activation, calcium
is pumped back into the vesicles of the sarcoplasmic reticulum resulting in the
inhibition of cross bridge activity and a decline in tension (relaxation). For
relaxation to occur, the returning of calcium in the sarcoplasm is made possible at
the expense of energy. For each ATP hydrolysed to ADP and phosphate in the
relaxation phase, two calcium ions are pumped from the sarcoplasm into the
cisternae. The mechanism by which calcium is reabsorbed involves in ATP using
active process similar to the Na+/K+ pump. Thus both contraction and relaxation
require energy.
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Energy for Contraction

Contraction of a muscle requires energy. ATP is the immediate source of energy
for muscle contraction. The ATP together with actin and myosin forms a complex
called actomyosin-ATP complex. ATP makes actomyosin elastic and able to
contract. In extreme fatigue, when ATP separates from actomyosin, the muscle
becomes rigid and stiff. In active stage the energy of ATP in actomyosin is used up.
If the muscle is to be re-energized, new actomyosin-ATP complex must be formed.
During the process, ATP, in the presence of ATPase, breaks down into ADP+P
and energy is released.

ATP — ADP + ~ P

Of the total expended, about 2/3 is needed for the contraction and the
remaining one-third for returning the muscle to its relaxed state.

During the period of inactivity, creatine phosphate, which is a high-
energy compound, is generated from ATP, and is converted back to ATP when
muscular activity commences. The total amount of creatine in muscle, and
hence the amount of creatine phosphate that accumulates during inactivity, is
insufficient to maintain contraction for any length of time. In other words,
creatine phosphate ensures a rapid start to muscle contraction: it does not
maintain it. During prolonged contraction ATP, generated directly by
metabolism is used instead.

One more way of generating ATP by the action of adenylate kinase
(also known as myokinase) has been observed. Adenylate kinase is an enzyme
that catalyses the conversion of two molecules of ADP into ATP and AMP.
The equlibrium is slightly in favour of ADP formation, during muscle
contraction, however, ATP is used faster than it is generated by metabolism
so that its conversation falls relative to that of ADP, and adenylate kinase
operates to generate more energy from ADP. An additional factor helps to
shift the equilibrium in favour of ATP formatrion. It is the presence of the
enzyme adenylate deaminase, which hydrolyses the free amino group of
AMP to yield IMP. AMP is eventually reformed from IMP: the reaction requires
energy in the form of GTP and cannot therefore occur until more ATP is
generated by metabolism. The reconversion of AMP back to ADP, by reversal
of the adenylate kinase reaction, requires ATP also. In other words, like
creatine-phosphate, adenylate kinase serves to supply only a limited amount
of ATP in the absence of metabolism, equivalent at most to half the cellular
concentration of ADP.

16.2.6 Muscle Performance

Fast and Slow Fibers

The skeletal muscles of vertebrates consists of more than one type of fiber.
Some muscles contain a high proportion of slow fibers, which are specialized
for slow, sustained contractions without fatigue. Slow fibers are important in
maintaining posture in terrestrial vertebrates. Such muscles are often called
red muscles because they contain an extensive blood supply, a high density
of mitochondria for supplying ATP, and abundant stored myoglobin to supply
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oxygen reserves, all of which give the muscle a red colour. The “dark meat” of a
chicken pig leg is a familiar example.

Other muscles have a high proportion of fast fibers, also called twitch
fibers, which are capable of fast, powerful contractions. Typically, such muscles
cannot maintain their activity for long periods without becoming fatigued,
but they are essential for fast movements. Lacking an efficient blood supply
and high density of mitochondria and myoglobin, fast muscles may be pale in
colour and are often called white muscles. However, not all fast fibers are
alike. Some animals, such as dogs and ungulates (hoofed mammals), are
capable of running for long periods of time because they have muscles with a
high percentage of fast fibers with high oxidative capacity and efficient blood
delivery. Such muscles work under aerobic conditions. Members of the cat
family, however, have running muscles made up almost entirely of fast fibers
that operate anaerobically. During a chase, such muscles build up a substantial
oxygen debt that is replenished after the chase. For example, a cheetah after
a high-speed chase lasting less than a minute, will pant heavily for 30 to 40
minutes before its oxygen debt is paid off.

Table 16.1: Events During Muscle Contraction.

1. Nerve impulse arrives at neuromuscular junction.

2. Nerve cell vesicles release acetycholine which diffuses across nerve-muscle gap.

3. Acetycholine depolarizes sarcolemma and the transverse tubule system, causing
action potential to sweep the cell. (ACh is inactivated by acetylcholinesterase).

4. Electrical depolarization somehow triggers the release of calcium from the
sarcoplasmic reticulum cisternae.

5. Calcium binds to troponin altering its shape and position on the thin filaments.

6. Tropomyosin shifts position on the thin filament when step 5 occurs exposing
active site on the actin molecule where myosin can bind.

7. ATP combines with myosin cross-bridges of the thick filaments.

8. Myosin-ATP cross-bridges link with actin of the thin filaments in the presence of
calcium.

9. Thick and thin muscle filaments slide past each other as myosin bridges swivel
and move actin along by a lever action (i.e. muscle shortens).

10. Energy is provided for above step by splitting of ATP; ADP and P
i
 are released.

11. Another ATP must bind to actin-myosin complex before cross-bridge is detached
and swivels back to normal position.

12. Above four steps are repeated many times during one muscle contraction.

13. Relaxation of muscle occurs when calcium is actively transported back into the

sarcoplasmic reticulum cisternae.

Importance of Tendons in Energy Storage

When mammals walk or run, much kinetic energy is stored from step to step
as elastic strain energy in the tendons. For example, during running the Achilles
tendon is stretched by a combination of the downward force of the body on
the foot and the contraction of the calf muscles. The tendon then recoils,
extending the foot while the muscle is still contracted, propelling the leg
forward. An extreme example of this is the bounding of a kangaroo, which
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essentially bounces along on its tendons, utilizing the effect of gravity. This type of
movement uses far less energy than would be required if every step relied solely
on alternate muscle contraction and relaxation.

There are many examples of elastic storage in the animal kingdom. It is
used in the ballistic jumps of grasshoppers and fleas, in the wing hinges of
flying insects, in the hinge ligaments of bivalve molluscs, and in the large
dorsal tendon (ligamentum nuchae) that pulls the head upright in many large
mammals.

Check Your Progress

1. What are the thick and thin myofibrils?

2. What is the average velocity of conduction in skeletal muscles?

3. Who has proposed the sliding filament theory of muscle contraction?

4. Who has studied the molecular basis of muscle contraction?

16.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Thin myofibril mainly contains actin, each thin filament is composed of
two strands of actin arranged in a right handed helix, together with
proteins which control the contraction of the muscle. Thick myofibril is
largely composed of myosin and easily visible under electron microscope
as a rod like structure with a globular head of one end.

2. The average velocity of conduction in skeletal muscle fibres is about 5
metres per second.

3. The sliding filament theory was proposed independently by A.F. Huxley
and J. Hanson, and by R. Neidergerken in 1954.

4. The molecular basis of muscle contraction was studied by R.E. Davis
in 1963.

16.4 SUMMARY

Muscle contraction is the activation of tension generating sites within muscle
fibres. Changes in the muscle length support an exquisite array of animal
movements. A muscle contraction is described as isometric if the muscle tension
changes but the muscle length remains the same. In contrast, a muscle
contraction is isotonic if muscle tension remains the same throughout the
contraction. Muscles have both action and myosin filaments. When the actin
(thin filaments) and myosin (thick filaments) slide over each other. It is generally
assumed that this process is driven by cross bridges which extend from the
myosin filaments and cyclically intract with the actin filaments as ATP is
hydrolysed. Muscle contraction begins when the nervous system generates a
signal. The signal, an impulse called an action potential, travels through a
type of nerve cell called a motor neuron. The neuromuscular junction is the
name of the place where the motor neuron reaches a muscle cell. During
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stimulation of the muscle cell, the motor neuron releases the neurotransmitter
acetylcholine, which then binds to a post synaptic nicotinic acetylcholine
receptor. Muscle contraction ends when calcium ions are pumped back into
the sarcoplasmic reticulum, allowing the muscle cell to relax.

16.5 KEY TERMS

Excitability: Ability to undergo neural stimulation.

Extensibility: Ability to lengthen fascicie-bundle of muscle fibres within a
skeletal muscle.

Flexion: Movement that decreases the angle of a joint.

Prime mover: Principle muscle involved in an action.

16.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. What is meant by muscle contraction?

2. What are the main steps of muscle contraction?

3. Write notes on the cross bridge cycle.

4. Draw a labelled diagram showing the role of cross bridges.

Long Answer Questions
1. Write an essay on muscle contraction.

2. Describe the mechanism of muscle contraction.

3. Discuss the molecular basis of muscle contraction.

4. Write notes on the sliding filament theory and also the role of calcium
in muscle contraction.

16.7 FURTHER READING

1. C.R. Bagshaw. Muscle Contraction.
2. Gerard J. Tortora. Principles of Anatomy and Physiology.
3. Jack A. Rall. Mechanism of Muscular Contraction.
4. R.S. Adelstein and J.R. Sellers. Biochemistry of Smooth Muscle

Contraction.
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17.0 INTRODUCTION

The pituitary gland is located at the floor of the skull just behind the optic
chiasma where the optic nerves cross as they enter the underside of the brain—
a very awkward place to reach surgically. Thus the pituitary is one of the best
protected and inaccessible endocrine glands. It lies in the sella turcica (Turkish
saddle), a depression in the sphenoid bone on the floor of the cranial cavity. It
is small rounded unpaired body about the size of a large pea weighing
approximately 0.5 gm. in man and usually becomes much larger in a pregnant
woman. Some anatomists started the Muller’s organ of Amphioxus, sub-neural
gland of tunicates and vertebrate pituitary are homologous organs.

The pituitary gland is ectodermal in origin. It develops from the
upgrowth from the roof of the embryonic pharynx. The outgrowth is the
Rathke’s pouch which meets a down growth from the part of the brain which
will become the hypothalamus. The portion of the gland that has grown up
from the anterior wall or Rathke’s pouch forms the pars distalis; from the top
arises the pars tuberalis; from the posterior wall of the pouch arises pars
intermedia. All the three parts are collectively called the adenohypophysis.
This usually makes up about 75 percent of the mass of the pituitary. The
portion which originates as a down growth from the future hypothalamus
forms the posterior lobe and stem of the gland. This portion of the pituitary is
often called the neurohypophysis.

The pituitary gland or hypophysis is commonly called the master gland
or orchestra of endocrine mechanism because it exerts a regulatory control
over most of the other endocrine glands. It is now seen and proved that the pituitary
is not so much a master as an ‘executive officer’ carrying out instructions of the
hypothalamus and perhaps also of the pineal body on top of the brain. Recently
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it has been discovered that both pituitary (hypophysis) and hypothalamus form a
sort of complex called hypothalamo-hypophyseal complex to control the activity
of other endocrine glands.

17.1 OBJECTIVES

After going through this unit, you will be able to:

Know the location and development of pituitary.

Describe the structure of pituitary gland.

Discuss the cell types in adenohypophysis.

Describe the various hormones secreted by pituitary gland.

17.2 STRUCTURE AND HORMONES OF
PITUITARY

Structurally, the pituitary gland has two parts:

Adenohypophysis and

Neurohypophysis.

Fig. 17.1: Mammalian Pituitary Gland.
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17.2.1 Adenohypophysis
Adenohypophysis is a large, compact and highly vascular structure. It is the largest
part of the gland in all vertebrates except cyclostomes and teleosts. It is also
sometimes referred to as pars buccalis. Further, the adeno-hypophysis or anterior
lobe is made up of three parts: pars distalis, anterior pars tuberalis and pars
intermedia.

Pars distalis. It is the largest part of adenohypophsis or anterior lobe and
forms about 75 percent of the gland.The cells are arranged in cords between
which are large capillaries.

Pars tuberalis. It is smaller than the pars distalis. The cells are arranged in
short cords or globular clusters. They are polyhedral, with centrally placed
nuclei and the cytoplasm contains fine granules. Nests of squamous cells
are often found around the pars tuberalis. Pars tuberalis is rarely found in
man.It is also not found in lizards and snakes.

Pars intermedia. This part of the adenohypophysis is not found in whale,
sea cows and birds. It is poorly developed in human beings.

Cell Types in Adenohypophysis

Adenohypophysis consists of cells arranged in nests or columns surrounded by
connective tissue. The cells are of two main kinds:

Chromophobes. These are colourless cells. They are small and not affected
by acid or basic stains and are scattered throughout the structure. Chromophobes
can develop into chromophils whenever it is needed.

Chromophils are the coloured cells. They are large cells which stain
readily. On the basis of the staining ability, they are further divided into
acidophils and basophils or cyanophls. Acidophils stain with eosin or acid
fuchsin and basophils with haematoxylin. About 75 percent of the chromophils
are acidophils and 25 percent basophils.

The dividing line between chromophobes and chromophils is not sharp.
Chromophobes can develop into chromophils and it seems likely that
chromophils can lose their granules and revert to chromophobes. On the basis
of specific staining methods, following types of cells have been studied in
Adenohypophysis:

Somatotrophs. The GH-secreting cells are identified as acidophilic in
standard hematoxylin and eosin preparations and are usually located in
the lateral portions of the anterior lobe. Granule size by electron
microscopy is 300-400 nm in diameter. These cells account for about
4-10% of the net weight of the anterior pituitary.

Lactotrophs. A second but distinct acidophil-staining cell randomly
distributed in the anterior pituitary is the PRL secreting cell. Granule
size averages approximately 550 nm on electron microscopy. These
cells proliferate during pregnancy as a result of elevated estrogen levels
and account for the increase in gland size.

Thyrotrophs. These TSH-secreting cells,because of their glycoprotein
product, are basophilic and also show a positive reaction with periodic
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acid- Schiff (PAS) stain. The thyrotroph granules are small (50-100 nm),
and these cells are usually located in the anteromedial and anterolateral
portions of the gland. During states of primary thyroid failure, the cells
demonstrate marked hypertrophy, increasing the overall gland size.

Corticotrophs. ACTH and its related peptides, the lipotropins (LPH) and
the endorphins are secreted by basophil-staining cells that are embryologically
of intermediate lobe origin and usually located in about 360 nm in diameter.
In states of glucocorticoid excess (both exogenous and endogenous),
corticotrophs undergo degranulation and a microtubular hyalinization known
as Crooke’s hyaline degeneration.

