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Preface to the
Fourth Edition

The Essentials of Animal Physiology has established itself with the academia and served (a) as a text
for courses in animal physiology for B.Sc. (Hons.) and B.Sc.(Pass) courses, and (b) as a sound basis
for laboratory investigations to analyse animal functions.

Physiology is a synthetic and experimental science which applies physical and chemical methods
in biology. It requires a combination of field and laboratory observations of organisms, since their life
is influenced by a variety of environmental factors. This fourth edition, wholly reset in its new format,
has provided an opportunity for detailed scrutiny and extensive revision. However, the principles of
physiology stated in the earlier editions remain sound.

The revision has been impacted by two considerations: these are updating the existing text and
adding exciting developments in the field to enhance the utility of the book for an enlarged
readership. Consequently, this edition contains new chapters on animal calorimetry, membrane
physiology and physiological disturbances emanating from organellar malfunctions and genetic
disorders. Besides, certain sections of metabolism and physiology of digestion have been revised to
provide new insights. It must be appreciated that physiology offers rational basis for much of
medicine, home science and animal husbandry.

It must be emphasised that an effective way of administering a physiology course is to
simultaneously plan laboratory exercises to unravel the exciting physiological phenomena. For this
the reader is advised to refer “Experimental Physiology” (New Age Publishers), by the same author.

This edition has been reinforced by providing more multiple choice questions for self-assessment.
I hope the book will be more appealing to students and instructors in terms of contents and

presentation.

S.C. Rastogi
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Preface to the
First Edition

Every year, during one semester, I am engaged in the teaching of physiology to senior students. [ have
often felt the difficulty to cover all areas of physiology owing to deficiency in the background
knowledge of students. With the result certain fundamental topics are left uncovered or inadequately
treated. In addition, the subject of physiology has recently grown so rapidly that it is impossible for
the average student to tread the vast field. Therefore, I felt the necessity of writing this book with the
hope that it would cater to the needs of both the categories of students—those who want to study
physiology in its essentials, and also those who wish to acquaint themselves with the major areas and
latest developments in the field.

While writing the book, I realized that with the development of the core curricula of different
universities at various levels of instruction, the presentation of the subject should provide all essential
aspects related to it. Still, limits had to be imposed on its treatment since the purpose was not to write
a comprehensive treatise. In fact, the objective was to initiate the student in the study of the subject
and at the same time to prepare a book that would meet the requirements of various syllabi. Human
physiology has been surveyed at appropriate places without exhaustive treatment.

The book is divided into 18 chapters which are arranged in a fashion that the reader can develop
his ideas step by step. The subject matter gives a comprehensive coverage to such essential areas as
the structure of cells and their function, foodstuffs, digestion and absorption, biological oxidations,
metabolism, water relations and ionic regulations, temperature regulation, body fluids and their role,
circulation of blood, respiration, excretion, nerve physiology, sensory mechanisms, nerve
coordination, effector organs, hormonal regulation, reproduction, and physiological genetics. The
discussion of each area is intended to provide an understanding of important facts drawn from
relatively new and up-to-date sources that will stimulate students’ interest. The book can be profitably
used by them whether they are specializing in areas of zoology, veterinary or human medicine, or
nutrition.

Perhaps it is not customary to begin a book on animal physiology with a chapter on cell structure
and function as has been done in the present case. The cell forms the basic unit of life and all physico-
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chemical and vital life functions were first discovered at the cell level and later extended to the
organismic level. I consider it difficult, if not impossible, to understand the functioning of the whole
organism without a good knowledge of the fundamental processes at the cellular level. One way of
trying to understand a complex system is to formulate a model that exhibits the same properties as are
found in the entire organism—that model being the cell. Keeping this in mind I have decided to
include this chapter which, I believe, will enchance the character of the book in its broad-based bias.
The chapter on foodstuffs is comprehensive and highlights chemical details to emphasize the
important point, viz. the various types of food eaten by animals are used as fuels for the generation of
energy explainable in chemical terms. Chemical details are necessary to explain their functional
significance. The types of food and their chemical composition should be an important piece of
information to the students to enable them to know as to how animals obtain their energy
requirements from the complex foodstuffs. A chapter on biological oxidations has been included.
Biology students have a tendency to ignore this area which is very much a part of physiology essential
to the strengthening of the basic concepts. It was thought that the initial approach to physiology must
be to analyse physiological processes in terms of chemical reactions from the point of view of
energetics.

Relevant biochemical details are given to the extent they are necessary. The aim was to explain
rather than to describe principles of animal physiology, and therefore, in some parts I have leaned on
biochemistry to achieve this end. The pertinence of many areas will be quite obvious. At appropriate
places, experimental details have been given in support of the factual statements and hypotheses. The
bibliography will be helpful to an alert student interested in more details about the subject.

In a work like this, it is impossible to accomplish the task without the encouragement and
invaluable help of many. I, therefore, wish to thank Dr. C.R. Mitra, Director of the Institute; Professor
V. Krishnamurty and T.S.K.V. Iyer for the much needed encouragement through the preparation of the
book. A text of this type would not be possible without the aid of specialists in the field. Accordingly
I wish to thank Professors H.S. Chaudhury (Gorakhpur University), R. Nagbhushanam (Marathwada
University) and V.P. Agarwal (D.A.V. College, Muzaffarnagar, Meerut University) who served as
members of the University Grants Commission editorial committee, and the reviewer of the National
Book Trust. They have read the entire manuscript with meticulous care and offered valuable
comments and excellent suggestions about the subject matter. On the basis of the reviewers’
comments, substantial additions have been made in the textual matter resulting in rewriting a large
part of the manuscript. With the result, the first draft has been thoroughly revised and enlarged.
Although I have gratefully adopted many of their suggestions, yet I have sometimes preferred my own
viewpoint as well.

I appreciate Dr. H.L. Kundu’s sincere cooperation which I have always enjoyed in abundance. I
also acknowledge the assistance extended by Dr. M. Ramakrishna, who was associated with the
project for some time, in writing Chapters 1 to 3.

Most particularly, I am grateful to the University Grants Commission for financial assistance
under its Book Writing Project sanctioned to me for the duration January 1973 to August 1975,
without which this book could not have taken shape. However, Chapters 16 to 18 were written after
the termination of the project. My sincere thanks are also due to Dr. V.N. Sharma for his valuable help
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in the preparation of bibliography, index and some diagrams included in the text. I am grateful to him
for his constructive criticism of Chapters 17 to 18. My special thanks are due to Professor S.C. Shukla
for his advice on specific points while checking some sections of the manuscript.

Pilani S.C. Rastogi
December 1, 1976
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CHAPTER

Cell Structure and
Function

Every multicellular organism is composed of cells, which are the basic units of life. The cell can be
likened to a factory. A factory has several machines which are linked to one another in specific order
and each one makes a particular component. By sequential operations, the components from these
machines are, assembled to produce the desired products. Similarly the cellular constituents, each
with their specific function, have a definite arrangement. They produce the components, in this case
molecules, which are assembled to synthesize the required products (macromolecules). The function
of the organism as a whole is the result of the combination of activities and interactions of the cell
units in its body. Hence to understand the essential physiology of animals we need to know the
physiological functions of the cell—the cell which is a fundamental unit of life.

The living cell performs all the functions of life such as intake of nutrients, metabolism, growth,
reproduction, etc. To perform these life activities the cell has in it various cellular constituents or
organelles.

Our knowledge of the structure and function of the cellular constituents has greatly increased
with the development of electron microscope by Knoll and Ruska in 1933 and the centrifuge by
Swedberg in 1924.

Electron microscope became available in 1940. It paved the way for a more specific knowledge
of the cell structure and the structure of organelles within the cell. It permits magnifications of
1,000,000 times or more, i.e. down to the molecular dimensions. It has revealed the strict and orderly
patterns of arrangement of macromolecules constituting the organelles of the cell. Hence with the
electron microscope it is possible to observe the structural pattern of organelles, but the function of
organelles and of their constituent chemical components could be observed by other instruments and
techniques. The Swedberg centrifuge which gives quantitative data on sedimentation rates has, to
some extent, helped their observation in the above mentioned aspect. The ultra-centrifuges which are
now available whirl at 65,000 rpm and produce a centrifugal force which is 425,000 times that of
gravity. With the help of ultracentrifuge the constituent parts of the cells from macerated tissue can be
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separated into layers depending upon their weights. Under the microscope, these layers can then be
identified with the constituent parts and studied for their activities.

The electron microscope and the ultracentrifuge have helped in the merger of cytology and
biochemistry, and solved many physiological intricacies of the cell.

1.1 GENERAL STRUCTURE OF CELL

The various cellular organelles as seen in electron microscope are incorporated in Fig. 1.1 to give a
comprehensive view of their arrangement in the cell. The detailed structure and function of each
organelle is dealt with under separate headings.

Region containing
microtubules and microfibrils

Pinocytotic
vesicles

Nucleus

R -.-\ R|bosom
MY UL attached tol

- 33 Endopl asmic reticulum}
Phospholipid ey 8 o Tl reﬂ(‘;’umm b A
storage granule & > R A £
neutral lipid . o i . 2 R Nucleolus
storagegranule« - T W EAR
& o Nuclear ]

membrane |

Fig. 1.1 Generalized structure of a cell (adapted from J. Brachet. Sci. Amer. 205:3 (1961)).
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The cell contains cytoplasm which is an active fluid medium that helps carry out its life activities.
The cytoplasm is a colloidal solution mostly containing water. About 30 per cent of the total mass of
this solution consists of various substances. Of these substances, about 60 per cent are proteins, and
the remainder consists of carbohydrates, lipids, other organic substances, and inorganic materials. The
cytoplasm is enveloped by a membrane known as plasma membrane. The plasma membrane is often
termed as cytoplasmic membrane.

Cytoplasmic matrix is a ground substance and usually it is polyphasic in nature. Some authors
refer to this matrix as groundplasm. It is the internal environment of the cell. Suspended in the
cytoplasm, i.e. matrix, are the various organelles and inclusions. The organelles are the living
materials and the inclusions are lifeless and often temporary materials. The latter comprise pigment
granules, secretory granules, and nutrients, while the former are the endoplasmic reticulum, the
mitochondria, the Golgi complex or apparatus, the ribosomes, the lysosomes, the centrioles and the
nucleus.

Three decades ago only the cytoplasm and the nucleus were known to be enveloped by
membranes. With the advent of electron microscope it was found that the various organelles and
inclusions floating in the cytoplasm are also enveloped by membranes and separated from the
cytoplasm.

The commonly represented organelles as well as inclusions which are covered by membranes are:
the plasma-membrane, rough and smooth endoplasmic reticulum, Golgi apparatus, lysosomes,
mitochondria, nuclear envelope, centrioles, phagosomes, pinocytic vesicles, etc. There does not exist
a typical cell in any tissue that is represented by a set of all these organelles. Based on the functional
requirements, the cells in various tissues have one or the other of these organelles, i.e. the
endoplasmic reticulum is dense in cells of pancreas; the lysosomes are well developed in
macrophages; pinocytic vesicles are common in liver cells; Golgi vesicles are conspicuous in storage
and secretory tissues; and mitochondria are numerous in the cells of all tissues which expend high
energy.

While many cellular organelles consists of a single unit membrane (vide page 6) certain
organelles, such as mitochondria and nuclear envelope, have two such membranes, one enveloped by
the other. The cellular membranes of the cell help regulate the passage of substances through them
and such a passage may be by passive diffusion, or by active transport involving the aid of enzymes
(see Chapters 3 and 7) which are located in the membranes. Another important function of the
membrane is to provide a surface for harbouring the enzymes.

Nucleus is the most conspicuous structure in a cell. Usually each cell has one nucleus, but cells,
such as liver cells, and skeletal muscle cells contain more than one. The fluid matrix of the nucleus is
known as karyoplasm or nucleoplasm. It is enveloped by a double layered nuclear membrane. The
karyoplasm has densely staining particle called the nucleolus. It is large in growing cells and
disappears during cell division. Sometimes the nucleus may have more than one nucleolus. The
karyoplasm is not greatly different from the physical and chemical properties of cytoplasm. The most
important content of karyoplasm is the chromatin, which is a combination of protein and
deoxyribonucleic acid (DNA). It is granular in nature but during cell division it is transformed to long
strands called chromosomes.
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1.2 PLASMA MEMBRANE

There always exists a state of imbalance in the concentration of ions and molecules between the cell
and its environment. This difference is maintained by the plasma membrane which is the limiting
layer of the cell. In order to maintain this dynamic relationship, nutrients must flow in and reaction
products from the cell must flow out through the plasma membrane constantly but in a controlled
manner. Once inside the cell the nutrients, i.e. carbohydrates, proteins, lipids, minerals, and vitamins
can participate in the metabolic processes. How is this dynamic relation maintained? To answer this
we need to know the molecular architecture of the membrane. Such an architecture was conjectured
long before the availability of electron microscope. However, it is clear that the performance of
plasma membrane is influenced by three factors; one of them is its own capability, second is the
supporting cellular activity, third is degree of stress by the environment upon the membrane. The first
point, i.e. plasma membrane’s own capability in transporting substances, can best be understood by
studying its structure.

Structure

Plasma membrane is essential for the life of the cell. It is a bio-membrane that lies close to the
cytoplasm. The structure of all biological membranes was deduced from the knowledge of their
functional role. All biological membranes have many properties in common. This led to the
assumption that they all have the same basic molecular structure. Since lipophilic substances
preferably permeate through the membrane, it was conceived that the cell has a lipid covering. But
how are the lipid molecules arranged in the membrane? For this an understanding of the behaviour of
fatty acid molecules with water medium is required because the lipid molecules in the bio-membrane
behave much in the same way. Each fatty acid molecule contains a hydrophilic carboxyl group known
as polar head, and a hydrophobic hydrocarbon chain called nonpolar tail. The carboxylic group of the
fatty acid is the charged end. This group dissociates forming hydrogen bonds when it comes in
contact with water. Thus at the water face several fatty acid molecules arrange themselves in a single
layer with their hydrophilic polar heads in contact with water and the hydrophobic hydrocarbon
chains away from water surface (Fig. 1.2). Fatty acid molecules would be arranged as double layers in
apertures separating two water compartments. In this case the hydrocarbon, chains of the two
molecular layers being hydrophobic, extend inwards forming a hydrocarbon phase, whereas the polar
heads being hydrophilic lie in contact with aqueous medium (Fig. 1.2).

The cell has aqueous medium inside as well as outside. Hence the lipids in the plasma membrane
are arranged in two layers, each layer being one molecule thick. The inner layer with polar heads
facing the cell, the outer layer with polar heads facing away from the cell, and the hydrocarbon chains
of both the layers facing each other in the same way as in Fig. 1.2. Thus the polar heads of inner and
outer layers are in contact with intra-cellular and extra-cellular aqueous media respectively. Further
proof as to the bimolecular nature of lipids was provided by the measurements of the amount of lipid
present in the cell membranes of red blood cells. The measurements suggested that the quantity of the
lipid present was just sufficient to cover the surface of the cell with a bimolecular layer. It has been
found that the lipid portions of the membranes are either phospholipids, cerebrosides, or cholesterol.
When lipids are phospholipids, the polar heads have charged phosphates. Measurements of the
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Water
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Hydrocarbon phase

Fig. 1.2 Behaviour of the fatty acid molecules at the water surface.

surface tension of membranes have indicated that it is lower than that of the lipid surface. Such a low
surface tension is interpreted to be due to the existence of a protein coating on either side of the lipid
bilayer of the cell membrane. Based on the physical properties of the cell membranes, such as
preferential permeability to lipid soluble substances, occurrence of low surface tension, and high
electrical resistance, Danielli and Davson (1935) deduced the structure of the membranes. They
suggested the existence of a continuous layer of lipid molecules with their polar groups directed
towards the exterior and interior of the cell; and a coating of a single layer of protein molecules on the
polar surfaces; the protein layer consisting of polypeptide chains or meshworks of such chains (Fig.
1.3).

Robertson (1959) suggested the structure of a membrane which nearly corresponds to the one
proposed by Danielli and Davson. He called it a unit membrane. However, the structure of this unit
membrane was evolved by the studies based on electron microscopy, X-ray diffraction and chemical
techniques. According to him the unit membrane has a central core of bimolecular leaflet of lipid on
either side by a single layered fully spreadout hydrophilic protein or nonlipid material.

After examining the cell membranes of a variety of tissues from plants and animals, Robertson
(1960) postulated the probability of its universal occurrence in animals and plants. The unit
membrane may act as a barrier between the cell and its environment, and between the cell-organelles
and the cell-matrix. In later studies Robertson observed that the outer and inner protein layers of
plasma membranes differ in chemical reactions. This led Robertson to amend the concept of the
universality of unit membrane. In such asymetrical plasma membranes he suggested that the layers on
one side of the lipid core is made up of protein and the other is made up of carbohydrate perhaps in
the form of mucopolysaccharide (Fig. 1.3).

It is well known that the membranes have diverse physiological functions. In accordance to the
requirements of organelles, cell and tissues, the membranes select and allow the admission of
nutrients. Such diversities in the membranes may be due to: (@) the assortment of lipid constituents in
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Fig. 1.3 Membrane models proposed by (a) Danielli and Davson (1935); (b) Davson and Danielli (1943); (c) Robertson
(1965).

the central core; (b) the character of non-lipid monolayer on either side of the lipid bilayer; (¢) the
chemical specificity of certain areas of a continuous membrane.

To explain certain aspects of membrane permeability, Danielli suggested the existence of polar
pores lined by protein molecules. According to Solomon (1960) these are not the fixed pores but act
as and when required by the intra-and extra-cellular conditions. These conditions cause some pores to
open and the rest to close. He supposed that a large part of traffic flows through these pores in the
membrane.

The membrane is a barrier to the intra-cellular protein anions whereas it allows water, sodium,
potassium, and chloride. Thus the membrane is semipermeable in its nature. As a result of
semipermeability of the membrane, chemical and electrical gradients are created (see also Chapter 7).

Fluid-mosaic Model of Membrane

Recently Singer and Nicolson (1972) have proposed a working model which has been widely
accepted. Robertson’s model envisages a uniform structure of the plasma membrane but according to
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the proposed model, in most of the membranes, the lipids are in the form of a fluid bilayer and the
proteins do not form a sandwich covering of hydrophilic bilayer lipid covering. The membrane
proteins are found to be embedded in the bilayer (Fig. 1.4). The lipids, which are mostly
phospholipids and glycolipids in nature, when suspended in water give rise to aggregates of many
forms and shapes by forming micelles. These aggregates still preserve the hydrophilic and
hydrophobic characteristics of the phospholipids, but the hydrophobic regions are internally arranged
in such a way so that water is expelled out of them, while the hydrophilic regions remain in contact
with the outer aquatic phase.

Phospholipid
bilayer

Hydrophilic
area

Peripheral
protein

Fig. 1.4 Fluid mosaic model of the plasma membrane as proposed by Singer.

The membrane proteins play a very active role in the structure and functions of the membrane.
They are of two types: peripheral (extrinsic) and integral (intrinsic). The peripheral proteins are
superficially located and many of these are enzyme proteins. The integral proteins associated with the
bilayer of phospholipids penetrate into the interior of the membrane along with the fatty acid side
chains. They are tightly bound to the lipids and constitute the functional proteins not easily separable.
All membrane bound enzymes, carriers etc. are included in this category. Peripheral proteins have a
loose aftinity and can be easily displaced. Such a membrane is dynamically more stable and can
explain the intricate transport phenomena across the membrane.

Chemical Gradient

The cell has in it, higher concentrations of potassium, protein and related anions whereas outside it
has sodium and chloride in higher concentrations. Hence a chemical gradient exists between a region
of high concentration and a region of low concentration. Solutes from higher concentration tend to
diffuse through the plasma membrane towards low concentration. The movement of potassium ions
from the cell to the exterior is said to be passive and down the concentration gradient. The movement
of sodium and chloride into the cell is said to be down in the gradient. To maintain the gradients the
substances moving passively along the gradients must be counter-balanced by active transport, which
restores the extruding potassium ions to the cell and the intruding sodium ions to the environment.
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Electrical Gradient

The membranes of all living cells exhibit a difference of electrical potential. The potential difference
of most membranes is found to be of the order of 100 mV. Such a potential difference strongly
influences the movement of charged materials, particularly inorganic ions, across the membranes.

Usually the interior of the cell is electrically negative. The chloride, which is negatively charged,
is known to exist in high concentration outside the cell. If it diffuses down the concentration gradient
into the cell, it would promptly be forced back down the potential gradient.

1.3 ENDOPLASMIC RETICULUM

Endoplasmic reticulum is a membranous system of canals extending from plasma membrane to the
nuclear membrane. These canals have the same environment that exists around the cell because they
are in direct connection with extracellular medium. In other words, the network of canals provide
extracellular environment deep inside the cell and surrounding the nucleus. The advantage of such an
environment within the cell is that it provides opportunity for a rapid transfer of substances between
extracellular and intracellular environments. The endoplasmic reticulum supplies nutrients to the
organelles in the cytoplasmic matric and removes from them the products of synthesis and
degradation. In a three dimensional view (Fig. 1.5) the endoplasmic reticulum exhibits cavities of
varying sizes and shapes. These appear as vesicles and tubules or as flattened sacs. For laboratory
studies, fragmentation of the endoplasmic reticulum is brought about by ultracentrifugation.

Membranes

Fig. 1.5 The three-dimensional view of the endoplasmic reticulum.
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The endoplasmic reticular membrane, like plasma membrane is a unit membrane of the type
described by Robertson. The surface layers of two membranes are connected by protein septa. The
endoplasmic reticulum exists in all cells of higher animals except in mature erythrocytes. The
complexity of reticulum increases with an increase in the degree of protein synthesis activity within
the cell. Accordingly, in secretory cells the reticulum is well developed. The absence of both the
nucleus and the endoplasmic reticulum is explained to be the reason for the absence of enzymatic
synthesis in mature erythrocytes.

The endoplasmic reticulum is subdivided into areas with specialized functions. These areas
include the granular or rough endoplasmic reticulum, the agranular or smooth endoplasmic reticulum,
the nuclear envelop, and the Golgi apparatus. The functional significance of these various specialized
areas is discussed under the title Golgi apparatus.

Granular or Rough Endoplasmic Reticulum

Growing cells as well as those engaged in protein synthesis are rich in granular or rough
endosplasmic reticulum. The membrane of this reticulum, all along its outer surface facing the
cytoplasmic matrix, is studded with uniform size of particles called ribosomes. High density of
ribosomes would mean greater protein synthetic activity.

Agranular or Smooth Endoplasmic Reticulum

The outer membrane of this reticulum is devoid of the ribosomes and hence it is termed agranular or
smooth endoplasmic reticulum. It is continuous with rough endoplasmic reticulum and with Golgi
apparatus. It is present in cells synthesizing steroids, in voluntary muscle cells and in liver cells.

The Nuclear Envelope

The nuclear membrance is covered over by a large cisternal unit of granular endoplasmic reticulum.
At intervals the nuclear and recular membranes join forming pores. These pores are continuous with
the cytoplasmic matrix of the endoplasmic reticulum. These pores allow the molecules from the
nucleus to the cytoplasmic matrix (Moses, 1964). Some investigators suggest that the pores are
covered and open only when traffic is warranted. In protein synthesis, the mRNA, tRNA, and rRNA
(as ribosomes) travel from the nucleus to the cytoplasmic matrix. The direct route for such a traffic
would be through the nuclear pore. Through these pores the nucleus receives the nutrients from the
intracellular environment. The channels of the endoplasmic reticulum act as extracellular environment
and extend from the plasma membrane to the nuclear envelope. In other words the nucleus is
surrounded by the extracellular medium. Thus the nucleus also receives nutrients direct from the
extracellular environment.

Functions

Endoplasmic reticulum carries out specialized functions. These functions are localized in various
substructures:

(1) One of the important functions, viz. the transport, is carried out by the channels.
(i1) Protein synthesis is associated with the ribosomes of the granular endoplasmic reticulum.
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(iii) Concentrating and packaging of enzymes is localized in the Golgi apparatus.
(iv) Steroid synthesis takes place in the smooth reticulum.

(v) The intracellular stability, movement and the activation of amino acids for protein synthesis,
and finally the glycolysis, are localized in the cytoplasmic matrix.

1.4 GOLGI APPARATUS

The Golgi apparatus, endoplasmic reticulum, membrane bound vesicles and lysosomes constitute a
part of the membrane system present in the cytoplasm of the cell. The constituents, though always
present, exist in a state of constant change—formation, transformation, breaking down, and
reformation. They also move within the cytoplasm. The cellular organelles such as, nuclear envelope,
the rough and smooth endoplasmic reticulum, the Golgi apparatus, the lysosomes, the pinocytic
vesicles, all have membranous covering. These organelles or membrane bound spaces have been
connected either by functional continuity or by morphological connection and consequently
facilitating transport of substances not only within the cell but also to the exterior, and in some cells
from the exterior into vesicles and lysosomes.

In this membrane bound transport system, the Golgi apparatus occupies a position where the
nucleus and endoplasmic reticulum are at one end, and the vesicles, lysosomes and plasma membrane
at the other end. In this system, proteins, polysaccharides, glycoproteins, and probably lipids and
lipoproteins are formed and transported. Nucleus acts as a central control site for transport of
substances.

Form of Golgi Apparatus

The form of Golgi apparatus varies from a compact discrete granule or mass to a well dispersed
filamentous reticulum. It is pleomorphic and a variation in shape can be observed with the metabolic
and developmental state of the cell. It occurs in almost all cells of animals and plants. It is easily
recognizable and consists of 3 to 12 disc-shaped cisternae or saccules arranged compactly one above
the other like a stack of neatly arranged saucers. The cisternae are slightly curved and for this reason
the entire Golgi apparatus appears concave at one surface and convex at the other (Fig. 1.6). The
material between the cisternae is known as intercisternal structure. A network of tubules arises from
the edge of each cisternae and swell to form various types of vesicles.

Formation of Golgi Apparatus

Golgi apparatus is formed by conversion of the membrane. The development and formation of Golgi
apparatus in the cell takes place in a series of processes. These processes are: (1) the synthesis of a
pile of cisternae in the absence of pre-existing Golgi apparatus; (2) the alteration in the type and
number of vesicles; and (3) the increase in number of piles or stacks, in the number and size of
cisternae, and in the number of tubular and vesicular regions of the stack. Another way of formation
of individual stacks of cisternae is by fragmentation of the preexisting stacks. Cytological,
biochemical and chemical evidences indicate a flow of membrane material from the rough
endoplasmic reticulum via the Golgi apparatus to the plasma membrane. This suggests that for the
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Fig. 1.6 Structure of the Golgi apparatus.

formation of the cisternal membrane, the necessary membrane material come from the rough
endoplasmic reticulum. To achieve the formation of cisternal membranes of the Golgi apparatus, it is
believed that first the rough endoplasmic reticulum changes to smooth endoplasmic reticulum.
Smooth endoplasmic reticulum then becomes the Golgi cisternae and these cisternae break down to
form vesicles. The vesicles can fuse with the plasma membrane in order to extend it (Fig. 1.7).

In the absence of nucleus or in the presence of actinomycin D, the Golgi apparatus gradually
decreases in size and finally disappears. The renucleation of enucleated amoebae restores the smooth
cisternae within half an hour to one hour, and within 6-24 hours the Golgi complexes increase in size
and number.

During this time dense material can be observed both in the lumen of endoplasmic reticulum and
in the lumen of cisternae which participates in the membrane production.

Autoradiographic studies by G.E. Palade and his co-workers (1964-1967) showed that dense
material from the rough endoplasmic reticulum was transferred to proximal cisternae of the Golgi
apparatus with the aid of small vesicles. In other words the endoplasmic reticulum is in continuity
with Golgi apparatus.

While the vesicles derived from the reticulum fuse constantly forming the proximal cisternae, the
distal cisternae of the stack give off vesicles, i.e., Golgi apparatus is conceived as having a newly
forming face at one surface and mature secreting face at the other surface.

The membranes of Golgi apparatus have a chemical composition intermediate to that of
endoplasmic reticulum and plasma membrane (Keenan and Morre, 1970). The Golgi cisternae occupy
an intermediate position (central position) with precise unit membranous structures such as the plasma
membrane and the vesicles at the distal or mature face, and with the nuclear envelope and the
endoplasmic reticulum membranes at the other extreme. Being thin (25— 40A) the latter group of
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Fig. 1.7 Formation of the Golgi Apparatus
I. Material is transferred from endoplasmic reticulum to the Golgi apparatus. The endoplasmic reticular vesicles
fuse to form cisternae at the proximal end of the Golgi apparatus.
II. Cisternal contents and membranes are transferred as the cisterna is displaced distally.
III. Cisternae at the distal pole give rise to secretory vesicles.
IV. Secretory vesicles migrate to the plasma membrane at the apex. Some increase in size while others fuse with
other vesicles.
V. Vesicles fuse with the plasma membrane of the apex liberating their contents on to the surface of the cell.

membranes are faintly stained, whereas the former group being thick (75A) are brightly stained
(Grove, Bracker, and Morre, 1968). The membrane system within the Golgi apparatus exhibits
difference, i.e. the cisternal membranes at the forming face are similar to the membranes of
endoplasmic reticulum and the nucleus; the membranes at the mature face are similar to plasma
membrane; and the membranes between these two faces are intermediate in nature. The membranes in
the Golgi apparatus are thus modified. The function of Golgi apparatus is to alter the membranes of
endoplasmic reticulum for the formation of plasma membrane.

The following scheme illustrates the relationship of the Golgi apparatus with the rest of the
membrane system:

Functions

Golgi apparatus serves as part of an internal transport system of the cell. It carries out secretory and
digestive processes. It synthesizes the lipoprotein membranes. The Golgi apparatus is concerned with
the formation and packaging of material for export across the plasma membrane. The process of
exporting is reverse of pinocytosis. The cell structures such as the acrosome of the maturing
spermatids (Fawcett, 1966) and the tubular inclusions of endothelial cells (Sengel and Stoebner, 1970)
are few among several examples of secretions derived from the Golgi apparatus. It is now known that
there are several materials which are packaged and passed through the Golgi apparatus and its
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Fig. 1.8 The relationship of Golgi apparatus with other organelles.

associated vesicles. Such materials are mostly polysaccharides or proteins or lipids in the form of
glycoproteins or glycolipoproteins, and such a conjugation with carbohydrates is a prerequisite for
subsequent transport across the plasma membrane.

Palade and coworkers (1964 and 1967) have shown that the digestive enzymes (e.g. o—amylase)
or their precursors (e.g. o—chymotrypsinogen) synthesized on ribosomes at the outer surface of the
rough endoplasmic reticulum are passed into the lumen across the reticalum membrane. They are then
transferred to the smooth endoplasmic reticulum. Here they are packed into small granules and sent
into the forming surface of the Golgi apparatus. Then they are concentrated as zymogen granules into
the vesicles which are detached from the cisternae. The granule containing vesicles then migrate to
the cell apex, where the material is passed out of the cell by reverse pinocytosis. In this process the
membrane of the vesicles fuses with the cell membrane and becomes a part of it.

In case of pancreatic cells, the material thus ejected out of the cell finds its way into the
pancreatic duct and eventually into the intestine. Similar events have been observed for the mucous
production in the goblet cells of the colon of rats.