Gonadotrophs. Both LH and FSH originate from these basophil-staining
cells, whose secretory granules are about 200 nm in diameter. These cells
are located in the lateral portion of the gland. They become hypertrophied
and cause the gland to enlarge during states of primary gonadal failure such
as Klinefelter’s syndrome and Turner’s syndrome.

Other cell types. Despite immunocytochemical staining with antibodies
directed against all of the known anterior pituitary hormones, some
cells remain unstained.These are chromopobes by conventional staining
methods, but electron microscopy has identified secretory granules in
many of them. It is not certain whether they represent undifferentiated
primitive secretory cells or whether they produce as yet an unidentified
hormone such as adrenal androgen-stimulating hormone or ovarian
growth factor.

17.2.2 Hormones of the Pituitary Gland
There are various type of hormones found in pituitary glands:

Hormones of the adenohypophysis. These are 6 major anterior
pituitary hormones whose biosynthesis, structure, function and secretory
control have been well characterized which can be accurately measured in
tissues and body fluids. These hormones-ACTH, GH, PRL, TSH, LH, and
FSH—may be classified into three groups: corticotropin related peptides
(ACTH, LPH, melanocyte-stimulating hormone (MSH), and endorphins), the
somatomammotropins (GH and PRL) which are also peptides and the
glycoproteins (LH, FSH, and TSH).

Somatotrophic hormone (STH) OR Growth hormone (GH). The
hormone is secreted by the acidophil or  cells or eosinophils of the
adenohypophysis. The hormone is a protein with a molecular weight ranging
between 21,500 and 48,000. The human growth hormone has about 200 amino
acids and precipitates at pH 4.9. The concentration of STH in children is
about 300 micrograms per litre of plasma which drops by about 30 percent in
adults. STH does not function a target gland but acts directly on all or almost
all tissues of the body. It promotes both increased size of the cells and increased
mitosis, with develpoment of increased number of cells.

When the pituitary is over active during the growth period (over
secretion), there is a general acceleration of the process, resulting in a very
tall though fairly well proportioned person. Most circus giants are of this type. If
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the pituitary is underactive during the growth period, a small, normally proportinate
person known as midget is the result. Over secretion of growth hormones after
normal growth has been completed, however, produces a condition known as
acromegaly. In this, hands and feet become enlarged, the jaws grow abnormally
long and broad. Over secretion of the growth hormone after development of a
midget, body becomes unproportinate and the stage is known as acromicria.

Growth hormone enhances the body proteins, conserves carbohydrate and
uses the fat store. It is probable that the increased rate of growth results mainly
from the increased rate of protein synthesis.

Growth hormone also increases the release of fatty acids from the adipose
tissue and, therefore, increase the fatty acid concentration in the body fluids. This
in turn increases the use of fatty acids for supplying energy to the body. Likewise,
for greater quantities of acetoacetic acid are formed in the liver and transported
into the blood. Therefore, a person exposed to excessive hormone is much more
likely to develop ketosis than in the normal person, this is called the ketogenic
effect of GH.

GH decreases the utilization of carbohydrate for energy. Instead, glycogen
is stored in the cells until the cells become saturated; thereafter the blood glucose
concentration rises above normal, for which reason it is said that GH has a
diabetogenic effect. In addition, GH diminishes the transport of glucose into the
cells, which is an effect opposite to that of insulin on the transport of glucose.

Secretion of growth hormone. The increase of GH is mediated by two
hypothalamic hormones; GH-releasing factor (GHRF) and GH-inhibiting
hormone (GIH) or somatostain (somatotropin release-inhibiting factor,
SIRF). These hypothalamic influences are tightly regulated by an integrated
system of neural, metabolic and hormonal factors. Because neither GHRF nor
somatostatin can be measured directly, the net result of any factor on GH
secretion must be considered as the sum of its effects on these hypothalamic
hormones.

Lactogenic hormone. Also known as luteotropic hormone (LTH) or
prolactin, mammotropic, galactin or lactogen.

Nicoll and Bern (1971) coined it as ‘Jack of all trades’ with more than
seventy five different hormonal activities ascribed to it. It is found to be present
in the pituitary among all classes of vertebrates. It is a polypeptide containing
205 amino acids. Its molecular weight varies from 25,000 to 30,000.

Function. The primary effect of PRL is stimulation of lactation in the
postpartum period. During pregnancy, PRL secretion increases and in concern
with many other hormones (estrogen, progesterone, hPL, insulin, and cortisol),
promotes additional breast development in preparation for milk production.
Despite its importance during pregnancy, estrogen enhances breast
development but blunts the effect of PRL on lactation; the decrease in both
estrogen and progesterone after parturition of lactation. Accordingly,
galactorrhea may accompany the discontinuance of oral contraceptives.
Although PRL secretion falls in the postpartum period, lactation is maintained by
persistent breast suckling. PRL levels are very high in the foetus and in newborn
infants, declining during the first few months of life.
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Although PRL does not appear to play a physiologic role in the regulation
of gonadal function, hyperprolactinemia in humans leads to hypogonadism.
In women, initially there is a shortening of the luteal phase; subsequently
anovulation, oligomenorhea or amenorrhea and infertility occurs. In men,
PRL excess leads to decreased testosterone synthesis and spermatogenesis,
which clinically presents as decreased libido, impotence and infertility. The
exact mechanisms of PRL inhibition of gonadal function are unclear, but the
principal one appears of hypothalamic-pituitary control of gonadotropin
secretion. Basal LH and FSH levels are normal or subnormal; however, their
pulsatile secretion is decreased and the midcycle LH surge is suppressed in
women. Gonadotropin reserve, as assessed with GnRH, is usually normal or
even exaggerated. PRL may also directly affect gonadal function by inhibiting
the action of the gonadotropins on the ovary and testis, although the importance
of this mechanism is less clear.

In addition, hyperprolactinemia in humans has been associated with
glucose intolerance and hyperinsulinemia, and PRL may play as a diabetogenic
factor during the pregnancy. Metabolic actions of PRL may occasionally mimic
those of GH. Administration of ovine PRL to GH deficient patients has resulted
in positive nitrogen balance, lipolysis and limited skeletal growth.

In several species, PRL is involved in the regulation of osmolality by
influencing salt and water metabolism, although this effect has not been
observed in humans. In salmon, it is critical for the adjustment from salt to
fresh water.

Adrenocorticotropic hormone (ACTH). It is also known as coticotropin
or adrenotropic hormone or adrenotropin. It is a polypeptide composed of
39 amino acids. Its molecular weight is about 4,500. The hormone is
synthesized by the basophils. It has following functions:

ACTH stimulates the adrenal cortex for its synthetic activity. More
specifically it induces hypertrophy of the zona fasciculata and causes the
secretion of glucocorticoids. It does not influence the mineralocorticoids
secretion.

The secretion of ACTH and adrenal cortical hormones are mutually
affected by a negative feedback mechanism.

Glucocorticoid is very essential for an animal to meet stressful stimuli
or the so-called reaction to stress, viz. injury, excess heat or cold, haemorrhage
etc. When an animal is confronted with stressful stimuli, impulses from the
sense organs pass to the brain and then to the hypothalamus. The hypothalamus
influences the pituitary to secrete more of ACTH which will stimulate
glucocorticoid secretion from adrenal cortex to meet the stressful stimuli.
Thus, pituitary-adrenal axis is very important for the survival of an animal in
adverse environment or for the maintenance of the so-called homeostatic
mechanism.

Thyroid stimulating hormone (TSH) or thyrotrophin. This hormone
is produced by the cyanophils of the adenohypophysis. Biochemically it is a
glycoprotein with estimated molecular weight ranging from 10,000 to 30,000.
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It controls various aspects of thyroid gland functions including development and
maintenance. It promotes accumulation of iodine and increases the quantity of
intracellular colloid in the thyroid epithelial cells and induces the liberation of the
hormone throxine.

The concentration of TSH in blood, approximately 25 milli-units per ml. is
raised in myxoedema. The concentration in the blood is increased by cold conditions
and reduced by a hot environment. TSH is normally secreted at a rate exceeding
two international units per day.

There exists a negative feedback between the circulating level of thyroxine
and TSH. If the secretion of TSH is decreased due to some disease or abnormality
of the anterior pituitary, the thyroid gland will also decrease its secretion and the
animal will suffer from hypothyroidism. On the other hand, if TSH is increased, it
increases the activity of the thyroid gland, initiating hyperthyroidism. This condition
is clinically characterised by bulging eyeballs or exophthalamus.

On hypophysectomy, the secretion of TSH and its circulating level falls
down. During such conditions, the thyroid becomes completely atropic.

The subunit of TSH attaches to high affinity receptors in the thyroid,
stimulating iodide uptake, hormonogesis and release of T

4 
And T

3
. This occurs

through activation of adenylate cyclase and the generation of cAMP. TSH
secretion also causes an increase in gland size and vascularity by promoting
mRNA and protein synthesis.

Secretion. The secretion of TSH is controlled by both stimulatory (TSH)
and inhibitory (somatostatin) influences from the hypothalamus and modulated
by the feedback inhibition of thyroid hormone on the hypothalamicpituitary
axis. Thyrotropin-releasing hormone (TRH), a tripeptide, is the major
hypothalamic factor in TSH secretion. TRH has been found in the
hypothalamus as well as the portal blood; perfusion of pituitary stalk vessels
with TRH evokes TSH release and interruption of the hypothalamic-pituitary
portal vessels decreases TSH secretion. The availability of synthetic TRH has
led to many studies involving its relationship with TSH secretion.

Gonadotropic hormone (GTH) or gonadotropins. There are two
gonadotropin hormones secreted by the cyanophils of adenohypophysis,
controlling gonads:

1. Follicle stimulating hormone (FSH). It is a water soluble glycoprotein
with molecular weight ranging between 30,000 and 67,000. It contains
galactose, glucosamine, galactosamine, mannose, fucose etc.

Due to its action on both male and female gametes, FSH is also
known as gametokinetic factor.

FSH is secreted in a very small amounts only in sexually mature
animals. During childhood, it is not manufactured.

2. Luteinizing hormone (LH) or interstitial cell stimulating hormone
(ICSH). Biochemically it is a conjugate protein with a molecular weight
ranging between 26,000 and 30,000. It has the following biological
actions:
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The Secretion of LH is under the control of hypothalamus. It is also
regulated by stimuli like light, temperature, genital stimulation etc.

LH and FSH bind to receptors in the ovary and testis and regulate
gonadal function by promoting sex steroid production and
gametogenesis. These effects are mediated by the production of cyclic
nucleotides.

In men, LH stimulates testosterone production from the interstitial
cells of the testes (Leydig cells). For this reason, LH was formerly called
interstitial cell-stimulating hormone (ICSH). Maturation of spermatozoa,
however, requires both LH and FSH. FSH stimulates testicular growth and
enhances the production of an androgen-binding protein by the Sertoli cells,
which are a component of the testicular tubule necessary for sustaining the
maturing sperm cell. This and rogen-binding protein causes high local
concentration of testosterone near the sperm, an essential factor in the
development of normal spermatogenesis.

In women, LH stimulates estrogen and progesterone production from
the ovary. A surge of LH in the mid-menstrual cycle is responsible for ovulation,
and continued LH secretion subsequently stimulates the corpus luteum to
produce progesterone by enhancing the conversion of cholesterol to
pregnenolone. Development of the ovarian follicle is largely under FSH
control, and the secretion of estrogen from this follicle is dependent on both
FSH and LH.

Intermedin or melanocyte stimulating hormone (MSH). It is secreted
by the intermediate lobe of the pituitary gland. It is a polypeptide. It is
prominently developed in poikilotherms. Two distinct hormones have been
isolated: -MSH and -MSH.

-MSH is composed of 13 amino acids and there are 18 amino acids in
-MSH. In -MSH, -MSH and ACTH, a sequence of seven amino acids is

common. It has also been reported that in -MSH and ACTH, a sequence of
first 13 amino acids is indentical.

MSH influences chromatophore system by exerting an influence on
either concentration or dispersion of variously coloured granules in the
chromatophores, ultimately giving them characteristic colour patterns.

In lower vertebrates, the secretion of MSH is reflexly controlled by the
effect of light falling on the retina of the eyes from the background. The
stimulated eyes send messages to the brain by means of the optic nerve. The
brain influences the pars intermedia through hypothalamus to secrete MSH,
which is then discharged in the blood. In skin, MSH brings dispersion of the
pigments thereby darkening the skin. The role of MSH in birds and mammals
is not very clear.

17.2.3 Neurohypophysis
It is also known as the posterior lobe. It is further differentiated into pars nervosa
or neural lobe and infundibulum (median eminence and infundibular stem). Pars
nervosa is a single layered structure in cyclostomes and massive in mammals.
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Median eminence is not prominently developed. The posterior lobe consists of
non-medullated nerve fibres, neuroglia (pituicytes) and blood vessels. There are
no ‘glandular’ cells such as those occur in adenohypophysis. The nerve fibres
come from the supra-optic and para ventricular nuclei of the hypothalamus and
form the supra-opticohypophyseal tract which runs through the pituitary stalk to
end in the posterior lobe. The nerve cells and their fibres contain granules of neuro-
secretory material which either represents antidiuretic hormone (ADH) and
oxytocin themselves, or it is a carrier for these hormones. The capillaries in the
neurohypophysis have large pores through which the neurosecretory material could
pass.

17.2.4 Hormones of the Neurohypophysis
The polypeptide hormones found in the posterior lobe of the pituitary are basically
secreted in the hypothalamus by the neurosecretory cells thereby called
neurohypophyseal hormones. It is likely but not quite certain that vassopressin
is synthesised in the supra-optic nuclei and oxytocin in the paraventricular nuclei of
the hypothalamus.

The synthesis of neurosecretory material is a complex process. The
neurosecretory cells engaged in the synthesis possess well developed
endoplasmic reticulum and Golgi complex. The neurohormones in their
precursor forms are synthesized in the perikaryon of the neurosecretory cells
and are concentrated on the Golgi complex and become active. The synthesized
meterial is transported from the site of synthesis to the site of release by a
process of axoplasmic flow. In the earthworm and insects, the neurosecretory
material passes out as an intact granule. In the corpora cardiaca, it has been
reported that the neurosecretory material is released by a proces of exocytosis
or reverse pinocytosis. In higher animals, the neurosecretory material is given
out by a simple process of diffusion through the neural membrane. Douglas
has shown that the release of the posterior lobe hormones from the nerve
endings of the hypothalamohypophyseal tract is calcium dependant. Release
may follow a depolarization of the endings which allows influx of calcium.

Antidiuretic (ADH) or vasopressin or pitressin. It is a protein containing
8 amino acids (octapeptide). It shows the following biological actions:

It plays an important role in osmoregulation i.e. water balance in the
body. When the body fluids become highly concentrated, the supra-optic nuclei
become excited, impulses are transmitted to the neurohyophysis and ADH is
secreted. This passes by way of blood to the kidney, where it increases the
permeabiltiy of the distal tubules and collecting tubules to water. As a result,
most of the water is reabsorbed from the urine.

The hormone is destroyed or inactivated primarily in the kidney and
liver and is excreted out along with the urine. In human blood, its half life is
about 5 minutes. Night urine usually contains more ADH than the day urine.

It controls the blood pressure upto a certain limit. Severe haemorrhage and
circulating shock are the most powerful stimuli of all for increasing the secretion of
ADH. The decreased pressure of the body causes baroreceptor signals to be
transmitted to the supraoptic nuclei to increase the output of ADH. It increases the
reabsorption of water, thereby helping to return the arterial pressure towards normal.
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Alcohol inhibits the ADH secretion. Therefore, during an alcoholic bout,
lack of ADH allows marked diuresis. Alcohol probably also dilates the afferent
arterioles of the nephrons, which adds to the diuretic effect.

The undersecretion of this hormone causes diuresis or diabetes
insipidus. Such diabetic animals consume large quantitites of water
(polydipsia) to equalize the excessive loss of water through urine upto 20 liters
per day, and unless the animal has access to a sufficient supply of water, death
may result from dehydration.

Desert mammals like kangaroo rat (Dipodomys) and camel show water
conserving desert adaptation. A camel can tolerate 35 to 40 percent loss of its
body water and the kangaroo rat practically does not drink water. They show
comparatively larger neurohypophysis to secrete more ADH. These animals
excrete extremely concentrated urine practically without loss of water.

ADH dilates the pores of amphibian skin and helps in water absorption.

Oxytocin or pitocin. The term oxytocin is taken from Greek meaning
‘quick birth’. It is also an octapeptide. In the human blood, its half life is
about 1 to 4 minutes. It is destroyed in the tissues or excreted by the kidney.
Oxytocin and ADH seem always to be secreted simultaneously in response to
coitus, suckling, osmotic and other stimuli, but the proportions vary.

The hormone powerfully stimulates the pregnant uterus specially during
parturition. Normal circulating level of oxytocin is essential for normal delivery.
It also increases the motility of the uterus during coitus thereby promoting
fertilization. It has been proposed that the contraction of uterus propels the
male semen upward through the fallopian tubes.

It plays an important role in the process of lactation, for it brings about
milk ejection by initiating the contraction of smooth muscles in the mammary
glands and the myoepithelial cells which encircle the alveoli and cause expulsion
of milk. This is the galactogogic effect.

It has been reported that in oviparous vetebrates like fishes, reptiles
and birds, the hormone plays an important role in the reproductive behaviour.

Check Your Progress

1. What is the exact location of pituitary?

2. What are the two main divisions of pituitary?

3. Write down the names of all hormones of pituitary.

4. What is synergism?

17.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The pituitary gland is located at the floor of the skull just behind the optic
chiasma. It is present on the ventral side of diencephalon

2. Pituitary is divisible into two parts or lobes: the anterior lobe is the
adenohypophysis and the posterior lobe–the neurohypophysis.
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3. There are six hormones (ACTH, GH, PRL, TSH, LH and FSH) secreted
in adenohypophysis, and two hormones (ADH and oxytocin) are
associated with neurohypophysis.

4. Synergism is the working together of two or more than two hormones.

17.4 SUMMARY

Pituitary gland is commonly called the master gland or orchestra of endocrine
mechanism because it exerts a regulatory control over most of the other
endocrine glands. Structurally pituitary gland has two parts: adenohypothysis,
and neurohypophysis. Adenohypophysis is the anterior lobe and is further
differentiated into three parts: pars distalis, pars tuberalis, and pars intermedia.
Likewise neurohypophysis has two parts: pars nervosa, and median eninence.
Adenohypophysis has two types of cells: chromophobes (colourless and
inactive), and chromophils (coloured and active). Chromophils have 75 percent
acidophils and 25 percent basophils. Adenohypophysis secretes ACTH, GH,
PRL, TSH, LH, and FSH. Hormones reported from neurohpophysis are
oxytocin and ADH. Growth hormone is also called somatotrophic hormone
and regulates the growth of an organism. Its abnormal secretion may result
acromicra or acromegaly. Other abnormalities are achondroplasia, Simmond’s
disease, progeria and infantilism etc. The abnormal secretion of neuro-
hypophyseal hormones include diuresis or diabetic insipidus and edema. The
malfunctioning of both anterior and posterior lobes of pituitary together may
result Cushing’s disease or pituitary basophilism, Laurence–moon Biedl
syndrome and Adipose–genital dystrophy etc.

17.5 KEY TERMS

Acromicria: It is due to atrophy of the acidophils and is characterized by
small, delicate and fragile bones of the face and extremities.

Cushing’s disease: In this there is excessive multiplication of basophil
cells and excessive production of ACTH, resulting painful adiposity
limited to face, neck and trunk.

Hypo-pituitarism: It is due to undergrowth, atrophy or excessive growth
of chromophobes.

Simmond’s disease: It is due to hypopituitarism and affects thyroid, adrenal
and gonadotrophic functions.

17.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the midget stage.

2. Name all the hormones reported from pituitary.
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3. Draw a labelled diagram of mammalian pituitary gland.

4. What is the role of vasopressin hormone?

Long Answer Questions
1. Write an essay on the structure and function of pituitary.

2. Describe all the hormones of adenohypophysis.

3. Write notes on the cell types  in adenohypophysis, and also the hormones
of neurohypophysis.

4. Describe all disorders developed due to malfunctioning of pituitary.

17.7 FURTHER READING

1. C.R. Kannan. The Pituitary Gland.
2. Harvey Cushing. The Pituitary Body and Its Disorders, Clinical States

Produced by Disorders of the Hypophyseal Cerebri.
3. P.D. Prasada Rao and Richard E. Peter. Neural Regulation in the

Vertebrate Endocrine System.
4. Thomas J Baranski, Janet B. McGill Julie M. Silverstein. The Washinton

Manual “Endocrinology.”
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18.0 INTRODUCTION

The thyroid gland develops in the floor of the embryonic mouth as a median
diverticulum which grows downwards as a tubular duct with a bifurcated end
that gives rise to the isthmus and part of the lateral lobes. Small masses of
thyroid tissue lie scattered on the side of lateral lobes and isthmus, and are
known as accessory thyroid glands.

In cyclostomes, the thyroid follicles are embedded in the fibrous tissue
along the floor of the pharynx. In elasmobranchs, it is an encapsuled organ
located on the ventral aorta while in teleosts, the follicles are scattered along
the ventral aorta.

In reptiles, it is usually a single structure whereas in amphibians and
birds, the gland is paired.

A mammal’s thyroid gland forms two lobes which are connected with
each other by a narrow band of thyroid tissue. In a normal adult healthy
person, it weighs about 25 gms. It is larger in the female than in the male.
During pregnancy and menstruation, the gland enlarges slightly. It has a
remarkably rich blood supply; about 4 to 6 ml. of blood per gram of tissue perfuse
the normal gland per minute and the amount is greatly increased when the gland is
over-active.

18.1 OBJECTIVES

After going through this unit, you will be able to:

Know the position and weight of thyroid in human beings.

Describe the structure of thyroid gland.
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Discuss the nature of colloid.

Describe the metabolic effects on different parts of the body.

18.2 STRUCTURE AND FUNCTIONS OF
THYROID GLANDS

Microscopically the gland consists of numerous acini or follicles about 200 μ
in diameter. The follicular number of the normal thyroid of a rat ranges upto
100,000 with marked size variations. The larger follicles are generally found
near the periphery whereas the smaller ones are found at the centre. Each
follicle is lined by a secretory epithelium of cuboidal or low columnar type.
Each follicle contains a clear viscid proteinaeous amber coloured colloid which
normally comprises the greater part of the thyroid mass. The colloid consists
mainly of iodinated thyroglobulin. Density of the colloidal  material varies in
different  follicles of the same gland. With increased glandular activity, the
follicles become smaller, the cells columnar in shape and the colloid are less
abundant.

Fig. 18.1: Human Thyroid Gland.

Between the follicles, there are parafollicular or C cells. These are derived
from the ultimobranchial bodies which fuse with the thyroid in mammals, but remain
separate in the neck or mediastinum in fishes, amphibians, reptiles and birds. The
parafollicular cells produce calcitonin or thyrocalcitonin.

The thyroid gland is not essential to life but is necessary for growth,
development and in the amphibia for metamorphosis.

In polybreeders like human beings, the gland functions almost uniformly
but in seasonal breeders, the gland is active at one stage and inactive at the
other. The activity of the gland depends upon:
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Fig. 18.2: Appearance of Thyroid Gland Follicles Viewed Through the Microscope.

Number of thyroid follicles

Size of thyroid follicles

Size of epithelial cells of thyroid follicles and

Nature of colloid (colloid is either homogenous or heterogenous.
Homogenous colloid represents the less active state of the gland and
heterogenous colloid represents the active state of the gland. The
hetrogenous colloid is either due to the liquification or vacuolization of
the colloid).

18.2.1 Physiological Effects
Effect of general metabolism. In the immature animal, thyroxin
increases the synthesis of protein and thereby favours growth. In the
adult, its tendency is to mobilize proteins and to increase their
destruction, leading to a negative nitrogen balance. The oxidation of
lipids and carbohydrates is also increased. We may, therefore, conclude
that the thyroid hormone is a powerful accelerator of oxidation and of
the liberation of energy. Even isolated, the surviving tissue may consume
more or less oxygen than normal tissue does, according to conditions
of the thyroid of the animal from which the tissue was taken.

The amount of thyroid hormone secreted is normally in direct proportion
to the demand for it by the body. On exposure to cold, the secretion is
increased, thus aiding in the maintenance of a constant body temperature.
Animals fed on dessicated thyroid tissue survive exposure to intense
cold longer than those treated with thiouracil, which depresses the
formation of thyroxin by interfering with the iodination of tyrosin. In
contrast to epinephrine, the acceleration of the oxidative processes in
the body by the thyroid is of a steady, long-range nature.

Effect on basal metabolic rate. When thyroxine increases or it is given
to an animal, the mitochondria in most cells of the body increase in size
and also in number and thus increasing the rate of energy production
and oxygen utilization of most of the normal tissues. One mg. of
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thyroxine liberates 100 calories of heat. This effect is known as calorigenic
effect. Excessive quantities of thyroxine can occasionally increase the
basal metabolic rate to as much as 100 per cent above normal.

Fig. 18.3: Regulation of Thyroid Hormone Secretion.

Effect on protein metabolism. In physiological amounts, as when to a
child with cretinism, thyroxine promotes protein synthesis till growth is
resumed. Excess of thyroxine causes protein breakdown and increaes
nitrogen loss in the urine and the body passes into a state of negative
nitrogen balance.

Effect on carbohydrate metabolism. Thyroxine increases the
peripheral utilization of glucose but at the same time enhances
glycogenolysis in the liver, heart and skeletal muscle to such a degree
as to raise the blood sugar level and sometimes to produce glycosuria.
Muscle and liver glycogen is diminished. It also promotes glucose
formation from the non-carbohydrate source and in addition it also
accelerates the breakdown of insulin which thereby increases the severity
of diabetes mellitus.
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Effect on lipid metabolism. When thyroxine is given to a hypothyroid
patient, the serum cholesterol level falls before O

2 
consumption increases

and, contrary to expectation, thyroxine excess greatly increases cholesterol
synthesis in the liver and elsewhere. Thyroxine reduces serum cholesterol
by promoting an ever greater destruction of cholesterol by the liver and by
increasing the amount excreted in the bile.

Effect on water and mineral metabolsim. In a normal person, large
doses of thyroxine cause a smaller diuresis with loss of potassium,
presumably due to cellular breakdown. In hyperthyrodism, there is
increased excretion of Ca and P in the urine, which may lead to
rarefaction and even pathological fractures of the bones.

Effect on body weight. Greatly increased thyroxine production almost
always decreases the body weight, and greatly decreased thyroxine
production almost always increases the body weight, but these effects
do not always occur, because thyroxine increases the appetite, which
may over balance the change in metabolic rate.

Effect on growth. Thyroid hormone is essential for growth. Not only
the STH secreting cells of pituitary need thyroxine for their own activity,
but growth hormone can only exert its full affects on its target cells in
the presence of thyroxine. In growing children with hypothyroidism,
the rate of growth is greatly reduced whereas in growing children who
are hyperthyroid, excessive skeletal growth often occurs, causing the
children to become considerably taller than otherwise.

Effect on cardio-vascular system. Thyroxine increases the demand
of the tissues for nutrient substances. In hyperthyroidism, the activity
of the cardiovascular system is increased, in all ways. Especially, there
is an increase in local blood flow in each tissue, and concomitant increase
in cardiac output sometimes to two times than normal. Other effects
are an increase in heart rate, systolic arterial pressure, pulse pressure
and blood volume. Heart muscles become thicker (hypertrophies). Heart
may be dilated and heart failure may occur.

Effect on respiration. The rate of metabolism caused by thyroid
hormone increases. The effects like utilization of oxygen and the
formation of carbon dioxide, activate all the mechanisms that increase
the rate as well as depth of respiration.

Effect on gastrointestinal tract. Thyroxine increases the rate of the
digestive juices, the motility of the gastrointestinal tract and appetite.
The hypertrophied patients often eat voraciously without putting on
weight. Lack of thyroxine causes constipation. Diarrhoea is commonly
encountered in thyrotoxicosis.

Effect on the central nervous system. In general, thyroxine increases
the rapidity of cerbration while, on the other hand, lack of thyroid
hormone decreases this function. The hyperthyroid individual is likely
to develop extreme nervousness and is likely to have many psychoneurotic
tendencies such as anxiety complexes, extreme worry or paranoias.
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Effect on the skin. In hyperthroidism, the temperature of the body rises.
The skin becomes warm and moist due to cutaneous vasodialation and
secretion of sweat which help to promote heat loss from the body. In
hyperthyroidism, the skin becomes dry, pale and cool.