1.5 THE LYSOSOME SYSTEM

Present in the cytoplasm are small membrane-bound vesicles containing a group of hydrolytic
enzymes. Biochemical studies reveal that all the enzymes in these vesicles show an acid pH optimum.
These enzymes serve to destroy certain parts not required by the cell. For this reason de Duve (1955)
named the vesicles containing these enzymes as lysosomes. The lysosomes also digest the
macromolecules taken in across the plasma membrane. Hence the lysosomes can be described as the
digestive system of the cell.

Large numbers of lysosomes are present in white blood cells, macrophages, and in the cells of
liver, kidney, thymus and spleen. They were biochemically separated by Novikoff et al. (1956). They
observed these as surrounded by a unit membrane containing acid phosphatase. This is a
characteristic enzyme of lysosome.

The lysosome is the seat for a minimum of twelve hydrolytic enzymes. All these act in acid pH
and split the biological substances such as proteins, nucleic acids, and polysaccharides. The
lipoprotein of the unit membrane prevents these enzymes from being harmful to the cell. Inspite of
this, the substances can be digested by the action of enzymes if they come to a reasonable distance
from the lysosomal membrane. The lysosome may be described as a packet containing enzymes
inaccessible to the rest of the cell. However, the enzymes are released within the cell, if the membrane
is injured. In such a case the cell would be digested.
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Structure

The lysosome is small in size, lacks uniform appearance, and has no characteristic fine structure. It
differs not only among the cell types but also within the cell types. Some of the differences have
already been known while much awaits investigation. According to de Duve, the lysosome exists in
four functional forms, viz. storage granule or protolysosome, phagolysosome or digestive vacuole,
autophagic vacuole, and residual body (Fig. 1.9). The following paragraph deals with the formation of
these lysosome types and their inter-relationships.

Some of the substances required to nourish the cell may be in the form of large molecules,
bacteria, or other cells. Such particulate materials cannot be absorbed through the cell membrane.

Proteases Proteins
Nucleases and related enzymes Nucleic acids
Glycosidases Polysaccharides
@ Aryl sulfatases Organic linked sulphates
Lipases phospholipases Lipids
Phosphatases——»/4 Organic linked phosphates
Z

/ /
og%oo @

e}
Phagosome o Autophagic vacuole
l © % N .

(b)

Early autol ysosome

Early phagolysosome l
Phagolysosome Autolysosome

(digestive vacuole)

NG

Residual body

Fig. 1.9 Lysosome: (a) biochemical nature; (b) formation of the lysosomal types.
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Therefore, these particles are engulfed by the cell through a process known as endocytosis. In this
process first, the required susbtance or particulate material attaches itself to a portion of the cell
membrane (Fig. 1.9). Then at the region of attachment, the particle along with the membrane is drawn
inward to form a small internal pocket. This pocket is then pinched free from the cell membrane and
taken inside the cell. The structure thus formed consists of particulate material surrounded by cell
membrane, and this structure is called the phagosome or food vacuole. The autophagic vacuole is
formed from intracellular material. The enzymes required for the formation of protolysosomes are
synthesized by the ribosomes. These enzymes then find their way into the Golgi apparatus along with
the endoplasmic reticular vesicles (Fig. 1.7). The Golgi apparatus releases them packed in the form of
protolysosomes. The phagosome and the autophagic vacuole merge with the protolysosomes to form
phagolysosome or digestive vacuole and autolysosome respectively. The fourth type, i.e. the residual
body contains substances undigested by the lysosome enzymes.

The only one and important characteristic feature of lysosome is the presence of a single unit
membrane (Novikoff, 1963). The unit membrane of lysosome serves as the semipermeable
membrane. Neither the inner structure nor the lipoprotein membrane of lysosome binds the hydrolases
within them. Consequently, they are free to move and escape if lysosomal membrane is injured.

The membrane is unaffected by the highly active hydrolytic enzymes, for the simple reason that
none of them is lipase or phospholipase. The lysosome, however, contains enzyme acting on proteins,
glycogen, nucleic acids, and mucopolysaccharides. Inspite of the presence of these enzymes,
destruction of the cellular organelles does not take place. Only when a substrate comes within the
boundaries of the lysosome, the digestive action is initiated.

The membrane, according to de Duve (1963), is responsible for the inactivity of the enzymes.
Koeing (1962) suggested that the enzymes are ionically bound to the acidic glycolipids, which makes
them inactive. The existence of a fine structure inside the lysosome is yet to be revealed, and when
disclosed it would be possible, perhaps, to pinpoint its role in latency.

The stability of the lysosomal membrane is important to carry out its normal physiological
activity. There are two agents influencing the stability and disruptivity of the lysosomal membrane.
Those favouring membrane stability are termed stabilizers; and those disrupting it are termed
labilizers. The agents which disturb cellular pH, osmotic relations, chemical stability, and electrical
charge of the membrane are the labilizers and they would interrupt the orderly course and liberate the
enzymes into the cell. A balanced proportion of stabilizers and labilizers is maintained to keep the
membrane intact. Since the organelles depend on nutrients available in the intracellular environment,
it is believed that nutrients have stabilizing and labilizing effect on the lysosomal membrane.

Vitamin A is a labilizer of the lysosomal membrane. It is suggested that the vitamin A penetrates
the membrane and causes the expansion of the lipoprotein constituent. Thus expanded membrane is
weak to retain the enzymes and hence releases them into the cell. Ultraviolet light and ionizing
radiations are the other labilizers of the membrane. The water in the cell absorbs the ionizing
radiations and decomposes to give rise to free radicals such as hydroxyl, perhydroxyl radicals. Along
with these radicals oxidizing compounds such as hydrogen peroxide and organic peroxides also are
formed. The membrane is sensitive to the damage by these free radicals. As a result, the enzymes
escape through the damaged membrane. However, the toxic effects by peroxides are counteracted by



16  Animal Physiology

the iron containing enzyme catalase which decomposes hydrogen peroxide to water and oxygen. But
if the production of free radicals exceeds the capacity of the catalase reaction, the toxicity is
inevitable.

Vitamin E is a membrane stabilizer in that it prevents the formation of free radicals due to lipid
peroxidation. Deficiency of vitamin E would allow the formation of free radicals which disrupt the
lysosomal membrane. Rabbits and chicks deficient in vitamin E are prone to muscular distrophy.

Functions

The enzyme containing lysosome and the substrate containing phagosome merge to perform the
digestive process within the enclosed membrane. The worn out, damaged or other unwanted
accessory structures in the cell may be disposed by means of an autophagic vacuole. Even the
outlived whole organs, such as tadpole tail and Mullerian ducts in male chick embryo, are disposed in
this way. During starvation, the digestion of cellular contents by lysosome provides essential nutrients
to carry out important functions in the cells.

1.6 MITOCHONDRIA

In order to carry out life processes the organisms are equipped with dependable machinery to perform
two basic functions; to reproduce themselves by deoxyribonucleic acid (DNA) and to generate energy
by adenosine triphosphate (ATP). DNA is the genetic material responsible for the replication of key
substances of life—proteins and nucleic acids. ATP molecule is as important as the DNA and acts as
a kind of storage battery. It supplies energy for all processes of life including replication. The
enzymes which catalyze the process of glycolysis, and the subcellular particles, namely the
chloroplasts (a plant cell organelle) and the mitochondrion are the three systems responsible for
generating energy in the form of ATP. Of these, the process of glycolysis which is the breakdown of
sugars by enzymes in the absence of free oxygen is the most primitive. In this process only one
molecule of ATP is produced for each pair of electrons released. The chloroplast in the green plants,
and the mitochondrion in the animal kingdom produce three molecules of ATP for each pair of
electrons released. The ATP is the universal intracellular carrier of chemical energy. From the single
cell of the protist to each of the myriad cells of the complex organisms, mitochondrion is the site for
a series of integrated enzymatically controlled reactions which end in the formation of ATP.

There are other functions which the mitochondrion performs, besides generating energy. One of
them is the metabolism. There are two distinct forms of metabolism in the mitochondrion, one form of
metabolism involves the oxidation of metabolites for the purpose of energy gain to the cell and the
synthetic reactions. The other form of metabolism is involved in the biogenesis of mitochondrion
itself. Krebs cycle, fatty acid oxidation sequence, and enzymes responsible for ketone body oxidation
and formation are some of the metabolic pathways present within the mitochondrion. Through these
cycles, the mitochondrion yields large number of reduced enzymes and hydrogens. The hydrogens are
then taken into the electron transport chain.

The mitochondrion has the ability to synthesize and catabolize proteins with the mediation of
ribosomal particles. They also participate in ionic regulation in the cell and change the permeability of
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its membranes to make new substrate available. Another property of mitochondrion, as observed in
some cells, is the production of mitochondria from pre-existing mitochondria by growth and division.

Shape

There is variation in the shape of mitochondria. They may be minute globules, vesicles, straight or
curved rods, straight or branched threads, chain of granules, nets and other irregular bodies. However,
the major variation is among cell types but not among cells of the same type. Mostly they are sausage
shaped, but with altered conditions the mitochondria are observed changing their form, hence
pleomorphic.

The number of mitochondria per cell varies depending on the cell type but within a kind of cell
the number remains fairly constant. In numbers they vary from 500 in case of some liver cells, to
more than 100,000 in case of some single celled organisms.

Location

Mitochondria are situated close to the source from where metabolities enter the cell. They are
generally found oriented with their long axes indicating the direction of flow of materials in the cells
performing active transport. Mitochondria are found in those areas of the cell which depend on the
ATP they contain. In neurons they accumulate at the internodes where the passage of nervous impulse
is supposed to take place. In secretory cells they accumulate at the basal regions, and in retina at one
end of the rod cells. The mitochondria of some cells can move about freely and passively, while in
other cells they are stationary.

Structure

A striking similarity exists in the fundamental structure of mitochondria in all forms from protozoa to
primates. In most cases it is a sausage shaped object measuring 15,000 A units in length and 5,000 A
units in diameter. The complex ultra-structure of the mitochondria as revealed by electron microscope
was first described by Palade (1952). It has a two layered wrapping constituting an outer and an inner
membrane and in this respect it resembles a thermos bottle (Fig. 1.10). The outer membrane is elastic
and at times it may be stretched to 200 times its original dimensions. All over the surface it is covered
by stalkless particles. The outer membrane is separated from the inner membrane by a fluid matrix
which is structureless. This matrix provides communication between the two membranes and supplies

Outer wall Criga
Inner wall

Fig. 1.10 Structure of the mitochondrion.
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coenzymes to the enzymes present in the membrane. The inner membrane encloses another matrix
which is not in contact with the fluid between the two membranes. The membrane contains some
protein and lipid material and as a result may be semirigid. The surface of the inner membrane is
much expanded and thrown into numerous transverse folds or cristae which offer an increased surface
area to this membrane. While this is the generalized structure, there are mitochondria which do not
bear cristae all along their length but are limited to a small part of it. In some they are tubular. The
outside surface of the outer membrane and the inside surface of the inner membrane are sprinkled
with thousands of smaller particles. These particles are the elementary units which carry out the
chemical activities of the mitochondrion. The two membranes are the structural back bones of the
mitochondrion and have three properties—good tensile strength, stability, and flexibility. In other
words, the mitochondrial membranes are strong enough to hold a structural shape, stable enough to
allow membrane phenomena to occur and flexible enough to allow movement.

The fine structure of the mitochondrion is better understood than before, as a result of special
staining methods and very highly magnified electron-micrographs. The permanganate fixed
mitochondrion revealed the two membranes as separated from each other by a width of about 100 A.
Each mitochondrial membrane closely resembles the membrane of the cell itself. It is about 75 A
thick. It is made up of two materials apart from the particles attached to it. Under the electron
microscope each membrane can be seen as a three layered unit. Each of the two protein layers of the
membrane is about 20 A thick. The inner layer is sandwiched by two protein or other nonlipid outer
layers (darker layers). The inner layer (lighter layer) is made up of two rows of lipid molecules with
their nonpolar ends facing each other (Robertson, 1959) and is 35 A thick. Thus the two membranes
together measure about 250 A thick.

The principle material is the structural protein which is insoluble in water and accounts for four
fifths of the weight of the membrane. The remainder of the material is lipoid, primarily phospholipid.

The protein of the membrane is of two types. Strucutral and the mitochondrial actomyosin. The
structural protein is a polymer, composed of basic subunits of a small protein. Half of the amino acid
content in these molecules have hydrocarbon side chains which are insoluble in water and form
hydrophobic bonds. The mitochondrial actomyocin, in reaction with ATP, is presumed to transform
the chemical energy into mechanical energy (Lehninger, 1962).

The belief that the outer surface of the membrane has loosely attached to it thousands of globular
particles, is not universal. Logistics suggest, however, that the enzymes responsible for providing
“energetic” electrons by carrying out the oxidation reactions such as those of the Krebs and the fatty
acid cycles are located in the outer membrane.

The ultrastructure of the inner membrane and its extensions are of great interest. The inner
surface of the inner membrane is lined by thousands of particles (Fig. 1.11). These are elementary
particles as termed by Fernandez Moran (1962). Each particle has a terminal globular head of about
80 A in diameter and a stalk of about 50 A long and 30 A width. The base with which it is connected
to the membrane has the same diameter as does the head piece. These elementary particles are the
respiratory assemblies. They are multi-enzyme aggregates and serve in transporting the electrons over
a chain of complexes that synthesize ATP. Hence they are conveniently known as electron transport
particles. They are composed of a protein cortex with a phospholipid core and thus regarded as
enzyme (protein) lipid complexes.
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Fig. 1.11 Ultrastructure of the membrane of mitochondrion.

Functions

The carbohydrates, fats, and proteins are oxidised, via tricarboxylic acid (TCA) or Krebs citric acid
cycle which is the common pathway in the conversion of the energy from foodstuffs to a form that the
cells can use. This usable form of energy, i.e. the currency of the cell, is Adenosine triphosphate
(ATP). The energy or ATP producing system is the electron transport system or respiratory chain and
it is present in the electron transport particles. The electron transport system transforms the energy of
oxidation of TCA cycle substrates to form phosphate bond energy that is needed for the cellular
processes.

1.7 CENTRIOLE

Centriole is a minor cell organelle and in light microscopy it appears as a single dot enclosed in a tiny
vesicle. It is situated in the region of the nucleus and Golgi apparatus. Electron microscopic studies
revealed that it consists of a pair of bundles and each bundle consisting of nine filaments. At mitosis
the filaments in the bundle subdivide first, and then the bundles. As a result two pairs of bundles, each
pair with nine filaments are formed. Subsequently each pair moves to either side of the nucleus to
mark the two poles of the spindle.
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1.8 NUCLEUS

The nucleus contains karyoplasm which is covered by a double layered membrane. It has in it a
densely stained area called nucleolus, which consists of a rich concentration of RNA and certain
proteins. Nucleus also contains chromatin which is a combination of nuclear protein (either
protamines or histones) with deoxyribonucleic acid (DNA). During cell division the chromatin takes
the form of long strands which are called chromosomes.

Among minerals, the calcium, magnesium, sodium and the phosphates are found in the nucleus.
Calcium is bound to the protein, and magnesium to DNA. Sodium ions are required for the active
transport of amino acids through the nuclear membrane for which energy is supplied by ATP.

The nucleus is covered by a double membrane. The space between the outer and inner membrane
is in continuation with the endoplasmic reticulum thereby forming a continuous channel. Through this
channel, materials which are refused transport through by the plasma membrane, reach the nuclear
envelope from the extracellular medium and get selectively absorbed through the nuclear membrane.
The two nuclear membranes, at intervals, join to form pores which facilitate communication between
karyoplasm and cytoplasm. These pores allow the escape of three forms of ribonucleic acid (RNA) to
the cytoplasm.

Chromosomes

The nucleus of the resting cell contains long chromatin reticulum which is in combination of DNA
and proteins. During the process of mitosis, the chromatin reticulum condenses into compact bodies
called chromosomes. The typical chromosome has bands which are known as euchromatic, and
heterochromatic bands. The former are composed of DNA associated with histones. The latter, i.e.
heterochromatic bands are formed of both DNA and RNA.

During mitosis the chromosome is longitudinally sub-divided into two chromatids. Each of the
two chromatids is composed of paired filaments called chromonema.

The chromosome has a region of constriction called kinetochore. Based on its position the
chromosomes can be identified as acrocentric, metacentric and submetacentric types. During cell
division the kinetochores are subjected to the pulling influence of the spindle fibres.

There are several hypotheses over the fine structure of the chromosome. Some believe the
chromosome as containing a single strand of double helical DNA supported by a backbone of protein.
According to another hypothesis, the chromosome consists of a continuous non-DNA backbone to
which the DNA molecules are attached at regular intervals. Yet another hypothesis is that several
DNA molecules get attached end to end to form a continuous strand.

The arrangement of the proteins in the chromosome is unknown. Although the histones seem to
bound closely to DNA, some histone molecules merely run along the double helix.

A discussion of the chromosome is incomplete unless the concept of gene is considered. The
generally accepted view is that the genes are fragments of DNA molecule. Each gene is able to exert
its activity which is different from that of other gene. The reason for the difference in the activities of
the genes is now believed to be due to the sequence of the nucleotides in the DNA or in the spatial
relationship of the nucleotides to each other. Such genes are located in a linear sequence on the
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chromosomes and when the chromosomes divide during meiotic division the hereditary information
of the organism is carried into the germ cells.

Nucleic Acids

Nucleic acids are complex molecules and consist of a number of nucleotides joined chainwise. Each
nucleotide is a monomer and is made up of three parts, a purine or pyrimidine, a pentose sugar and a
phosphate group. The purines are adenine and guanine, while pyrimidines are thymine, cytosine and
uracil (Fig. 1.12). Both the purines and pyrimidines are bases.
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Fig. 1.12 Chemical structure of purines and pyrimidines.

The pentose sugar molecules form a part of the nucleic acids and they exist in the form of a ring.
The sugar gets attached either to a purine, or to a pyrimidine base forming a nucleoside. The base
attaches to the carbon of the pentose sugar.

The third part, i.e. the phosphate group gets attached with one arm to the fifth position of the
pentose sugar to form a nucleotide. For the formation of a nucleic acid chain several nucleotides join,
each by its phosphate group binding to the third position of the pentose sugar belonging to the other.
Thus the phosphate group in the nucleic acids is known to bind to the fifth position of the pentose
sugar of a nucleotide with one arm, and with another arm to the third position of the pentose sugar of
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the adjacent nucleotide belonging to the same chain. The sugar and phosphate form the backbone of
the nucleic acid and the bases (purines or pyrimidines) are attached perpendicular to it.

The nucleic acids are of two kinds—the ribonucleic acid (RNA) and the deoxyribonucleic acid
(DNA). The RNA has a characteristic pyrimidine, the uracil, in its structure instead of thymine which
is present in DNA. In addition, the RNA has a five carbon ribose sugar while the DNA has the
deoxyribose sugar in its structure.

DNA: The deoxyribonucleic acid consists of adenine, thymine, cytosine, and guanine as bases. In
an intact nucleic acid molecule these bases are attached to a five carbon sugar deoxyribose, thus
forming a deoxynucleoside. As described above, the phosphate group helps linking the deoxyribose
of the deoxynucleoside to form a strand of polynucleotide chain. A DNA molecule has two such
polynucleotide chains arranged in a helical structure and held together by hydrogen bonding between
bases. Bonding occurs between the purine base of one strand and the pyrimidine base of the partner
strand. Chemical data reveals only two base pair combinations, i.e. adenine-thymine, and cytosine-
guanine (Fig. 1.13). Pairing occurs by the sharing of two hydrogen bonds between adenine-thymine,
and by sharing three hydrogen bonds between cytosine-guanine. Since pairing occurs always between
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Fig. 1.13 Base pairing: (a) Thymine-Adenine; (b) Guanine-Cytosine.
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adenine-thymine, cytosine-guanine, the established bases of one strand in DNA will determine the
sequence on the partner strand. For instance, if the order of bases in one strandare AGCAGGT,
the base sequence on the complementary strand will be T C G T C C A. This property of specific base
pairing in DNA is very important in the replication process of DNA, and in the preservation and
transfer of species characters to the offspring.

While DNA is helical in all organisms, it differs from species to species due to changes in the
sequence of nucleotides in the strand and also due to the variation in the length of the strand. Because
of these differences in DNA, the genes and consequently the characters of species differ.

One of the important functions of the DNA is the replication of the genetic information coded in
its strands. Replication process is initiated at one end of the helix by the separation of its
polynucleotide strands in a linear and unidirectional fashion. Each one of the separating strands acts
as a template and captures the corresponding bases from the nuclear fluid. The bases thus picked up
are similar to those lost in the separation. These newly acquired bases are
joined together lengthwise to form a strand, and for this process energy-
rich phosphate of the nucleotide is required. The energy-rich phosphates
are triphosphates. Since there are four types of bases which are required
to be connected lengthwise, evidently four types of triphosphates exist.
These are collectively known as nucleotide triphosphates and individually
they are deoxy ATP, TTP, GTP and CTP. Each of these nucleotide
triphosphates is joined to its neighbour, in the presence of specific
nucleotide polymerase, with the liberation of two inorganic phosphate
molecules. With the linking of the bases the formation of a
complimentary strand is completed.

Another function of DNA molecule is, it acts as a template in the
formation of messenger RNA (mRNA).

B s e e e LY

MRNA—|

|

RNA: The information required to carry out cellular activities is
codified in DNA. Most of the cellular activities, such as metabolic and
synthetic processes take place in the cytoplasm under the influence of
enzymes. Since the code for the proteins is in the DNA (genes), it must
be brought to the cytoplasm by a form that can carry out protein
synthesis. This is accomplished by a form of ribonucleic acid, which
because of its function is called messenger RNA.

There is yet another major type of RNA known as tRNA, or soluble
RNA. The function of tRNA is to carry and assemble the amino acids for
the synthesis of polypeptide chains. Knowledge of the structure of both
the RNAs is necessary for an understanding of their role in the
polypeptide synthesis. The structure of tRNA has been described in  Fig, 1.14 Formation of the
chapter 5. Before we go in for the mRNA structure let us know how an messenger RNA.
RNA differs from the DNA.
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The RNA differs from DNA in that, its pentose sugar is ribose instead of deoxyribose; one of its
bases is uracil* instead of thymine; the polynucleotide is single stranded chain rather than double
stranded helix as in DNA. RNA strand contains only hundreds of nucleotides while DNA has them in
thousands. DNA contains genetic code and is present in the cell nuclei whereas RNA contains
message encoded from DNA template, and migrates to cytoplasm to be associated with the synthesis
of proteins with the aid of ribosomes.

MessenGER RNA: The process of formation of mRNA in the nucleus is not completely clear.
However, it is presumed that mRNA is formed using one of the strands of DNA as a template
(Fig. 1.14), firstly because it has a base sequence complimentary to one of the DNA strands, and
secondly because much of the newly synthesized RNA is closely associated in the form of a hybrid
with DNA. It should be remembered that uracil of RNA is, complimentary to adenine of DNA.
Enzyme RNA polymerase, and four, triphosphates (ATP, UTP, CTP, and GTP) are, of course, required
in the synthesis of RNA.

While the enzyme is needed in making the complimentary copies of bases line up in sequence
with those of DNA, the energy rich phosphates are required to join the RNA nucleotides together to
form a strand. The mRNA with a transcribed nucleotide copy of the message from the DNA travels to
the protein forming sites. i.e, the ribosomes.

Nucreorus: Nucleolus is very large and conspicuous in growing cells but disappears during cell
division. It can be seen as a dense area within the nucleus and has no membrane separating it from
karyoplasm. It is thus exposed for interaction with nuclear material. The RNA and proteins which
make up ribosomal particles are formed in the nucleolus. While some ribosomal particles remain
within the nucleus to synthesize nuclear proteins, the other migrate to the cytoplasm. These nuclear
ribosomes synthesize enzymes required in the nucleus, such as DNA-polymerase, etc.

*The structure of uracil is very much like that of thymine but for the lack of CH; (methyl) group which thymine possesses.



CHAPTER

Foodstuffs

As we know well, food is a matter other than oxygen and water which animals take into their body. It
has three principal uses: First as fuel to supply energy, second as a material for building new tissues
(i.e. in growth) and for repair, and third as substances which with little or no change take part in the
various biochemical reactions without being part of the structure of the body.

The food of animals chiefly consists of varied complex organic substances such as carbohydrates,
fats and proteins. These basic foodstuffs get oxidized to meet most of the energy requirements of the
animals. The amino acid units of proteins are required for growth and repair of tissues, and also for
the synthesis of various secretions of the body. Besides these, there are a number of substances such
as vitamins and inorganic compounds, which the animals cannot synthesize and still essential in
carrying out both energy yielding and anaerobic growth promoting reactions. Such substances form
part of the food and are obtained from outside. Finally the body also obtains through food, minerals
required for the regulation of osmotic pressure and acid-base balance, for incorporation in the
structure of certain tissues, and for the activation of several enzyme reactions. All the above
mentioned substances are taken in by the animals through the food. Since they are the constituents of
the food they are conveniently called foodstuffs or nutrients. The ensuing portion of this chapter gives
an account of the nature of various foodstuffs.

2.1 CARBOHYDRATES

Carbohydrate is the chief nutrient for the animal kingdom. Animals procure carbohydrates from
plants. Plants synthesize carbohydrates through a process of photosynthesis, a process in which the
chlorophyll would utilize solar energy to synthesize carbohydrates from the carbondioxide of the air
and the water from the soil. Carbohydrates serve as main source of energy. Their energy value is four
kilocalories per gram of carbohydrate nutrient and it is provided to the various synthetic needs of a
cell. Carbohydrates include sugars and starches.
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Carbohydrates are organic compounds in which most of the carbon atoms carry the elements of
water. In a simple carbohydrate unit, there are six carbon atoms arranged in a chain with atoms of
hydrogen and oxygen attached to the carbons in the same ratio as found in water, (Figure 2.1). In
other words, in carbohydrates carbon, hydrogen and oxygen are generally found in the proportion of
1:2:1.

Classification of Carbohydrates

Compounds of carbohydrates are classified into the following simple groups, viz. monosaccharides,
disaccharides, oligosaccharides and polysaccharides, each group containing one, two or more
carbohydrate units respectively.

Monosaccharides Disaccharides Polysaccharides
(one sugar compounds) (two sugar compounds) (many sugar compounds)
+
Glucose Sucrose Starch
+
Fructose Maltose Dextrin
+
Fructose Maltose Glycogen
+
Cellulose

Fig. 2.1 Figure showing the structural moieties of monosaccharides, disaccharides and polysaccharides.

From the above illustrated chart it is apparent that the three monosaccharides—glucose, galactose
and fructose are the units contained in the structure of di-and polysaccharides. Mono-and
disaccharides have common characters in that they are soluble in water, crystalline, and sweet. They
are sugars and their names end with characteristic-ose. In contrast to this the polysaccharides are
insoluble in water, and are neither crystalline nor sweet. Their names do not have a characteristic
ending.

Monosaccuaripes: The monosaccharides are grouped according to the number of carbon atoms
in their structure, i.e. trioses (C;H(O;), tetroses (C,HgO,), pentoses (CsH;;0s), hexoses (CsH;,0),
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heptoses (C,H,;;0,). Of these only the pentoses and hexoses play fundamental roles in cellular
nutrition. Glucose, fructose and galactose are the hexoses. The glucose and the galactose are aldoses
(aldehydes} while fructose is a ketose (ketones). Though pentoses and hexoses are often depicted as
open chain compounds they are normally arranged in a continuous ring in their biologically active
state called hemiacetals.

CH ,OH CHZOH H
— O (‘37 (0]
H
H/ \ / / \OH
¢ ¢
HO OH HO CH,OH
\ / \H ; \ Ho/
‘ (‘: ‘ _C‘:
OH OH OH H
D-glucose D-gal actose D-fructose

Ring structure of glucose, galactose and fructose. Glucose and galactose are isomers.

DisaccuaripEs: As already mentioned these are compounds joined with two monosaccharide
units. Disaccharides are formed by a chemical reaction called condensation. In this process an OH
group of one monosaccharide joins with one of the carbon atoms of the other to form a glycoside
bond with the elimination of water.

Sucrose, lactose and maltose are the common disaccharides. Disaccharides are split into their
constituent monosaccharides in the process of digestion before being absorbed. Both beet and cane
sugars are known as sucrose and consist of glucose and fructose units. Lactose which is present in
milk has in it glucose and galactose monosaccharides. Maltose contains two molecules of D-glucose
and is not available free in nature. It is present in malt products. It is produced in the body as a result
of the action of maltase on starch.

Porysaccuaripes: Polysaccharides consist of a long chain of monosaccharide units.
Polysaccharides are also accomplished by condensation. Polysaccharides have a general formula
(C¢H,(Os)n—where n is the number of groups that a molecule may include. Because of the
insolubility and large size, they form colloidal solutions and solids, and will not pass across natural
animal membranes. They are chemically inert and do not ionize and for this reason very much suited
as reserves—as starch in plants and glycogen in animals. Starch, dextrin, glycogen and cellulose are
the four polysaccharides that are important as nutrients. Polysaccharides consisting of only one type
of monosaccharide units are called homopolysaccharides, while, those with different types of
monosaccharides or monosaccharide derivatives are hetero-polysaccharides.

HOMOPOLYSACCHARIDES

Starch: Plant products such as roots, tubers, fruits and seeds contain primarily starch. Starch is found
in the cells of plants in the form of granules. The size, shape and markings of starch granules are
typical of the plant in which they occur—oval shaped in case of wheat starch; small, rounded and
angular in case of corn starch. The composition of starches also differs to some extent, however, all
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types have both amylose and amylopectin. The former is a straight chain polymer and the later a
branched chain. Starch is hydrolyzed in the intestinal tract yielding dextrins and maltose, and
eventually glucose.

In animals, starches are digestible polysaccharides whereas celluloses are indigestible ones. The
end product of starch hydrolysis in the body is glucose. Unwanted or excess glucose is stored in liver
and muscles as glycogen. When the cell need glucose, the glycogen (also known as animal starch) is
hydrolyzed by amylase to form maltose, which is further hydrolyzed by maltase to form glucose.

Dextrins: They are the intermediate compounds formed as a result of hydrolysis of starch to
maltose and finally to glucose, both in the process of preparing food (heating) and digestion of starch.
They are available particularly in the germinating seeds. The presence of dextrin medium in the
alimentary canal is favourable for the growth of acidophilic organisms.

Glycogen (or Animal Starch): Glycogen is present in invertebrates as well as vertebrates. It is a
branched chain polymer having 6,000 to 30,000 glucose units. It gives a brown to red colour with
iodine. On hydrolysis both yield glucose as the end product.

Cellulose: The cell walls of plants are made up of cellulose which consists of a linear chain of
glucose units. These units may range from 900-2000 in different celluloses. It is not acted upon by
digestive enzymes secreted by mammals, but bacteria break it down. Cotton has a pure form of simple
cellulose.

HETEROPOLYSACCHARIDES

These are complex polymers containing several different monosaccharides or monosaccharide
derivatives. In combination with proteins polysaccharides form mucopolysaccharides. They occur in
mucous. Many mucopolysaccharides tend to be highly viscous and are responsible for the viscosity of
body mucous secretions. These are of no dietary significance.