Effect on the muscles. Muscular weakness occurs in both hypothyroid
and hyperthyroid states. Moderate increase in thyroxine usually makes
the muscles react with considerable vigor, but when the quantity of
thyroxine becomes extreme, the muscles becomes weakened because
of excess protein catabolism. On the other hand, lack of tyroxine causes
the muscles to become extremely sluggish; they contract readily but
relax slowly after a contraction.

Effect of the thyroid on sex organs. The inter relationship of the thyroid
and sex organs is shown by enlargment of the thyroid during
menstruation and gestation. During pregnancy, there is an increase inPBI
and RAIU without signs of hyperthyroidism. This change is accounted
for by an increase in serum protein capable of binding thyroxin. After
parturition, there is a return to normal levels. On the other hand, lack
of proper thyroid secretion, as in myxedema, is frequently associated
with disturbances in the sexual life of both male and female. In
myxedematous women. amenorrhoea commonly occurs. Fertility is
reduced. In cretinism, gonad growth is impaired and the secondary sex
characters do not develop.

Effect on mammary glands. It promotes galactopoesis and helps to
restore a declining milk flow in women. It also increases the fat contents
of milk. The hypothyroidism shows opposite effects. The mode of action
of thyroxine on the breast is not known. It may work by increasing the
metabolism and blood flow through breast tissue or it may act via the
anterior pituitary.

Effect on sleep. As already stated, the gland controls BMR. The
hyperthyroidism develops extreme nervousness, feeling of constant
tiredness and results in increased metabolsim. It becomes difficult for a
person to sleep. On the other hand, extreme somno-lence is characteristic
of hypothyroidism.

18.2.2 Thyroid Gland and Metamorphosis
Thyroid gland plays an important role in metamorphosis in amphibians and
teleosts. If hypothyroidism occurs in an embyro or a young larva, then the
metamorphosis is delayed. In the absence of thyroxine, metamorphosis does
not occur and the animal remains a tadpole permanently. In Ambystoma, such
larvae become sexually mature and the stage is called neoteny or paedogenesis.
Conversely, if a young tadpole is given an excess of thyroxine, then the larva
metamorphoses prematurely into a tiny frog.
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18.2.3 Regulation of Thyroid Secretion
Thyroid secretion is regulated by negative feedback mechanisms. The
regulation of thyroid hormone secretion depends on a negative feedback loop
between the anterior pituitary and the thyroid gland. When the concentration of
thyroid hormones in the blood rises above normal, the anterior pituitary secretes
less thyroid stimulating hormone (TSH):

concentration of thyroid hormones increases  inhibits anterior pituitary
 secretes less TSH  thyroid gland secretes less hormone  thyroid

hormone concentrations decrease

Too much thyroid hormone in the blood also affects hypothalamus,
inhibiting secretion of TSH-releasing hormone. However, the hypothalamus
is thought to exert its regulatory effects mainly in certain stressful situations,
such as extreme weather change. Exposure to very cold weather may stimulate
the hypothalamus to increase secretion of TSH-releasing hormone. This action
raises body temperature through increased metabolic heat production.

Fig. 18.4: Thyroid Hormone Secretion is Regulated by Negative Feedback Mechanisms.

When the concentration of thyroid hormones decreases, the pituitary secretes
more TSH, as follows:

low concentration of thyroid hormones  stimulates anterior pituitary
 secretes more TSH  stimulates thyroid gland  secretes more

thyroid hormones  thyroid hormone concentrations increase

TSH acts by way of cyclic AMP to promote synthesis and secretion of
thyroid hormones and also to promote increased size of the thyroid gland
itself.
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18.2.4 Hypothyroidism
It results in the following disorders:

Cretinism

It is due to the congenital absence or mal-development of thyroid in infants.
It shows the following symptoms:

In a developing child, the deficiency delays the holding up of the head,
dentition, walking and speaking.

Short stature with deformed teeth and bones.

Abdominal viscera are relatively large, resulting in a Pot-belly
appearance.

Rough, thick, dry and wrinkled skin.

Protruding tongue and dribbling saliva with idiotic look.

Retarded mental growth.

Immature sexuality with retarded secondary sexual characters.

BMR is lowered; there is constipation; high blood cholesterol.

Creatine excretion in urine is less than the normal child and

Victims are deaf, dumb and susceptible to cold.

Myxoedemas

Hypothyroidism in adult human beings produces Myxedema or Gull’s disease
showing the following features;

Swollen face.

Mental dullness, loss of memory, slowness in thoughts, speech
andactions.

Lowered BMR (30-40 per cent).

Low temp, blood sugar and iodine.

Skin is dry, nails are brittle, hair tends to fall.

Cardiovascular activity is lowered.

Loss of appetite and

Absence of menstruation, amenorrhoea, impotency, and failure of
performance of sexual act.

Goitre

Whenever the amount of iodine is decreased in the body, the gland increases
in size (hypertrophic). The number of follicles is increased, but the total
production of hormone remains normal, so there is a marked enlargement of
the gland tissue. This is the simple goitre or endemic goitre or colloid goitre.
The enlargement may also be due to over stimulations of the gland by TSH of
anterior pituitary. The patient of simple goitre has functionally normal thyroid,
but structurally or anatomically a large gland. At this stage, if the supply of
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iodine becomes normal, it results in exophthalmic goitre or Grave’s diseases or
Basedow’s disease. This is the hyperthyroidism and shows the following symptoms:

Enlarged thyroid gland.

Increased BMR and body temperature.

Protruded eye balls due to the deposition of fat in the retrobulbar and
peribulbar region, pushing the eyeball forward. In this, there is less
twinkling of the eyelids.

Increased appetite but loss in the body weight.

Mental restlessness.

Osteoporosis resulted due to the excessive loss of calcium and phosphorus
from bones.

Salty and moist skin.

Increased blood sugar and high heart rate. Damage of heart muscle is the
rule and heart faliure with auricular fibrilation commonly occurs.

Increased respiration.

More and more oxidation of food and production of heat.

Excessive sweating wtih more thirst and

Creatinuria is common.

18.2.5 Thyrocalcitonin
Thyrocalicitonin is a hypocalcemic, hypophosphatemic hormone that has
been isolated from mammalian thyroid glands. It is a polypeptide composed
of thirty-two amino acids. Thyrocalcitonin acts principally on bone, causing
inhibition of bone resorption; therefore its effects are most striking in young
animals. It is secreted in response to induced hypercalcemia, the rate of
secretion varying proportionately with the degree of elevation in serum
calcium. Its significance in calcium homeostasis in the adult animal has not
been clearly defined. Thyrocalcitonin may be useful in control of hypercalcemia
resulting from increased bone resorption.

Check Your Progress

1. What is the approximate weight of thyroid gland in normal healthy
adult man?

2. What is the nature of colloid?

3. Who was the first person to isolate thyroxine in pure form?

4. Which is the gland of BMR (basal metabolic rate)?
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18.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. In a normal adult healthy person the weight of thyroid gland is about
25 gms.

2. Nature of colloid is either homogenous (less active state) or heterogenous
(active state). The heterogenous nature is either due to the liquification or
vacuolization of colloid.

3. Thyroxine was first isolated in pure form by Kochar in 1926.

4. Thyroid gland is said to be the gland of BMR due to having its calorigenic
effect.

18.4 SUMMARY

In mammals the gland is a lobulated structure and its both the lobes are connected
with each other by a narrow band or isthmus. It is found on both sides of thyroid
cartilage of larynx. Histologically the gland is composed of variable number (in rat
about 100,000) of follicles. The larger follicles are found near periphery and small
at the centre. Each follicle is lined by a secretory epithelium of cuboidal or low
columnar cells. Each follicle contains a clear viscid proteinaceous amber coloured
colloid consisting mainly of iodinated thyroglobulin. The colloid may be homogenous
or heterogenous. Heterogenous colloid represents more active state of the gland.
Thyroid hormones occur in combination with the protein called thyroglobulin which
constitutes the colloid. Thyroxine plays a number of remarkable roles in metabolic
activities of organs and organism as well. It affects the basal metabolic rate, protein
metabolism, carbohydrate metabolism, lipid metabolism, water and mineral
metabolism, body weight, growth, cardio-vascular system, respiration, gastro-
intestinal tract, central nervous system, skin, muscles, sex organs, metamorphosis,
mammary glands, and sleep etc.

18.5 KEY TERMS

Antithyroid drugs: There are certain drugs which prevent the formation
and secretion of thyroxine. This category includes: thio-uracil, thio-
urea, para-amino benzoic acid, radioactive iodine etc.

Colloid goitre: It is the simple goitre or endemic goitre,a nd there is a
marked enlargement of the gland tissues.

Cretinism: It is the stage of hypothroidism and is due to the congenital
absence or mal-development of thyroid in infants.

Vacuolated colloid: It represents the more active stage of thyroid gland,
releasing thyroxine in greater amounts.
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18.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Why is the thyroid gland called the gland of BMR?

2. Describe the histology of thyroid gland.

3. Differentiate the homogenous nature of colloid form, its heterogenous
nature.

4. Name all the iodinated products of thyroid.

Long Answer Questions
1. Write an essay on the structure and functions of thyroid gland.

2. Describe the structure and histology of the thyroid gland.

3. Write down all the physiological functions performed by thyroid gland.

4. Describe the physiological abnormalities occur due to thyroid gland.

18.7 FURTHER READING

1. Anthony William. Thyroid Healing.
2. Braverman L.E. The Thyroid.
3. Gianni Bona, Filippo De Luca, Alice Monzani. Thyroid Disease in

Childhood.
4. Lewis E. Braverman, David Scopper, Walters Kluwer, Lippincott Williams

and Wilkins. Thyroid.
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CHAPTER 19 STRUCTURE AND
FUNCTIONS OF ADRENAL
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19.7 Further Reading

19.0 INTRODUCTION

In human beings, the adrenal gland is a flattened, cap like structure located
onto the dorsal side of the kidney. For this reason, it is called supra-renal
gland. Each gland measures 1 to 2 inches in length and weighs about 8 or 9
grams. The gland was first described by Eustachius in 1563.The gland is
enclosed in a delicate but firm capsule of connective tissue that seperates it
from the kidney. Shape, size and exact location of the gland varies from species
to species. The gland made up of upper cortex and inner medulla was first
recognized by Cuvier in 1805. The gland originated from two embryonic
sources. Cortex is derived from mesoderm while the medulla from ectoderm
or neural crest. In human beings, cortex is pale yellowish whereas medulla is
dark reddish brown.

19.1 OBJECTIVES

After going through this unit, you will be able to:

Know the meaning of supra renal gland.

Discuss the differentiation of adrenal cortex from adrenal medulla.

Describe the cortical hormones like mineralo-corticoids, gluco-corticoids
and sex hormones.

Describe the medullary hormones (epinephrine and nor-epinephrine).
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19.2 STRUCTURE AND FUNCTIONS

Mammalian adrenal is differentiated into cortex and medulla:

19.2.1 Adrenal Cortex
This part is essential to life and is composed of large fat rich epithelial cells arranged
in three zones:

Outer zona glomerulus is usually irregular and ill defined, forming islands of
cells lying under the capsule. The cells are smaller, thickly set and lie with
the long axis parallel to the surface. These cells secrete aldosterone.

Middle zona fasciculata in man is of variable width. It consists of larger cells
arranged in radiating columns which lie vertical to the surface. It is the widest
part of the gland. The cells are rich in lipids. This zone secretes mainly
glucocorticoids.

Inner zona reticularis where the cells are arranged irregularly leaving wide
blood spaces, are relatively poor in lipid. This zone synthesizes mostly sex
hormones.

Fig. 19.1: Adrenal Gland.

The cells of the cortex have high lipid contents, the chief constituent is
cholesterol, mainly in the ester form, which is the precursor of the adrenal
cortex hormones.

19.2.2 Hormones of the Adrenal Cortex
More than 40 different cortical steriods have been extracted from various
animal adrenal glands, but probably not more than half dozen are normally
active, and only three appear chiefly responsible for the multitudinous effects of
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these hormones—they are: (i) mineralocorticoids, (ii) glucocorticoids, and
(iii) sex hormones, as shown in the Table 19.1.

Table 19.1: Hormones of Adrenal Cortex.

S.No Group Compound Mean daily secretion
(adults)

1. Mineralocorticoids Aldosterone 5-150 μg

11-deoxycorticosterone (DOCA) Traces

2. Gluco-corticoids Cortisol 5-30 mg.

Corticosterone 2-5 mg.

3. Sex hormones Androgens 15-30 mg.

Progestreone 0.4-0.8 mg.

Oestrogens Traces

19.2.3 Mineralocorticoids (Aldosterone and 
11-Deoxycorticosterone) Aldosterone

It is responsible for about 95 percent of mineralocorticoid activity. It is present in
normal blood plasma to the extent of some 2-15 μg per 100 ml and is eliminated
in the urine in amounts of about 5-25 μg per day. It is the powerful salt retaining
steroid of the adrenal cortex. It causes retention of sodium and increases urinary
excretion of potassium. It acts on the distal renal tubule where it promotes absorption
of Na+ in exchange of K+ and H+. In excess, aldosterone causes a rise in plasma
sodium, a fall in plasma potassium, hypochloraemic alkalosis, increased
extracellular fluid volume and hypertension. In excess, aldosterone also lowers the
sodium content of sweat, saliva and gastro-intestinal secretions. The low potassium
ion concentration in the body fluids (hypokalemia) sometimes lead to muscle
paralysis. Some compounds known as spironol-actones act as specific
aldosterone antagonists and block sodium-potassium exchange in the distal tubule
by competitive enzyme inhibition. Lack of aldosterone leads to sodium loss,
potassium retention, dehydration and circulatory collapse. Total lack of aldosterone
can cause loss of as much as 12 gms, of sodium in urine in a day, an amount equal
to one seventh of all the sodium in the body and this causes death within three days
to a week.

Without mineralo-corticoids, the sodium and chloride concentrations of the
extracellular fluid decrease markedly and the total extracellular fluid volume and
blood volume also become greatly reduced. The person soon develops dimininshed
cardiac output, which proceeds to a shock like state followed by death. This
entire sequence can be prevented by the administration of aldosterone or some
other mineralocorticoid. Therefore, the mineralo-corticoids are said to be the ‘life
saving’ hormones.

Mechanism of Action of Aldosterone

Aldosterone probably stimulates the specific DNA molecules (genes) that control
sodium reabsorption, which in turn leads to increase in RNA synthesis that in turn
causes formation of specific enzymes that catalyze one or more of the chemical
reactions responsible for sodium transport through the cell membrane. About 45
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minutes are required for these effects to take place before sodium transport begins
to increase.

Fig. 19.2: Summary of the Control of Aldosterone and its Effects on Sodium Reabsorption
and Potassium Secretion.

Control of Aldosterone Secretion

Direct stimulation of the adrenal cortex.  This involves K+

concentration. An increased K- concentration in extracellular fluid
directly stimulates aldosterone secretion by the adrenal cortex and causes
the elimination of excess K+ by the kidney. A decreased K+ concentration
in extracellular fluid decreases aldosterone production, and thus less
K+ than usual is eliminated by the kidney.

The renin-angiotensin mechanism. A decrease in blood volume from
dehydration or Na+ deficiency brings about a drop in blood pressure.
The low blood pressure stimulates certain kidney cells, called juxtra-
glomerular cells, to secrete into the blood an enzyme called renin. In
this pathway, renin converts angiotensinogen, a plasma protein
produced by the liver into angiotensin I, which is then converted into
angiotensin II. Angiotensin II stimulates the adrenal cortex to produce
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more aldosterone. This brings about increased Na+, water reabsorption,
increase in extracellular fluid volume and a restoration of blood pressure to
normal.

Neurosecretory control. ACTH of pituitary is primarily meant to regulate
the glucocorticoid secretion. This hormone also increases aldosterone
secretion to a slight extent but perhaps not enough to have major significance.

Haemorrhage stimulation. It has been reported that haemorrhage also
stimulates the adrenal cortex to produce aldosterone.

Fig. 19.3: Section through Human Adrenal Gland.

Deoxycorticosterone (cortexolone) has about one thirteith of the sodium
retaining potency of aldosterone but causes relatively greater potassium loss.
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19.2.4 Glucocorticoids
The glucocorticoids are a group of hormones concerned with normal metabolism
and resistance to stress. Three glucocorticoids are cortisol (hydrocortisone),
corticosterone and cortisone. Of the three, the cortisol is the most important and
most abundant. In normal adult subjects, it is secreted at a rate of between 10 and
30 mg. per day. The rate may be considerably higher during times of stress. The
half life of cortisol in the blood stream is 60-100 minutes.

Biological Functions
Glucocorticoids have functions just as important to the life to the animal as those
of the mineralcorticoids. In the absence of glucocorticoids, the animal cannot resist
different types of physical or mental stress and minor illness, such as respiratory
tract infection (asthma) can lead to death. Glucocorticoids are also useful in certain
auto-immune diseases as well as in the form of ointments for skin and eye diseases.

Metabolism

Glucocorticoids along with other hormones like glucagon, STH and epinephrine
maintain normal metabolism. Their role is to make sure that enough energy is
provided. They increase the rate of which amino acids are removed from the cells
and transported to the liver. The amino acids may be synthesized into new proteins
such as the enzymes needed for metabolic reactions. If the body’s reserves of
glycogen and fat are low, the liver may convert the amino acids to glucose. This
conversion of substances other than carbohydrates, amino acid and fats into glucose
is called gluconeogenesis. The overall effect is to increase the level of glucose in
the blood to provide a quick energy soruce for muscles and nervous tissue. They
promote the synthesis of glycogen in the liver by accelerating protein catabolism.

Resistance to Stress

Glucocorticoids work in many ways to provide resistance to stress. A sudden
increase in available glucose by the way of gluconeogensis from amino acids
makes the body more alert. Additional glucose gives the body energy for
combating a range of stressors: fright, temperature extremes, bleeding,
infection etc. Glucocorticoids also make the blood vessels more sensitive to
vessel constricting chemicals. They thereby raise blood pressure. They also
reduce the number of circulating lymphocyte eosinophils (anti-leukaemic
property) and have anti-inflammatory and anti-allergic porperties. It is also
used in the treatment of rheumatoid arthritis. It is a life saving drug in
adverse reactions or anaphylactic to certain drugs like penicillin.

Gastro-intestinal Tract

Cortisol increases gastric acidity, and to a smaller degree, pepsin production.
This action may promote peptic ulcer formation. Cortisol promotes absorption
of water-insoluble fats from the intestine.

Renal Tubules

The glucocorticoids also possess limited intrinsic mineralocorticoid properties,
they act on the distal tubules of the kidney to promote sodium and water
retention. If the gluocorticosteroids are withdrawn, diuresis occurs.
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Bone Metabolism

Cortisol excess impedes the development of cartilage, and causes thinning of the
epiphyseal plate and interruption of growth. The growth of fibroblastic tissue is
suppressed. This is the anti-fibroblastic property of hormone.

Control of Glucocorticoid Secretion

ACTH of adenohypophysis stimulates the adrenal cortex to secrete increased
quantities of glucocorticoids, cortisol and corticosterone. An elevated concent-
ration of cortisol in the blood causes negative feedback to the adenohypophysis
to reduce the production of corticotropin (ACTH).

19.2.5 Sex Hormones
The adrenal cortex secretes both male and female gonado-corticoids or sex
hormones. Sex hormones are also synthesized in gonads. These are androgens
and estrogens, usually secreted in minute amounts. Androgens are required
for growth of body hair. They cannot maintain secondary male characteristics
after secretion is even when the gland is fully stimulated by ACTH. But after
oophorectomy, the adrenal cortex secretion is sufficent to maintain the growth
of oestrogen-dependent carcinoma of the breast.

19.2.6 Adrenal Medulla
The adrenal medulla consists of masses of polyhedral cells separated by large
blood sinuses. The cells contain granules stained blue by ferric chloride or
brown by salts of chromic acid (chromaffin tissue). The adrenal medulla is
richly supplied by a plexus of sympathetic filaments.

The adrenal medulla secrets adrenaline (epinephrine) and nor-
adrenaline (nor-epinephrine or arternol) which are often referred to
together as catecholamine. Histochemical studies have shown that adrenaline
and nor-adrenaline occur in separate kinds of chromaffin cells. The ratio of
adrenaline to nor-adrenaline in fresh human adrenal is 4:1 (80% adrenaline
and 20% nor-adrenaline).

Biological Functions

The two adrenal catecholamines have a large number of actions, most of
which contribute to the sympathetic ‘fight or flight’ response to emergencies.
They stimulate glycogenolysis in the liver, but to a lesser extent than glucagon,
and in addition have a strong glycogenolytic effect in skeletal and cardiac
muscles. The effect is to mobilize glucose. In addition, these hormones
stimulate the strength and rate of heart beat and the contraction of vascular
smooth muscle, thereby raising the blood pressure like the glucocorticoids of
the adrenal cortices, and these hormones help the body resist stress. However,
unlike the hormones, the medullary hormones are not essential for life.



NOTES

Structure and Functions
of Adrenal Gland

253
Self-Instructional

Material

Fig. 19.4: Comparison of Sympathetic Innervation and Adreno-medullary Secretion.

Some important functions are given under the following heads:

Cardio-vascular effects. Epinephrine causes powerful contraction of
many arterioles, espeically in the skin, mucous membranes and kidneys,
but dilation of others such as those of the coronary system, the skeletal
muscles and the lungs. As the constrictions are more pronounced than
the dilations, the general blood pressure throughout the body rises; it is
the systolic pressure that increases; the diastolic is generally uneffected.
Its rather rapid subsidence is due to the destruction of the hormorne by
enzymes.

Smooth Muscles. Practically all the smooth muscles of the body are
affected by epinephrine, some being stimulated to contract and others
inhibited. Those stimulated are the muscles of spleen, the radial
muscles of the iris (dilators of the pupil), the pyloric, ileocolic, internal
canal and bladder sphincters and the pilomotor muscles of the hair
follicles. The muscles of the stomach, intestine, bronchioles and urinary
bladder are inhibited.
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Central nervous system. A marked excitatory effect on the central
nervous system accompanies endogenous release of epinephrine.
Awareness to the environment is increased and reflex responses are
facilitated. It is thought that these effects occur because of the
hormone’s action in a small part of the brain stem known as the
reticular formation.

Skeletal muscles. The injection of the extract of adrenal gland into frog
brings about the greater contraction of excised gastrocnemius muscle
than in the untreated animal. Epinephrine liberation serves to mobilize the
reserves of the body to meet situations of stress—the so called fight or
flight reaction. Unusual feats of speed, strength and endurance in
emergency situations have been attributed to epinephrine release.

Metabolism. Oxygen consumption is increased upto 30% and the heat
production may be raised as much as 17% above the basal level by
injections of epinephrine. It increases glycogenolysis, thus raises the blood
sugar (hyperglycemia). In muscles, it also accelerates the breakdown of
glycogen. The mechanism by which epinephrine increases glycogenolysis
in liver and skeletal muscle involves an activation of the enzyme
phosphorylase. Another important effect of epinephrine is the release of
free fatty acids from adipose tissues.

Nor-epinephrine. This hormone is also known as arterenol. As stated
already that epinephrine has a dilator as well as constrictor effect, nor-
epinephrine, which has only a constrictor effect, causes a greater rise in
blood pressure than epinephrine. It is atleast 50% more powerful as a
vasoconstrictor than epinephrine and raises both systolic and diastolic
pressure. The main function of nor-epinephrine is the normal control of
circulation whereas epinephrine produces a variety of metabolic effects.
Nor-epinephrine does play a role in the release of free fatty acids from
adipose tissue, it has no other effect on metabolic functions.

Table 19.2: Physiological Effects of Epinephrine and Nor-epinephrine.

S.No. Physiological response Epinephrine Nor-epinephrine

1. Heart rate Increase Decrease

2. Cardiac output Increase Variable

3. Blood pressure Rise Greater rise

4. Total peripheral resistance Decrease Increase

5. Respiration Stimulation Stimulation

6. Skin vessels Constriction Constriction

7. Muscle vessels Dilation Constriction

8. Bronchus Dilation Less dilation

9. Metabolism Increase Slight increase

10. Oxygen consumption Increase No effect

11. Kidney Vasoconstriction Vasoconstriction

12. Uterus in vivo in late pregnancy Inhibition Stimulation
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Epinephrine and nor-epinephrine are not equivalent. In their actions,
although in some tissues, they exert similar effects.

Excessive secretion of medullary-hormones produce symptoms like
sweating, headache, giddiness, vomitting, diarrhoea and anxiety.
Hypertension may cause cardiac failure of cerebral haemorrhage.

19.2.7 Control of Hormones
Catecholamine secretion is stimulated by:

Physical exertion and certain emotional states

Exposure to cold

Fall of arterial blood pressure

Asphyxia and cerebral anaemia

Anaesthetic and convulsant drugs

Stimulation of afferent nerves, and

Hypoglycaemia.

Check Your Progress

1. Name the person who first discovered this gland.

2. Describe the embryonic sources of both cortex and medulla.

3. Mention the various hormones of adrenal cortex.

4. Write down the hormones of adrenal medulla.

19.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Eustachius in 1563 was the person who first described the adrenal gland.

2. Cortex of adrenal is derived from the embryonic mesoderm, and medulla
from embryonic ectoderm.

3. Adrenal cortex is differentiated into three zones and every zone secretes
a separate hormone. These hormones are mineralocorticoids, gluco-
corticoids, and sex hormones (androgen and estrogen).

4. Adrenal medulla secretes only two hormones: adrenaline and nor-
adrenaline.

19.4 SUMMARY

Adrenal is the supra-renal gland and was first described by Eustachius in
1563. The gland is differentiated into cortex and medulla. Cortex is derived
from mesoderm whereas medulla from ectoderm. In mammals the cortex is
further differentiated into three zones: zona glomerulosa, zona fasciculata
and zona reticulata. Medulla is made up chromaffin cells. Cortex secretes
three hormones mineralocorticoids, gluco-corticoids and sex hormones
whereas medulla secretes only two hormones: adrenalin and nor-adrenalin.



NOTES

Structure and Functions
of Adrenal Gland

Self-Instructional
256 Material

Mineralocorticoid is responsible for the retention of Na+ and the excretion of K+.
Mineralocorticoids are said to be the life saving hormones. Gluco-corticoids are
the antistress antiallergic hormones and are also responsible for the retention of K+

and excretion of Na+. They also bring about gluconeogenesis. Sex hormones are
the androgens and estrogens. Both adrenaline and nor-adrenaline of adrenal medulla
are antagonistic in most of their functioning. The abnormal secretion of hormones
of adrenal gland may bring about the disorders like adreno-genital syndrome,
Cushing syndrome, Conn’s syndrome, addison’s disease, virilisin, and
phaeochromocytoma etc.

19.5 KEY TERMS

Aldosterone: It is the hormone secreted by the zona glomerulosa.

Angiotensin: It is a protein produced in the liver and is first converted into
angiotensin I and then into angiotensin II by renin. Angiotensin II stimulates
adrenal cortex to produce more aldosterone.

Gluconeogenesis: It is the conversion of amino acids and fats into glucose.

Spironol-acetones: These chemical compounds act as specific aldosterone
antagonists and block sodium-potassium exchange in the distal tubule of
nephron.

19.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the origin of adrenal gland.

2. Describe all the three layers of adrenal cortex.

3. Discuss the medullary hormones.

4. What are the sex hormones secreted by the zona reticulata of adrenal
gland.

Long Answer Questions
1. Write an essay on the structure and functions of adrenal gland.

2. Describe the morphology and histology of adrenal gland.

3. Describe all the hormones of adrenal gland.

4. Discuss all the disorders related to adrenal gland.

19.7 FURTHER READING

1. Ahmed Kamel El. Sayed. Development of Camel Adrenal Gland.
2. Ashley P. Grossman. The Adrenal Gland.
3. Dimitrios A. Linos. Adrenal Glands.
4. I. Chester Jones. The Adrenal Cortex.
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CHAPTER 20 STRUCTURE AND
FUNCTIONS OF
PARATHYROID, THYMUS
AND ISLETS OF
LANGERHANS
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20.0 INTRODUCTION
There are four oval parthyroids, embedded in the posterior surface of the lateral
lobes of the thyroid. These glands are absent in fishes, but are present in other
vertebrates. The gland was first reported by Raynard in 1835, and its structure was
described by Sandstrom in 1880. As parthyoid gland is concerned with calcium
regulation, which is an integral part of the skeleton, the absence of gland in them is
puzzling. However, ultimobranchial bodies are present in fishes, thereby suggesting
that they precede the parathyroids in phylogenetic history. Their shape, size and
number vary in different vertebrates. In human beings the weight of the gland varies
from 0.023 to 0.5 gm. The mean size of a single human parathyroid is approximately
5 × 5 × 3 mm. The parathyroid glands are essential for life and their removal causes
death from asphyxia resulting from laryngeal and thoracic muscular spasm.