Functional Significance of Carbohydrates

Carbohydrates serve variety of functions. They supply energy for the body functions and form part of
the structure of the mucous membranes, supporting tissues, and the central nervous system.
Carbohydrates are antiketogenic and aid in the utilization of body fats. Carbohydrates have also
protective function.

The main function of carbohydrate is to supply energy for the body processes. Glucose, a
monosaccharide sugar, is the ultimate product into which the entire starch (polysaccharide) and half
of the sucrose and lactose (disaccharides) are converted. The other products formed in this conversion
are fructose and galactose, but they are present in smaller quantities. The fructose and most of the
galactose are converted into glycogen by the liver and a large amount of it is stored in it. Similarly it
is also stored in other tissues notably muscles. Glycogen is broken down to glucose by the process of
glycogenolysis and the glucose is carried out by blood and gets burnt to provide energy for the body
processes.

Structural Function of Carbohydrates

Galactose, which is present in small quantities in the blood of milk drinking people, serves an
important structural function, i.e. forming a covering to nerve fibres.
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At the time of birth of a child its nerve fibres, especially those of the spinal cord lack the
necessary covering of the myelin sheath. The child needs galactose in its blood in order to synthesize
myelin, which is a complex fat like compound. Myelin sheath acts as an insulator around nerve fibres
and prevents the nerve impulses from the leakage from one fibre to another.

Thus small amounts of carbohydrates and their derivatives form the structural elements in certain
tissues.

Pentoses are constituents of nucleic acids. Various carbohydrates are present in many conjugated
proteins. Cartilage, bones and tendons have an aminopolysaccharide. The formation and the
destruction, of these carbohydrate—containing structural elements is a phase of carbohydrate
metabolism.

Formation of Fats from Carbohydrates

When excessive carbohydrates are absorbed into the body, the liver transforms the excess amount into
glycogen and stores them. However, if the carbohydrate intake is more than the limited transformation
capacity of the liver, they are then converted to fats and stored in the tissues. Formation of fats from
glucose is brought about by the synthesis of two components, i.e. fatty acids and glycerol. Acetyl
coenzyme A (acetyl CoA), the last compound in the glycolytic pathway acts as a starting substance in
the synthesis of fatty acids. In case of glycerol synthesis, the dihydroxyacetone phosphate, also a
compound of the glycolytic pathway acts as a starting substance. Though the mechanism involved in
the formation of fats is a complicated one, it may be summarised in the following two paragraphs.

The first reaction requiring energy from ATP, is the carboxylation of acetyl CoA to malonyl CoA
in the presence of coenzyme, biotin. After this malonyl CoA complex reacts with another molecule of
acetyl CoA to form butyryl CoA. Thus by a series of repeated condensations the long chain fatty acids
are formed.

For the synthesis of glycerol, the starting substance is dihydroxyacetone phosphate. In the first
step this substance is reduced to B-glycerolphosphate. The B-glycerolphosphate is then esterified by
two acetyl CoA molecules resulting in phosphodiglycerides. Next to this triglycerides are produced
under the action of another acetyl CoA molecule.

Antiketogenic Role

Ketones are formed from the degradation of lipids when the organism suffers from carbohydrate
starvation or diabetes. In such circumstances sugar which provides energy is not available to the
organism, and hence the energy is supplied by extensive oxidation of lipids. The ketones (acetone,
acetoacetic acid, B-hydroxybutyric acid) formed during the catabolism of lipids are so large that they
exceed the oxidative capacity of the tissues, hence they get accumulated in the blood (ketonemia) and
pass into the urine (ketonuria). Since some of the ketones are strong acids their excessive production
alters akalinity of blood to acidity, thus producing hyperacidemia. In normal conditions hyperacidemia
does not occur because the small amounts of ketones formed can be neutralized by the alkaline
reserve of the blood, but during carbohydrate deficiency ketone bodies become overloaded.

Glucose has an antiketogenic role because it is found that the administration of carbohydrates in
the case of carbohydrate starvation reduces ketogenesis. Similarly, carbohydrates and insulin
administration prevents diabetic ketogenesis.
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Protection of Proteins

Another important function of carbohydrates is to spare protein for building and repairing of body
tissue which is its primary duty. The energy need of body is to be first satisfied before the nutrients are
used for other functions. When the carbohydrate and fat content of the diet is below the desirable
caloric level, protein stops its primary duty of tissue building and repairing and starts degradation.
Certain amino acids, leucine, phenylalanine, tyrosin, which are products of this degradation are
considered to be ketogenic since they can form acetoacetic acid. Normally acetoacetic acid is utilized
in lipogenesis but during carbohydrate starvation this does not happen.

2.2 PROTEINS

The term protein was suggested by Gerardus Mulder in 1840. This term is taken from Greek and it
means “to come first”. Truly enough the proteins form the most important constituents of the animal
body and account for about one half of the total dry weight of the body. A liberal supply of protein is
necessary to the body and without it no life is possible. It must be constantly supplied to the body for
growth and repair.

There are different types of proteins. These types are closely related yet they are distinct
physiologically. Plant proteins differ from each other and are convertible to animal proteins. Each
species in animals has its specific proteins. Further, a given animal has many different proteins within
its organs, fluids and tissues. No two proteins are exactly alike in their physiological behaviour. Some
proteins serve as structural components, some others are important components of extracellular fluids.
The proteins function within the living cells as biological catalysts. Almost every reaction taking
place within the cell requires a specific catalyst. Such catalysts are called enzymes and account for
about 90% of the total functional protein in the cell. A single cell may contain in it as many as 1,000
different enzymes.

Carbon, hydrogen, oxygen and nitrogen are the elements which are present in each protein
molecule. Many proteins also contain sulphur, a few others contain, phosphorus, iron iodine and
cobalt. Nitrogen is the distinguishing element in the proteins because it is present in these compounds
whereas it is absent in carbohydrates and fats.

The individual molecules of proteins have high molecular weight and for this reason they are
often referred to as macromolecules. Since a large number of similar units, known as
macromolecules, are joined to form chain-like molecules they are characterized as bio-polymers.

Amino Acids

A complete hydrolysis of various proteins yields about 20 different amino acids, showing thereby that
the proteins are made up of amino acid subunits. All these amino acids are oi-amino acids, i.e. the
amino group is attached to the o-carbon. Each amino acid has one part which is same for all and one
part which is specific only to that particular amino acid. Taking these points in view the general
formula of an amino acid is sketched as follows:
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H R OH
Sl
. o
H

The part labelled R varies for each amino acid: whereas rest of the molecule is the same for all.
The simplest of the amino acid is amino-acetic acid or glycine.

H H
H / H /
‘ o} H ‘ O
H C C/ \N C
|_‘| \O H / ‘ \O
Acetic acid Amino acetic acid (Glycine)

Alanine, the next simplest amino acid, is amino-propionic acid. There are two amino derivatives
of propionic acid and their formation is based on the attachment of the amino group either to o.- or
[-carbon atom.

Propionic acid ol-amino-propionic B-amino-propionic
acid (alanine) acid (B-alanine)
I\—l H r‘\le
H—C—H _ L e H—C—H _
) < |
H—Cc—C N—cfc\ H—c—C
N TN N
H H H
or or or
"y o oy o i o
H*C*C*C\ H*C*C*C\ H*C*C*C\
. o | o | 0
H H H NH, NH, H

In the same way three possible amino acids can be derived from butyric acid. But the proteins are
constituted only with o-amino acids and not with other amino acids.

In all amino acids, with the exception of glycine, the a-carbon atom is attached to four different
atoms or groups. The o-carbon atom is therefore asymmetric. The amino acids containing asymmetric
o-carbon are optically active and can exist in two stereo-isomeric forms (Fig. 2.2).

The naturally occurring ones belong to L-form. But some amino acids such as alanine are
dextrorotator although they belong to L-form. They are amphoteric electrolytes because they have

both amino, and carboxyl groups which react as acids in the presence of bases and as bases in the
presence of acids.
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Fig. 2.2 Two isomeric forms of typical amino acid.

STRUCTURE AND CLASSIFICATION OF AMINO AcIDS AVAILABLE IN PROTEINS: The classification of
amino acids, obtained by the hydrolysis of proteins is given below and it is based upon the
composition of the side chain, i.e. R-group which varies from, one amino acid to another.

Table 2.1 Amino Acids and Their Structural Formulate

Name Structural formula
1. Side chains with no functional groups—simple amino acids.
H
) ‘ OH
Glycine (Gly) 4
H—Cc—cC
C,HsNO, \ \o
NH,
H H
Alanine (Ala) H ‘C ‘C C/ oH
C3H,NO, I \O
H NH,
HoH OH
Valine (Val) H C—C‘:f(‘:f 4
G3Hy;NO, 0 \O
H,C NH,

_ H H H OH
Leucine (Leu) e (\: (\: ‘C /
CeH13NO, 0 \O

H,C H NH,
Isoleucine (Iic) HC Z z (T / oH
CgH15NO, T ‘ \O

(Contd.)
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(Contd.)

11. Side chains with hydroxylic (OH) groups—Hydroxy-amino acids.

H H OH
Serine (Ser) H*‘Cféfc/
C5H,NO; LN
OH NH, ©

H H H OH

Threonine (Thr) H é é é C/
C4HgNO; T \O
H OH NH,

III. Side chains with sulfur atoms. H H OH
oo

. Lo
Cystine (Cys) S NH,
CeHioN,0,5, \

S H
OH
we o
T N
H NH,

. P o
Methionine (Met) H—C— C—C*C/
CsHy,NO,S LT N

s‘ H NH,

. . . . CH3

1V. Side chains with a basic group.

. Prrrro
Lysine (Lys) H—C—C—C—Cc—C
CeH14N,0, | | | | \o

NH,H H H NH,
Py o
: /
Hydroxylysine (Hyl) H—C—C—C—C—C—C
CeH1aN;05 T T T N
NH,OH H H NH,
H H H
OH

- L
Arginine (Arg) Hf‘cf (‘;i(‘;f‘cf C\
CcH4N,0O
it HN=C—N H H NH, o

NH, H
Histidine (His) ‘CH:C\* CHFC‘H*CHOOH
CeHgN;0, N\ NH NH,
N/
H

(Contd.)
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(Contd.)

V. Side chains with a carboxyl group—Acidic amino acids—or their amides

H H OH
Aspartic acid (Asp) H \C é C/
C4H,NO, [ N\
HOOC NH, O
H H OH
Asparagine (Asn) oché,‘c, C/
C.HaN,0;5 AN

NH, H NH, ©

HHH OH

Glutamic acid (Glu) ot &b o
TN

CsHgNO, COOH H NH, o

H HH OH

Glutamine (GIn) O:C,‘C,éf‘cfc/

CoHioN:05 NI‘-| |‘-| |‘—| l\‘lH o
2 2

VI. Side chain with aromatic (Benzene-like) group.

HoH OH
Phenylalanine (Phe) Z E—éféfc/
CoH1NO, T b Yo
2
HH  OH
Tyrosine (Tyr) HO— //7\7(‘;7é7(;/
CoHi:NO, =N
2
‘//\H——ﬁ CH, — CH,~ COOH
Tryptophan (Trp) N/ cH NH,
CllHIZNZOZ

Proline (Pro)
CsHgNO, N/ N\

HO—HC—CH,  on
\ \ /
Hydroxyproline (Hyp) HZC\ /CH fc\
CsHgNO4 'TI e}
H

The amino acids are described as the building blocks of proteins, and may be conveniently
grouped under two broad categories, i.e. essential and nonessential. The essential amino acids are to
be obtained by the animal through its diet. The nonessential amino acids are, however, synthesized by
the animal tissues.
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Peptides: The amino acids (subunits) are joined together in the following manner.

R, O R, O
NH2—C—(H2—OH+NH2—(‘3—(H3—OH—>
' '
R, 0 H R, O
PR Y S N S

\ \
H H

e
The above reaction shows the amino acids as linked through the carboxyl (C\O ) and amino

groups. The carbon and nitrogen bond between each pair of amino acids shown above is a special
kind of amide bond and is referred to as a peptide bond. The compound formed is a dipeptide. Like
amino acid, it still has an amino group at one end and a carboxyl group at the other end. Therefore it
can still react with another amino acid to form a longer chain (tripeptide), which in turn can react in
this way to accept amino acid again and again in order to form polypeptides. These complex
polypeptides have properties resembling that of proteins. Each polypeptide has in it about 100 to 200
various amino acids in the form of amino acid residues. A protein may have two or more of such
peptide chains. Several such chains join to form macromolecules of proteins.

Protein Structure

For a better understanding of the structure of protein the following information is essential.
(a) Molecular size of protein.
(b) Relative proportions of various amino acids.
(c) Amino acid sequence in the chain.
(d) Three-dimensional arrangement of the chain.

Molecular Size

The estimation of the size or molecular weight of protein is made from the accurate measurements of
osmotic pressure, or of sedimentation velocity and sedimentation equilibrium in the ultracentrifuge.

Primary Structure of Proteins: the Sequence of Amino Acids

The term primary structure is used to designate the sequence in the arrangement of amino acids in
proteins. The sequence remains same in a specific protein and it is an important character in protein
function. Any change in sequence of amino acid is enough to disqualify the protein from discharging
its function. The substitution of only one amino acid for another in the haemoglobin molecule is
sufficient to cause sickle-cell anemia. The sequence of amino acids in insulin molecule was first
established in the year 1955. The molecule has two polypeptide chains, and arranged in them are 51
amino acids. The two chains, one with 21 and other with 30 amino acid, are joined by sulphide bond.
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The complete amino acid sequence of several other proteins is known. These include enzymes
such as ribonuclease, lysoyme and the subtilisin of Bacterium subtilis, etc.

Thus, under the primary structure we have considered the amino acid sequence. Each amino acid
is linked with its immediate neighbour by peptide bonds. The peptide bonds are the primary and
strongest linkages.

Secondary Structure of Proteins

In addition to the above mentioned primary structure the biological activity of protein also depends on
the secondary structure. Under the secondary structure of protein we consider the structural aspects
like folding of the polypeptide chains into a specific coiled structure arising as a result of the linkage
of amino acid units which are not far from each other, as in the o-helix. These amino acid units are
linked by means of hydrogen bonds and disulphide bonds (Fig. 2.3).
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Fig. 2.3 Alpha-helix (after Pike and Brown, Nutrition, 1967, p.40).

Tertiary Structure of Proteins

Tertiary structure deals with the arrangement and interrelationship of twisted chains of proteins. Such
a structure enables the proteins to form specific layers, crystals or fibres. This tertiary structure is
maintained by weak hydrogen bonds and electrostatic forces. The tertiary structure is important and
found in globular proteins. If this structure is disrupted, the biological activity of protein would be
lost. The tertiary structure of the myoglobin which was established is illustrated in Fig. 2.4.

Quaternary Structure of Protein

In addition to the above three structures, a fourth level of structure has been recognized in some
proteins. This structure is essential for the activity of enzyme protein. There are also a number of
globular proteins having the quaternary structure, i.e. they are composed of subunit peptide chains
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(b)

Fig. 2.4 (a) Tertiary of the myoglobin; (b) the course of the polypeptide chain.

linked together by any or all of the forces that can act between amino acid side chains. Haemoglobin,
a protein capable of carrying oxygen, is a fine example of quaternary structure. It has four peptide
chains and each chain (subunit) is complexly folded and resembles myoglobin to some extent. Chains
fall under two types, each type consisting of one pair. These peptide pairs of haemoglobin interact
with each other resulting in a quite stable and compact bundle, which is the active protein.

Classification

During the early stages of the protein chemistry a number of operational classification systems were
suggested. The situation is not much different even today. Presently there are three classifications of
proteins. They are as follows:

A. Classification based on the composition of proteins.

B. Classification based on the shape of the protein molecule.

C. Classification based on the solubility of proteins.

Still none of the above systems of classification is satisfactory. The present information on the
precise structure of proteins is insufficient. A precise system of classification aiming at correlating
structural characteristics with biochemical function should be possible with the availability of more
and more information on the exact nature of protein. Till that time, to lessen confusion it is necessary
to follow one. Given below is an arbitrary classification for descriptive purposes. The proteins are
mainly classified into two broad groupings, viz. (a) simple proteins, and (b) conjugated proteins. The
simple proteins would give rise to only amino acids on hydrolysis. In case of conjugated proteins
some other substance—a prosthetic group—is attached to the protein.

(a) The simple proteins: Proteins such as albumins, globulins, glutelins and gliadins, scleroproteins,
protamines and histones come under this group.

(1) Albumins: They are soluble in water, dilute acids and bases. They coagulate when heated. If a

solution of albumin is heated near the isoelectric point the protein gets denatured and then
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precipitates as coagulum. This property is utilized to test the presence of albumins in urine.
Albumins are precipitated (usually without denaturation) by saturating the solution with
ammonium sulphate. In natural state they are frequently associated with small quantities of
mucopolysaccharides (refer to mucopolysaccharides under the title polysaccharides). Common
examples are albumins of egg-white and, of blood serum, and lactalbumin.

(i) Globulins: They are insoluble in water but soluble in dilute solutions of salts. They are also
coagulable when heated. From solutions they are precipitated by half-saturating with
ammonium sulphate. Common examples are the globulins of egg-white; of blood serum; of
variety of seeds, including squash, soybean, hemp, and others.

(iii) Glutelins: They are soluble in dilute acids and alkalies, and insoluble in neutral solvents
(distilled water and alcohol), but when pressed and squeezed (kneaded) with water they form a
tenacious sticky mass. They are coagulable when heated. They are plant proteins and found in
the cereals. Glutelin from wheat is one of the examples.

(iv) Scleroproteins: They are chiefly the fibrous proteins, insoluble in water or in other common
solvents. They are partially or highly resistant to digestive enzymes. They are the important
constituents of the connective tissue and external coverings of animals. Keratin, collagen,
elastin are examples of scleroproteins. Keratins are the principal constituents of skin, hair,
bones; collagens are present in tendons, bones and also in the skin. Elastins are the main
constituents of arteries, elastic tissues and also tendons.

(v) Protamines: They have relatively low molecular weights ranging from 2,000 to 4,000. They
are very soluble, small, stable proteins and cannot be coagulated by heat. They contain only a
few amino acids but a large proportion of them are basic in nature. The protamines are
exceptionally rich in arginine, hence strongly basic in nature. By virtue of this basic, character
they readily form salts with mineral acids, acidic proteins, and nucleic acids. These salts are
either insoluble or partially soluble. During the process of purification of proteins in order to
eliminate the unwanted nucleic acids, they are made to combine with protamines to form
insoluble nucleic acid salts. Insulin in the form of protamine-insulin is less soluble and more
stable towards heat. Further, it is absorbed more slowly and hence effective over a longer
period of time. Protamines are found in the ripe sperm cells of certain fish.

(vi) Histones: Like protamines, histones have low molecular weight, are basic in nature and very
soluble in most common solvents. However, histones greatly differ from protamines in that
they (histones) are somewhat weaker bases and are insoluble in ammonium hydroxide
solutions. Histones are found associated with nucleic acids in the nucleoproteins. They are
obtainable from the spleen, thymus; nucleated R.B.C. of birds.

(b) Conjugated proteins: Phosphoproteins, glycoproteins, chromoproteins, and lipoproteins are
included under this major group.
Phosphoproteins: In these the protein molecule is linked to phosphoric acid. The phosphoproteins

when treated with dilute sodium hydroxide yield inorganic phosphate. Examples of phosphoproteins
are casein of milk and vitellin of egg-yolk.
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Glycoprotein: They contain small quantity of carbohydrate, bound to protein molecule. The
carbohydrate in these is usually the mucopolysaccharide. Mucin of saliva, chorionic gonadotropins
and some of the pituitary hormones such as follicle stimulating hormone (FSH) and the luteinizing
hormone (LH) are glycoproteins.

The nucleoproteins: These are formed by the combination of nucleic acid with protein.

The chromoproteins: These are the compounds consisting of protein and the coloured material—a
non-protein. Haemoglobin contains protein globin and red pigment haem. Other examples are
haemocyanins, flavoproteins and cytochromes. Haemocyanins are the respiratory pigments found in
the blood of invertebrates and they have copper content.

The lipoproteins: They are compounds of protein and lipids. Lipoproteins have solubility properties of
proteins, hence the lipid portion is insoluble in ether. Extraction of lipid portion is possible only when
the protein is denatured. Lipovitelline of egg-yolk is a lipoprotein.

2.3 LIPIDS

Lipids are important group of organic compounds extractable from biological materials with usual fat
solvents such as (ether-alcohol mixtures, chloroform, benzene, acetone, etc.). They are insoluble in
water. Lipids, like carbohydrates, also contain carbon, hydrogen, and oxygen, the former two in larger
quantity than oxygen. Some lipids contain phosphorus and nitrogen. The lipids in the body, serve as
condensed reserve of energy. Some have structural functions yet others are hormones essential for
various reactions in intermediary metabolism. Lipids play very significant roles in nutrition and
physiology. Lipids are transported in biological fluids when they are in combination with proteins
(e.g., fatty acids with plasma albumin in vertebrates) or when they exist as derivative of a protein (e.g.
lipoproteins).

Classification of Lipids
A brief classification presented below is limited to lipids of importance in animal nutrition.

A. SivirLe Lipips: These are esters of fatty acids with various alcohols.
1. Fatty acids.
2. Neutral fats (mono-, di-, and triglycerides)
3. Waxes (esters of fatty acids with higher alcohols)
(a) Sterol esters (cholesterol esters with fatty acids)
(b) Nonsterol esters (i.e. vitamin A esters, etc.)

B. Compounp Lirips or ComrLEx Lipins: These are lipids with additional group mentioned below.
1. Phospholipids: Any lipid containing phosphorus is included under phospholipids
(a) Phosphatidic acids (phosphoglycerides) lecithins, cephalins. etc.
(b) Plasmalogens
(c) Sphingomylins



40  Animal Physiology

2. Glycolipids: These are carbohydrate containing lipids.
(a) Cerebrosides
(b) Gangliosides
3. Lipoproteins: These are lipids in combination with proteins.

C. Derivep Lirins (alcohols, including sterols, hydrocarbons).

These are products derived by hydrolysis of above mentioned groups, and still having some
general properties of lipids.

SIMPLE LIPIDS

Farty Acips: Fatty acids are the simplest of all the lipids. These are constituents of most of the lipids.
Fatty acids are monocarboxylic acids. The molecule of a fatty acid has a polar carboxyl group soluble
in water and a non-polar hydrocarbon chain soluble only in common organic solvents. They have
greater solubility in organic solvents than in water. The fatty acids with short chain length (under 12
carbon atoms) have greater solubility in water while the solubility decreases appreciably with the
increase in their chain length (more than 16 carbon atoms). The short chain fatty acids are present in
coconut oil, milk fat and butter fat. Most of the long chain fatty acids (16 to 18 carbon atoms) are
found in the average diet. Fish oils, peanut oil contain fatty acids having more than 20 carbon atoms.
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The fatty acids found in foods are classified under three groups based on their degree of
saturation or unsaturation. A saturated fatty acid contains as many hydrogen atoms as its carbon chain
can hold. The saturated fatty acids have the general formula C,H,, ,O, or C H,, ; COOH.

CHEMICAL STRUCTURE OF SATURATED AND UNsaTURATED Farty Acips Certain other fatty acids
have a single double bond in their carbon chain resulting in the loss of two hydrogen atoms. These are
called monounsaturated fatty acids and their general formula is C, H,, ,O, or C,H,, ,—COOH.
There are yet other fatty acids, viz. polyunsaturated fatty acids, which have 2, 3, 4 or more double
bonds in the carbon chain with the consequent absence of 4, 6, 8 or more hydrogen atoms. The
polyunsaturated fatty acids, linoleic, linolenic and arachidonic are often termed as essential fatty acids
since they must be supplied in adequate amounts in the diet of mammals. The absence of linoleic acid
in diet of rats, pigs and the like develops the characteristic dermatitis.

A limited types of unsaturated fatty acids can be synthesized by the animal cell. For this purpose
addition of any new double bonds must be carried out between the carboxyl group and the first double
bond of the fatty acid molecules. The conversion of linoleic acid into arachidonic acid in animal cells
is an example of this.

The existence of different isomeric forms of unsaturated fatty acids is due to the occurrence of
double bonds in its molecule.

In the modern chemical nomenclature, the names of the fatty acids have suffixes which denote the
state of saturation, i.e. -anoic, saturated; -enoic, one double bond; -dienoic, two double bonds and so
forth. These names are given in parenthesis in the following table.

Table 2.2 A Few Common Fatty Acids Found in Lipids

Fatty acids Formula

Saturated acids

Butyric (butanoic) C4HgO,

Caproic (hexanoic) CH150,
Palmitic (hexadecanoic) Ci6H3,0,
Stearic (octadecanoic) CigH360,
Arachidic (eicosanoic) CyoHs00,

Unsaturated acids

Oleic (hexadecenoic) CigH340,
Linoleic (octadecadienoic) CigH3,0,
Linolenic (octadecatrienoic) CigH300,
Arachidonic (eicosatetraenoic) CyoH3,0,

As regards properties, the saturated fatty acids have higher melting points and are less reactive
than the unsaturated ones having equal number of carbon atoms. For example, stearic acid (saturated)
melts at 70°C, whereas oleic, linoleic and linolenic acids are liquid at room temperature in spite of the
fact that they all have 18 carbon atoms. These characteristics are important in physiology as they
influence the properties of fats and other media in which the fatty acids are combined.

NeuTraL Fats: The chemical term for a neutral fat is triglyceride. Triglycerides are esters formed
by a combination of the trihydroxy alcohol (glycerol) with three molecules of fatty acids. The
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trihydroxy alcohol bears three side groups each of which terminates in an —OH radical. In the
illustrated reaction given below the R in the general formula of fatty acid stands for the side chain;
whereas the carbon at the other end bears a group which is typical of all organic acids, i.e. —COOH.
As a result of reaction, the carboxyl group of three molecules of fatty acid units with the alcoholic
group in the glyceryl molecule to form a molecule of triglyceride on one hand, while on the other
hand, the hydroxyl groups from the three arms of the glycerol units with each of the hydrogen atom in
the acid radical of the three molecules of fatty acid to form three molecules of water.

CH, [OH HOOC—R C‘HZ—OOC—R

|

CH OOC—RiC‘H —O0OC—R +3H,0
|

CH, [OH HOOC—R CH, —O0C—R

One mol. glycerol Three moles One mol. of
of fatty acid triglyceride

The triglycerides may be esters of one, two, or three fatty acids with glycerol. If all the 3 moles of
the fatty acids that go in the formation of a triglyceride are the same, it is known as simple
triglyceride. A mixed triglyceride is one, in the formation of which, different fatty acids are involved.
The commonest fatty acids found in fats are palmitic, oleic and stearic acids.

As already stated triglycerides are neutral fats; neutral, because the acid ions are neutralized
during their unification with glycerol; fats, because the bulk of the molecule is devoid of electro-
negative elements which can unite with hydrogen to form water molecules. Because of neutral and
inert nature of triglycerides, they mainly serve as a storage medium for carbon compounds such as
fatty acids and glycerol. These latter compounds can be broken down in order to liberate energy to be
used by the cell.

Whether a triglyceride is a liquid or solid is based on the kind of fatty acid residues in its
structure. The triglyceride which is liquid below 20°C is termed oil in industrial classification and
contains residues, more of the unsaturated fatty acids; whereas the glyceride which is solid above this
temperature is called a fat and contains more of the saturated fatty acid residues in its structure. The
oils are predominant in plants, and the fats are predominant in animals.

The fats of animals differ from species to species. Even within the same species fats in the
different parts exhibit variation. For example, melting point of lard (the typical body fat of swine) is
28°C, whereas the fat of its kidney melts at 43°C. This indicates that the kidney fat has firmer
consistency and higher saturated fatty acid composition. Because of this difference in the property, the
fat around the kidneys acts like cushions to protect them from shock injuries. The fats in the more
active parts of organisms have lower melting point and are more unsaturated. This means they would
be more easily oxidized and constantly utilized than those stored as fatty tissues elsewhere.

Bopy Fats: Animals living in cold zones generally possess fats having more unsaturated
components than those of animals from tropical regions. Further, there is variation in the type of fat
present in poikilotherms and homeotherms. The poikilotherms, i.e. cold blooded animals, are softer
and thus have more unsaturated fats than warm-blooded animals. The meat eating animals have softer
fats than the vegetable feeders.
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Fats are hydrolized into glycerol and fatty acids by dilute mineral acids, enzymes such as lipase,
or steam. Enzymatic hydrolysis takes place during digestion by pancreatic lipases.

SarponiricaTioN: Boiling the fats with alkali such as sodium hydroxide would yield glycerol and
the alkali salt of the fatty acid, which is known as soap.

CH,.0.CO.C,Hgs CH,OH

|
CH.0.CO.Cy;Ha5 + 3NaOH — CHOH + 3C;;H,COONa

| \
CH,.0.CO.Cy/Has CH,OH

Tristerin Glycerol Sodium stearate

This process is known as saponification, and it occurs during the digestion under the action of
sodium salts in the bile. Fats are also hydrolyzed by superheated steam.

The saponification value of a fat is the number of milligrams of alkali, the potassium hydroxide,
required to saponify one gram of fat.

HyprocenaTion: The fats (triglycerides), liquids at ordinary temperature; are mentioned as oils
containing a large proportion of unsaturated fatty acids. The oils may be hardened to make solid
triglycerides or soft fats may be hardened to increase the melting point by a chemical process known
as hydrogenation. In this process the triglycerides are treated with hydrogen under certain pressure, in
the presence of finely divided nickel as a catalyst. As a result, the hydrogen is added on the double
bonds of the unsaturated fatty acids to form a more saturated fat. The process of hydrogenation is not
allowed to reach completion as it makes the fat too hard and brittle making it undesirable.

The saturation of double bonds due to hydrogenation, makes the fat less reactive and thus tends to
prevent the oxidative changes. Thus, the hydrogenation is used for improving the storage qualities
especially of certain vegetable oils.

RoLE oF Fats anp Oivs: The fats and oils are important constituents of the dietary requirements
because they have higher energy value. By calorimetric studies it is found that one gram of
carbohydrate would yield 4.1 calories, whereas one gram of fat yields 9.3 calories. Lipids contain fat
soluble vitamins and the essential fatty acids which are found in the naturally occurring fats. The fat
reserves (adipose tissue) in the body are the rich store houses of energy and it would be released when
the body needs energy. The adipose tissue found in the subcutaneous tissues serves as an insulating
material. As already mentioned, they serve as protective cushions for the viscera and certain organs in
the body such as the kidneys.

Essential fatty acids, viz. linoleic, linolenic and arachidonic help preventing certain disorders in
mammals like mouse, dog and man. Linolenic acid has an essential role in reproduction and lactation.
It also serves as a protective agent against radiation effects and prevents heavy loss of water from the
body by acting against the development of permeability of skin capillaries.

Waxes: The wax is an ester of a fatty acid with one of the higher monohydroxy or dihydroxy
alcohols. The waxes have high melting points. The fat splitting enzyme lipase cannot react on waxes
and for this reason these are not suitable as food. However, many animals, insects in particular,
synthesize and secrete the waxes. Beeswax is an ester of palmitic acid with myricyl alcohol.
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Spermaceti is an ester of palmitic acid with cetyl alcohol. It is formed from the head of the sperm
whale.