20.1 OBJECTIVES
After going through this unit, you will be able to:

Know the location and structure of parathyroid, thymus and islets of
Langerhans.

Describe the various hormones secreted in these glands.
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Discuss the physiological functions of the hormones of these glands.

Write down the notes on disorders of these glands.

20.2 STRUCTURE AND FUNCTIONS OF
PARATHYROID GLAND

Each parathyroid gland is surrounded by a connective tissue capsule from which
septa extend, incompletely dividing it and giving false lobulated appearance. The
gland has columns of epithelial cells between which are interspersed numerous
small blood vessels. Two types of cell have been reported: (a) chief cells and (b)
the oxyphilic cells. Moreover, in hyperplacia, a third cell type, a water clear cell is
also evident.

Fig. 20.1: Figure Showing the Position of Parathyroid Gland.

On the bais of cytochemical analysis, chief cells are further categorised into
the light chief cells rich in glycogen and poor in secretory granules, and the dark
chief cells which are poor in glycogen and rich in secretory granules.They are the
main source of parathromone hormone or parathyroid homone (PTH). The
hormone is called the Collips hormone, after its discoverer Philips Collips in
1925. Bovine parathromone is a large polypeptide having molecular weight 8500.
It consists of 84 amino acids. It is inactivated by proteolytic enzymes and cannot
be taken or given orally.

20.2.1 Control of Parathromone
The release of parathro-mone is directly controlled by blood calcium levels. Low
concentration of blood calcium causes the secretion of parathyroid hormones.

20.2.2 Functions
The function of the parathyroid glands is to maintain the proper ratio of calcium
and phosphorus in the blood. Removal of these glands (which is fatal in a few
days) causes the Ca ion in the blood to fall from the normal 10 to 7 mg/100 ml or
lower (about one half of the plasma calcium is ionized; the remainder is bound to
protein); at this time, the phosphorus may increase by as much as 10%. The loss
of Ca ion seems to be due to its increased excretion by the kidneys. In a growing
animal or in a child, an insufficient supply of the hormone (parathormone) interferes
with the development of bones; the teeth are poorly constructed and more
susceptible to caries. Animals showing this marked deficiency of blood calcium
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have a great craving for calcium and, when given an opportunity, eat four times as
much calcium salts as normal animals do and they avoid phosphorus.

Fig. 20.2: Showing a Co-relative Regulation between Thyroid and Parathyroid.

Parathormone is a large polypeptide of about 8,500 molecular weight. Its
influence is primarily exerted on there structures: bone, gastrointestinal tract and
kidneys. The hormone stimulates osteoclasis directly, thereby releasing calcium from
the bone. Absorption of calcium from the gastro-intestinal tract is partly by active
transport and partly passive. In conjunction with vitamin D, parathormone increases
the active absorption. Renal excretion of Ca ion is determined by the hormone’s
influence on the threshold. When the hormone level is low, the threshold is also low
and calcium is lost from the body; and administration of parathormone raises the
excretory threshold. Renal reabsorption of phosphate is inhibited by the hormone.

Hypoparthyroidism
A prominent characteristic of hyposecretion by the parathyroids in both man and
animals is a greatly increased excitability of the nervous system; this shows itself in
muscular twitchings and spasms (tetany) of the hands and feet termed Carpo-
pedal-spasms. It will be recalled from our study of calcium metabolism that a
diminution of this element in muscles, nerves or central nervous system has a similar
effect. The mechanism responsible for these disturbances is unknown, but some
evidence suggests that calcium plays an important role in determining the
permeability of membranes to sodium and potassium ions. The processes of
depolarization and repolarization would be modified by alterations in the calcium
ion concentration. Seeing that calcium metabolism is closely governed by the
parathyroid glands, it is not surprising to learn that the administration of the hormone
relieves all the aforementioned disturbances; the administration of CaCl

2
 or calcium

gluconate produces the same result. Maintaining the normal excitabilty of the
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neuromuscular machinery is a function of the parathyroid glands. The activity of
these glands does not appear to be under nervous or hormonal control. Instead,
the secretion of parathormone is regulated by the level of ionized calcium in the
plasma perfusing the gland.

Fig. 20.3: Showing the Functional Regulation of Calcium.

In a normal animal or person, a decrease in the Ca ion content of the blood,
either becaue of extra demand (as in pregnancy and lactation) or because of deficient
intake of Ca ion or vitamin D, stimulates the parathyroid to a greater prduction of
the hormone. When this occurs (or when the hormone is injected), the kidneys are
stimulated to a greater excretion of phosphates due to decreased reabsorption.
This leads to lower concentration of phosphorus in the blood and, in consequence,
calcium migrates from bone to blood, a condition spoken of as the resorption of
bone. Resorption assures a continued supply of Ca ion to the foetus (especially
during the last two months of pregancy) and to the breast-fed infant, even though
the maternal diet may be somewhat deficient in calcium. However, the withdrawal
of Ca ion from the bones of the mother softens them and renders them susceptible
to bending. Calcium gluconate or lactate, given orally, alleviates the symptoms of
parathyroid insufficiency.

Fig. 20.4: Showing Homogenous Osteoperosis in Dog to Abnormal Calcium Metabolism.
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Hyperparathyroidism
It is a condition caused either by over activity of the gland or when PTH is given.
In this condition, the serum calcium level rise, while serum phosphorus level falls.
Osteoclasts become over active so that there is an excessive destruction of bone,
resulting in the formation of fibrous cysts called osteitis fibrosa cystica. It also
causes extensive decalcificaiton that may lead to bony deformities and fracture
(osteoporosis). The muscle are less irritable than normally, and may become
atrophied and painful. Normall calcium excretion is about 100 mg. daily which is
increased to 180 mg. in hyperthyroidism (hypercalciurea). Sometimes, the
precipition of calcium salt soccurs in kidney and resulting kidney stone and may
devleop renal insufficiency.

Check Your Progress

1. Write the name of person who first of all reported the parathyroid gland.

2. Name all the cell types present in parathyroid.

3. What is the basic function of parathromone hormone?

4. What is hypoparathyroidism?

20.3 THYMUS
Thymus is usually a bilobed organ and is located in the upper part of the chest,
covering the lower end of the trachea. The gland is conspicous in infants weighing
10-12 gm and increases in childhood and during puberty, it reaches its absolute
maximum size and weight 20 to 30 gm. Thereafter, the thymic tissue, which consists
primarily of lymphocytes, is replaced by fat. By the time the person reaches maturity,
the gland has atrophied.

The gland is endodermal in orgin and is differentiated into two zones, outer
cortex and inner medulla. The medulla develops first and consists of reticular epi-
thelial cells, a few lymphocytes and the concentric corpuscles of Hassall. The
cortex is made up of actively multiplying, closely packed lymphocytes and contain
no Hassall’s corpuscles.

Fig. 20.5: Figure Showing the Position of Thymus.
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It has been reported that the gland secretes three hormones, thymosin,
thymin I and thymin II. But their functions are to be known. The thymus is a
primary centre for the formation of small lymphocytes during foetal and early
postnatal life. It forms the source of immunologically competent cells (lymphocytes)
which leave the organ, migrate to the peripheral lymphoid tissue and by multiplication
form secondary source of lymphocytes.

It helps in the development of sex glands but the latter inhibit the former. It
is evident by the fact that the thymus is atrophied and involuted after puberty.
Thymus gland is also said to be responsible for myasthenia gravis (a type of
paralysis occurs in human beings), a neuromuscular disorder.

Check Your Progress

5. Which gland forms the source of immunologically competent cells?

6. From which embryonic tissue/layer thymus gland is originated?

7. Describe the histological zones of thymus.

8. What is myasthenia gravis?

20.4 ISLETS OF LANGERHANS
Pancreas is the heterocrine gland (endocrine as well as exocrine) and is found
between stomach and the duodenum and is one of the most important endocrine
glands in the body. Its average length in human beings is 12 to 15 cm. (5 to 6”).
The endocrine portion of the pancreas consists of clusters of cells called islets of
Langerhans (discovered by Langerhans in 1869) which make up about 1 percent
of the weight of the pancreas. There are upto 2 million islets which vary in diameter
from 20 to 300 microns.

Fig. 20.6: Different Types of Islets of Langerhans.

There are three types of cells identified in the islets of Langerhans:

–cells (alpha cells)

–cells (beta cells)

–cells(gamma cells)

Alpha cells are granular and stained red with Mallory aniline blue stain.
They constitute 15-25 percent of the islet cells.They are also known as oxyphils
and secrete glucagon.

Beta cells are granular but smaller cells which stain bluish purple with Malory
stain. They constitute 70-80 per cent of the islet cells. They secrete insulin.
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Gamma cells are more or less granular cellls and constitute about 5 percent
of the islet cells. They are the precursors of the alpha and beta types of cells. The
actual function of these cells is not known. But it is thought that these cells produce
lipocolic that checks the metabolism of lipids.

20.4.1 Glucagon
It is also known as hyperglycemic factor secreted by the alpha cells of islets of
Langerhans. Glucagon is thought to be secreted also by certain cells in the wall of
the stomach and duodenum. It is a single chain of polypeptide containing 29 amino
acid residues. The molecular weight of glucagon is 3450.

This hormone stimulates glycogenolysis, gluconeogenesis and glucose release
by the liver as other defences against glucose starvation of tissues.

It is also an important regulator of amino acid metabolism. It activates
gluconeogenesis and promotes adaptive synthesis of enzymes within the liver cells.
These actions enable the hormone to provide long-term protection against
hypoglycema.

It is responsible for lower blood levels of calcium, higher excretory levels of
calcium, an increase in heart rate and an increase in the force of cardiac contractions.

It reduces intestinal motility and gastric secretion.

20.4.2 Insulin
The term insulin was given in 1916 and it was extracted by two Canadian Nobel
Laureates, Banting and Best in 1922. The hormone was first obtained as pure
crystals in 1927 by Abet. The brilliant work of F. Sanger in England has relevated
the exact sequence of amino acid residues arranged in two chains; the A-chain
containing 21 and the B-chain 30 residues. The chains are cross-linked by two
sulphur bridges between cystine residues. The molecular weight of insulin is 6000.

Fig. 20.7: Complementary Interactions of Glucagon and Insulin.

This hormone increases the uptake of amino acids and promotes the build-
up of protein in cells.

It inhibits the conversion of amino acids into glucose by gluconeogensis.

Insulin accelerates the transport of glucose from its higher concentration in
the plasma to its lower concentration in the cells or tissues and organs. It does this
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by increasing the permeability of cell membranes to glucose. It also accelerates
the conversion of glucose into glycogen and increases the metabolism of glucose
to carbon dioxide and water.

A deficiency of insulin decreases the utilization of glucose and the alterations
in carbohydrate metabolism which result secondarily produce changes in the
metabolism of proteins, fats and other substances. The deficiency reduces the
protein storage ability thereby promoting metabolism.

20.4.3 Effects of Insulin Shock
A deficiency of insulin decreases the peripheral utiliization of glucose and produces
(i) an increased blood sugar, (ii) the mobilization and release into the circulation of
free fatty acids from the adipose tissues and (iii) a decreased protein synthesis and
increased proteolysis due to the unopposed action of corticoids and growth
hormones. Glycogenolysis and gluconeogenesis (from the additional amino acids
available in the blood) by the liver adds to the already high blood sugar levels. This
stage is called diabetes mellitus or burn out disease or ‘disease of a running’
through of sweet urine or disease described by the ancient Greeks as the ailment
in which ‘the flesh melts away into urine’. Since the liver can metabolize the
increased lipid presented to it in the blood only to a certain upper limit, there is an
accumulation of intermediate products, ketone bodies, which produce metabolic
acidosis. Respiratory rate and depth are increased in an attempt to compensate
for the acidosis. The renal threhold for glucose is exceeded and glucose is excreted.
Ketones and urea are also excreted in added quantities as a result of lipid and
protein catabolism, these and glucose obligate additional water excretion and thus
polyuria occurs. Loss of body water entails hemoconcentration, with consequent
circulatory defict that bring about tissue anoxia, this anoxia increases anaerobic
metabolism and the production of lactic acid, which heightens the acidosis.

Fig. 20.8: Example of How the Direct Control of Hormone Secretion by the Plasma
Concentration of a Substance, either Organic Nutrient or Mineral Ion, Results
in the Negative-Feedback Control of that Substance’s Plasma Concentration.
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The ‘vicious circle’ continues, the central nervous system is depressed
and eventually death ensues. It causes impaired glucose utilization, high concentration
of glucose in the blood and the excretion of large amounts of glucose in the urine.
Extra water is required to excrete this sugar, urine volume rises and the patient
becomes dehydrated and thirsty. Because of diuresis, the patient is thirsty inspite
of drinking large amounts of fluid. This is polydipsia. The tissues, unable to get
enough glucose from the blood, convert protein into carbohydrate. Much of this is
also excreted and there is a progressive loss of weight inspite of polyphagia
(increased appetite). Fat deposits are mobilized and the lipids metabolized. The
increased oxidation of fats leads to an accumulation of incompletely oxidized fatty
acids, known as ketone bodies. These substances are volatile and have a sweetish
smell, which gives to the breath of diabetes its peculiar characteristic odour. The
presence of ketones in the blood is called ketonemia: when ketones split over
into the urine, and ketonuria exists. If diabetes is not controlled, severe dehydration
and acidosis may result.The stage is called diabetic coma followed by serious
alterations in carbohydrates, lipids, proteins, electrolytes and water metabolism. It
is further accompanied with reduced cerebral blood flow, drowsiness,
unconsciousness and renal failure may be followed by death.

If, in the treatment of diabetes, too much insulin in injected, the blood sugar
is dropped to such a low level that the brain becomes over irritable resulting in
convulsions and finally the person goes into a severe condition called insulin shock
that may cause unconsciousness and death may follow.