Steroips: These are often associated with fat and are separable from it by a process of
saponification. The steroids occur in unsaponifiable residue. Like lipids they are soluble in fat
solvents and generally insoluble in water. All steroids have similar cyclic nucleus of the type shown
below. The rings A, B, and C in the figure represent phenanthrene and to this structure the ring D
representing cyclopentane is attached.

It should be noted that this cyclic nucleus is not uniformly unsaturated, but the actual parent
substance is completely saturated and is termed as perhydro-cyclopentanophenanthrene. Steroid
compounds are the derivatives of this ring. The steroids include such substances as cholesterol and
other sterols, the bile acids, the male and female sex hormones, the hormones of the adrenal cortex,
etc.

SteroLs: Certain steroids are characterized by a free hydroxyl group and as such behave
chemically like alcohols. Such alcohol-like steroid compounds which do not contain carboxyl or
carboxy groups common to other steroids are referred to as sterols (the term sterols means solid, and
ol represents the ending, ‘ol” of alcohol). The sterols are classified into: (i) zoosterols, if they are
available from the animal tissues, i.e. cholesterol, corticosterone, etc., (ii) phytosterols, if available
from vegetable tissues; (ii7) mycosterols, if available from fungi, yeast, etc.

Functions: Sterols form esters with fatty acids and act as carriers of fats for absorption and
transport. They go into the formation of nerve shealth (myelin), and cell membrane. The sterols,
which are present as esters in the fatty secretions of the sebum, cerumen, etc., act as lubricants to skin
and hair.

COMPOUND LIPIDS

Puospnoririps: Lipids containing phosphorus are phospholipids. They are also referred as
phospholipins and phosphatides. They differ from the neutral fats in containing phosphoric acid and
an organic nitrogenous base. The phospholipids are widely distributed in animal and plant cells. They
are abundant in brain and nervous tissues. They have a polar group which can combine with protein to
form biologically important lipoproteins.

The different types of phospholipids described below have the same essential structure but they
vary only in the nature of one of the groups linked to the phosphate portion of the molecule. Further,
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most of the compounds are of phosphodiesters nature. One type of phospholipid, viz. phosphatidic
acid is indicated below with a general formula.

PuospuaTinic Acips: Phosphatidic acids are compounds consisting of glycerol, two fatty acids,
and a phosphate group.

D
H,C—O0—C—R,
2‘ ?
H,C—O0—C—R,
| P
H,C—O—P—OH
oH

The R, and R, in the above formula represent the residues of the molecules of fatty acids. The
phosphatidic acids should be viewed as fats in which one of the fatty acids is replaced by phosphoric
acid. The structure suggests, these acids could easily give rise to triglycerides or to phospholipids.
The phosphatidic acids are not present in significant amounts in the tissue extracts. They play
important role as active intermediates in the biosynthesis of other lipid compounds.

Lecithins (phosphatidyl cholines): Lecithins are choline esters of phosphatidic acid. They are fats
in which one of the fatty acids is replaced by phosphoric acid and the nitrogenous choline. They are
best known and probably the most common form of phospholipids in animals. On hydrolysis,
lecithins break up into glycerol, fatty acids, phosphoric acid and choline.

Lecithins are soluble in the fat solvents except acetone and by this property they are distinguished
from the fats. These are required for the transport, and utilization of other lipids especially in the liver.
If the synthesis of choline, an important component of lecithin is interrupted, the synthesis of lecithin
also will be stopped. With the result, the transport of fat to and from the liver is interrupted.
Consequently, the lipids accumulate in the liver giving rise to a condition called fatty liver. The lack of
dietary choline also leads to a variety of troubles such as growth failure, hemorrhagic kidneys, and
slipped tendons, etc.

o
H,C—O0—C—R

2 ‘ % 1
HC—O0—C—R,

[ ; i
H,C— O—P— O — CH,—CH,—N"(CHJ);
\ ‘

(0]

The enzyme, lecithinase A, present in the venoms of snakes attacks lecithins and removes one of
the fatty acid residues leaving a product known as lysolecithin. This product has the ability to
haemolyze the red blood corpuscles.

Cephalins (Phosphatidyl ethanolamines): These are phospholipids which resemble lecithins in
most properties, but differ in containing aminoethyl alcohol (NH,—CH,—CH,—OH) in place of
choline.
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i
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Phosphatidylserine is a cephalin like compound and contains the amino acid serine in place of
ethanolamine.
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Phosphatidyl inositol is a phospholipid similar in structure to the lecithin but has inositol in place
of choline.
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These are mainly found in plants and in nervous tissues.

Plasmalogens: These phospholipids are abundant in brain and muscle. They resemble licithins
and cephalins in structure but possess an aldehyde group in place of one of the fatty acids in typical
phospholipid molecule. The structure shown below represents a typical plasmalogen. The portion of
the formula enclosed by line is an ethonolamine residue.
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H,C—0 — CH=CH—R,
f
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)
Structure of plasmalogen (phosphatidal ethanolamine)

Sphingosine lipids: These are more complicated phosphatides containing sphingosine, a long-
chain amino alcohol in place of glycerol.

Sphingomyelins (sphingosine phosphatides): These phospholipids contain sphingosine and a fatty
acid attached in the form of amide linkage to the nitrogen of carbon 2, and phosphorycholine attached
to the terminal carbon atom of sphingosine. On hydrolysis they yield fatty acids, phosphoric acid,
choline and sphingosine. The sphingomyelins are found in large quantities in the nerve tissue,
particularly in the myelin sheath of the nerve.

Grycouirips: Cerebrosides and gangloisides are the chief glycolipids.

CH4(CH,),,CH=CH CH4(CH,),,CH=CH

HO —CH ‘ HO—CH

| o ‘
H,N — CH [
\ R—C—N—CH
CH,OH H ‘ o
CH,—O0— P‘—}O—CHZ
Sphingosine Sphingomyelins 0 CH2N+(CH3)3

These are particularly abundant in the brain and in the myelin sheath of nerves. There are the
lipids containing carbohydrate radicals and nitrogen in the molecule. In structure these are related to
sphingomyelins, but contain a hexose instead of phosphorycholine. On hydrolysis they give rise to
fatty acids, sphingosine and galactose.

2.4 VITAMINS

In the year 1911 Funk, a Polish biochemist, coined the term “vitamine” to designate the antiberiberi
factor. In the term vitamine vita suggests the essential nature of the factor, and amine indicates the
chemical structure. Later the same term was used for several unknown dietary factors. Not all the
known factors have the amine structure. Therefore in 1919 the last “e” from the vitamine was
discontinued from use thereby removing the implication of chemical structure.

Vitamins can be described as accessory food factors which are essential for some metabolic
reactions within the cell and which must be provided in the diet in minute amounts. In many animals
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they cannot be synthesized by the body. Certain animals do synthesize a few vitamins in very minute
quantities but they fall short of the requirements. In any case, the animals should procure them
through food. Vitamin deficiency results in several diseases characteristic of each vitamin deficiency.

Vitamins are a special group of organic substances which are chemically unrelated. They may be
organic acids, amines, amino acids, esters, alcohols, steroids, etc. These vitamins are traditionally
divided into two subgroups on the basis of their solubility properties, such as water soluble vitamins
and fat soluble vitamins.

Water-soluble Vitamins
Vitamins C and B complex are water soluble substances.

Ascorsic Acip or Vitamin C: Ascorbic acid is a hexose derivative and is properly classified as
a carbohydrate. It is a white crystalline substance highly soluble in water. It is easily oxidized in
solution and cooking destroys it. The vitamin is highly unstable in alkaline solutions.

This vitamin is required by primates and the guinea pig. All other vertebrates and some
invertebrates as well as plants and most micro-organisms can synthesize ascorbic acid from
carbohydrates. It is an essential dietary factor, the deficiency of which causes painful disease of the
joints and gums called scurvy.

O= c‘;_ o= (‘3—
HO—C ‘ Oo=C ‘
I O IO
HO—C ‘ o=cC ‘
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\ \
HO — (‘I —H ?HOH
CH, OH CH, OH
L—Ascorbic acid L—-Dehydroascorbic acid
(reduced form) (oxidized form)

Hydroxyproline is an unusual amino acid found in the collagen and is essential for maintenance
of normal tissues. It is formed by hydroxylation of proline and this process requires vitamin C. In the
absence of this vitamin the hydroxyproline production is very much reduced. Therefore, the collagen
formed during ascorbic acid deficiency, contains negligible amount of hydroxyproline and this brings
about structural abnormalities observed in scorbutic tissues.

Vitamin C is contained in fresh vegetables and fruits.

Vitamin B Grour: Vitamin B group contains about twelve known vitamins. Each one performs
specific function. They are collectively called vitamin B complex and are generally found together.

Thiamine or vitamin B: This vitamin is contained in yeast, milk, egg, peas and beans hence richly
distributed in plants, animals and certain microorganisms. A deficiency of this vitamin causes a
serious disease known as beriberi. Its symptoms are inflammation of nerves, muscular weakness and
paralysis of limbs.
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Thiamine functions as part of the coenzyme cocarboxylase which is the coenzyme for pyruvic
decarboxylase and for several other enzymes which are necessary for the oxidation of pyruvic acid to
acetyl—CoA and o—Ketoglutaric acid to succinyl— CoA (see Chapter 4).

Riboflavin or vitamin B,: This vitamin is widely distributed and the rich sources are liver, yeast,
wheat germ, milk, eggs, and green leafy vegetables. Its deficiency causes cracks in the corners of the
mouth and dermatitis of the face. The eyes become inflamed and there is dimness in vision. This
vitamin is a part of two coenzymes, flavin mononucleoide (FMN) and flavin adenine dinucleotide
(FAD) which are linked to proteins as flavoproteins.
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Nicotinic acid or niacin: Nicotinic acid is an essential dietary requirement. Tryptophan is its
precursor which is converted into nicotinic acid through a series of biochemical reactions. Its
deficiency in diet causes a disease pellagra which is characterized by dermatitis diarrhoea and nervous
disorders. This vitamin (niacin) is a component of coenzymes like DPN and TPN which take part in
oxidation-reduction of carbohydrates, fats, proteins and nucleic acid metabolism.

This vitamin is widespread, but the chief sources are meat, liver, yeast, beans and wheat germ.
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Vitamin B: This vitamin occurs in three forms; pyridoxine, pyridoxal and pyrodoxamine. It is an
essential component of the coenzyme pyridoxal phosphate which is an important cofactor in the
transmination and decarboxylation of all naturally occurring amino acids. The dietary requirement of
vitamin Bg; in human beings is not yet fully established. It is synthesized by green plants and a
number of microorganisms. The vitamin is found in many foods like liver, pork, kidney, yeast, egg-
yolk, grains and various seeds.
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Pantothenic acid: The requirement of this vitamin in human beings has not been established so
far, although it is essential for many other animals. Pantothenic acid is essentially a portion of the
coenzyme. A molecule which has a key role in the metabolism of fats, carbohydrates and amino acids.
Its role has been fully determined in rats where the lack of this vitamin induce retardation of growth,
reproduction impairment and greying of black hair. The rich sources of this vitamin are liver, yeast,
eggs and royal jelly. This is synthesized by green plants and some microorganisms.
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Pantothenic acid

Biotin: Biotin requirements in man have not been determined so far, but its importance in other
animals has been amply demonstrated. However, recently it has been shown that this vitamin is
necessary in fatty acid synthesis. It is also necessary for growth and respiration of certain species of
bacteria. Rich sources of biotin are liver, yeast, kidney and egg-yolk. Some animals obtain their biotin
requirements from the biosynthetic activity of their intestinal bacteria.
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Folic acid: This vitamin exists in several different forms depending upon the biological source.
Its importance has been established in a number of animals. Simplest type is the folic acid molecule
called pteroylglutamic acid, which is isolated from liver. This contains glutamic acid, para-
aminobenzoic acid and peteridine. The importance of folic acid is found in the enzymatic synthesis of

serine from glycine. It is also necessary in the metabolism of tyrosine, ascorbic acid, biotin and
vitamin B ,. It is chiefly found in green leafy vegetables, liver, yeast and kidney.
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Vitamin B,,. This vitamin occurs in nature in a variety of forms. Its chemical structure is complex
and contains a metal cobalt, cyanide, ribose sugar and other components. This vitamin has been
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shown as a very important growth factor for many animals, man and microorganisms. A deficiency of
this vitamin causes a blood disease called pernicious anaemia in higher animals. The vitamin is found
in liver, kidney, meat and milk, etc., and takes part in the metabolism of proteins, fats, carbohydrates
and nucleic acids.

Other B vitamins: Choline, inositol, lipoic acid, carnitine and pantothenic acid are important
constituents of group B vitamins. Choline is a portion of lecithin, one of the cell phospholipids. A
dietary deficiency of choline produces symptoms like deposition of excess of fat in the liver of
mammals and shortening and thickening of bones in birds. One of the most important functions of
choline is to provide a source for methyl groups (CH;) in cell metabolism. It is abundantly found in
egg, liver, meat, kidney and /nositol is a growth factor for several yeasts and fungi and also for human
cell brain when in culture medium. In the intact organism (man) its necessity has not been determined
so far. This is usually found in substances rich in calcium, phosphorus and magnesium. Its rich
sources are milk, cereals, liver, sharks, etc.
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Lipoic acid has not been shown to be required by animals in their diets although it is a growth
factor for certain microorganisms. It is an 8-carbon compound containing sulphur. However, it
functions in plants, animals and microorganism as hydrogen carrier in the metabolism of pyruvic acid.
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Carnitine is found to be necessary in certain insects and is responsible for the completion of their
life cycle. Its functions are still not known.

Fat-soluble Vitamins

Vitamins A,D,E and K are fat-soluble vitamins. Their enzymatic role has not been elucidated so far
due to their fat-soluble nature.

Vitamin A: It is available in several chemical forms and was recognized as early as 1913 by
McCollum and Davis. It is determined to be a growth factor in rats. The carotenes of plants upon
ingestion are converted into this vitamin. In most of the animals, a deficiency of this vitamin causes
retardation of growth, drying out of epithelial cells and deposition of horny substances in the corner
of the eye. The latter symptom leads to conditions of blindness (xeropthalmia). In man, its deficiency
causes night blindness causing depletion of a red pigment called rhodopsin. Fish, liver, milk, cheese
and vegetables are rich sources of this vitamin.

— CH; CH, CH,
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Vitamin D: The vitamins D are all sterols and in nature they are chiefly found in animal
organisms. These vitamins are formed from their provitamins which are also sterols. In mammals
vitamin D can cure or prevent rickets—a disease in which bones fail to calcify. For this reason they
are also called antiricketic vitamins.

The provitamin D, (ergosterol) occurs in plant kingdom (i.e., ergot and in yeast) and as such is
available to animals through food. Man and other animals can synthesize provitamin D,
(i-dehydrocholesterol). The provitamins D, and D, are then activated to form vitamin D, (calciferol)
and vitamin D; (cholcalciferol) when the animal is exposed to ultraviolet rays. The activation takes
place in the skin and the vitamins are subsequently transferred to various organs for utilization. A part
of the vitamins D is stored chiefly in the liver, though skin, brain, lung, spleen, and bones also contain
small amounts of stored D-vitamins.

Pure vitamins D are white, crystalline, odourless substances soluble in fats and fat solvents such
as ether, chloroform, acetone and alcohol. They are resistant to oxidation, alkali and to temperatures
below 140°C. In acid media these vitamins D are relatively unstable.

Functions of vitamins D: Vitamin D is essential for the normal growth of the bone. In case of
deficiency of this vitamin, deposition of inorganic bone minerals fail to occur in the newly formed
bone matrix, but the matrix continues to form. The provisional zone of calcification would no longer
be clearly demarcated, but is irregular and deformed. In children rickets is a skeletal deformation and
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can be noticed in the form of bowlegs, knock-knees, rachitic rosary (beaded appearance on ribs at the
juncture of the rib bones and the costal cartilage), and pegion-breast. In adults it leads to late rickets
(osteomalacia).

Another important function of vitamin D is to increase the intestinal absorption of calcium. To
explain the mechanism by which the vitamin aids calcium absorption, two explanations have been
given. According to the first, the vitamin is involved in active transport of calcium. The second
explanation is that the vitamin increases permeability of cells of the mucosa to the mineral. It is
believed that the vitamin aids not only absorption of calcium but also that of various other minerals
such as magnesium, beryllium, zinc, iron, etc. Later these would be deposited in the bone.

In parathyroidectomized animals, vitamin D facilitates the excretion of the phosphate by the
kidney and consequently the high serum phosphate level is lowered.

Sources of vitamin D: The main sources of vitamin D are fish, liver, oils and milk. Vitamin D is
not widely distributed in nature but both provitamins are widely distributed. Although provitamin D,
is a common occurrence in vegetation, vitamin D, is not present in living plants. Animals are the only
source of 7-dehydrocholesterol. These provitamins require sunlight, to be transformed into active
form.

Vitamin E: Vitamin E was discovered in the year 1922 and it has been known as antisterility
vitamin. First discovered as an essential compound for the normal reproduction in male and female
rats. Its absence causes death and resorption of foetuses, and testicular degeneration in rats.
Compounds possessing vitamin E activity are chemically known as tocopherols. This name is derived
from the Greek in which fokos means child birth; perhos means to bear; and the suffix-ol signifies an
alcohol.

There are seven forms of tocopherols and each form, despite its difference due to the position of
methyl groups, is called vitamin E. All these different E-vitamins are derived from the compound -
tocol
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The difference between the various forms of tocopherols is in the structure of the molecule. The
various tocopherols are:

o-tocopherol: 5, 7, 8-trimethyltocol
B-tocopherol: 5, 8-dimethyltocol
Y-tocopherol: 7, 8-dimethyltocol
d-tocopherol: 8-methyltocol

€ -tocopherol: 5-methyltocol
C-tocopherol: 5, 7-dimethyltocol
TM-tocopherol: 7-methyltocol

Of these tocopherols, the a-tocopherol is most widely distributed among animals.
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Function of vitamin E: The absence of vitamin E in the diet hampers the normal reproduction in
both the sexes in rats. In females it causes death and resorption of foetuses and in males it brings
degenerative changes in the testes. In the mouse, only the female seem to suffer from this vitamin
deficiency resulting in death and resorption of foetuses. However, in case of hamsters only the males
affected and result in testicular degeneration. In cattle, sheep, or goats neither the deficiency nor the
concentrated doses of this vitamin seem to have influence on the reproductive performance.

Vitamin E has a powerful antioxidant property and protects vitamin A, carotene and ascorbic acid
from oxidative destruction both in the digestive tract and in the body tissues. As a result of this
protection these vitamins retain their properties long enough to facilitate the body to use them more
efficiently.

Vitamin E functions as a cofactor in the electron transfer system operating between cytochromes
b and c. Its deficiency leads to uncoupling of oxidative phosphorylation.

In some species of animals vitamin E deficiency produces muscular distrophy primarily in the
skeletal muscles. Intake of trocopherol-rich diets cures this trouble. The diets deficient in both
sulphur-containing amino acids (particularly cystine) and vitamin E produced hepatic necrosis in
experimental animals. Such a dietary liver necrosis can be prevented by providing the animals with
adequate amounts of sulphur-containing amino acids, and vitamin E along with selenium.

Vitamin E increases the nucleic acid turnover rate in skeletal muscles.

There is no clear evidence to suggest that vitamin E is essential to man. Even though its level in
the serum is considerably reduced for 10 to 22 months, no significant clinical or physiological effects
have been noticed. In human beings the administration of this vitamin neither brought any relief from
sterility, nor cured human muscular distrophy.

A deficiency of vitamin E is unlikely to occur because of the ability of the body to store it.
Storage is mostly in the liver though small quantities do exist in other organs and tissues.

Sources of vitamin E: Richest sources of this vitamin are vegetable oils such as wheat germ oil
and cotton seed oil. Leafy-green plants and vegetables as well as whole grain cereals are also rich
sources of vitamin E. Among animal products liver, heart, kidney, milk, and eggs are the best sources
of vitamin E.

Vitamins K (NAPHTHOQUINONES): In 1929 Dam, a Danish scientist observed that the chicks raised
on synthetic diet suffered from hemorrahage under the skin. In the year 1935 he identified this as due
to the absence of an antihemorrhagic factor. When these chicks were fed with green leaves, the
hemorrhagic syndrome disappeared. He therefore reasoned that these foods contained the
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antihemorrhagic factor and named it as vitamin K—symbolizing the Danish term, “Koagulation
Faktor”. The vitamin was isolated in a purified form from alfalfa by Dam and his associates in the
year 1939. In nature it occurs in two forms—as K, in green leaves and as K, when produced by
bacterial synthesis. These K, and K, are derivatives of 2-methyl-1, 4-naphthoquinones and soluble in
oils.
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The compound 2-methyl-1, 4-naphthoquinone is a synthetic form of this vitamin and is called
menadione. It is also termed as vitamin K. It is water soluble and is more potent than the naturally
occurring vitamins K.

Functions of vitamin K: The parenchyma in normal liver produces prothrombin which is one of
the factors required for blood clotting. The function of vitamin K is to catalyze the synthesis of
prothrombin. In the absence of vitamin K, hypoprothrombinemia occurs and this greatly delays the
blood clotting. Administration of vitamin K alleviates hypoprothrombinemia if the hepatic
parenchyma is healthy enough to produce prothrombin. In cirrhosis the parenchyma fails to produce
prothrombin and in such a case vitamin K has no effect.
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It is known that vitamin K functions in electron transport and oxidative phosphorylation system in
mitochondria. The exact location of vitamin K in the electron transport chain is not clear. Martius
(1956-1961) suggests that first the cytochrome b oxidizes vitamin K and the latter, then, is reduced by
a specific enzyme called the vitamin K reductase.

The vitamin K, is altered by the action of ultraviolet radiation. Rats when fed with sterilized food
developed vitamin K deficiency and as a result the activity of oxidative phosphorylation was
impaired. When supplied with vitamin K, oxidative phosphorylation was restored as usual. This
suggests the important role of this vitamin in oxidative phosphorylation.
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Normally, dietary vitamin K deficiency is unlikely to occur firstly, because it is fairly well
distributed in foods and, secondly because the microorganisms in the intestinal tract synthesize
considerable amounts of it. However, deficiency of this vitamin can occur when liver or gall bladder
fail to secrete or pass bile fluid, the vitamin K like other fat soluble vitamins, cannot be absorbed
through the intestine and this results in deficiency of vitamin K. Excessive use of sulpha drugs can
destroy intestinal microorganisms helpful in synthesizing considerable vitamin K.

Sources of vitamin K: Green leafy tissues of plants are a good source of vitamin K.

2.5 MINERALS AND WATER

In addition to proteins, carbohydrates and lipids animal body requires mineral elements which serve
structural and physiological functions. Calcium, phosphorus, sodium, potassium, magnesium, iron,
selenium, molybdenum, manganese, copper, cobalt, zinc, sulphur, chlorine and iodine are the mineral
elements which conduct certain essential functions in the animal body. A nutrient is said to be
essential if its absence in the diet of the concerned animal prevents its growth, survival or the normal
functioning. The essentiality of the above elements has not been tested for all species; however, all
these are required by all higher animals. Besides the above mentioned, there are also other mineral
elements in the body tissues. All these are available to animals through diet. Some of the elements are
merely retained in the body while the essential function of a few others is yet to be discovered. Recent
investigations have been bringing to light the useful functions of flourine and chromium. These two
elements may also be entitled to be classified under essential elements.

Though all these elements are needed by the animal body, the quantity of requirement of certain
elements such as calcium, phosphorus, sodium, potassium, magnesium, sulphur and chlorine is fairly
large. Iron, manganese, copper, cobalt, zinc, iodine and molybdenum are required in minute
quantities. Elements like selenium and chromium appear to serve certain functions in metabolic
systems.

Minerals from organic complexes can be removed either by dry ashing or by wet ashing. In the
former process the material is heated to high temperatures in muffle furnace, and in the latter process
materials are dissolved in strong acids. In addition, there are other techniques for assaying trace
minerals in organic complexes (Sandell 1959, AOAC 1960, and Oser 1965).

Calcium

Calcium goes in the formation of hard structures like bones and teeth and about 90 per cent of all
body calcium is concentrated in these structures. Small amounts of calcium are present in blood, inter-
and intra-cellular fluids, playing a fundamental role. About half of the calcium in these fluids is
present in the form of free ions and this is essential for a variety of processes. A major role of calcium
is in the regulation of ion transport across the cell membranes. Calcium exerts a profound effect upon
neuromuscular irritability. High concentration of calcium stimulates the contraction of heart muscle.
Calcium level in the blood is maintained independent of its intake through diet. Serum calcium is
maintained at the normal level by the parathyroid. If calcium level is low, the calcium from the bones
is added into the blood. Certain enzymes—Ilipases, ATPase of actomyosin and myosin cholinesterase,
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and succinic dehydrogenase—require calcium for their activation. Calcium is necessary for blood
coagulation.

Phosphorus

Phosphorus accounts for 12 gm/kg of fat free tissue in the human body. Out of this about 85 per cent
is present in skeletal tissues in the inorganic form. The total phosphorus content in both the plasma
and the RBC may range from 30 to 45 mg/100 ml blood.

Organic phosphates are very much involved in the cellular functions in all cells. The high energy
compound ATP supplying energy to all cellular activities contains phosphorus. Phospholipids in
cellular membranes help in the permeability.

Phosphorus is a widely distributed mineral in the foodstuffs. Hence dietary deficiency of it is
unlikely to occur in the human body. Grazing livestock depending on grass and herbage of the
phosphorus deficient soils, lose appetite and appear emaciated. Such animals resort to eating materials
such as bones, wood, clothing, etc. depending on accessibility.

Magnesium

The body magnesium is about 0.5 gm/kg of fat-free tissue. Of this, bones hold about 60 percent.
Small amounts of magnesium is present in the extracellular fluid. The normal amount of magnesium
is 1-3 mg/100 ml of serum.

Next to potassium, the concentration of magnesium is greater in the cells of the soft tissues, and
a loss of magnesium would mean tissue breakdown and cell destruction. Magnesium is necessary in
oxidative phosphorylation leading to the formation of ATP.

All enzymatic reactions requiring thiamine pyrophosphate (TPP) and the various reactions in the
lipid and protein metabolism also need magnesium. Magnesium deficiency does not appear to occur
in human beings because of their universal distribution in foodstuffs. Green vegetables contain fairly
good amounts of magnesium. Severe diarrthoea or excessive vomiting however, cause magnesium
deficiency in human beings.

Magnesium deficiency brings about personality changes, muscle tremor, gastro-intestinal
disturbances. Decrease in magnesium also brings down the levels of serum calcium and potassium.

Sodium, Potassium and Chlorine

These, unlike the previously described minerals, are largely present in the fluids and soft tissues.
Maintenance of osmotic pressure and acid-base equilibrium, regulation of the movement of nutrients
into the cells, and participation in the water metabolism are some of the functions carried out by these
minerals. These minerals need to be regularly taken through diet because the body has limited storage
capacity. When the availability of these minerals to the body is limited, they are excreted in lesser
quantities. The body thus conserves them. The deficiency of any one of these elements is followed by
lack of appetite, loss of weight and production in the adult, reduction in growth, and decreased blood
levels.
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Sopium: The body contains approximately 1.8 gm of sodium per kg fat-free body weight.
Although a larger proportion of it is found in the extracellular fluids, studies indicate that some of the
sodium is bound in the bones. Sodium together with calcium, magnesium and potassium in the
extracellular fluid are basic in reaction. Sodium forms about 93 percent of the bases in the blood
serum and hence is highly concerned in maintaining neutrality.

Sodium is capable of passing across the cell membrane. During the process of nerve transmission
and muscle contraction, a temporary exchange of extracellular sodium and intracellular potassium
takes place. Subsequently this sodium is pumped out of the cell.

A dietary deficiency of sodium does not occur in human beings. His diet generally contains more
sodium than necessary. Sodium is readily absorbed and it circulates through the entire body. It is
excreted through the kidneys as chlorides and phosphates. Aldosterone, a hormone of the adrenal
cortex is responsible for the reabsorption of sodium from kidney tubules. Absence of this hormone
increases sodium excretion and brings out deficiency symptoms. A major portion of sodium is lost in
man at hard work, particularly in summer. Vomiting, diarrhoea, or profuse sweating would result in
increased loss of sodium. A lack of this mineral would also reduce the utility of digested protein and
energy and prevents reproduction.

Potassivm: The human body contains about 2.6 gm of potassium/kg fat-free body weight. Unlike
sodium a larger proportion of potassium is present as a chief cation in the intracellular fluid. The body
conserves more potassium than sodium. Potassium is concentrated mainly within the cells. Potassium
aids in the maintenance of osmotic pressure and acid-base balance in the cells-sodium and chloride
mostly located outside the cells, potassium inside the cells.

Potassium is required in carbohydrate and protein metabolism, in the formation of glycogen, and
in the degradation of glucose. Investigations suggest that potassium is an activator of enzymes. It may
play an important role in the amino-acid uptake by the cell.

Potassium transfer across the membrane takes place more easily than that of sodium. Most of
excessively absorbed potassium is normally excreted through urine and sweat.

Like that of sodium, the potassium deficiency does not occur in human beings under normal
conditions of health. Hypopotassiemia results due to excessive excretion of potassium through the
kidney. Body burns, excessive vomiting and diarrohea also result in the loss of potassium. Such a loss
is supplemented by the depletion of body potassium.

Potassium deficiency is characterized by muscular weakness; and weakness of skeletal muscle
results in paralysis. Its deficiency in chicks retards growth, incapacitates legs and finally leads to
death.

Curorine: Unlike sodium and potassium, chlorine is distributed in large concentrations both in
intracellular and extracellular fluids. It is the chief anion of the extracellular fluid and a greater part of
it occurs in combination with sodium. A small amount. i.e. about 15 to 20 percent of the chlorine is in
combination with protein and other organic substances. Chlorine with phosphate and sulphate groups,
and protein is acidic in reaction. The chlorine transfer between the serum and erythrocytes is easily
performed and this phenomenon is termed as the chloride shift (Chapter 10). This is an example of
homeostatic mechanism by which the pH of the blood is maintained. In addition, chlorine is an
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essential component of the gastric hydrochloric acid, and activates the amylase of saliva for the starch
splitting process.

Dietary deficiency of chlorine is unlikely to occur owing to its abundance in the normal diet.
Moreover, the body is capable of storing certain amount of chlorine in the skin and subcutaneous
tissues. The chloride content of a teaspoon full salt is about 4.2 gm. The chlorine transfer across the
membranes generally takes place by passive diffusion. However, in gastric and intestinal mucosa the
transfer is by active transport.

The same factors causing sodium loss are responsible for chloride loss. However, its loss due to
vomiting is high because of excessive loss of hydrochloric acid from the stomach.

Iron

The iron content in human body is about 75 mg per kg of fat-free body weight. It is widely distributed
throughout the body. Though this element is present in small quantities, it plays a key role in life
processes. It is a constituent of the respiratory pigment, the haemoglobin. The haeme molecule is
composed of ferrous or ferric iron at the centre of a porphyrin ring. Four porphyrin units are bound to
the protein globin forming haemoglobin. The haeme molecule is also a component of cytochrome C
peroxidase, catalyse, and other enzymes. Iron is also present in the plasma bound to a specific
globulin called transferrin. About 55 to 60 percent of the body iron is in the blood.

Some iron is also present in the myoglobin-a compound present in skeletal and heart-muscle; and
it has greater affinity to oxygen. A considerable amount iron (about 26 per cent of total body content)
is stored in the liver and secondarily, in the spleen, in the kidneys and in the bone marrow.

Intestine, excepting the colon part, is capable of absorbing iron. The absorption is highest in the
duodenum and it decreases progressively towards ileum (Brown, 1963; Moore and Dubach, 1962).
The absorption is efficient in the ferrous (reduced) state. The absorbed iron goes directly into the
blood. Once iron enters the blood stream it would be held by the body. The excretion of iron through
the blood in the intestine is very minute. Iron excretion through urine is less than 0.2 mg per day. The
iron released from the breakdown of RBC is saved and reused.

The absorbed iron would leave the body in significant quantities as a result of loss of blood. Iron
deficiency anemia occurs in women and children due to the lack of building stone necessary for
haemoglobin synthesis. Iron deficiency anemia is the commonest of the nutritional anemias. Its
deficiency may be due to dietary inadequacy or due to poor absorption, or due to excessive loss of
blood. The haemoglobin level of a person with iron deficiency is lower than the normal, and the size
of the RBCs are smaller than normal (hypochromic nicrocytic anemia). As a result of this condition
the oxygen carrying capacity is lessened, and the tissues receive less oxygen resulting in fatigue.

Iron requirement through diet varies in various animals. Chickens require 80 mg per kg of diet,
while pigs need 80 mg per kg. Ruminant’s requirement varies between 25 to 40 mg per kg. Young
people between 15 and 18 years of age and women between 18 and 55 of age require an intake of 15
mg of iron per day. Adults require 10mg per day.

Liver, as food, is an excellent source of iron. Meat products and eggs also obtain iron in generous
amounts. [ron content of leafy-green vegetables is fairly good.



60  Animal Physiology

Sulphur

The body has about 0.15 percent of sulphur. Sulphur is principally located in the sulphur-containing
amino acids, i.e. cystine and methionine. This element is also present in saliva, bile, glutathione and
insulin, but these are synthesized in the body with the help of cystine and methionine.

Sulphur is present as chondroitin sulphate in the cartilage. It is also present in minute quantities in
the blood. Thiamin and biotin also have small quantities of sulphur but these vitamins are not
synthesized inside the body.

Sulphur is excreted through faeces and urine. In urine it is present as inorganic sulphates, ethereal
sulphur and neutral sulphur. Neutral sulphur occurs in the form of cystine, thiosulphates, and other
compounds.

Little is known about the effects of sulphur deficiency in man and animals. Wool contains about
13 percent of cystine. However, cystine feeding did not, improve the wool production in sheep. There
is also no evidence of any relationship between the dietary deficiency of sulphur and the lack of hair
growth in humans.

Body acquires sulphur in the form of organic complexes, i.e. amino acids. These amino acids are
constituents of proteins and hence available to the body through protein diet. Wheat germ, cheese,
kidney beans are very rich in sulphur.

Trace Elements

Body contains many trace elements, of which only a few are known to take part in cellular
metabolism. Dietary deficiency of iodine and cobalt are known to obstruct normal physiological
functioning. Trace elements are required in minute quantities. They are widely distributed in most of
the foods and hence are available to the body in sufficient quantities. The very fact that these trace
elements are in small amounts in the body suggests that they play primarily catalytic roles in the
cellular metabolism.

Deficiencies of some trace elements have been reported in cattle grazing on pastures grossly
deficient in these elements. Excess intake of certain trace elements may result in toxic effects. Studies
on trace mineral metabolism were handicapped by two basic problems. First being the precise
determination of infinitesimal quantity of trace element in foods, blood and other tissues. Second
being the total purification of the diet from the trace element. Essential nutrient is that substance
which by its absence in the diet of experimental animals would affect growth, survival or the normal
functioning.

Copper

The human body has about two mg of copper per kg of fat-free body weight. Though present in all
body tissues, copper is observed in highest amounts in brain, heart and kidneys.

Copper deficiency causes an anemia in which the erythrocyte synthesis and the level of total body
iron is reduced. Inadequate copper in sheep, cattle and pigs results in abnormalities in bone structure.
Extreme loss of protein under certain pathological conditions would result in low copper level in
serum. Evidence on specific dietary deficiency of copper in human body is lacking. However, there
are reports when anemia in children has responded to the administration of copper but not to iron.
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Manganese

Very low concentrations of this mineral are found in all animal tissues, but high concentration of it is
present in pituitary, liver, pancreas, skin, bones and muscles. Highest concentration of manganese is
in the bone.

Manganese is required in the body since it can replace magnesium as cofactor for certain
phosphorylations. It is probably also required to incorporate acetate into fatty acids, and in the
conversion of mevalonic acid to squalene in the cholesterol synthesis.

Dietary deficiency of manganese is unlikely to occur in humans, but such a deficiency has been
demonstrated in rats, chicks, pigs, etc. In rats, its deficiency effects the normal process of
reproduction and lactation. In such cases the females fail to suckle their young, and the males suffer
degeneration of reproductive organs. In chicks the deficiency results in an abnormality of leg bones
known as perosis or slipped tendon. The leg bones shorten and undergo physical and chemical
changes.

High intake of manganese retards growth in rats; and in dogs it causes only gastric disturbances.
Men inhaling ore dust containing manganese oxide develop manganese toxicity, the symptoms of
which are a peculiar mask-like expression of the face, involuntary laughing, low voice with indistinct
speech, spastic gait, and tremors of the hands.

Manganese requirement in man is not known. The average diet of man contains about 4 mg of
this substance per day. Wheat bran, blueberries, whole wheat are the richest sources of manganese.

lodine

Iodine is an important dietary nutrient required for a normal functioning of thyroid gland. Body
contains infinitesimally small quantity of iodine. The quantity of total iodine in the body varies from
20 to 30 mg. One-third of this is concentrated in the thyroid gland. Next to thyroid, highest
concentrations of iodine have been found in ovary, muscles, and blood. Small quantities of the
remaining iodine are present in the other tissues.

Though this element is observed as iodine, in the thyroid gland it quickly gets oxidized to iodine
and goes in the formation of thyroglobulin. The thyroid gland serves as a store house for iodine. The
body conserves some iodine when thyroxine, one of the iodine containing compounds breaks down in
the normal process. This is again reused by the body. lodine is excreted chiefly through the kidney. It
is also excreted through intestine, and through the skin by way of perspiration. lodine is secreted into
the milk during lactation.

Thyroxine and other compounds of thyroid gland which contain iodine as an essential
component, serve important physiological functions. The function of thyroxine is therefore attributed
to that of iodine. Increase in the secretion of thyroid hormone would speed up the rate of oxidation in
the cells. In the absence of thyroxine, the rate of energy metabolism is retarded. Thus the rate of
metabolism or the basal metabolic rate is an indicator of the normality of thyroid function.
Hypersecretion of the hormone increases the basal metabolic rate and hyposecretion results in low
rate.

Thyroxine is also essential for the normal growth and development. Undersecretion of thyroxine
retards growth and a prolonged undersecretion prevents physical and mental maturity. In children
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thyroxine deficiency causes cretinism. Its symptoms are retarded growth; arrested development;
coarse and swollen facial features; thick, dry wrinkled skin; enlarged tongue; thickened lips and partly
opened mouth. In adults the deficiency causes myxoedema which is symptomized by the thickening
of subcutaneous tissues, in particular that of face and extremities. The face is expressionless and the
person becomes lethargic. Besides, iodine is also necessary for normal reproduction. Absence of
iodine supply for a prolonged period may result in sterility or the birth of deformed progeny. Lack of
iodine in the foods is due to deficiency of this mineral in the regional soil where they are grown. This
causes simple goiter which is endemic. Endemic goiter can be cured by constantly providing iodized
table-salt in the food.

lodine content in foods is extremely small and a quantitative determination of this element is
possible only by sensitive chemical method. Its content in foods varies greatly and is dependent on the
soil condition. Marine or deep-sea fishes and shell fishes have high iodine content. Anadromous
fishes (salmon, sea trout, etc.) have higher iodine content than those fishes that live all the time in
fresh water. The leaves of vegetables such as spinach, turnip, and broccoli have higher iodine content
than in their roots.

Zinc

Animals and plants have small quantities of zinc in their body. Most of this mineral is present in the
liver, bones, and blood. The exact function of this element in the body is unknown, though its
presence is reported in several enzymes and hormones. The respiratory enzyme carbonic anhydrase
present in the RBCs contains zinc. The zinc in this enzyme hastens the breakdown of carbonic acid in
lungs in the process of exchanging carbon dioxide for oxygen. Zinc is an essential component of one
of the protein splitting enzymes of the pancreas. Several dehydrogenases present in the liver also have
zinc in their structure. Zinc is present in the crystalline structure of insulin. Of the several types of
insulins manufactured, the protamine-zinc insulin is in wide use, because in this form the insulin is
absorbed more slowly into the tissues.

Zinc deficiency in rats and mice results in the reduction of growth rate, and loss of hair around
neck and shoulders. In pigs it causes parakeratosis—the symptoms of which are retarded growth, a
lesion of the horny layer of the skin, and lowered feed utilization. In chicks its deficiency symptoms
are slow growth, shortened and thickened leg bones and poor feathering. Calves supplied with low
zinc ration develop alopecia, parakeratotic skin lesions.

High level of zinc in the body would cause zinc toxicity, the symptoms of which are growth
depression, anemia, and decreased copper level in the liver. When in excess, it interferes with the
function of copper in the formation of iron-porphyrin compounds, and thus leads to anemia.
Excessive amounts of zinc also interfere in the iron metabolism. Zinc deficiency is unlikely to occur
in animals and man, firstly because of its presence in most natural diets and secondly because of its
retention power. Oysters, wheat germ, and brain are richest in zinc. Fruits and vegetables contain only
small amounts.

Cobalt

Animal body requires cobalt in small amounts and gets it through the diet. Cobalt is present as a part
of the vitamin B, and this is synthesized in the rumen with the help of bacteria. This vitamin is not
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present in the plant foods consumed by the ruminants. Since vitamin B, is synthesized in the body it
is not a dietary essential vitamin and thus cobalt is necessary in the formation of RBCs.

The cobalt requirement in animals varies. The requirement of cobalt in mg per kg of ratio is 0.05-
0.07 in cattle; 0.08 in sheep and 5-8 in the case of horses. Animals grazing in deficient soils do not
get cobalt and consequently they fail to synthesize vitamin B,,. In case of cattle and sheep, absence of
vitamin B, leads them to restlessness, loss of appetite and weight, weakness and anemic, and finally
to death.

If cobalt intake exceeds the normal requirement, the RBC number in blood increases. This
increase is called polycythemia and has been observed in rats, guinea pigs, rabbits, dogs, pigs,
children and man. Polycythemia is a normal occurrence in people living at high altitudes and this
helps them cope with the lower percentage of oxygen there. The daily need of cobalt in different
animals has not been established. The average diet normally supplies the required amounts of cobalt
to man.

Molybdenum

Molybdenum is another trace element which is found essential in nutrition. Molybdenum is an
essential factor for the formation and maintenance of xanthine oxidase of some animals. In man the
function of this mineral is yet to be known. This enzyme, essential in the oxidation of aldehydes and
purines, is present in liver and intestinal tissue, and also in milk. Molybdenum is an essential nutrient
and is always available to the animals through their diet. For this reason neither animals nor man
show the symptoms of molybdenum deficiency. However, excess intake of this element causes
reduced growth rate and death in rats; retarded growth, loss of weight, low haemoglobin and RBC
counts, alopecia and malformed leg bones in rabits; loss of weight and change in hair coat in calves.

Legumes, cereal grains, dark green vegetables liver and kidney, are rich in molybdenum.
Selenium

Dietary intake of traces of selenium is required in certain animals.

An unidentified factor found in certain foods (milk, brewer’s yeast, meat, and some kinds of
cereals) is capable of preventing ill effects caused by vitamin E deficiency in rats and chicks. This is
termed factor 3. From this factor, Schwarz and Foltz (1957) isolated selenium. Minute amounts of
sodium selenite are found to be as effective as the vitamin E in the prevention of liver necrosis in rat,
mouse, and pig. Selenium salts are also effective in the prevention of exudative diathesis in chicks,
and the muscular distrophy in lambs.

The mechanism of selenium function is not completely established, but it clearly has a role in
metabolism of tocopherol compound.

Selenium toxicity in farm animals grazing on selenium rich soils is well known. The symptoms of
selenium poisoning are emaciation, loss of hair and hoofs, cirrhosis of liver, and skeletal erosions.

The toxicity seems to be due to inhibition of certain enzyme systems. Linseed oil meal, arsenilic
acid, and organic arsenicals effectively counter the selenium toxicity.
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Chromium

Schwarz and Mertz (1959) suggested that trivalent chromium is an essential dietary requisite in rats.
Chromium probably acts as a cofactor with insulin in carrying out the glucose metabolism. Chromium
deficiency retards growth in male and female rats and results in a syndrome similar to that caused by
diabetes mellitus (Schroeder, 1966).

Water

Water is an essential liquid present in all cell structures. About 65 percent of the body weight is water.
Two-thirds of this is contained within the cells and the remaining is present in spaces outside the cell.
It is the medium in which chemical reactions required in cellular metabolism take place and hence it
is the most essential of the nutrients in all animals.

Water is available to the body through the mineral water and solid foods taken in by the animals.
About 15 percent of the daily requirements of water is gathered by the body as a result of the
oxidation of foodstuffs within its cells.

Water is the solvent for more substances than any other liquid. It is an ideally suited medium for
the transportation and distribution of nutrients to all the cells in the body. Water regulates the body
temperature by conducting and distributing heat energy to the entire body. It removes, by
vaporization, the excess heat of the body generated by metabolic reactions.

Water is lost from the body due to profuse sweating, diarrhoea, and prolonged and frequent
vomiting. As a result of water loss, dehydration and loss of electrolytes would result. Animals can live
longer periods without food, but without water they die soon.



CHAPTER

Biological Oxidations

All living systems require energy to carry out life processes. The most common and cheapest source
of energy is the sun. The solar energy is initially utilized by the chlorophyll of green plants and some
bacteria to synthesize carbohydrates in the form of starch. This process is known as photosynthesis.
Green plants are eaten by animals and the stored carbohydrates serve as the basic source of energy.

Cells of plants, animals and bacteria are primarily composed of polymers such as carbohydrates,
proteins, fats and fatty acids. These biopolymers are large molecular complexes which upon oxidation
yield energy. The maintenance and growth of cellular structures is dependent upon the energy-
requiring or endergonic reactions by which these large polymer complexes are synthesized.
Endergonic reactions store up energy in a potential form in the products of the reaction.
Photosynthesis is an ideal example of such endergonic reactions. Energy is, however, required for
other functions as well, such as endergonic chemical reactions. Biological systems also require
exergonic reactions which are energy-yielding processes. Energy thus liberated is used up for growth,
chemical synthesis, muscle contractions, maintenance and repair of body parts and other protoplasmic
activities. Therefore, a biological system must provide the energy necessary for its maintenance,
growth, and various other processes. Biological oxidations are the most important exergonic reactions
of the living matter which furnish chemical form of energy to build and maintain structure.

3.1 BIOENERGETICS

Energy is defined as the capacity to do work. It is a common knowledge that energy can neither be
created nor destroyed, but can be transformed from one form to the other. Various forms of energies
exist, such as thermal, mechanical, electrical and chemical and it is the transfer of energy through one
of these means that work can be performed. Muscular work, conduction of nerve impulse and
synthesis of complex food molecules are some of the examples in which energy transfer is involved.
Living organisms, therefore, cannot consume energy, but they can transform it involving oxidation,
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reactions. Such transformations are accomplished at rather constant temperature and under constant
pressure-volume relationships.

Before discussing energy in biological systems, it would be appropriate to discuss the general
laws of thermodynamics which govern all energy transformations. The laws which govern the
behaviour of all energy in the universe are the first and the second laws of thermodynamics. The
physical and chemical events taking place in the universe are under the control of energy contained in
the universe. Both matter and energy must be exchanged between the system and surroundings.

The first law of thermodynamics states that the energy content of the universe must remain
constant since it can neither be created nor destroyed. Biological systems absorb from their
environment useful form of energy under constant temperature and pressure and return the same
amount of energy of less useful form to the environment. Thus useful form of energy absorbed by
biological systems is called the free energy which is capable of doing work.

Biological systems have a high molecular complexity and orderly structure, whereas the non-
living matter is in a state of disorder or randomness. The second law of thermodynamics states that
the randomness or entropy of the universe always increases. Living organisms maintain their
orderliness at the expense of their environment and in return increase its entropy.

Living organisms are called open systems since they exchange both matter and energy with the
environment. Although apparently a living system may seem to be in equilibrium, but it is not; it is
actually in a steady state. Steady state is that condition of an open system in which the rate of transfer
of matter and energy from the environment into the system is balanced by the rate of transfer of matter
and energy out of the system.

Living organisms are unable to use heat as a usable energy, since they are essentially isothermal.
In man-made machines, such as steam engines, heat energy is transformed into work. This may be
expressed as follows:

AE=q—w

Where AE is the change in the energy of the system, ¢ is the increase in heat and w is the amount
of work done by the system. The energy change accompanying a chemical reaction may be measured
in the form of heat gained or lost and is called enthalpy change. This can be expressed as H or the
heat of reaction. In living cells heat is not used as a source of energy because heat can do work at
constant pressures only. If in a reaction there is no change in pressure, no work is accomplished, then

AH=AE

Organic molecules like carbohydrates have a heat of combustion which is characteristic of any
given molecule. If 1 mole of glucose is completely oxidized aerobically, the heat evolved or the molar
enthalpy can be measured. This is expressed as

AH = —-686,000 cal/mole
In this case AH is negative since heat is lost during the reaction
C¢H,,04 + 60, — 6CO, + 6H,O + 686 kcal

We have discussed earlier that the entropy content of the universe always Increases. If the entropy
of a system increases during a process, the amount of useful energy contained in the system decreases.
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Thus higher the degree of order, lower the entropy. The free energy which does useful work is
designated is AG after Willard Gibbs, who developed the concept. The equation representing
relationship among free energy, enthalpy and entropy may be expressed as:

AG=AH-TAS
where
AG is change in free energy.
AH is change in enthalpy.
AS is change in entropy.
T is absolute temperature.

A drop in free energy is followed invariably by an increase in entropy. The change in free energy
of a reaction is an index of its ability to do useful work. Exergonic reactions proceed spontaneously
and have a negative AG value. Endergonic reactions do not proceed spontaneously, require chemical
energy input and have a positive AG value.

3.2 TYPES OF REACTIONS

A most accurate definition of oxidation is rather impossible. However, a compound is said to be
oxidized if the following take place:

(a) when it loses one or more electrons, for example

Fe™ —=¢ 3 Fe'tt

(b) when the compound loses one or more atoms of hydrogen, for example

CH,CH,0H —2— CH,CHO

(c) When one or more atoms of oxygen are added to the compound, for example

CH,;CHO —°— CH;COOH

Reduction reactions are reverse of oxidations.

All the chemical reactions in the cells are varied and frequently complex, but are restricted to
these three simple classes. In order to understand them better, we may classify them into five general
groups: digestion, synthesis, transfer, oxidation and reduction.

(a) A digestion reaction is actually a hydrolytic reaction in which complex molecules are broken
down to smaller sub-units. Degradations of carbohydrates, fats and proteins are common
examples of such digestion reactions.

—<\A H,0

(b) In synthetic reactions smaller molecules are combined into larger ones with loss of water:

/ >

H,0
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(c) In transfer reactions a portion of one molecule is transferred to another molecule.

(d) Oxidation and reduction reactions always occur together involving change in the number of
electrons. If the number of electrons decreases, the atom is said to be oxidized, whereas
increase in the number of electrons indicates reduction. If oxidation occurs, reduction must
follow it. An example of this reaction is when metallic zinc is added to an aqueous solution of
copper sulphate. The zinc is oxidized to zinc ions at the expense of copper ions which are
reduced to metallic copper.

++

Zn Cu Ared B ox
or
zn" Cu A ox B red
(Ox: oxidized)
(red: reduced)

3.3 COUPLED REACTIONS

The biological systems are dependent upon coupling of energy between oxergonic and endergonic
reactions. In coupled reactions there is always a molecular form which donates energy and another
molecular form which accepts energy. It is necessary that we examine some of the exergonic reactions
which provide usable energy to the living system to derive endergonic reactions.

It should be stated here that the carbohydrates, fats and proteins are not the immediate fuels that
run the living system, instead ATP (adenosine triphosphate) performs this function. ATP is the most
common and universal energy donor belonging to the class of nucleoside triphosphates. The chemical
structure of ATP is given in Figure 3.1. ATP consists of a nucleoside (adenine 5-carbon D-ribose) and
three phosphate molecules attached to it. The phosphate ester linkage (P—O—P) between the two
terminal phosphate groups of ATP is relatively weak. This terminal phosphate group breaks
spontaneously from the kinetic energy of the molecule when ATP is in complex with an enzyme. The
breakage of the phosphate bond releases chemical energy causing an immediate shift in the bond
energies within, giving rise to ADP (adenosine diphosphate). About 10 kcal/mole of energy is
released.

AG =-10 kcal/mole
ATP— _— ADP+FPi

AG = +10 kcal/mole

When the terminal bond of ATP is broken down, the phosphate becomes inorganic phosphate (Pi)
which is endowed with low energy. The reaction is reversible and the formation of ATP requires ADP
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Adenosine Triphosphate (ATP)

Fig. 3.1 Structure of ATP.

Uncatalysed reaction
H Catalysed reaction
Enzyme catalysed reaction
Urea
H,0
B3
o}
C
L0
CO, +2NH,4
+ 13800 calories

Reaction coordinate

Fig. 3.2 Enzyme catalysed reaction.

and inorganic phosphate. The regeneration of ATP requires 12 kcal/mole and occurs in the coupled
reactions.

ATP is universal energy donor, hence it should be regenerated constantly when any mechanical
work is done. In the coupled reaction as shown above, 10 kcal/mole of energy is released from one
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ATP molecule, showing thereby a loss of 2 kcal/mole of energy during regeneration. When a
phosphate bond is broken, 10 kcal/mole of energy is released, but only 8 kcal/mole is converted to
work and the rest is lost. Thus ATP can derive most of the metabolic reactions requiring 8 kcal/mole
or less.

3.4 ENERGY EXPENDITURE IN METABOLIC PROCESSES

The cell machinery functions on maximum economy basis, hence the energy expenditure is to be
minimized in a metabolic process. This is achieved by the use of enzymes which help in lowering the
energy of activation (Fig. 3.2). Enzymes are referred as biological catalysts which obey certain
general rules. The enzyme-catalyzed reactions take place at physiologically low temperatures and
require extremely small amounts of enzymes.

If a glucose molecule is subjected to a series of enzyme-catalyzed reactions, the molecule is
broken down with minimum expenditure of energy. Sometimes the energy required for the reaction is
present in the kinetic form in the reaction itself, but more frequently, the enzyme acts in combination
with ATP requiring low activation energy. Both synthetic and degradative pathways require the use of
ATP. In synthetic reactions the ATP molecule combines with the enzyme at one of the active sites and
the substrate combines with other sites. This can be shown as:

Substrate + enzymes + ATP — ATP — enzyme — substrate —
ADP + Pi + enzyme + product

Since the reaction is enzyme mediated, it can be simplified thus:

ATP ADP + Pi
A > B
(Substrate) Enzyme (Product)

In degradation reactions, the terminal phosphate group of ATP (A — P — P — P) is usually
transferred to the substrate which gets phosporylated. This may be shown as:

ATP ADP
A / > B
Enzyme (Phosphorylated
substrate)

Since ATP is used both in synthetic and degradative reactions, its regeneration is essential for
efficient functioning of the biological systems (Fig. 3.3). Regeneration of ATP is possible in two
ways: (i) by transfer of a phosphate group from a high-energy molecule (substrate-level
phosphorylation) and (ii) by electron transport system.
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Fig. 3.3 ATP cycle in energy-transfer processes.

3.5 OXIDATION-REDUCTION REACTIONS

One of the major classes of reactions is the oxidation-reduction reaction in which electrons are
transferred from one atom to another. We have already noted that oxidation involves loss of electrons
whereas reduction involves gain of electrons. This may be shown as:

Oxidation

Reduction

In some of the redox reactions, the values of AG are very high, hence they may serve as ATP
regeneration reactions. In all redox reactions, a reducing agent (electron donor) and an oxidizing
agent (electron acceptor) are present. During the reaction, reducing agent gets oxidized and the
oxidizing agent gets reduced and this is dependent upon the ability of reducing agent to furnish
electrons and the tendency of oxidizing agent to accept them. This relative ability to donate and
accept electrons is called redox potential. 1t is represented by the following equation:

E,=E,+ RT In (oxidant)
nF (reductant)

where
E, = the redox potential
E, = the standard emf of the system

gas constant in joules/mole/degree
absolute temperature

S N X
Il

valence of the ion or number of electron equivalents
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F = Faraday (96,500 coulombs)
In = logarithm to the base e

When the concentration of oxidant and reductant are equal, In (oxidant/reductant) becomes 0 and
E, =E,. The redox potential values as cited above are applicable when the pH value is 0, otherwise it
would vary with the change in pH. The E, of the hydrogen at pH 7.0 is —0.420 V (redox potential of
hydrogen at pH 0 is 0.000).

3.6 THE CYTOCHROME SYSTEM

The transfer of electrons occurs on an atomic level. Whether the atom should act as a reducing or
oxidizing agent depends on the structure of the molecule. The cytochromes are a group of complex
types of molecules belonging to the class of porphyrins. They have an atom of iron (Fe) held in the
porphyrin ring structure. An important property of the cytochromes is their ability to undergo
reversible oxidation involving a change in the valency of iron.

A variety of cytochromes have been identified from plants and animals. In mammalian cells, five
types of cytochromes have been identified: Cytochromes b, c;, ¢, a and a;. These have important roles
in the oxidation reactions. In biological systems, reactions involving the removal of hydrogen atom
occur most frequently and this hydrogen atom is transferred to the hydrogen acceptor. NAD
(nicotinamide adenine dinucleotide) is the common hydrogen acceptor which acts as an oxidizing
agent. In the conversion of pyruvate to CO, and acetate, role of NAD can be indicated:

COOH
NAD NADH + H" \O\
c—o » CO,+CoA—C—CH,
‘ (Acetyl CoA)
CH,
(Pyruvate)

In the above reaction, the carboxyl group is lost by the pyruvate and the remaining 2-carbon
portion is joined to coenzyme A. When NAD accepts a hydrogen, it also involves ionic bonding to a
second hydrogen, giving rise to product NADH + H":

NAD + pyruvate — NADH + H" + 2¢~ + CO, + acetate

Regeneration of ATP is dependent upon reactions involving removal of hydrogen. The oxidizing
agent NAD has an E, value of —0.320, whereas the reducing agent pyruvate has an E_ value of —
0.700. There are many compounds in biological systems which have more positive redox potentials
than NAD and NADH. When NAD reacts with such compounds, it serves as a reducing agent in its
NADH + H' form. NADH (reduced form) enters into a series of reactions involving transfer of
electrons. In the course of reactions great deal of energy is generated. Series of such reactions are
called electron transport system. In the scheme of reactions, oxygen is the final hydrogen acceptor
(Fig. 3.4).
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Fig. 3.4 Electron transport system.

Electron transport system in different organisms may differ in certain steps. However, the major
components of the system are:

(a) an enzyme—NAD (nicotinamide adenine dinucleotide)
(b) a flavoprotein

(c) coenzyme Q

(d) cytochrome compounds

3.7 THE FLAVOPROTEINS

In biological systems, many metabolites undergo oxidation by the loss of hydrogen through catalyzed
reactions. The specific enzymes involved are known as dehydrogenases and the reaction can proceed
with the aid of a hydrogen acceptor. Dehydrogenation of a substrate depends upon the availability of
NAD" or NADP". The oxidized forms of these enzymes are present in the system in minute
quantities, and in order to maintain a constant supply, NADH and NADPH are reoxidized to NAD
and NADP. The mechanism to reoxidize these enzymes is furnished by certain flavoproteins. These
are proteins and act as coenzymes. They contain a prosthetic group FMN (flavin mononucleotide) or
FAD (flavin adenine dinucleotide). These coenzymes catalyze oxidation-reduction reactions:
+2H
. " FPH,

FP <
2H

Two co-enzymes of this group, NADH, and NADPH, reoxidize NADH and NADPH. This can
be shown as:

NADH +H' FP NADPH" +H’" FP

NAD FPH, NADP FPH,
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The flavoprotein enzymes act upon certain metabolites that function as substrates. Flavoproteins
take hydrogen from NAD and thereby get reduced. The same flavoprotein molecule is reoxidized to
become active again to participate in further reactions. This can be shown as:

AH, NAD FP-H,
A NADH FP
(Substrate) * (Flavoprotein)
H

Reoxidation of flavoproteins is accomplished by cytochrome system.

3.8 DEHYDROGENATION

The initial step of the electron transport system is the oxidation of the organic substrate by NAD, and
in turn NAD gets reduced to NADH. It may be shown as under:

Metabolite + NAD — oxidized metabolite + NADH + H"

In the above reaction, the oxidizing agent NAD is reduced to NADH by accepting two electrons
and one hydrogen, the other hydrogen atom is released as hydrogen ion (H"). Such reactions
involving loss of hydrogen and two electrons by the molecule to be oxidized are called
dehydrogenations. The enzymes which catalyze such reactions are called dehydrogenases. Specific
dehydrogenases are required for different organic molecules.

The NADH thus formed is reoxidized to NAD by a flavoprotein enzyme. Flavin functions as a
coenzyme. The NADH is oxidized to NAD and flavin accepts two electrons, a hydrogen atom and the
H" from the solution.

H' + NADH + Flavin < Flavin H, + NAD

Thus flavin is reduced, and further undergoes reoxidation by coenzyme Q. The reaction involves
oxidation of reduced flavin by the transfer of two electrons and two hydrogens to a molecule of
coenzyme Q.

Flavin H, Flavin

N

Coenzyme Q

In the next reactions, reoxidation of coenzyme Q takes place by cytochromes which act as
electron carriers. There are a number of such compounds which occur in the mitochondria of the
cells, and differ from each other on the basis of their structure with respect to the protein molecule.
Owing to their structural differences, they also differ with respect to their ability to accept or donate
electrons. They react in a particular order, cytochrome b — cytochrome ¢ — cytochrome a —
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cytochrome a;. Cytochrome b accepts an electron from coenzyme Q and thus gets reduced. Since one
electron is accepted by one molecule of cytochrome b, two molecules are necessary to reoxidize
coenzyme Q. The hydrogens of the reduced coenzyme Q are not accepted by cytochromes and they
are released as hydrogen ions in the medium.