20.4.4 Action of Insulin
The major function of insulin is to promote storage of ingested nutrients. Although
insulin directly or indirectly affects the function of almost every tissue in the body,
the discussion here will be limited to a brief overview of the effects of insulin on the
three major tissues specialized for energy storage, liver, muscle and fat. In addition,
the paracrine effects of insulin will be discussed briefly.

Paracrine Effects
The effects of the products of endocrine cells on surrounding cells are termed
‘paracine’ effects, in contrast to actions that take place at sites distant from the
secreting cells, which are termed ‘endocrine’ effects. Paracrine effects of the B
and D cells on the close-lying A cells are of considered importance in the endocrine
islets.In the presence of insulin, A cell secretion of glucagon is reduced. In additon,
somatostatin, which is released from D cells in response to most of the same
stimuli that provide insulin release, also acts to inhibit glucagon secretion.

Because of the paracrine effects of insulin and somatostatin on the A cells,
release of islet hormones during a meal depends on the ratio of ingested carbohy-
drate to protein. Glucose stimulates only B and D cells (whose products then
inhibit A cells), whereas amino acids stimulate glucagon as well as insulin. The
higher the carbohydrate content of a meal, then the less glucagon will be released
by any amino acids absorbed. In contrast, a predominantly protein meal will result
in relatively greater glucagon secretion, because amino acids are less effective at
stimulating insulin release in the absence of concurrent hyperglycernia but are po-
tent stimulators of A cells.
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Endocrine Effects
1. Liver. The first major organ reached by insulin via the blood stream is the

liver. Insulin exerts its action on the liver in two major ways:

Insulin promotes anabolism. Insulin promotes glycogen synthesis and
storage and at the same time it inhibits glycogen breakdown. These effects
are mediated by changes in the activity of enzymes in the glycogen synthesis
pathway. The liver has a maximum storage capacity of 100-110 g of
glycogen or approximately 440 kcal of energy.

Insulin increases triglyceride synthesis and VIDI formation by the liver. It
also promotes gluconeogenesis and reduces glycolysis through its effects
on enzymes of the glycolytic pathway.

Insulin inhibits catabolism. Insulin acts to reverse the catabolic effect
of the post absorption state by inhibiting hepatic glycogenolysis,
ketogenesis and gluconeogenesis.

2. Muscle. Insulin promotes protein synthesis in muscle by increasing amino
acid transport as well as by stimulating ribosomal protein synthesis. In
addition, insulin promotes glycogen synthesis. In addition, insulin promotes
glycogen synthesis to replace glycogen stores expended by muscle activity.
This is accompanied by increasing glucose transport into the muscle cell,
enhancing the activity of glycogen synthetase and inhibiting the activity of
glycogen phosphorylase. Approximately 500-600 g of glycogen is stored
in the muscle tissue of a 70 kg. man, but it is not available as a source of
blood glucose.

3. Fat. Fat, in the form of triglyceride, is the most efficient means of storing
energy. It provides 9Kcal per gram of stored substrate, as opposed to the
.014Kcal/g generally provided by protein or carbohydrate. In the typical
70 kg man, the energy content of adipose tissue is about 100,000 Kcal.

Insulin acts to promote triglyceride storage in adipocytes by a number of
mechanisms:

It induces the production of lipoprotein lipase (this is the lipoprotein lipase
that is bound to endothelial cells in adipose tissue and other vascular
beds.), which leads to the active hydrolysis from circulating lipoproteins

By increasing glucose transport into fat cells, insulin increases the
availability of the glycerol phosphate, a substance used in the
esterification of free fatty acids into triglycerides

Insulin inhibits intracellular lipolysis of stored triglyceride by inhibiting intracellular
lipase (also called ‘hormone-sensitive lipoprotein intracellular lipase’).

20.4.5 Glucagon
Pancreatic glucagon is a single-chain polypeptide consisting of 29 amino acids
with a molecular weight of 3450. It is synthesized in the A cells of the islets of
Langerhans. In healthy humans, the average fasting plasma inmunocreative glucagon
level is 75 pg/ml (25 pmol/L). Only 30-40% of this is actually pancreatic glucagon,
the remainder being a biologically inactive large molecular weight (over 40 mw)
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precursor molecule. The circulating half-life of pancreatic glucagon is 3-6 minutes.
Glucagon secretion is inhibited by the liver and kidney secretion.

Glucagon secretion is inhibited by glucose in contrast to the effect of glucose
on insulin secretion. There are conflicting data about whether the effect of glucose
is a direct one on the A cell or whether it is mediated via release of insulin or
somatostatin, both of which are known to inhibit the A cell directly.

Fig. 20.9: Negative-feedback Nature of Plasma Glucose Control over Glucagon Secretion.

Many amino acids stimulate glucagon release, although there are differences
in their ability to do so. Some such as arginine release both glucagon and insulin;
others (e.g. alanine) stimulate primarily glucagon release: Leucine, a good stimulate
for insulin release does not stimulate glucagon. Other substances that promote
glucagon release are catecholamines, the gastrointestinal hormones (cholecystokinin
CCK) gastrin, and gastric inhibitory polypeptide (GIP) and glucocorticoids. Both
sympathetic and parasympathetic (vagaal) stimulation promote glucagon release:
this is especially important in augmenting the response of the A cell to hypoglycaemia.
High levels of circulating fatty acids are associated with suppression of glucagon
secretion.

Action of Glucagon
In contrast to insulin, which promotes energy storage in a variety of tissues, glucagon
is ahunoral mechanism for making energy available to the tissues between meals,
when ingested food is not available for absorption. Glucagon stimulates the
breakdown of stored glycogen, maintains hepatic output of glucose from amino
acid precursors (gluconeogenesis) and promotes hepatic output of ketone bodies
from fatty acid precursors (ketogenesis). The liver, because of its geographic
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proximity to the pancreas, represents the major target organ for glucagon, with
portal vein glucagon concentrations reaching as high as 300-500 pg.ml. Binding of
glucagon to its receptor on hepatocytes results in activation of adenylate cyclase
and generation of cAMP, which both promotes glycogenolysis and stimulates
gluconeogenesis. Uptake of alanine by liver cells is facilitated by glucagon and
fatty acids are directed away from re-esterification to triglycerides and towards
ketogenic pathways. It is unclear whether physiologic levels of glucagon affect
tissues other than the liver.

20.4.6 Somatostatin
Somatostatin is a cyclic polypeptide containing 14 amino acids with a molecular
weight of 1640. It is present in D cells at the periphery of the human islet. It was
first identified in the hypothalamus and owes its name to its ability to inhibit release
of growth hormone (pituitary somatotropin). Since that time, somatostatin has
been identified in a number of tissues, including many areas of the brain, the
gastrointestinal tract and the pancreas. Not much is known about the biosynthesis
of this hormone though preliminary reports suggest that it is initially synthesized as
a high molecular weight precursor molecule containing 28 amino acids
(prosomatostatin).

Almost every known stimulator of release of insulin from pancreatic B cells
also promotes somatostatin release from D cells. This includes glucose, arginine,
gastrointestinal hormones and tolbutamide. Preliminary reports suggest that
physiologic levels of somatostatin in humans seldom exceed 80 pg/ml. The
significance of this is unclear, since a major role of this peptide may be as a paracrine
regulator of the pancreatic islet and tissues of the gastrointestinal tract. The metabolic
clearance of exogenously infused somatostatin in humans is extremely rapid; the
half-life of the hormone is less than two minutes.

Somatostatin acts in several ways to restrain the movement of nutrients
from the intestinal tract into the circulation. It prolongs gastric emptying
time, decreases gastric acid and gastrin production, diminishes pancreatic exocrine
secretion, decreases splanchnic blood flow and retards xylose absorption.
Neutralization of circulating somatostatin serum is associated with enhanced nutrient
absorption in dogs. This implies that at least some of the effects of somatostatin
are truly endocrine as opposed to the paracrine efffects discussed earlier.

20.4.7 Pancreatic Polypeptide
Pancreatic polypeptide (PP) is found in F cells located chiefly in islets in the posterior
portion of the head of pancreas. PP is a 36 amino-acid peptide with a molecular
weight of 4200. Little is known about its biosynthesis. Circulating levels of the
peptide increase in response to a mixed meal; however, intravenous infusion of
glucose of triglyceride does not produce such a rise, and intravenous amino acids
cause only a small increase. Vagotomy abolishes the response to an ingested meal.
The physiologic action of PP is unknown.

Regulation of Insulin and Glucagon Secretion
Secretion of insulin and glucagon is directly controlled by the blood sugar level.
This was first shown by Houssay. After a meal, when the blood glucose level rises
as a result of intestinal absorption, beta cells are stimulated to increase insulin
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secretion. Then, as the cells remove glucose from the blood, its concentration of
insulin secretion decreases accordingly.

When one has not eaten for several hours, the blood sugar level begins to
fall. When it falls from its normal fasting level of about 90 milligrams per 100
millilitres to about 70 milligrams, the alpha cells of the islets secrete large amounts
of glucagon. Glucose is mobilized from the liver cell stores and the blood sugar
level returns to normal. The alpha cells actually react to the glucose concentration
within their own cytoplasm, which is a reflection of the blood sugar level. When
blood sugar level is high, there is generally a high level of glucose within the alpha
cells and glucagon secretion is inhibited.

It should be clear that insulin and glucagon work oppositely to keep
blood sugar level within normal limits. When glucose level rises, insulin organs
are needed for fight or flight. The adrenal cortex acts as a back up system,
ensuring adequate fuel supplies for the rapidly metabolizing cells.

Check Your Progress

9. What are islets of Langerhans?

10. How many types of cells are found in islets of Langerhans?

11. Name of hormones secreted by the cells of islets of Langerhans.

12. What is insulin shock?

20.5 ANSWERS TO ‘CHECK YOUR PROGRESS’
1. Raynard (1835) was the person who first of all reported the parathyroid

gland.

2. Histologically parathyroid has two types of cells: the chief cells, and the
oxyphilic cells. Chief cells are further differentiated into light cells and dark
cells.

3. Basically parathromone maintains the proper ratio of calcium and phosphorus
in blood. It influences bone, kidney and gastro-intestinal tract.

4. Hypoparathyroidism primarily increases excitability of the nervous system
and bringing about muscular twitchings and spasms (tetany) of the hands
and feet termed corpo-pedal spasms.

5. It is the thymus gland that forms the source of immunologically competent
cells (lymphocytes).

6. Thymus gland is originated from embryonic endoderm.

7. Histologically the gland is differentiated into two zones, outer cortex (rich in
Hassall’s corpuscles) and inner medulla (almost without Hassall’s corpuscles).

8. Myasthenia gravis is a type of paralysis occurs in human beings. It is a
neuromuscular disorder occurring due to the malfunctioning of thymus.

9. Islets of Langerhans constitute the endocrine part of pancreas.

10. There are three typs of cells in islets of Langerhans: these are: alpha cells,
beta cells and gamma cells.
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11. Alpha cells of islets of Langerhans secrete glucagons, beta cells secrete
insulin, and gamma cells secrete lipocolic hormones.

12. In the treatment of diabetes, too much insulin is injected and the blood
sugar drops to such a low level that the brain becomes over irritable resulting
in convulsions and finally the person goes into a severe condition called
insulin shock that may cause inconsciousness and death may follow.

20.6 SUMMARY
Parathyroid is a lobulated gland having four lobes in human beings. These lobes
are embedded in the posterior surface of the lateral lobes of the thyroid. Sandstrom
in 1880 first described its structure. Histologically the gland has two types of cells
(chief cells and the oxyphilic cells). Chief cells are further differentiated into light
cells (rich in glycogen) and dark cells (secretory). The dark cells secrete
parathromone or Collips hormone. This hormone maintains the proper ratio of
calcium and phosphorus in the blood. It influences the bone, gastro-intestinal tract
and kidneys.

Thymus is the bilobed gland and is located in the upper part of chest, covering
the lower end of the trachea. The gland is endodermal in origin and is differentiated
into two zones–outer cortex and inner medulla. Medulla has concentric corpuscles
of Hassall whereas cortex has lympocytes but no corpuscles of Hassall. The gland
secretes three hormones: thymosin, thymin I and thymin II. Thymus gland is also
responsible for myasthenia gravis.

Pancreas is heterocrine gland. Its endocrine part is made up of islets of
Langerhans. There are three types of cells (alpha, beta and gamma) secreting
three hormones glucagon, insulin and lipocolic. Insulin converts glucose into
glycogen (glycogenesis) whereas glucagon is hyperglycemic and converts
glycogen back to glucose (glucogenolysis). The deficiency of insulin causes
diabetes mellitus and usually results polydispia. The excess of insulin brings
about a severe condition called insulin shock and may cause unconsciousness
and death may follow.

20.7 KEY TERMS
Hypogammaglubinemia: It is the most common syndrome associated
with thymus gland. It is related to immune system that prevents it from
making enough antibodies.

Paracrine effect: The effects of the products of endocrine cells on
surrounding cells are called paracrine effect.

Parapineal organ: In animals like Sphenodon the pineal gland consists of
two bodies, a parapineal organ (third eye), and epiphysis.

Somatostatin: It is a cyclic polypeptide and inhibits release of growth
hormone. It prolongs gastric emptying time, decreases gastric acid and
dimnishes pancreatic exocrine secretion.
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20.8 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the structure of parathyroid gland.

2. Describe the hormones of thymus gland.

3. Write notes on the glycagon.

4. Describe diabetes mellitus.

Long Answer Questions
1. Write an assay on the structure and function of parathyroid gland.

2. Write notes on disorders of parathyorid, thymus and islets of Langerhans.

3. Describe the structure and function of islets of Langerhans.

4. Describe the histology of parathyroid, thymus and pancreas or islets of
Langerhans.

20.9 FURTHER READING
1. Chandra S. Negi. Introduction of Endocrinology.
2. Michael T. Mc Dermott. Endocrine Secretes.
3. Sarita Bajaj. Manual of Clinical Endocrinology.
4. Shlomo Melmad, Richard J. Auchus, Allison B. Goldfine, Ronald J. Koening,

Clifford J. Rosen, Williams. Textbook of Endocrinology.
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21.0 INTRODUCTION

Sexual reproduction is almost universal in vertebrates: only a few lizards
reproduce parthenogenetically. In vertebrates, the sexes are functionally
separate in the overwhelming majority of cases. The sexual reproduction
consists of ovaries and testes, which produce gametes, and ducts transport
eggs and sperms. In gonads (testes and ovaries), there are well distinct hormone
secreting cells. In males, interstitial cells or cells of Leydig are the endocrine
cells. In females, follicular cells and corpus luteum secrete sex hormones.