An electron thus accepted by cytochrome b is next passed on to ¢, then to a, and finally to
cytochrome a; with alternate oxidation and reduction of the iron atom of the cytochromes.
Cytochrome a; is commonly known as cytochrome oxidase which is capable of undergoing direct
oxidation by molecular oxygen. Cytochrome oxidase is an important enzyme showing a specific
behaviour. In the presence of oxygen it works efficiently and continuously transfers electrons in one
direction, that is to oxygen. In the absence of oxygen, it becomes inactive. The sequence of reactions
is shown in Fig. 3.4.

3.9 ENERGY RELEASE AND OXIDATIVE PHOSPHORYLATION

If one mole of glucose is completely oxidized, 686 kcal of energy is released. This can be shown thus:
C¢H,,04 + 60, — 6CO, + 6H,0 + 686 kcal

In order to produce ATP from ADP and Pi in a biological system, about 10 kcal of energy per
mole of ATP is required. It is apparent from the above equation that 68 moles of ATP would be
produced for each mole of glucose acrobically oxidized. However, it is not true. Actually, 38 moles of
ATP are produced per each mole of glucose oxidized. One might ask as to what happens to the rest of
energy?

Rest of the energy is lost in the form of heat. The typical reaction of glucose oxidation can be
shown as follows:

C¢H,,0; + 60, + 38 ADP + 38Pi — 6CO, + 6H,0 + 38 ATP + 310 kcal (heat)

The above equation summarizes the oxidation of glucose in one step. In actual oxidation process,
however, several steps are involved so that the energy is released bit by bit in a stepwise fashion. Thus
only one mole of ATP is synthesized in one single reaction. In biological systems glucose is the chief
fuel to be oxidized for the production of ATP. A series of oxidation reactions are employed by the cell
to oxidize glucose to CO, and water. We shall describe these reactions with respect to oxidative
phosphorylation.

3.10 GLUCOSE OXIDATION

Carbohydrates are fuels which are first broken down to 6-carbon sugars before they are oxidized.
Glucose is the simplest 6-carbon sugar which must be first converted into glucose-6-phosphate
through phosphorylation by ATP. This is the common early stage of glycolysis. It is further
transformed to pyruvic acid as summarized in Fig. 3.5.

In the next reaction glucose-6-phosphate is converted to fructose-6-phosphate under enzymatic
control. Fructose-6-phosphate is phosphorylated again on the first carbon and leads to the formation
of fructose-1, 6-diphosphate. This conversion is accomplished by ATP which acts as both energy and
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Fig. 3.5 Scheme of glucose oxidation (glycolysis).

phosphate donor. In the next series of reaction, the 6-carbon diphosphorylated sugar is split into two
3-carbon phosphorylated sugar, phosphoglyceraldehyde (PGA) and dihydroxy acetone phosphate
(DHAP). Next reaction is very important for two reasons. Firstly, one more molecule of phosphate is
added, and secondly in the course of this reaction a hydrogen is removed from the aldehyde group
which is picked up by NAD. In the next reaction transformation of the two molecules of 1, 3-
diphosphoglyceric acid and 2 molecules of ADP to two molecules of 3-phosphoglyceric acid and 2
molecules of ATP takes place. This is an enzyme catalyzed reaction. Up to this stage the energy yield
has been balanced by the energy expenditure. Any energy derived from the process after this step will
be the net gain.

The next two reactions rearrange the phosphate group of 3-phosphoglyceric acid resulting in the
formation of 2-phosphoglyceric acid which is then converted to phosphoenol pyruvate by losing one
hydrogen. For each glucose molecule oxidized, two phosphoenol pyruvates are formed. The
phosphate group of phosphoenol pyruvate is transferred to ADP molecule to form ATP. After
transferring the phosphate from phosphoenol pyruvate, the resulting compound pyruvic acid or
pyruvate is formed. Four ATP molecules are formed in this glycolytic process, two pay back for the
two expended in the beginning of glycolysis. Therefore the net gain is of 2 ATP molecules.

The importance of glycolysis can be enumerated as follows:

1. About 10 per cent of free energy available in glucose molecule is released.

2. Glucose molecule is changed to form pyruvic acid which can enter the citric acid cycle to

release more energy.

3. A net synthesis of 2 molecules of ATP takes place.

4. Two molecules of NADH are generated by dehydrogenase action.

The remainder of energy contained in the glucose molecule is released during the course of citric
acid cycle and oxidation by the electron transport system. The product of glycolysis, pyruvic acid
enters the mitochondria where it undergoes oxidative phosphorylation with the help of electron
transfer chain to generate more of ATP. The complex reactions, their sequence and products are
summarized in Fig. 3.6.

At the beginning of the cycle, pyruvic acid is acted upon by an enzyme pyruvic dehydrogenase
and acetyl CoA is formed. The enzyme also transfers hydrogen from pyruvic acid to NAD which
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Fig. 3.6 The citric acid cycle (Krebs cycle).

forms NADH, a reduced compound. The compound acetyl CoA enters the citric acid cycle by
reacting with a 4-carbon molecule, oxaloacetic acid, forming citric acid.

In the next reaction isocitric acid is formed involving minor changes in the citric acid molecule.
In the next step dehydrogenation of isocitric acid to oxalosuccinic acid takes place. The coenzyme
which acts as the electron acceptor is NADP. Oxalosuccinic acid is a keto-acid and is capable of
undergoing decarboxylation. The product of this reaction is a-ketoglutaric acid. a-ketoglutaric further
undergoes decarboxylation and forms a high energy complex, succinyl CoA. NAD acts as an
oxidizing agent removing the hydrogen. Succinyl CoA is rapidly cleaved to succinic acid and CoA
becomes free. This reaction leads to the synthesis of one molecule of ATP.

In the next reaction, an enzyme succinic dehydrogenase oxidizes succinic acid to fumaric acid. In
this reaction 2 molecules of ATP are formed. An addition of a water molecule to fumaric acid yields
malic acid. Malic acid is then finally oxidized by NAD to oxaloacetic acid, thus completing the cycle.
There ATP molecules are formed in this step. The most important conclusion drawn from the cycle is
the entrance of an acetyl group which is oxidized to CO,, and H,O, by four oxidation reactions. The
balance sheet of the ATP yield from glycolysis and various steps of oxidative phosphorylation is
given in Table 3.1.
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Table 3.1 Net ATP Gain During Complete Glucose Oxidation

Sequence of reactions Net ATP yield
1. 1 glucose — 2 pyruvic acid moles 2
2. NADH + H* from conversion of 3-phosphoglyceraldehyde to 1, 3-diphosphoglyceric acid
(electron transport system) 6
3. 2 pyruvic acid — 2 acetyl-CoA + 2CO, 6
4. 2 acetyl-CoA — 4CO, (citric acid cycle) 24

Glucose — 6CO, 38




CHAPTER

Enzymes—The Biological
Catalysts

In the previous chapter it has been mentioned that the enzymes catalyze metabolic reactions in a
precise way by lowering the energy barrier (see section 3.4 of Chapter 3). In living systems chemical
reactions proceed at physiological temperatures which are quite low (in most cases 37°C). The same
reactions in vitro will proceed at considerably higher temperatures and pressure. But the remarkable
property of the cell to carry out its reactions at mild temperatures, low pressure, and in dilute solutions
is due to the influence of enzymes.

Chemically, enzymes are complex protein molecules synthesized in the cells where they act as
biocatalysts in carrying out various physico-chemical reactions. These proteins have their own
specificity and kinetics. By definition a catalyst is a substance which speeds up the rate of a given
reaction and at the end of the reaction it remains unaltered. Further, the catalyst helps in attaining a
reaction in a state of equilibrium. Many noncatalyzed reactions remain in a nonequilibrium condition
since their rate of reaction to reach the state of equilibrium is very slow. For example, glucose and
oxygen may remain together in a solution for years without reacting with each other. However, if a
suitable catalyst is added to the solution, both will react readily to attain the state of equilibrium by
forming carbondioxide and water. This may be represented as,

6CO, + C¢H,,0, == 6CO, + 6H,0

The above reaction has an equilibrium favouring the product formation since no detectable
amount of glucose will be formed if CO, and H,O are mixed together.

4.1 GENERAL PROPERTIES OF ENZYMES

All enzymes are proteins and synthesized within the cell. Owing to their protein nature their physical
and chemical properties conform to the nature of proteins. Action of strong acids, bases, organic
solvents, heat and agitation will denature and render them biologically inactive. An essential property
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of these biological catalysts is to speed up the rate of chemical reactions and while doing so they
remain unchanged without loss of activity. An enzyme recognizes its specific substrate and reacts
with it to form product and gets regenerated at the end of the reaction. The enzyme lowers the
activation energy and allows a larger number of molecules to react at a given temperature. The
efficiency with which an enzyme acts on its substrate is known as its turn over rate which is the
number of substrate molecules converted into the product by a single molecule of enzyme per unit
time.

Enzyme catalysis follows the same general rules as observed for nonenzymatic catalysis. Both
catalyze forward and backward reactions to reach a state of equilibrium. However, the main
difference lies in the fact that the enzyme delicately controls and regulates the cellular processes at
considerably low temperatures with maximum economy.

Enzyme Specificity

Enzymes have a preference for their specific substrate on which they act. The phenomenon is known
as enzyme specificity. Some enzymes have absolute specificity, i.e. the enzyme can act on only one
substrate. Urease hydrolyzes urea and any modification in urea molecule will render it ineffective for
enzyme attack:

NH,
co NRRE Z— 2NH, + CO,
2

Certain enzymes are capable of acting on a specific organic group, thus showing group
specificity. For example, alcoholic dehydrogenases act only on alcohols. Similarly, carboxyl esterases
will act on carboxylic acid esters only.

R -~ OH + NAD" = R — CHO + NADH + H"
In the above reaction the R and H groups are immaterial.

Some enzymes act on a range of substrates showing a broad specificity. Trypsin will attack
peptide bonds in a protein chain only between certain amino acid residues involving lysin and
arginine.

Certain enzymes show optical specificity, i.e. they are able to discriminate between their optical
isomers. An L-amino oxidase will not act on D-amino acids or vice versa.

Enzyme-substrate Interaction

An enzyme reacts with its substrate at various concentrations. When the rate of enzymes catalyzed
reaction is studied at various substrate concentrations, a hyperbolic curve is obtained (Fig. 4.1). When
the initial substrate concentration is low, the rate is directly proportional to the substrate
concentration. As the substrate concentration is increased the velocity of reaction reaches a maximum
V... At high concentrations the rate of reaction becomes independent of substrate concentration

max.

(Fig. 4.1).
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Fig. 4.1 Effect of substrate concentration on the velocity of enzyme catalyzed reaction.

The enzyme catalyzed reaction is a two-step process which can be shown thus:

kl
[E]+ [S] = [ES] ()
k2
k3
[ES] v [E] + [P] )

4

In this process the enzyme first combines with the substrate [S] to form enzyme-substrate [ES]
complex. This complex breaks down into the product [P] and the enzyme [E]. The enzyme catalyzed
process was quantified by Michaelis and Menten who applied the law of mass action to the formation
of ES complex. Following equation was obtained to express the relationship:

_ VaulS]
K, +[S]
where
V' = velocity of reaction
[S] = substrate concentration
Vmax = Mmaximum velocity

K, = Michaelis-Menten’s constant
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K, represents the substrate concentration at which the velocity of reaction is half of the maximum
velocity (V)

4.2 THE MECHANISM OF ENZYME ACTION

Activation Energy

An exergonic reaction will take place very slowly, but the rate of reaction is determined by how many
molecules have the activation energy (£ ) to react together at anyone moment. In a slow reaction only
a small percentage of the molecules involved have the necessary amount. The activation energy
therefore represents a kind of barrier which must first be overcome before the reaction can proceed
(Fig. 4.2).

Enzyme lowers energy barrier
so that E, < E,

EA
(without
heat or
enzyme)

E (with heat)

. Rééétants
Heat raises energy CgHy,05 + 60
content of reactants
sothat EY <E,

|

Energy content
of reactants

E, (with enzyme)

e Hedting
Products This difference equals
6CO, +6H0 | (E, —E,) since heating
raises the energy content
of the products as well
asthat of the reactants

—
Progress of reaction

Fig. 4.2 Activation energy: enzyme lowers the energy barrier. Heat produces a secondary effect, increasing the kinetic
energy of the reactants.

In principle, reactions can be speeded up in two ways:
(a) by supplying the reactants with more energy, for example by heating;
(b) by lowering the activation energy by means of a catalyst.

In living organisms heat from any external source cannot be applied, because of limitations.
Besides, heat also denatures proteins which include enzymes also. However, enzymes are biocatalysts
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which lower the activation energy barriers dramatically. How these enzymes lower the energy barrier?
Before we answer this question, let us have a closer look at the concept of the active site or the
catalytic site.

Lock and Key Hypothesis

Fischer postulated a lock and key hypothesis to explain the interaction between the enzyme and the
substrate. The model visualizes the enzyme molecule as a rigid structure having a fixed substrate
binding site (Fig. 4.3). For a key to work it must be provided with the right lock and so is with
enzyme and substrate.

E S E + S Complex

Fig. 4.3 Fischer's lock and key hypothesis to explain the formation of enzyme-substrate complex.

The concept of active site. The active site of an enzyme molecule is the catalytic site which reacts
with the substrate. It has been suggested that there must be one or more active sites of an enzyme
which are the centres of catalytic activity. Enzymes are huge molecules with a high molecular weight,
but substrates are often small. It has been suggested that one or two substrate molecules bind at a time
to specific points on an enzyme, showing that enzymes possess specific active sites for catalysis. If
the active site is only a small part of the enzyme molecule, what is the function of the rest of the
molecule? In 1963, Koshland suggested that an enzyme consists of essentially four categories of
amino acids (Fig. 4.4):

Catalytic residues Binding residues

Active site Active site

Structural
residues

«—— Non essentia
residues

Fig. 4.4 Amino acid residues in an enzyme molecule showing four sites: catalytic site, binding site, structural residues
and non-essential residues.
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(1) Catalytic residues: These are the amino acids at the catalytic site which make and break
chemical bonds. They participate in the catalytic activity.
(i1) Binding residues: These amino acids hold the substrate in place while catalysis is taking place.
(iii) Structural residues: These amino acids hold the active site in the correct shape so that it can
function properly.
(iv) Non-essential residues: These amino acids have no specific function. They are often near the
surface of the enzyme and can be removed or replaced without loss of function.

Induced-fit Theory

The idea of an enzyme ‘wrapping around’ a substrate to form a more stable structure is called
induced-fit hypothesis. These and other considerations led Koshland to postulate that essential
functional groups on the active site of the free enzyme molecule are not in their optimal positions for
promoting catalysis when the active site is unoccupied, but when the substrate molecule is bound by
the enzyme, the binding affinity forces the enzyme molecule into a conformation in which the
catalytic groups assume a favorable geometric position to form the transition state. This is the
induced-fit model of enzyme-substrate interaction (Fig. 4.5).

m Substrate
Active site
(relaxed form)

Enzyme

1
Active site m
. Enzyme-substrate
(induced form) @ (induced-fit form)

Fig. 4.5 Induced fit model of enzyme molecule as proposed by Koshland.

Molecular Basis of Enzyme Action

According to thermodynamic considerations, enzymes lower the energy barrier or activation energy
through several steps, each step with reduced activation energy, including the formation of ES-
complex. On the other hand, in molecular terms, few major factors appear to participate and probably
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operate simultaneously at the active site, all of which contribute to a lowering of activation energy,
and hence to the large rate accelerations produced by the enzyme (Table 4.1).

Table 4.1 Mechanisms which Contribute to the Catalytic Efficiency of Enzymes

Mechanisms

Description of catalysis

Proximity effects
Orientation effects
Strain effects
Acid-base catalysis
Covalent catalysis

Microenvironmental effects

Temporary binding of reactants close to each on an enzyme increases the chance
of a reaction.

Reactions are held by the enzyme in such a way that the bonds are exposed to
attack and a transition state is readily achieved.

Enzyme may induce strain or distortion in the susceptible bond of the substrate
molecule, making the bond easier to break.

Acidic and basic amino acids in the enzyme facilitate transfer of electrons to and
from the reactants.

Enzyme may combine with the substrate to form an unstable covalent
intermediate that readily undergoes reactions to form the products.

Hydrolytic amino acids create a water-free zone in which non-polar reactants
may react more easily.

4.3 CLASSIFICATION OF ENZYMES

The International Enzyme Commission has adopted a system of classification of enzymes recognizing

six major classes (Table 4.2).

Table 4.2 Major Classes of Enzymes and the Types of Reactions Catalyzed by Them

Enzyme class

Nature of reaction Mayjor type of enzymes with their specific reactions

1. Oxido-reductase | Biological oxidation and reduction 1. Dehydrogenases: catalyze removal of 2 atoms of

hydrogen
2. Oxidases: these catalyze reduction of O,

3. Oxygenases: which catalyze incorporation of molecular
O, into the substrate

4. Oxidative deaminases: catalyze the oxidation of amino
compounds with the formation of NH;

5. Hydroxylases: these introduce OH groups
6. Peroxidases: they use H,0, as oxidant

2. Transferases Effecting exchange of groups 1. Aminotransferases: catalyze exchange of amino
groups between two substrates: & Keto group between amino and Keto acid
AB + CD AC + BD 2. Kinases: catalyze the transfer of a PO, radical

3. Acyltransferases: catalyze the transfer of acyl/acetyl
group to a suitable acceptor

4. Glycosyltransferases: they transfer glycosyl groups

Contd.
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Contd.

3. Hydrolases They catalyze hydrolysis reactions: | 1. Peptidases: catalyze hydrolysis of peptide bonds
AB + H,0 A OH + HB 2. Glycosidases: catalyze glycosidic bonds
3. Esterases: carry hydrolysis of carboxylic esters
4. Phosphatases: hydrolyse phosphoric acid esters
5. Phosphodiesterases:
6. Deaminases: catalyse hydrolysis of amines
7. Deamidases: catalyze hydrolysis of amides
4. Lyases Remove groups from substrates 1. Decarboxylases
non-hydrolytically: 2. Aldolases
AB A+B 3. Dehydratases
5. Isomerases Catalyze isomerization of 1. Racemases
substances (substrates) 2. Epimerases

6. Ligases Catalyze joining together of two

down of a pyrophosphate bond in
ATP

molecules coupled with the break

Synthetases; bring about the formation of C-O, C-S, C-
N or C-C bonds.

Reactions require expenditure of energy with
simultaneous cleavage of ATP.

4.4 FACTORS INFLUENCING ENZYME ACTIVITY

There are many factors which influence the activity of enzymes. These may be physical or chemical in

nature.

A. Substrate and Enzyme Concentration

An enzyme catalyzed reaction is dependent on the enzyme concentration.

Usually the enzyme is present in much lower concentration than the substrate. In vitro experiment
if we take increasing enzyme concentration in the presence of an excess of the substrate, a linear
relationship is observed showing increased utilization of the substrate (Fig. 4.6). However, with fixed

enzyme
A concentration a different relationship is observed (Fig.
4.7). First of all a rapid rise in velocity of reaction is
observed and subsequently the reaction rate slows down
until no change in velocity is observed. The enzyme at this
stage is saturated with the substrate. Three situations are
observed at points A, B and C.
1. At point A (Fig. 4.1) the [S]
hence the velocity V is dependent upon the substrate
concentration.

Velocity of reaction

A\ 4
N

o Enzyme concentration

Fig. 4.6 Effect of enzyme concentration on
the rate of reaction.

concentration and increasing substrate

is much less than K

m>

At point B the substrate concentration is equal to
K,,, hence the velocity is half of V,

max-*

. At point C the substrate concentration is much
greater than the K,, value, hence the velocity of
reaction is maximal (V).
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B. Temperature

Temperature has a marked effect on enzyme-catalyzed reactions as enzymes are very sensitive to
elevated temperatures. At high temperatures the enzymes undergo denaturation resulting in complete
loss of their biological activity. For most enzymes, optimal temperatures are close to that of the
ambient temperature of the cell. In homeotherms this temperature is around 37°C. However, the
enzymes show their activity over a limited range of temperature.

According to vant Hoff law, a rise of 10° in temperature will double the velocity of a reaction. If
we assume that at a given temperature 7° the rate of reaction is ¥, the latter becomes 2V at
temperature 7 # 10°. This is expressed in terms of the ratio of velocities of the reaction at two
temperatures 10° apart and is indicated by Q,,. This holds true for an enzyme-catalyzed reaction at
low temperatures. The temperature range for most of the enzymes lies between 30° and 50°C.

C. pH

The enzymes are influenced by pH changes since they are A
proteins and have an ionic character due to amino and
carboxylic groups. Each enzyme has an optimum pH at
which the velocity is maximal provided all other
conditions like temperature, substrate concentration etc,
are ideal. In a typical curve showing the effect of pH on
an enzyme-catalyzed reaction it is observed that the
maximal catalytic activity is seen at the optimum pH,
while on either side of the curve it is low (Fig. 4.7).
Within a narrow range of pH (i.e. slightly alkaline or acid ;
condition), the changes in the reaction are reversible. O Low<«——pH—— High
However, if the pH is either too low or too high, the

changes are irreversible due to denaturation of the Fig. 4.7 Effect of pH on the enzyme
enzyme protein. catalyzed reaction.

D. Redox Potential

Many enzymes are sensitive to oxidizing and reducing agents and the comparative ability of oxidation
or reduction of an enzyme is known as redox potential. It is the electromotive force (measurable in
millivolts) developed by the solution when in physical contact with the platinum electrode as
compared to the normal hydrogen electrode at zero potential. The redox potential of an enzyme is
either positive or negative owing to its relative oxidizing or reducing ability in comparison to
hydrogen.

E. Inhibitors

There are certain compounds, also known as antimetabolites, which when added to the substrate
combine with the enzyme reversibly or irreversibly to block the production of end products. Such
substances are known as inhibitors which include drugs, antibiotics, poisons and certain metabolites.
Inhibition occurs in a variety of ways, but broadly they may be classified into two categories:
reversible and irreversible inhibitions.

Optimum pH

Velocity of reaction

Y
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(a) Irreversible Inhibition: Some enzymes have a thiol (SH) group at the active site. The
compounds like iodoacetate (CH, I.COOH) or mercurials react with the functional—SH group
of the enzyme and form covalent derivatives. This kind of binding with the active site of the
enzyme molecule causes more or less inactivation of the enzyme. The inhibitor cannot be
released by any means, hence called irreversible inhibitor. The inhibition is proportional to the
concentration of the inhibitor.

E—SH + ICH,COOH — E—S—CH,COOH + HI

(b) Reversible Inhibition: Many inhibitors reversibly bind with the enzyme molecule affecting
the equilibrium constant of the reaction. Three types of reversible inhibitions are known.

(i) Competitive Inhibition: In this type of inhibition both the inhibitor and the substrate
compete for the same active site of the enzyme, but the inhibitor has greater affinity. The
effect of inhibition can be overcome by increasing the substrate concentration. In such
cases the inhibitor is structurally related to the substrate and bind with the enzyme
decreasing the effective concentration of the enzyme. An example of this type of inhibition
is succinic dehydragenase which converts succinate to fumaric acid. If malonic acid (it is
analogous to the structure of succinic acid) is added to the reaction, the activity of succinic
dehydrogenase falls but the activity can be restored by increasing the concentration of
succinic acid (Fig. 4.8).

v
+ Inhibitor

No inhibitor

—JJKml

Fig. 4.8 Graphical representation showing competitive inhibition.

O 1U(S)

(ii) Noncompetitive Inhibition: In this case there is no competition between substrate or
inhibitor and the inhibitor either combines with the enzyme with the ES complex (Fig. 4.9).
Noncompetitive inhibition cannot be fully reversed even at high substrate concentrations.
Noncompetitive inhibitors lower the V. but do not affect the K|, value. From the Fig. 4.10
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Fig. 4.9 Mechanism to show binding of inhibitor with enzyme or with ES complex.
it can be seen that the substrate has an affinity both for enzyme and for EI complex. When
the results are plotted with 1/V against I/S at various concentrations of the inhibitor V, , is

lowered (Fig. 4.10).

w

<« 1/V max

-UK
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Fig. 4.10 A plot showing non-competitive inhibition.

(iii) Uncompetitive Inhibition: Some inhibitors combine with ES complex, hence are called
uncompetitive inhibitors. Such inhibitors have no affinity with the substrate and bear no
resemblance with it. This type of inhibition can never be reversed. A variety of poisons
such as iodoacetamide and metal ions (Ag, Hg) cause this type of inhibition.
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4.5 ISOENZYMES

Certain enzymes occur in multimolecular forms in the same organism. These enzymes have different
physical properties but catalyze the same type of reactions. Lactate dehydrogenase (LDH) is an
example of an isoenzyme which can be distinguished into 5 distinct types. These five different forms
differ in their behaviour, amino acid composition and relative rates of reaction. They have been
reported from different organs of vertebrates, chiefly from the heart and skeletal muscles. Two basic
subunits of LDH enzymes are known, the H type predominant in the heart and the M type in the
skeletal muscles. Both have same molecular weights (35,000) and both are produced in the same cells
by two, separate genes. LDH is composed of M and H subunits in 5 different combinations. These
are: H,, H;M, H,M,, H M; and M,. M, and H, are pure tetramers. Besides LDH, many other
enzymes like alkaline phosphatase, glutamate-oxaloacetate transaminase and creatinine
phosphokinase also occur in the form of isoenzymes.

4.6 ALLOSTERIC ENZYMES

There is an important class of enzymes usually known as allosteric or regulatory enzymes. They have
distinct regulatory and catalytic sites and their activity can be enhanced or inhibited by organic
compounds that occur as intermediates in the sequence of reactions. The inhibitor of the regulatory
enzyme bears no structural similarity with that of the substrate and usually occurs at the end of the
pathway.

Allosteric enzymes do not follow Michaelis-Menten kinetics and behave atypically in their
relationship with the substrate concentration. Normally, an enzyme possessing independent binding
sites will yield a hyperbolic curve to represent

their velocity of reaction. However, in case of 100—

allosteric enzymes, binding of one substrate v __

molecule will induce structural changes in the 80

enzyme to facilitate affinity of the substrate )

with the remaining binding sites. In such cases 60

the enzyme-substrate relationship yields a

sigmoidal curve (Fig. 4.11). This is also known ol @

as positive cooperativity. In order to explain

this behaviour example of haemoglobin may be Allosteric enzyme

cited. Haemoglobin molecule is composed of 4 20 -

polypeptide chains linked to the haeme

molecule and the binding of a molecule O, | | | | |

would induce structural changes in the 0 20 4 60 80 100

haemoglobin molecule which would facilitate = = _ _

further binding of O, to reach saturation Fig. 4.11 Effect so substrate concen_tratlor_1 on tr_le velocity
. . Lo . of (1) an enzyme showing Michaelis-Menten

point. The relationship is sigmoidal. On the Kinetics and, (2) allosteric enzyme.

other hand, myoglobin, which has only one
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polypeptide chain, can bind with one molecule of oxygen and shows a hyperbolic curve. Michaelis-
Menten kinetics is not applicable to allosteric enzymes, hence Km has no meaning. Sometimes the
binding of substrate molecule to one catalytic site obstructs the binding at another site and this
behaviour is known as negative cooperativity.

Two types of allosteric responses are known, homotropic and heterotropic, In case of homotropic
response the substrate (effector) is a second molecule. Many, enzymes have several active sites per
molecule. When the substrate is bound at one site, the affinity at other sites changes markedly due to
conformational change in the enzyme molecule. In case of heterotropic response, the effector or the
co-substrate (other than the substrate) binds at the regulatory site affecting the aftinity of other vacant
binding sites. Most heterotropic effectors that bind with the regulator sites are unrelated to substrates
or products, but are usually identified as terminal products of the metabolic pathway exhibiting a
feedback control.

4.7 COENZYMES

Some enzymes such as pepsin and ribonuclease occur as pure proteins, while others have a non-
protein component associated with the protein molecule. This non-protein component of the enzyme
molecule is known as prosthetic group and the protein moiety is called the apoenzyme which together
constitute holoenzyme.

The prosthetic group may be either in the form of a metal ion (cofactor) or as a coenzyme which
may be firmly or loosely bound to the apoenzyme. Enzyme activity depends upon the coenzyme
which is often regarded as a second substrate. Some important coenzymes along with their functional
characteristics are given in Table 4.3.

Table 4.3 Coenzymes and Their Functional Characteristics

Name of coenzyme Functions
Nicotinamide adenine dinucleotide (NAD) Transfer of hydrogen atoms (electrons)
Nicotinamide dinucleotide phosphate (NADP) Transfer of hydrogen atoms
Thiamine pyrophosphate (B,) Decarboxylation and aldehyde group transfer
Flavin mononucleotide (FMN) Transfer of hydrogen atoms
Flavin adenine dinucleotide (FAD) Transfer of hydrogen atoms
Lipoic acid Transfer of acyl groups
Biotin Transfer of CO,
Pyridoxal phosphate (Bg) Participates in transamination, decarboxylation and racemization,
reactions of amino acids
Tetrahydrofolate Transfer of methyl, methylene, formyl or formimino groups.
Cyanocobalamine (vitamine B,5) Transfer of alkyl groups in alkylation reactions
Coenzyme Q Transfer of hydrogen atoms

Coenzyme A Transfer of acyl groups
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Regulation of Enzymes

Cells contain a large number of enzymes all of which do not function simultaneously. They have to be
regulated and their functioning coordinated according to the requirements of the cell. Some enzymes
remain in inactive form and unless they are activated by proper conditions they will not participate in
catalytic activity (examples: pepsin and chymotrypsin). A few hydrolytic enzymes are found to be
trapped in lysosomes, and if found loose in the cytoplasm they may cause self destruction of the cell

machinery.

A number of enzymes form enzyme complexes
and have spatial arrangement in the cell. These are
known as multienzymes and catalyze a series of
reactions. The enzymes within the mitochondria and
chloroplasts are so organized in the membrane
system of the organelle that they establish a chain of
reactions. Enzymes of the respiratory chain are
membrane bound and transfer electrons from the
substrate to oxygen.

A number of enzymes remain in physical
association with each other in form of clusters (fatty
acid synthetase). So long the enzymes are physically
bound together, their catalytic activity remains intact.
Some enzymes occur as independent molecular
entities in the cytoplasm and convert a substrate to an
end product by producing a number of intermediate
metabolities and if the product of the system
accumulates in the cells, it specifically inhibits the
activity of the first enzyme of the reaction system.
The first enzyme of the sequence which is inhibited is
known as the regulatory enzyme and the product is
known as the modulator (Fig. 4.12). On the other
hand, if the initial substrate accumulates in the cell it
activates the enzyme E5 so that the conversion of
initial substrate (A) continues.
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Fig. 4.12 Feedback inhibition showing self-regulation
to control concentration of metabolites.



CHAPTER

Animal Calorimetry

The organisms should be considered as chemical laboratories where energy transformations are
continually taking place. Life of organisms is intricately woven with their environment and as long as
they live, they continually exchange matter and energy with their environment. Thus, the organisms
constitute a dynamic system exhibiting biological activity at cellular and organismic levels. The
complex pattern of activity involves capture of food, digestion and absorption of food, transport of
nutrients and elimination of wastes.

The food supplies the energy needed for the maintenance of body temperature, for muscular
movements of the heart and respiration, and for other physical activities. The packets of energy
liberated from utilisation of various foods are different. The quantity of energy available from 1 g of
carbohydrate is 4.1 kilocalories: from 1 g of fat, 9.3 kilocalories are liberated, and from 1 g of protein
only 5.3 kilocalories are obtained in the form of heat of combustion.

5.1 ANIMAL CALORIMETRY

To maintain normal physiological functions, physical activity, growth, and tissue repair, the body
needs an ongoing supply of energy from oxidation of foodstuffs. Oxidation of dietary carbohydrates,
fats and proteins supplies the required energy for these body functions. Recommended dietary
allowances (RDA) have been established for required energy needs, including vitamins and minerals.
However, RDA does not apply to people with conditions such as chronic illness, infections or
metabolic disorders. In these cases nutritional requirements are determined on individual basis.

Animal calorimetry deals with the measurement of energy requirement of the body under various
physiological conditions and the fuel value of foods which supply the energy. In animals the chemical
source only need be considered and we may confine our attention to that form of combustion in which
the substance finally appears in the completely oxidised form.
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Unit of Heat

Since oxidation of food involves combustion in the body, heat is evolved as recognised by
temperature which is due to the energy of molecular motion. In animal calorimetry the unit of heat is
the large calorie (kilocalorie), which is defined as the amount of heat necessary to raise the
temperature of 1 litre of water from 15°C to 16°C.

When certain substances are combusted in a bomb calorimeter (an apparatus for measuring
heat), we can obtain the values of heat of combustion:

1 g of H, gas produces 34.5 kilocalories
1 g of charcoal produces 8.0 kilocalories
1 g of glucose produces 3.7 kilocalories

1 g of sucrose produces 3.96 kilocalories
1 g of starch produces 4.2 kilocalories

Fuel Value of Foods

The potential energy of different foods is determined by combusting them in an atmosphere of
oxygen in a metal chamber known as bomb calorimeter. The amount of heat produced in the
instrument is measured in terms of calories, which is slightly more than the food actually oxidised in
the body. The caloric content of the three principal foodstuffs measured in a bomb calorimeter is
given in Table 5.1.

Carbohydrates and fats are completely oxidised in the body to CO, and water. However, proteins
do not undergo complete oxidation, therefore the energy obtained is a bit less.

Table 5.1 Fuel Values of Food Obtained by Burning 1 g of Food

In bomb calorimeter In the body Metabolic water
Carbohydrates 4.2 kcal 4.1 kcal 0.55¢
Proteins 5.6 kcal 4.1 keal 041 g
Fats 9.3 kcal 9.3 kcal 1.07 g

Types of Calorimetry

The amount of heat produced in the body is dissipated and is measured as the amount of energy
expenditure in the animal. There are two methods of measuring energy expenditure.

Direct Calorimetry

Direct calorimetry measures the total heat production in a living organism. The animal is placed
inside a large chamber having double insulated walls with a provision to remove water evaporated
from the lungs and skin, and exchange of oxygen and carbondioxide. A constant flow of air is needed
which enters through a saturator and then passes through a heat exchanger. The air then circulates in
the calorimeter and comes out through another heat exchanger. The flow rate of both the exchangers
is identical. The circulating water in heat exchangers is warmed by absorbing the heat given out by
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the animal. The temperature of water is recorded which gives an indication of the body heat
production. Though direct calorimetry is a cumbersome process requiring expensive equipment, it
permits precise and continuous measurement of heat produced.

Indirect Calorimetry

When carbohydrates are oxidised in the body, oxygen is consumed involving heat production and
carbondioxide formation. In such a case, the rate of oxygen consumption can be measured to find out
the heat evolved. The equipment used for the purpose is known as spirometer. The spirometer is filled
with oxygen and also contains a vessel full of soda lime. The animal is placed inside the respiratory
chamber. When the animal inhales oxygen, water and carbondioxide are expired, which are absorbed
by soda lime. The chamber is airtight but since it is not insulated, heat production cannot be obtained
directly. The animal remains in the oxygen chamber for several hours and its oxygen consumption
and carbondioxide output are measured at regular intervals. A writing pen is attached to the
spirometer connected with a revolving drum. There is an upward stroke for inspiration and a
downward stroke for expiration. The slope indicates the rate of oxygen consumption. The
relationship between oxygen consumption and heat production varies with the type of food consumed,
hence with the help of a calibration chart one can find out the amount of heat produced in relation to
the oxygen consumed. To know heat production of the body from the oxygen consumed, it is
necessary to know the nature of food (carbohydrate, fat or protein) being consumed. The information
can be obtained from the respiratory quotient (Table 5.2).

Respiratory Quotient (RQ)

The respiratory exchange of gases is dependent upon the type of food consumed and the physiological
state of the animal. For this purpose, the amount of O, consumed and the amount of CO, evolved are
used as a measure of the extent of the type of fuel oxidized by a particular animal. The ratio of the
volume of CO, produced to the volume of oxygen absorbed is known as the respiratory quotient
(RQ). This has different value for each of the major food components and serves to determine what
substances are being burned.

Table 5.2 Energy Relationships and Respiratory Quotients

Carbohydrate Fat Protein
0, utilised/g (in litres) 0.75 2.03 0.97
CO, produced/g (in litres) 0.75 1.43 0.78
RQ 1.00 0.71 0.80
Kcal yield/g 4.10 9.30 4.10
kcal equivalent of 1 litre of O, 5.47 4.60 4.23

We can further explain the concept of RQ by taking an example of glucose oxidation where the
quantity of CO, evolved is equal to the amount of O, consumed:

CH,,0, + 60, = 6CO, + 6H,0

1 f lved in ti
The RQ for glucose (carbohydrate) = volume of CO, evolved in time /

volume of O, consumed in time ¢
=6/6 or 1.0
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1 litre of oxygen represents a liberation of 5.011 kcal. In animal calorimetry the heat equivalent of 1
litre of oxygen is generally accepted as 5.047 kcal when carbohydrates are burned in the body.

As noted above, the ratio is known as RQ, which is different for different foodstuffs. In other
foods, however, this RQ is less because relatively less oxygen is consumed. In case of fat (tristearin
for example), the RQ is about 0.71:

Cs;H, 40, + 1630, — 114CO, +110H,0

Proteins too have a lower RQ value ranging between 0.8 and 0.82. Based on the analytical figures
for the average protein, it is estimated that 1 g of urinary nitrogen represents the metabolism of 6.25
g of protein, the absorption of 5.91 litres of oxygen, the production of 4.76 litres of carbondioxde, and
the liberation of 26.51 kilocalories.

5.2 BASAL METABOLISM

Energy requirement of the animal body may be studied with the help of two functional parameters:
energy required for basal metabolism and the energy needed for active work. Basal metabolism
includes the energy expended in respiration, blood circulation, intestinal contractions, activities of
various organs, maintenance of muscular work, thermal equilibrium, etc. The basal metabolic rate
(BMR) is influenced by the amount of protoplasmic mass, height, weight, surface area, age, sex,
composition of the tissues, general health etc., and is governed by endocrine organs, particularly the
thyroid and pituitary glands.

The energy consumed in active work and indeed all forms of voluntary activity, imposes an
additional requirement for fuel over the basal metabolism, which depends upon the nature and extent
of the muscular work. Ordinarily an average man expends about 100 kcal per hour while sitting at
rest, his metabolism may increase to about six times with extreme physical effort. In a healthy person,
energy requirements are determined by basal energy expenditure, physical activity, and the energy
used for digestion. Digestion related energy expenditure is known as calorigenic effect of food, which
generally equals about 10% of the basal energy expenditure.

Basal Metabolic Rate (BMR)

Basal metabolic rate is a measure of the heat production of the body in complete mental and physical
repose, and in the post absorptive state. It represents the lowest energy expenditure consonant with
minimal physical activity and reflects the amount of energy needed to maintain basic physiologic
functions and is expressed as the heat produced per hour per meter square. It is determined 12 hours
after the last meal. The subject should have had complete rest at 20°C before the BMR estimation is
done. The BMR is expressed in kcal/hr per surface area (in sq metre) and is determined from the RQ
values obtained over a known period of time.
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Factors Affecting BMR

The BMR values differ with age, sex, surface area, climate, racial variations, state of nutrition, disease
and hormonal balance. Smaller individuals have higher rate of metabolism. It is lower in women and
higher in children (Table 5.3). From birth to the age of one and a half years the basal metabolism
increases at a remarkable rate, and is followed by a gradual decline until full growth and development
is reached. Constancy characterises the rate in adult life, with a slight decline as old age advances. In
normal healthy males around 20 years of age, the BMR is about 40 kcal/hr/m?. In women the BMR
averages about 12% below that of men.

Table 5.3 Oxygen Consumption (in litres) and Heat Production Calories/Hour/M? (in Humans)

Age Males Females

(yrs) 0, consumed Calories 0, consumed Calories
14-15 9.53 45.9 8.91 42.9
16-17 8.91 42.9 8.29 39.9
18-19 8.50 40.9 7.88 37.9
20-29 8.19 39.4 7.67 36.9
30-39 8.19 39.4 7.57 36.4
4049 7.98 38.4 7.46 35.9
50-59 7.77 37.4 7.25 34.9
60-69 7.57 36.4 7.05 33.9

In many diseased states such as leukemia, hypertension, anaemia and fever, which involve
increased cellular activities, the BMR is increased. Thyroid malfunctioning influences BMR to a
great extent, hyperthyroidism increases BMR due to excessive O, consumption, while
hyperthyroidism lowers it. The rate of heat production is also influenced by epinephrine. It is lowered
in conditions of under-nutrition, deficiency of adrenal cortex and in some pituitary disorders.

Measurement and Calculation of BMR

The BMR is expressed in kilocalories per sq meter of the body surface area per hour. Surface area
may be obtained from the Du Bois’ standard chart. However, the average surface area of women is
about 1.6 m?, and for men about 1.8 m® A simple method for calculating surface area is
circumference of midthigh (in cm) X height (in cm). A simple method to calculate BMR from the
oxygen consumption is largely in use. The diet consists of a mixture of carbohydrates and fats, and
the RQ of this mixture of foods is taken to be 0.82, a value obtained after 12 hours of fasting by the
subject. If the O, consumption over a period of 10 minutes is 2.5 litres, then the hourly heat
production under defined conditions at RQ 0.82 will be:

2,500 x 4.825 x 60/10, i.e. 72.36 kcal.

If this subject has a surface area of 1.8 m% the heat production would be 72.36/1.8 = 40.2 kcal/
m?/hr. The surface area of the body bears a relationship with height and weight.

Although there are different systems available for calculating normal heat production, Du Bois
system is more favoured which is based on the height and weight:
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A =Wt x 1" x 71.84
where A equals the area in m?, Wt is in Kg and the height (Ht) in cm.

5.3 CALORIC REQUIREMENT

Caloric Requirements in Man

The heat production of normal individuals under basal conditions largely depends upon the factors of
age, height and weight. The normal standards are based upon thousands of determinations (Table 5.4).

Table 5.4 Standard Values for Energy Production in Relation to Age and Sex

Age Kilocalories/m?/hour
year Males Females
6 53.0 50.6
7 52.4 49.1
8 51.8 47.0
10 48.5 45.8
12 46.8 44.3
14 46.4 41.5
16 45.7 38.9
18 43.3 37.0
20 41.8 36.2
25 40.4 35.9
30 39.6 35.8
35 38.9 35.7
40 38.2 35.0
50 37.0 34.5
60 35.8 33.0

The above table is kg intervals for the height range of 110 to 200 cm and the weight range of 20
to 110 kg.

Caloric Requirements of Animals

The energy requirements of animals are varied depending upon their metabolic capacities. In cold-
blooded animals most of the energy released from food is used to perform physical activities.
Generally they need greater amounts of oxygen with increasing ambient temperature. Therefore, in
such animals the metabolic rate is measured under specific conditions. This is known as standard
metabolic rate (SMR). In warm-blooded animals such as birds and mammals, a high constant internal
temperature is maintained. Their energy requirements vary with the change in ambient temperature in
either direction. There is greater consumption of oxygen at low temperature associated with muscular
activities. Thus in homeotherms, the basal metabolic rate represents the minimal metabolic energy
required and is determined by measuring oxygen uptake by a resting animal.
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After food ingestion the metabolic rate of an animal is enhanced resulting in more heat
production. Increase in metabolism above the basal level is due to calorigenic effect of food and is
called specific dynamic action (SDA) of food and its effect is known as specific dynamic effect
(SDE).

There is undoubtedly a close relationship betwen body surface and the metabolism. In this regard
greater attention has been paid to mammals as compared to other animals. In mammals oxygen
consumption and therefore heat production varies with the body weight, approximating to about two-
thirds. The relationship between weight and volume is 1:1, hence the heat loss is directly proportional
to the surface area, because body surface determines heat loss.

Generally the BMR values have not been found to be related to climatic conditions. This is well
illustrated by the fact that birds and mammals living in low temperatures of arctic, when exposed to
temperatures much below their core body temperatures (50°C), do not show significant difference in
the BMR as compared to birds and mammals of tropical regions.

Daily rhythm is another parameter which can hardly be over-emphasized in energy relationships.
Physiologic measurements show striking relationship with the daily cycle. Factors such as oxygen
consumption, body temperature, locomotor activity and blood sugar, etc., show variations in a cyclic
manner. These daily cycles, called circadian rhythms, influence heat production to an appreciable
extent.



CHAPTER

Metabolism

Metabolism can be defined as the sum total of chemical reactions necessary for the foodstuffs to be
utilized by the body. We have already seen in Chapter 2, the foodstuffs fall under six categories:
proteins, carbohydrates, lipids, water, minerals, and vitamins. These are broken down to simpler
substances before being absorbed by the body tissues. During the process of biochemical reactions a
number of intermediate products are formed which participate in a variety of interactions. The subject
of metabolism is very vast and falls in the purview of biochemistry. However, we shall attempt to
describe in brief such reactions that have relevance to the understanding of physiological processes.

Metabolism is absolutely essential to the maintenance of homeostasis of the body chemistry.
During metabolism energy is required to breakdown the foodstuffs, which in turn yield more energy
to derive other vital life processes. Some of the energy is evolved as heat necessary to maintain a
constant body temperature (especially in warmblooded animals). A good deal of energy is utilized in
the synthesis of new protoplasm during growth and tissue repair, in impulse transmission, in muscle
contraction, etc. In general, these processes fall under two categories: (a) anabolism, in which simple
substances are converted into complex substances; and (b) catabolism, involving degradation
reactions converting complex substances into simpler molecules during which energy is released.

A. PROTEIN METABOLISM

Protein metabolism consists essentially of transformations of amino acids which are more readily
absorbed from the intestine into the portal blood to be conveyed to the liver. Some proteins can be
synthesized in the body from amino acids ingested in food as proteins, while a number of them are
synthesized from amino acids not present in the diet. Amino acids are also oxidized for energy and
utilized for non protein nitrogenous compounds. The body is not capable of storing large amounts of
amino acids and proteins, hence interconversion of amino acids to other compounds like
carbohydrates, fats, etc., takes place. Most of the absorbed amino acids are removed from the blood
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by the liver and the muscles so that the average concentration of amino nitrogen is about 6 mg per 100
ml. This level is maintained almost constant, although the blood urea nitrogen may be somewhat
increased.

Proteins a re indispensable and supply the required amino acids for growth, repair and
maintenance of the body. In all, there are about 20 naturally occurring amino acids which fall under
two categories: essential and non-essential (Table 5.1).

Table 6.1 Essential and Non-essential Amino Acids

Essential Non-essential
Threonine Glycine

Valine Alanine
Leucine Serine
Isoleucine Aspartate
Methionine Glutamic acid
Phenylalanine Proline
Histidine Hydroxyproline
Tryptophan Arginine

Lysine

Arginine

*Cysteine

*Cystine

*Tyrosine

*Replaceable amino acids.

6.1 OXIDATION OF AMINO ACIDS

The process of deamination takes place in the liver, kidney and intestinal mucosa, although urea
formation is confined to the liver only. In this process ammonia is liberated in the intestine and the
kidney, and goes into circulation in the form of glutamine. Very little amount of ammonia is found in
the systemic circulation. The ammonia produced as a result of deamination of amino acids is
converted into urea in the liver which is then excreted out.

/NHz /NH /O
- / /
R. CH i» R. CH420> R. C +NH,
AN AN
COOH COOA COOH
amino acid imino acid keto acid

Transamination involves interconversion of a pair of amino acids and a pair of keto acids
catalyzed by transaminases or amino-transferases. The reactions are reversible.

Various amino acids enter the citric acid cycle in different ways. Valine, threonine and alanine can
be converted to pyruvic acid. The conversion of alanine takes place in the following way:
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R.CH (NH,) COOCH o-ketoglutarate NH,-to ureacycle

R.CO.COOH T

(keto acid) Glutamate

Transamination

Fig. 6.1 Transamination reaction.
CH, CH,

Transmination

CH—NH, |
CO +NH,
COOH
COOH
alanine pyruvic acid

Aspartic acid is converted to oxaloacetic acid, while glutamic acid is changed to alpha
ketoglutaric acid.

COOH COOH

\ H,O

CH, ™ CH,

CH, NAD NADH CH, + NH,

CH— NH, *+H co

COOH COOH
glutamic acid a-Ketoglutaric acid

Fig. 6.2 Conversion of glutamic acid to o-ketoglutaric acid by glutamate dehydrogenase.

6.2 UREA SYNTHESIS

Ammonia is formed in the tissues by oxidative deamination, some of which is excreted in the form of
ammonium salts (ammonium salts are excreted in metabolic acidosis). However, much amount of
ammonia is excreted in the form of urea. The conversion of ammonia into urea takes place in the
liver. The formation of urea is a complex process and takes place via ornithine cycle as proposed by
Krebs. In the scheme of urea formation arginine is hydrolyzed by an enzyme arginase to yield one
molecule of urea and one of ornithine. The details of the process are described in Chapter 14.

6.3 DECARBOXYLATION

Decarboxylation is a process in which certain amines are formed by the removal of CO, from the
COOH (carboxylic group) of amino acids. Amines are physiologically important. Decarboxylation is
catalyzed by amino acid decarboxylases in the presence of coenzyme pyridoxal phosphate. The
resulting amines, for example, histidine yields histamine, tyrosine tyramine, and serine yields ethanol
amine. Tyramine gives rise to adernaline.
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6.4 REACTIONS OF SOME AMINO ACIDS

Although glycine is the simplest amino acid, it is a precursor of the ring systems in purine and
porphyrins. Glycine can be converted into serine when it combines with formaldehyde (HCHO), a
single carbon compound. Glycine, serine, alanine and glucose are interconvertible (Fig. 6.3).

Glycine
+

S Serine —— Phosphoserine
formaldehyde transamination
Pyruvic 3-Phospho- 3-Phosphohydroxy
acid N glycerate T pyruwicacid
M Transamination
Alanine

Fig. 6.3 Interconversion of glycine, serine and alanine (schematic).

Some amino acids have tremendous physiological importance. Phenylalanine and tyrosine fall in
this category which have aromatic nuclei. These two amino acids form the precursors of the hormones
thyroxine, noradrenaline and adrenaline. Phenylalanine can give rise to tyrosine in the body, but this
is an irreversible reaction. Defective metabolism of these amino acids causes a disease alcaptonurea
which is due to an inborn gene error. In this disease the urine turns black when exposed to air. A gene
mutation causes the absence of homogentisate oxygenase from the cells, with the result, homogentisic
acid accumulates in the cells and appears in the urine. In another disease, phenylketonuria, the
conversion of phenylalanine to tyrosine is blocked, consequently the pigment melanin is not
produced. Children deficient in phenylalanine suffer from mental imbecility (for more details refer to
chapter on Physiological Genetics).

Kidney
Arginine / \ $»  Glyco-cyamine
Glycine Ornithine
(Liver)
In muscle
Creatinine < Y
/ Creatine - P
H,0+P,

Fig. 6.4 Formation of creatine from arginine in the liver (schematic).
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6.5 METABOLISM OF CREATINE AND CREATININE

Creatine and creatinine are metabolically important compounds which are related to each other.
Creatine is methyl guanidine-acetic acid, and its formula is:

NH,
= NH

\

C

\

N — CH; Creatine
\

CH,

\
COOH

Creatine is found abundantly in muscle, which is probably the site of its formation. It is composed
of amino acids glycine, arginine and methionine.

Creatine is useful in the body in many ways. Hydrolysis of phosphocreatine in the muscle
provides energy for muscle metabolism, for resynthesis of adenyl pyrophosphate, supplies energy for
muscle contraction. Creatine accepts phosphates during glycolysis. When combined with phosphoric
acid, creatine serves as a buffer.

Creatinine is an anhydride of creatine. Its structural formula is:

NH ———
\

C = NH

\

N - CH, Creatinine
\
CH,

\
co

Creatinine is an excretory product and solely derived from creatine (Fig. 6.4). It is found in the
muscles where it is synthesized and excreted in the urine. About 1.0 to 1.5 gm of creatinine per day is
excreted in the urine and it is independent of the protein intake. After heavy muscular exercise
creatinine output is temporarily accelerated which soon stops during the recovery period.

6.6 SULPHUR METABOLISM

Sulphur is a constituent of sulphur containing amino acids cysteine, cystine and methionine. It is also
found in glycoproteins as mucoitin-sulphuric acid in mucine, sulpholipids in nervous tissue, or as
inorganic sulphates. Sulphur is present in tissue proteins, in hairs, horns and feathers, in mucin as
mucoitinsulphuric acid, in some glycoproteins of tendons, cornea and connective tissues.

Small amounts of sulphur-containing amino acids are utilized for the synthesis of the insulin. The
tripeptide glutathione and the P—mercaptoethylamine, a constituent of coenzyme A. Important
pathways of sulphur metabolism are shown in Fig. 6.5.
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Glutathione f - mercaptoethylamine
\ /Coz
Cystine Cysteine —> Pyruvate
NH, =——3 Urea
Thiosul hate
Cysteic P
acid
Cysteine
sulphuric acid Mercapturic SO,
_ CO acid
H,SO, + Pyruvate Taurine
J Thiosulphate l + Cholic acid
HZSO4 .
Taurocholic
acid

Fig. 6.5 Sulphur metabolism (schematic).

Majority of sulphur-containing amino acids are catabolized in the liver producing urea, and
sulphur is oxidized as sulphuric acid to be excreted as sulphates in the urine. The sulphur compounds
are useful in the following ways:

(1) Synthesis of tissue proteins like hair, feathers, etc.
(2) Synthesis of glutathione, taurine, insulin, sulphatides, etc.

(3) Production of sulphuric acid in the liver which is used for detoxication of compound like
phenol.

(4) Formation of heparin.
(5) Help in the activity of several enzymes where free SH group is available.

6.7 METABOLISM OF NUCLEOPROTEIN

Nucleoproteins are complex compounds that are present in the chromosomes of the nucleus and the
cytoplasm. Chemically they are composed of simple proteins like protamines, prolamines or histones
conjugated with nucleic acids and are rich in basic amino acids. They are made up of basic building
blocks called nucleotides containing purine and pyrimidine bases, pentose sugars and phosphoric
acid. The purines are converted to uric acid and pyrimidines are oxidized to produce CO, and NH;.
The pentose sugars are in the form of deoxyribose or ribose resulting in deoxyribose nucleic acid
(DNA) or ribose nucleic acid (RNA) respectively. The purine bases comprise adenine and guanine,
and pyrimidines consist of thymine and cytosine. All these four bases are present in DNA, whereas in
RNA thymine is replaced with uracil.
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Nucleoprotein

|
i i

Protein Nucleic acid
(DNA and RNA)
Nucleotides
Nucleosides Phosphoric acid

!
v '

Bases Pentose sugars
(Purines, Pyrimidines) (Deoxyribose, Ribose)

Fig. 6.6 Hydrolysis of nucleoproteins (schematic).

Nucleotides are nucleoside phosphates. Nucleosides are formed when the phosphoric acid
component is removed. They are moderately or entirely soluble in water.

Nucleoproteins are of two kinds: exogenous and endogenous. The exogenous sources are muscles
and tissues like pancreas, testis, kidney, thymus, etc. Endogenous sources are various cells that
undergo breakdown during the metabolic process.

Several nucleotides function as coenzymes which are derivatives of 5-adenylic acid. Some of the
important coenzyme nucleotides which take part in the metabolism are: nicotinamide adenine
dinucleotide (NAD), nicotinamide adenine dinucleotide phosphate (NADP) and flavin adenine
dinucleotide (FAD).

Ribonucleic Acid

About 80 percent of the RNA in a cell, is associated with ribosomes. They are primarily found in the
cytoplasm of the cell. Very little RNA is found in the nucleus. RNA plays the key role in protein
synthesis. RNA is labile to alkali and is hydrolyzed by ribonuclease (RNAse).

Deoxyribonucleic Acid

The nucleus of the cell contains almost all the DNA of the cell. It is the primary component of the
genes which are the carriers of heredity. The amount of DNA remains constant in the somatic cells;
however, just prior to cell division this amount is doubled so that each daughter cell receives the same
amounts as that of the somatic cell. The DNA is a double stranded helical structure, and each strand
is complementary to the other. These strands from the templates for the transcription of RNA
molecules. The synthesis of DNA is found to be most active in bone marrow, thymus and embryonic
tissues where the cell proliferation is maximum and rapid.

Catabolism of Nucleic Acid

The ingested nucleo-proteins are hydrolyzed into protein and nucleic acid in the digestive tract by the
action of proteases. The specific enzymes, deoxyribonuclease and ribonuclease break the DNA and
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. Adenase .
Adenine  —————» Hypoxanthine
¢ Xanthine oxidase
Guanine M; Xanthine
¢ Xanthine oxidase
Uric acid
¢ Uricase (not in man)
Allantoin

Fig. 6.7 Catabolism of purine bases (schematic).

RNA respectively into oligonucleotides and tetranucleotides. Nucleotidases act on nucleotides and
nucleosidases act on nucleosides. The nucleosides upon hydrolysis form adenylic and guanylic acids.
The nucleotidase acts upon nucleotides to form adenosine or hypoxanthine and guanosine or xanthine
respectively. By specific enzymes, adenase and guanase, adenine and guanine are converted to
hypoxanthine and xanthine respectively. An enzyme oxidase then acts upon hypoxanthine to convert
it to xanthine; xanthine is further converted to uric acid by the action of xanthine oxidase. The
catabolism of purine bases is shown in Fig. 6.7.

The purine bases are absorbed in the blood and one of the final wastes in man is uric acid. In
other animals, uric acid is converted to allantoin. The fate of pyrimidines is quite complicated.
However, it is known that they are catabolized to CO, and NH;.

Protein Biosynthesis

Proteins are continuously degraded to amino acids, and side by side amino acids continually
participate in protein formation. Proteins are essential for the body and form structural proteins, and
multiple enzyme systems and hormones that are necessary for chemical reactions. Proteins cannot be
synthesized from any other source except amino acids and thus they form an essential component of
the diet. Protein synthesis is under genetic control, that is gene directed. As a result of current
researches, a fairly good picture has emerged as to how genetic information stored in the DNA is
translated and expressed in specific protein molecules. This aspect falls under the field of
biochemistry. The reader is therefore advised to look for this in a textbook on biochemistry.

B. CARBOHYDRATE METABOLISM

Carbohydrates are the main foodstuffs which are synthesized by plants and utilized by animals for
their energy requirements. We have discussed in efficient details the different classes of carbohydrates
in Chapter 2. In this chapter attention will be given to the manner in which carbohydrates are
employed as sources of energy in different tissues and the way they are distributed and stored in the
body.

The food of organisms contains large amounts of carbohydrates in the form sugars and starches
which are hydrolyzed in the course of digestion into their monosaccharide moieties or simple sugars.
These simple sugars are absorbed by the small intestine and utilized in many ways which may be
enumerated as follows:



108  Animal Physiology

(1) Simple sugars like glucose, fructose, and galactose are absorbed by the intestine and may
circulate as blood sugars.

(2) Sugars (glucose) are absorbed into the portal blood and converted into glycogen for storage
and future use.

(3) Simple sugars may be changed into glycogen in the muscles.

(4) They may be transformed into fat and deposited as adipose tissue.

(5) A good portion of the absorbed glucose is oxidized as an immediate

source of energy.

(6) Some amount of sugars is excreted in the urine.

6.8 BLOOD SUGAR

Glucose is the free sugar which circulates in the blood. After a meal, the circulating blood sugar level
is elevated quickly after absorption. In a fasting human being the glucose concentration in blood is
about 80 mg per 100 ml. However, the blood sugar level is maintained almost constant and varies
within narrow limits only unless during abnormal conditions like hyperglycemia or hypoglycemia.

Several regulatory mechanisms are responsible for maintaining blood sugar level. Much of the
glucose absorbed from the gut is passed on to the tissues for oxidation or converted into glycogen in
the muscles (Fig. 6.8). Quite a good amount is still converted to glycogen in the liver through the
process of glycogenesis. In case the blood sugar level falls below the required level, glycogenolysis
occurs. Thus these two processes have a marked regulatory effect.
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Fig. 6.8 Regulation of blood sugar.
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A number of hormones are responsible for glucose regulation. There are three endocrine organs
involved in carbohydrate metabolism. These are: pancreas, adrenals and anterior pituitary. We shall
discuss in brief the role of each of these (for more details see Chapter 19). The islets of langerhans of
the pancreas secrete the hormone insulin which is closely linked with carbohydrate utilization in the
body. Increase or decrease in the amounts of circulating glucose depends upon insulin efficiency.
Insulin speeds the movement of glucose from the blood into tissue cells, thereby lowering the blood
glucose level. If too much of insulin is present in the circulation, the blood sugar level will drop
below normal causing hypoglycemia. On the other hand, if enough insulin is not present, then the
transport or mobilization of blood sugar is slowed down causing rise in blood sugar level. This
condition is known as hyperglycemia. Deficiency of insulin causes the disease, Diabetes mellitus.
Insulin may also help in the process of phosphorylation during glycolysis by acting as a coenzyme to
the enzyme glucokinase.

Another hormone that affects the blood sugar level is adrenaline and produced by the adrenal
medulla. This hormone increases the concentration of glucose in the blood by facilitating the
breakdown of liver glycogen. Noradrenaline probably performs the same function to a very limited
extent.

The steroid hormone from the adrenal cortex, hydrocortisone, stimulates the liver to convert
proteins and fats to carbohydrates (gluconeogenesis) resulting in an increase blood sugar level.

The anterior pituitary (adenohypophysis) secretes some hypoglycemic hormones which include
thyroid stimulating hormone (TSH), adrenocorticotropic hormone (ACTH) and growth hormone
(STH). These hormones antagonize the action of insulin and elevate the blood sugar.

6.9 GLYCOLYSIS

After absorption the glucose molecule is subjected to a series of reactions and is completely oxidized
into CO, and H,O plus some energy. The splitting of glucose molecule is referred to as glycolysis.
One mole of glucose when oxidized yields 686 kilocalories of kinetic (active) energy. Much of the
energy released during carbohydrate metabolism is stored in the form of high energy phosphate
compounds such as ATP. In the process of glucose oxidation several chemical steps are involved and
each step is catalyzed by specific enzyme (Fig. 6.5). In the first step each molecule of glucose
produces two molecules of pyruvic acid:

Glucose + 2ADP + 2PO, — 1 pyruvic acid + 2ATP + 4H

The net yield of energy is 2 molecules of ATP. The series of reactions involved in glycolysis are
collectively known as Embden-Meyerhof Pathway. The entire process is an anaerobic process and
does not require oxygen.