21.1 OBJECTIVES

After going through this unit, you will be able to:

Know the male and female hormone secreting cells.

Describe the testes and male sex hormones.

Discuss the ovaries and female sex hormones.

Describe the placental hormones.
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21.2 MALE SEX HORMONES

The testes serve two roles, one hormonal and the other reproductive. The first
involves the synthesis and secretion of testosterone by the interstitial cells or cells
of Leydig, which are found interspersed in groups between the seminiferous tubules.
The second function involves spematogenesis which is the development and
maturation of the germ cells in the epithelium of the seminiferous tubules. The
duration of human spermatogenesis is about 16 days (Heller and Clermont). The
process of spermatogenesis is under the direct control of the interstitial cells.

The male sex hormones are usually referred to as androgens. There are
four types of androgens:

1. Testosterone

2. Androsterone

3. Epiandrosterone and

4. Dehydro-epiandrosterone

The androgens are synthesized by:

Zona reticulata of adrenal gland;

Interstitial cells of testes;

Interstitial cells of ovary and

Placenta.

The principal male sex hormone is the testosterone. It is a steroid. The
production of testosterone is stimulated by the pituitary hormones like ICSH
and FSH.

21.2.1 Functions of Androgen
In intra-uterine life development of male genitalia.

It is responsible for the sex urge and for sexual behaviour or affinity for
a female partner.

It controls the growth of seminal vesicle and prostate etc.

It is an anabolic hormone.

It stimulates erythropoiesis.

It is responsible for spermatogenesis,maturation of sperms in the genital
tract and prevention of degenerative changes in sex organs and thus
delay ‘menopause’ in males.

Secondary sexual characters like beard on the face, the distribution of
hair on the body and the character of voice etc. are due to male sex
hormones.
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21.2.2 Castration
It is removal of testes in males. It shows following effects:

Before Puberty

Accessory organs of reproduction do not develop.

Ossification of epiphysis of long bones is retarded.

There is no growth of hair on face, trunk and axillae.

Pubic hair is female type, the outline being concave upwards.

There is abdominal deposition of fat on the buttocks, hips, pubic region and
breast.

Larynx is not prominent and the voice remains high pitched.

Muscles are soft and poorly developed.

After Puberty

Secondary sexual characters and accessory organs of reproduction remains
depressed.

Seminal vesicles and prostrate atrophy.

Sexual desire and erection may be absent.

There may be a peculiar mental state, but this is due to psychological trauma
produced by castration.

Check Your Progress

1. Name the hormone secreting cells of testis.

2. How many types of androgens have been reported so far?

3. What is castration?

4. Which hormone is responsible for sex urge for sexual behaviour?

21.3 FEMALE SEX HORMONES

There are two ovaries in adult females in the lower or pelvic region of the
abdominal cavity. Each ovary consists of a large number of ovarian follicles
at various stages of development. The ovary secretes three female hormones
estrogen, progesteron and relaxin.

21.3.1 Estrogens
There are various types of estrogens found in different animals. All the
estrogens of animal origin are steroids. The predominant natural estrogens of
the human are estradiol 17B; estrone and estriol. The important sources of
estrogen are the ovary, the adrenal cortex, the Leydig cells of the testis, and
the foetoplacental unit. It has been established that both acetate and cholesterol
may serve as precursors for the synthesis of estrogens. It is interesting that
estrogens in the ovaries, testes, adrenal cortices and placenta arise from
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androgens. Estrone and estradiol appear to be interconvertible with the pathway
in favour of estrone. Estriol is considered to be a metabolic product of the other
estrogens. Estrogens in human urine increase twice during the menstrual cycle.
Pregnancy urine is a very rich source of estrogen, which appears to be produced
by the placenta.

Fig. 21.1: In the Late Follicular Phase, the Dominant Follicle Secretes Large Amount of
Estrogen, which Acts on the Anterior Pituitary and, possibly, the Hypothalamus,
to Cause an LH Surge. The Increased Plasma LH then Triggers both Ovulation
and Formation of the Corpus Luteum.

The type of estrogen in the urine during pregnancy varies with the
species; in the case of a female, it contains mostly estriol, whereas that of the
mare is mostly estrone. Just before parturition, estrone and estadiol have
increased hundred fold and estriol a thousand fold. The estrone and estradiol
are usually excreted in a constant ratio of about 3:1.

The rates of production of estrone and estradiol, calculated from the
values of urinary metabolites, are about 0.1 to 0.5 mg per 24 hours.

Estradiol-17B is the most potent,estrone is second in potency and estriol
is relatively weak. The effectiveness of the natural estrogens is greatly increased
by esterification.

Functions of Estrogens

Feminization of the child is the result of an increase in the level of estrogen.
The estrogens also act on the secondary sexual tissues and have systematic
effects in both males and females. The initial stimulation of breast is from
estrogen. It causes deposition of increased amounts of subcutaneous fat.

Estrogen increases the water contents and thickness of the skin. It
pertains to an important extragenital effect of estrogen which is retardation
of the rate of growth.
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Estrogens increase the the level of thyroid and corticosteriod protein. It is
also responsible for the growth, development and maintenance of the female
reprodutive tract. It also contributes to the sexual desire of the female.

21.3.2 Formation of Corpus Luteum
Just after the discharge of the ovum, the blood is filled in the ruptured follicle which
then clots there. The blood filled cavity is called corpus haemorrhagicum.
Thereafter a yellow coloured corpus luteum appears replacing the clotted blood.
The life span of corpus luteum is conditioned upon the establishment of pregnancy.
In nongravid cycles, corpus luteum (corpus luteum spurium) lasts only about 14
days. If pregnancy occurs, the corpus luteum (corpus luteum verum of pregnancy)
continues to grow for several months, attains a large size and begins to degenerate
at about the sixth month. Finally the corpus luteum degenerates and becomes
white coloured corpus albicans.

Fig. 21.2: Ovulation and Development and Degeneration of Corpus Luteum. (a) Rupture
of Mature Follicle and Release of Ovum (Secondary Oocyte) at Ovulation.
(b) Formation of Corpus Luteum from Old Follicular Cells Following
Ovulation. (c) Degeneration of Corpus Luteum if Released Ovum is not Fertilized.

21.3.3 Progesterone
This is the steriodal hormone and is present in the ovary (corpus luteum), the
testes, the adrenal cortex and the placenta. The occurrence of the hormone in
the testes and adrenal cortex is probably due to its role as an intermediate in
the synthesis of other steroid hormones. The progesterone and estrogen are
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also capable of inhibiting the actions of each other and under these conditions, are
considered to act antagonistically.

The normal woman has plasma progesterone levels averaging about 0.14 g
per 100 ml during the follicular phase of the cycle and about 1.05 g per 100 ml
during the luteal phase. The normal male has a plasma production rate of 0.59 g
per 24 hours as compared to a rate of 3.8 g per 24 hours calculated from urinary
pregnanediol.

Functions of Progesterone
The most important function of progesterone is to prepare the uterus for placentation.
As stated above, estrogen and progesterone are antagonistic. Under the influence
of estrogen, the endometrium of the uterus becomes thicker and relatively dense.
The cells of endometrium are rich in glycogen. The action of progesterone on the
endometrium is to block the growth produced by estrogen. As progesterone begins
to act, the thickening of the endometrium ceases and the endometrium becomes a
secretory, rather than a proliferating structure.

The outline of the endometrial glands becomes serrated and irregular, the
stroma accumulates water and becomes less dense. There is an increase in alkaline
around the blood vessels. These changes prepare the endometrium to nourish the
fertilized ovum. Progesterone inhibits the action of pitocins. It desensitizes the
uterine muscle to the action of oxytocin.

It helps in the proliferation of alveoli of mammary glands in the development
of the breast. Like some of the adrenal cortical hormones, progesterone also
seems to promote retention of sodium salts and water, presumably by effecting
kidney function.

It causes the disappearance of ferning and may decrease penetrability by
sperms.

21.3.4 Relaxin
It is a non-steroid, water soluble proteinous hormone present in the ovaries,
placenta, and uteri of various mammalian species during pregnancy. Four
peptides having relaxin activity have been isolated from aqueous ovarian
extracts and partially purified. Relaxin levels in the blood reach a high peak
during the terminal stages of human pregnancy and disappear within one day
after delivery.

Relaxin causes softening of the epiphysis of the public symphysis
resulting in the relaxation of pelvic ligaments during parturition or child birth.
It inhibits the contraction of uterine muscles.

Check Your Progress

5. How many hormones are secreted in ovary?

6. What is corpus luteum?

7. What is Estradiol-17B.

8. Describe the role of relaxin during parturition.
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21.4 PLACENTAL HORMONES

Although placenta is mainly an organ for the support and nourishment of the
developing embryo, it also functions as an endocrine gland during pregnancy. The
chorionic villi of the placenta secrete several chorionic gonadotrophins. The
concentration of these hormones is very high in pregnant women and may be
excreted out in urine. This can form the basis of several pregnancy tests. The
various hormones secreted by placenta in different mammals are given below:

21.4.1 Progesterone
The chorionic villi of placenta secrete progesterone in greater amounts to maintain
the pregnancy. It inhibits the contraction of uterine muscles, thereby checking the
premature delivery of the foetus. It is also responsible for the development of
breast and onset of lactation.

21.4.2 Estrogens
The human placenta secretes estriol which is the main estrogen. The synthesis of
estradiol-17B and estrone has also been observed from precursors such as
androsteredione. Placental estrogens are responsible for the growth and
development of the breast and the uterine muscles. There is remarkable
enlargement of the nipple and increased deposition of fat.

21.4.3 Human Chorionic Gonadotropin (HCG)
This hormone is a glycoprotein (Molar-30,000) and is characteristic of
pregnancy in primates. It is secreted by the chorionic villi of the placenta and
appears in blood and urine during early pregnancy. Human chorionic
gonadotropin appears in the urine shortly after implantation and reaches a
high peak about one month after the first missed menstrual period. After this
peak, the blood and urinary titers of the hormone drop to low levels, which
remain fairly constant until a few days after parturition.

HCG resembles luteinizing hormone (LH) in most of its actions. It
converts the corpus luteum of the menstrual cycle into the corpus luteum of
pregnancy, thereby prolonging th eluteal production of hormones until the
placenta becomes capable of secreting the high amounts of gonadal steroids
required for the continuation of pregnancy. HCG produces a great variety of
gonadal actions in many other vertebrates. When given to the human male, it
causes the differentiation of Leyding cells and induces and maintains the
production of testicular androgens. HCG also induces ovulation in follicles suitably
primed with FSH. It stimulates the conversion of androgens to estrogens.

Check Your Progress

9. What is placenta?

10. What is the full form of HCG?

11. How many types of placental hormones are secreted?
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21.5 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Histologically testis shows a variable number of seminiferous tubules whose
germinal epithelium undergoes spermatogenesis. Between the seminiferous
tubules hormone secreting cells–the cells of Leydig are present.

2. There are four types of androgens: testosterone, androsterone,
epiandrosterone, and dehydro-epiandrosterone.

3. Castraton is the surgical removal of testis in males.

4. Androgen is responsible for the sex urge for sexual desire.

5. Ovary secretes three main hormones estrogen, progesterone, and relaxin.

6. Corpus luteum is the yellow coloured substance deposited in the
rutpured follicle after ovulation.

7. Estradiol 17B is the most potent estrone in females.

8. Relaxin causes softening of the epiphysis of the pubic symphosis of the
pubic symphysis resulting in the relaxation of pubic ligaments during
parturition.

9. Placenta is mainly an organ for the support and nourishment of the
developing embryo, it also functions as an endocrine gland during
pregnancy.

10. HCG is the human chorionic gonadotropin hormone and is characteristic
of pregnancy in primates.

11. Placenta secretes three types of hormones: progesterone, estrogens
and HCG.

21.6 SUMMARY

Almost all vertebrates are dioceous having male and female sex organs in
different individuals. They have gonads to secrete male and female sex
hormones. Male gonads are testes and female gonads are ovaries. They have
interstitial cells or cells of Leydig, and follicular cells or interstitial cells to
secrete sex hormones. The male sex hormones are usually referred to as
androgens. There are four types of androgens: testosterone, androsterone,
epiandrosterone, and dehydro-epiandrosterone. The principal male sex
hormone is the testosterone. It is a steroid and its production is stimulated by
the pituitary hormones like ICSH and FSH. The male hormone is responsible
for spermatogenesis, maturation of sperms, and the secondary sexual
characters. The female gonad-ovary secretes three female hormones:
estrogens, progesterone and relaxin. There are several types of estrogens
which are steroids. The predominant estrogens of human are estrodial 17B;
estrones and estriol. Estrogens are involved in oogenesis, whereas
progesterone prepares the uterus for placentation. Relaxin plays an important
role in parturition helping in the relaxation of pelvic ligaments. Placenta also
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functions as an endocrine gland during pregnancy. It maintains the pregnancy,
helps in development of breast and uterine muscles.

21.7 KEY TERMS

Abortion: It is the termination of pregnancy that results in the death of the
embryo or foetus.

Amenorrhea: In this the menstural cycle is either interrupted or does not
appear.

Gametogenesis: The process forming gametes is called gametogenesis.
In males it is the spermatogenesis, whereas in females it is the oogenesis.

Interstitial cells: Hormone secreting cells found in both male and female
vertebrate individuals.

21.8 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Describe the functions of androgens.

2. Write down all the hormones produced in sex organs.

3. What is the function of HCG?

4. Describe the hormone relaxin.

Long Answer Questions
1. Write an essay on the physiology of male and female sex hormones.

2. Describe all the female sex hormones including placental hormones.

3. Write notes on: Androgens, Progesterone and HCG.

4. Describe the male sex hormones, female sex hormones and placental
hormones.

21.9 FURTHER READING

1. Anthony C. Hackney. Sex Hormones, Exercise and Women Scientific
and Clinical Aspects.

2. Dubey, R.K. Sex Hormones.
3. Estelle Jones. Encyclopaedia of Sex Hormones.
4. Harold Burrows. A General View of the Gonadal Hormones.