After glucose has been converted to pyruvic acid, the next step is the conversion of pyruvic acid
to acetyl coenzyme A.

Pyruvic acid + Coenzyme A — Acetyl coenzyme A + 2H

The reaction neither requires ATP, not is ATP generated. Now acetyl coenzyme A undergoes
another series of reactions which is referred to as citric acid cycle or Krebs cycle. This cylcle is
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aerobic and the end products are CO,, H,0 and energy in the form of ATP. The details of the steps are
given in Fig. 4.6. A total of 38 molecules of ATP are produced utilizing only about 55 per cent of
kinetic energy released during the process.

Besides Embden-Meyerhof Pathway, there is yet another pathway for glycolysis known as Ahexose
monophosphate shunt (HMP). This pathway occurs in the liver, lactating mammary glands and the
adipose tissue of mammals. Considerable fraction of glucose is oxidized in this way. In the HMP-
pathway, first glucose-6-phosphate undergoes dehydrogenation and decarboxylation to yield ribulose-
S-phosphate (a pentose). In the next phase ribulose-5-phosphate is converted back to
glucose-6-phosphate by a series of intermediate reactions. In case of HMP-pathway, NADP
(nicotinamide adenine dinucleotide phosphate) is used instead of NAD, as hydrogen acceptor. The
shunt works as a source of chemical rather than energy.
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6.10 GLYCOGENESIS

The formation of glycogen is called glycogenesis which occurs both in the liver and the muscles
(Fig. 6.9). First, glucose is phosphorylated to glucose- 6-phosphate, which is then converted to
glucose-1-phosphate, a reaction catalyzed by phosphoglucomutase. Then glucose-1-phosphate reacts
with uridine triphosphate (UTP) to form uridine diphosphate glucose (UDPG). After this, enzyme
glycogen synthetase reacts with UDPG and forms a glycosidic bond between 1 carbon of activated
glucose and 4 carbon of the glucose residue of glycogen releasing uridine diphosphate (UDP). The
reactions showing interconversion of glucose and glycogen in the liver are given in Fig. 6.12.

Liver glycogen is formed not only from simple sugars, but also from the lactic acid that is
produced in the muscles (Fig. 6.8). Lactic acid produced during muscle contraction goes to the liver
through the circulating blood and is converted into glycogen. Glycogen in the liver can be converted
into glucose, and glucose can be changed to muscle glycogen which in turn is converted into lactic
acid, some of which is later transformed back to liver glycogen. The cyclic pathway involved in this
process is known as Cori cycle (Fig. 6.10).
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Fig. 6.10 Cori Cycle.

6.11 GLUCONEOGENESIS

Liver glycogen is also formed from non-carbohydrate sources such as proteins and fats. The
conversion of protein into glycogen is known as gluconeogenesis. Formerly it was believed that
gluconeogenesis occurs only in special circumstances. However, lately it has been proved that it
occurs simultaneously with glycogenolysis. The excess amounts of protein are metabolized by the
carbohydrate pathway and can be converted into glucose or glycogen by reversal of glycolysis.
Gluconeogenesis is most important because it usually occurs when the glycogen store is exhausted.
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In the process, the excess of protein is first hydrolyzed to amino acids which are then deaminated
and later metabolized through either carbohydrate pathway or fat metabolism.

In addition to these sources of glucose or glycogen in the liver, glucose may derived from fat also,
although this conversion takes place to a very limited extent. In this conversion the essential part of
the process consist of the oxidation of long chain fatty acids in the mitochondria. Then the glycerol
component of the fat reacts with ATP to form glycerol phosphate which is then oxidized to
glyceraldehyde 3-phosphate, This may be further oxidized to pyruvic acid or may be converted to
glycogen by reversal of the part of the glycolytic pathway.

6.12 MUSCLE GLYCOGEN

Muscles are no less important than liver in carbohydrate metabolism. Normally the concentration of
glycogen in the muscle ranges between 0.5 and 1.0 per cent of the weight of the muscle. In this way
muscle glycogen is far greater in amount than the liver glycogen. Liver is the storage organ for
glycogen, whereas muscle glycogen acts as a source of energy during contraction. Starvation does not
affect the muscle glycogen. Synthesis of glycogen in the muscle takes place in the same manner as in
case of liver. Muscle cannot convert glycogen to glucose since the specific enzyme required for its
conversion is absent in the muscle. However, glycogen is broken down to lactic acid in the muscle
from where it is carried to the liver through the bloodstream to be converted into glycogen.

6.13 METABOLISM OF OTHER SUGARS

Glucose, galactose and fructose are sugars of great metabolic importance. These sugars enter the
metabolic pathways after being phosphorylated. Phosphorylation of glucose has already been
described in connection with glycolysis. The source of galactose is mainly the lactose content of the
milk. Galactose is first phosphorylated in the presence of a specific enzyme galactokinase,and then it
reacts with uridine diphosphogalactose to form uridine diphosphoglucose which may participate in
glycogen synthesis. Large quantities of galactose in blood are known to be toxic and cause a disease
galactosemia.

Fructose is obtained from sucrose and fruits and is readily converted into glucose or glycogen in
the liver. It is phosphorylated in the presence of fructokinase into fructose-1-phosphate. The sequence
of events is shown below (Fig. 6.11).

Occasionally glyceraldehyde is oxidized to glycerol. Glyceraldehyde can also be reduced to
glyceraldehyde-3-phosphate (triose), and two molecules of triose can be converted to fructose-1, 6-
diphosphate.

C. FAT METABOLISM

Fats and lipids are important constituents of the protoplasm. They may be present in the foods or may
be formed in the body. We have described the chief classes of fats and lipids in Chapter 2. The
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structural fats are very complex compounds, whereas reserve fats D —fructose
or depot fats are the ordinary fats which make up the bulk of the
body. Depot fats are in the form of neutral triglycerides which can Fructokinase ATP

be hydrolyzed to form monoglycerides and free fatty acids.
Triglycerides may be resynthesized from the fatty acids in the \
cells of intestinal mucosa. Fructose 1 - phosphate

In the metabolism of fat, three major processes are involved:

(1) Mobilization of fat from storage fat depots of the body,  pipy roxyacetone 4 Aldolase
which later take part in catabolism. .

(2) Absorption of digested fats. D -~ Glyceraldehyde

(3) Synthesis of fats in the liver, from intestinal muscosa and NAD'
the adipose tissue carbohydrate and protein sources. p e@gzg&zse (

Mobile fat is in the form of minute oily droplets known as +
chylomicrons which travel in the bloodstream. Chylomicrons are y o NADHH
made up of neutral fats, and also consist of phospholipids (fat D - Glycerate
plus phosphate), cholesterol and cholesterol esters of fatty acids. —

The chylomicrons are absorbed by the liver where they are Fig. 6.11  Metabolism of fructose.

hydrolyzed giving rise to free glycerols and fatty acids. Mobilization of fats can be conveniently
observed in case of starving animals. After starvation for a short period, the glycogen reserve of the
liver is depleted. Since no more of carbohydrates are synthesized (except by way of gluconeogenesis),
the liver does not receive its carbohydrate supply. Under such conditions, large, amounts of fats are
transported to the liver which take part in metabolism.

6.14 ROLE OF LIVER IN FAT METABOLISM

Liver has a key role in the metabolism of fats. It has been proved beyond doubt that in conditions of
carbohydrate depletion, most of the fat of the body is mobilized to the liver to provide an alternative
source of energy. Liver is not normally an accumulator of fats as it is for carbohydrates. The fat
content in the liver is maintained uniformly constant between 3 and 8 per cent. Thus excess of fat
deposits is transformed by the liver into useful substances through various interconversions
(Fig. 6.12).

Besides interconversion of proteins, fats and carbohydrates, which goes on in the liver, it is also
responsible for transformations of lipids into phospholipids and cholesterol, desaturation of fatty
acids, oxidation of fatty acids, etc. The sluggish function of the liver results in several metabolic
disorders, which may be normally due to the effect of certain poisons, fat-rich diet, protein-poor diet,
deficiency of vitamins and a host of other causes. Therefore, we can say that liver is the predominant
organ which maintains the healthy state of an individual.
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Fig. 6.12 Interconversion of carbohydrates in the liver.

6.15 OXIDATION OF FATTY ACIDS

Fats, especially triglycerides, are hydrolysed to their constituents fatty acids and glycerol before they
proceed to catabolic pathway. Much of the fat hydrolysis takes place in adipose tissue, where free
fatty acids (FFA) are produced to be carried into the plasma (Fig. 6.13). The FFA acids reach the
tissues (liver, kidney, heart, muscle, testis, brain, and adipose tissue) where oxidation takes place. The
long chain fatty acids are systematically broken down to 2-carbon units in the form of “active
acetates”. The acetate and the long chain fatty acids are metabolised through a common pathway,
requiring ATP and CoA enzyme (Fig. 6.14).

(‘:H3 (‘:Hs (‘ZH3
CHOH co ) co
Oxidation ‘ Decarboxylation ‘ +CO,
<« - T
CH, Reduction CH, CH,
COOH COOH
B-Hydroxybutyrate Acetoacetate Acetone

The acetyl CoA can either combine with oxaloacetate before entering the citric acid cycle, or it
may be directly oxidised to acetoacetate, the first ketonc body. Acetoacetate may further breakdown
to B-hydroxybutyrate and acetone, which accumulate in the liver in small amounts. The liver tissue
cannot oxidise acetoacetate. Acetone arises from acetoacetate by spontaneous decarboxylation.
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Fig. 6.13 Schematic representation of metabolism of fats and carbohydrates.
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Fig. 6.14 Metabolism of fatty acids.

(3) Enol hydrase
(4) B — hydroxy acyldehydrogenase
(5) Thiolase

The utilisation of glycerol is dependent on the activating enzyme, glycerol kinase, which is found
in sufficient amounts in liver, kidney, intestine, brown adipose tissue and lactating mammary glands.

6.16 [(-OXIDATION OF FATTY ACIDS

Fatty acids are mainly oxidised by a proce

ss called B-oxidation, a scheme proposed by Knoop in

1904. He postulated that since majority of neutral fats contain even number of carbon atoms,

B-oxidation is the more likely process in wh
manner, removing 2-carbon atoms from the

ich the fatty acid molecule is broken down in a stepwise
carboxyl end in each step, yielding acetate equivalents.
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The acetate molecules can be completely oxidised via citric acid cycle or may be utilised to synthesise
glucose and other complex carbohydrates as per needs of the animal. Some important steps of -
oxidation scheme are shown in Fig. 6.15.

It must be borne in mind that fatty acid oxidation takes place in the mitochondria, but before FA
enters the mitochondria it has to be made ready for oxidation reactions. The FA in the cytosol is
activated by a molecule of ATP in the presence of acylcoenzyme A(CoASH). The reaction occurs
either in the endoplasmic reticulum or at the outer mitrochondrial membrane, resulting in the
formation of fatty acyl CoA derivative. The fatty acyl CoA derivative is then transported inside the
mitochondria with the help of carnitine, a carrier molecule. This reaction is catalysed by an enzyme,
acyl CoA transferase. Once the fatty acyl CoA enters the mitochondrial matrix, there follows the
removal of 2 hydrogen atoms from the & and B carbons, catalysed by a dehydrogenase, resulting in
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the formation of unsaturated acyl CoA. The unsaturated fatty acyl CoA derivative is subsequently
hydrated and dehydrogenated at the expense of specific enzymes to form corresponding B-keto-acyl
CoA compound. Finally, B-keto-acyl CoA undergoes thiolytic cleavage by thiolase producing an acyl-
CoA unit and the remaining acyl-CoA chain containing 2-C less than the original fatty acyl CoA
molecule. In this way, a long chain fatty acid may be degraded completely to acetyl-CoA (2-C
fragments), which can be oxidised to CO, and water through citric acid cycle.

In case of fatty acids with odd number of carbon atoms, oxidation takes place through B-oxidation
scheme, leaving behind propionyl CoA, a 3-carbon unit. This compound can enter the citric acid cycle
after conversion to succinyl CoA.

Energetics of 3-oxidation

Let us consider the oxidation of one mole of palmitic acid (C,4 H;, O,), entering the mitochondria in
the form of palmitoyl CoA. Initially one mole of ATP is required to activate the acid, and at the end of
each oxidative spiral, one FADH, and one NADH are formed along with an acetyl CoA fragment. In
order to oxidise palmitoyl CoA, 8 acetyl CoA will be formed and the energy gained in terms of ATP
will be as follows:

8 acetyl CoA + 7 FADH, + 7 NADH + H" 35 ATP formed

8 acetyl CoA oxidised via citric acid cycle 96 ATP formed

ATP initially used for activation 01 ATP consumed
Net gain of ATP 130 ATP g

The overall equation is represented as:

Cy¢ Hy, O, + ATP + 7 FAD + 7 NAD" + 8 CoASH + 7 H,0 — AMP
+ PPi + 7 FADH, + 7 NADH + H" + 8 CH;CO—S—CoA.

Since each ATP molecule has 7.6 kcal of bond energy, the net gain would be 130 x 7.6 = 988
kilocalories. The calorific value of palmitic acid is 2340 kcal/mole, the system receives at least 42%
of high phosphate bond energy (988/2340 x 100) of the total energy of combustion of the fatty acid.

Oxidation of Unsaturated Fatty Acids

Body lipids are rich in unsaturated fatty acids and these are oxidised more slowly. Some examples are:
palmitoleic acid (16:1), oleic acid (18:1), linoleic acid (18:2), linolenic acid (18:3) and arachidonic
acid (20:4). All double bonds in naturally occurring unsaturated fatty acids are in cis-configuration.
Palmitoleic and oleic acids are not essential as they can be formed in the body, but the remaining three
acids come under the essential fatty acids category and have to be supplied in the diet. Oxidation of
unsaturated fatty acids proceeds the usual B-oxidative pathway until the double bond is reached. The
double bond in cis-configuration is not vulnerable to enzymic attack unless it is isomerised to trans-
configuration. Polyunsaturated fatty acids, such as linoleic, arachidonic etc. are more complex and
require additional enzyme for oxidation. They are normally found as structural components in
association with cholesterol and phospholipids (e.g. membranes and reproductive organs). In
mammals, arachidonic and some related C-20 fatty acids are known to give rise to unique compounds
like prostaglandins which have hormone-like activity.
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6.17 METABOLISM OF GLYCEROL

One of the hydrolysis products of triglycerides is glycerol which is metabolised or utilised in
organs/tissues where specific enzyme glycerol kinase is abundantly present. Certain organs such as
liver, kidney, intestinal mucosa and lactating mammary glands are rich in the enzyme, while muscles
and adipose tissue contain very little activity. Glycerol is predominantly converted into carbohydrate
through glycerol phosphate, formed by a specific glycerol kinase at the expanse of ATP.

CH,OH CH,OH

C‘HOH +ATP C‘HOH +ADP

<‘3H20H (‘ZHZO—P

Glycerol Glycerol phosphate
(triose phosphate)

Glycerol phosphate is then oxidised to triosephosphate by a glycerol phosphate dehydrogenase
which ultimately forms glycogen through glycogenesis. Triosephosphate may be, however, oxidised
to pyruvic acid by way of glycolysis (Fig. 6.16). In diabetic or phlorrhizinised animals, glycerol is
converted almost quantitatively to glucose.

Glycerol =————— Triosephosphate ~————— Glycerol

Glucose

Fattyacid ———— Acetyl CoA Acetate

Oxaloacetate
citrate

Fig. 6.16 Fate of glycerol metabolism.

6.18 SYNTHESIS OF GLYCERIDES AND FATTY ACIDS

It has been known for a long time that fats are synthesised from metabolites such as acetate and
acetoacetate. Fats are also synthesised from protein and carbohydrate sources. All naturally occurring
fatty acids possess even number of carbon atoms; thus it is logical that fatty acids must be synthesised
from 2-carbon fragments. It has been shown that the starting material is acetyl-CoA which can be
derived from pyruvate. Alternatively, pyruvate can also be derived from free, acetate when it reacts
with coenzyme A and ATP.

Synthesis of Glycerides

Triglycerides are formed by reactions between acyl-CoA compounds and o<-glycerophosphate, which
is formed by specific glycerol kinase. There are other enzymes which catalyse the formation of
mono—and diphosphatidic acids at the expense of fatty acyl CoA derivatives:
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In the next stage the phosphate group is removed by a specific phosphatase followed by
replacement by a third fatty acyl residue:

(‘IHzo—Rl (‘)HZO—Rl (‘ZH2 O0—R,
+H + Acyl CoA
CHO—R, _ O | cHor,  TAYCAR Cho R,
(‘ZH O—P/OH (‘ZH OH C‘ZH O—R
2 ~ OH 2 2 3
Phosphatidic acid Diglyceride Triglyceride

Synthesis of Fatty Acids

Fatty acid oxidation occurs in the mitochondria, but fatty acid synthesis takes place not only in
mitochondria but also in mitochondria-free systems. The pathway for synthesis is not exactly reversal
of B-oxidation scheme, but it involves, some modifications. Under anaerobic conditions, mitochondria
catalyse the incorporation of acetyl-CoA units into long chain fatty acids (viz. stearic acid, palmitic
acid), requiring ATP, NADH and NADPH. Synthesis in extra-mitochondrial system, especially in the
liver, brain, kidney etc., acetyl-CoA units are incorporated into fatty acids, catalysed by cytosolic
enzymes and cofactors such as ATP, NADPH and Mg** or Mn*" ions. This system is dependent on
CO, supplied by bicarbonate. Chain elongation usually takes place in the microsomes.

6.19 METABOLISM OF PHOSPHOLIPIDS

Phospholipids are found in all cells and are synthesised either from phosphatidic acid or phosphatidyl
choline. Lecithin is the most important phospholipid in the body and is synthesised in the liver.
Synthesis of phospholipids from fats involves mobilisation of fats in and out of the cells. Hence the
actual sites are liver, intestine and kidney. Phospholipids are largely found in combination with
proteins and are transported in the blood in the form of protein complexes.

The most common among phospholipids are lecithins and cephalins, while where are others in
which bases are replaced by serine or inositol. Catabolism of lecithin is accomplished in the following
manner (Fig. 6.17):

Sphingomyelins are phospholipids containing a fatty acid, phosphoric acid, choline, and a
complex of amino alcohol, sphingosine, but are devoid of glycerol. Abnormal quantitities of phospho-
and sphingolipids in certain tissues, especially in the nervous system, cause diseases like
sphingolipidoses, and demyleinating diseases that are inherited.

6.20 METABOLISM OF CHOLESTEROL

Cholesterol occurs in various body tissues and in the plasma either in the free form or storage form as
long chain fatty acid esters belonging to the class of sterols. It is also an important component of the
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Fig. 6.17 cCatabolism of lecithin.

membrane system of the cell and is the precursor of steroid hormones, excreted from the body in the
form of bile acids (salts). The cholesterol content of the blood ranges from 150 — 250 mg/100 ml.

Sources of Cholesterol in the Body

While major part of the body cholesterol (about 1 g/day) is synthesized in the body, a small portion is
(about 0.3 g/day) provided by various foods intake such as egg yolk, meat, liver, and brain and its
uptake is through low density lipoproteins (LDLs). Synthesis occurs from acetyl-CoA (two-carbon
units) produced by beta oxidation of fatty acids in the liver, intestine and almost all cells. About 700
mg/d is synthesized by a well regulated mechanism. Free cholesterol is removed from the body by
plasma high-density lipoproteins (HDLs).

Synthesis of Cholesterol

Although cholesterol is synthesized by many tissues such as adrenal cortex, skin, intestine testes etc.
liver is considered to be the main site. Two molecules of acetyl-CoA condense to form acetoacetyl-
CoA, which again reacts with another molecule of acetyl-CoA to form 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA), leading to the synthesis of mevalonate (Fig. 6.18). It must be noted that all carbon
atoms of cholesterol originate from acetyl-CoA enzyme. Mevalonate is the crucial compound and
through a series of reactions, gives rise to cholesterol.

Transport and Excretion of Cholesterol

Cholesterol, in association with other lipids, is absorbed in the intestine and thereafter incorporated
into chylomicrons and very low-density lipoproteins (VLDLs). A greater part of cholesterol (about
80%) in the lymph undergoes esterification with long-chain fatty acids and transported as lipoproteins
in the plasma. Highest proportion of cholesterol is found in the LDL. Free cholesterol in the plasma is
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Fig. 6.18 Steps in the synthesis of mevalonic acid, the precursor of cholesterol synthesis (steps not shown).

equilibrated with the cholesterol esters and about half of the free cholesterol is eliminated by
excretion in the faeces, while remainder is excreted as neutral steroid.

The liver contains a pool of unesterified cholesterol from where it is transported to the intestine
and then back to liver through chylomicrons. Cholesterol is excreted from the body as cholesterol or
bile acids. Coprostanol is the main sterol secreted in the faeces, a product of cholesterol, arising from
the intestinal bacteria activity. Much of the cholesterol secreted in the bile is either reabsorbed or gets
deposited in the arteries in the form of esters or may participate in steroid synthesis.

6.21 KETOGENESIS

During conditions of starvation and diabetes, oxidation of free fatty acids is enhanced in the
mitochondria. In vertebrates, the acetyl-CoA originating from the B-oxidation can leave the
mitochondrion in the form of citrate. However, a major part of this acetyl-CoA is used for the
synthesis of ketone bodies in the liver (ketosis). There are three types of ketone bodies: acetone,
acetoacetic acid, and 3-hydroxybutyric acid, which are generated through a process called
ketogenesis, taking place in the mitochondria.

Formation of Ketone Bodies

Long-chain fatty acid are transported to the inner mitochondrial membrane through carnitine
derivatives. B-oxidation of fatty acids takes place in the mitochondrion, releasing acetyl-CoA, with
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the consequent production of large amount of ATP. The initial steps are similar to those of cholesterol
synthesis (Fig. 6.19). The 3-hydroxy-3-methylglutaryl-CoA formed is split into acetyl-CoA and free
acetoacetic acid.
The acetoacetic acid is either spontaneously decarboxylated to acetone or reduced to 3-
hydroxybutyric acid:
CH,CO-CH,~COOH —> CO, + CH,~CO-CH,
(Acetoacetic acid) (Acetone)

CH4~CO-CH,~COOH + NADH + H'—> CH,~CHOH-CH,~COOH + NAD"
(3-Hydroxybutyric acid)

Long-chain fatty acids (even number) produce acetyl-CoA units through beta oxidation, but odd
chain fatty acids produce acetyl-CoA and propionyl-CoA, which is glucogenic. Peroxisomes oxidize
long-chain fatty acids.

Ketone Bodies Serve as Energy Source

Acetoacetic acid and 3-hydroxybutyric acid are produced in large amount and are utilized as energy
source by various tissues such as muscles, kidney and the brain (extrahepatic tissues). Acetoacetic
acid diffuses freely across the cell membranes and cannot be reactivated unless they reach the cytosol
where they can participate in cholesterol synthesis as happens with acetoacetate.

Acetoacetate is reactivated in extrahepatic tissues:

Acetoacetate + Succinyl-CoA — Succinic acid + Acetoacetyl-CoA. Acetoacetyl-CoA splits by
thiolysis into two molecules of acetyl-CoA which enters the Krebs cycle. Ketogenesis is an extremely
important physiological process and is exclusively hepatic.

Ketogenesis is regulated chiefly by two hormones: insulin and glucagon. When blood glucose
levels are decreased, insulin is depressed, thereby raising glucagon levels, resulting in arresting
glycolysis, increase in gluconeogenesis and inhibiting fatty acid synthesis. As a consequence,
hydrolysis of triglycerides is affected by hormone-dependent lipase in adipose tissues. The fatty acids
thus liberated are transported to the liver.

The hormonal imbalance inhibits acetyl-CoA carboxylase, depressing malonyl-CoA
concentration, which is a repressor of acetylcarnitine synthetase, hence it gets activated. This favours
penetration of fatty acids into the mitochondria where they are catabolized by beta oxidation,
increasing the NADH/NAD ratio. This will lead to reduction of oxaloacetate to malate which leaves
mitochondria to participate in gluconeogenesis. The reduction of oxaloacetate prevents transformation
into citrate of acetyl-CoA arising from B-oxidation. Thus the only fate of acetyl-CoA is to synthesize
ketone bodies to be transported to other tissues capable of utilizing them.

Oxidation of ketone bodies takes place in the extrahepatic tissues because of the absence of key
enzymes in the liver to oxidize them, i.e. 3-oxoacid-CoA transferase. This enzyme is present in the
kidney, red muscle, brain and other peripheral tissues. Normally ketone bodies are continuously
oxidized in muscles, therefore only traces of these may be found in the blood and urine. In fasting
mammals these accumulate in blood and the levels may rise to 20-25 mg/100 ml after a week’s
fasting. 3-hydroxybutyrate apearing in the blood reaches the muscles (skeletal as well as the cardiac),
where a mitochondrial enzyme, 3-hydroxybutyrate dehydrogenase oxidizes the compound to
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acetoacetic acid. The latter compound in the muscle mitochondria is activated by 3-oxoacid-CoA
transferase, catalyzing the transfer of CoA from succinyl-CoA to acetoacetic acid. Excessive
production of ketone bodies by the liver leads to ketonemia.

2 CH;-CO-S—-CoA
(2 Acetyl CoA)

-]

CH;-CO-CH,—CO-S-CoA
(Acetoacetyl CoA)

H,O + Acetyl CoA
CoA

CH,~COOH
CHy-C-OH
CH,~CO-S-CoA

(3-Hydroxy-3-methylglutaryl CoA)

Acetyl CoA %

CH,-CO-CH,—COOH
(Acetoacetate)

/NANDH +H co,
NAD"
OH

CH,;CO-CH,

|
CH3—(‘3—CH2—COOH (Acetone)

H
(3-Hydroxybutyrate)

Fig. 6.19 Formation of ketone bodies from acetyl CoA.



CHAPTER

Digestion and
Absorption

In the previous chapter, we have given an account of the classification and nature of nutrients required
by animals. The food materials available to the animals are, as such, rarely in a form suitable for
cellular consumption and to achieved when the foods are subjected to mechanical processes such as
mastication, swallowing and movements of gastrointestinal tract, and chemical processes such as the
enzymatic reactions in the digestive tract.

During the process of digestion, the complex nutrients are split into their simpler substances, i.e.
the proteins into amino acids; the polysaccharides into monosaccharides; and the fats into their
constituent fatty acids and glycerols. In addition to hydrolysis of proteins, carbohydrates and fats, the
process of digestion renders food in a soluble form for abosrption and helps in separating the required
from those not required.

7.1 MODES OF NUTRITION

Based on their method of food procurement the living organisms (plants, animals and
microorganisms) are broadly classified into two major groups, viz. autotrophs and heterotrophs.

Autotrophs

The autotrophs synthesize all essential organic compounds from inorganic constituents. They include
phototrophs and chemotrophs. The phototrophs are chlorophyll bearing plants and make the essential
organic compounds by photosynthesis. For this process they require sunlight, and inorganic
substances like carbon dioxide and nitrogenous compounds. The chemotrophs are bacteria making
their food by chemo-synthesis. Since the autotrophs synthesize the required organic substances within
their body, digestion is not required.
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Heterotrophs

The heterotrophs require organic substances as food and their synthesizing capability is limited. For
this reason they depend on organic substances like carbohydrates, fats and proteins to carry out their
life processes. They obtain their food from plants and animals. Such a food is in a form unsuitable for
direct absorption. The food may be in the form of tiny particles (food of protozoans and other lower
organisms), large chunks or whole animals (as in higher animals), or in the liquid form (leeches,
certain insects, etc.). Therefore these food particles are to be reduced to sizes suitable for entrance
through the cellular membranes to take part in metabolic activities. This process as we have
mentioned earlier is called digestion and only in heterotrophs it is a necessary process with the
exception of certain parasites (cestodes, etc.) and commensals. The cestodes directly absorb the
digested food through its body surface, from its surrounding medium in the intestine. The male
echiurid derives its nourishment from the female echiurid. Such organisms are devoid of a digestive
tract of their own.

The organisms are thus broadly divided into two groups. However, there are living beings
between the typical chemotrophs and the typical phototrophs, and also between the autotrophs and the
heterotrophs. Such living beings are dependent on both the processes and hence are grouped under
mesotrophs. The Euglena, for example, is a mesotroph and can synthesize essential organic
compounds but it still requires certain growth factors or vitamins for which it is dependent on organic
sources.

7.2 INTAKE OF FOOD MATERIALS

In order to capture different kinds of food and prepare it for absorption by the cells of the body, the
heterotrophs have suitable anatomical structures and devices.

Among animals the feeding mechanisms exhibit some relation to the type of food they take. It is
reasonable to presume that food of the most primitive organisms is organic matter in solution.
Similarly organic matter in dissolved form is directly absorbed by protozoan parasites, tapeworms and
a few other animals. Studies on the absorption of dissolved organic substances in bacteria as well as
in the cells of higher animals revealed the existence of a number of active sites, each of which
receives the specific compounds to lead them into the cell. Dissolved substances are absorbed by yet
another process. In this process minute droplets of dissolved food are engulfed by the cell through
PpIinocytosis.

Protozoans prey upon parts of other organisms smaller than or equal to themselves. To ingest this
type of food the protozoans have a variety of mechanisms. Amoeba, for example, has a mechanism
which may possibly be an extension of pinocytosis and upon coming in contact with its food particle
the amoeba surrounds the particle and engulfs it. Another distinct mechanism of feeding can be
observed among ciliates. The ciliates produce water currents by ciliary movements and these currents
carry the impaled organisms or the particulate food to the mouth or gullet. From here the food is taken
into the body. In sponges the method of collecting food particles by water currents and their
subsequent engulfing by cells for digestion exists in a specialized form. In this method the food
particles are carried along the water currents into the paragastric cavity through body pores.
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There are several coelenterates which, like sponges, are sessile animals. However, they procure
food by trapping method rather than the current method noted in sponges. The important structure
involved in the trappin mechanism is the cnidoblast (nematocyst). The tentacles in Hydra and some
other coelenterates are armed with cnidoblasts and these would burst when small animals brush or
bump over the cnidocil which is a small hair-like process serving as receptor of contact stimuli. As a
result of this burst a poisonous thread from the nematocysts is thrust into the victim to impale it. The
impaled organism is then carried to the mouth by one or more of the tentacles.

Filter feeding is characteristic of sessile animals and sedentary feeders such as bivalve molluscs,
Amphioxus, Ammocoete larva, etc. These animals have varied types of filtering and trapping devices.
Cilia and setae produce water currents which carry the food particles to the the feeding surfaces.
These particles get entangled in the mucus cord which is carried into the digestive, tract by the aid of
ciliary movement. Certain sea-cucumbers have sticky tentacles which trap small organisms. These
tentacles are then thrust into the pharynx in order to wipe oftf food from them.

Although filter feeding is a characteristic feature of sessile and sedentary group of animals, it is
also present in a few other animal groups. Small active copepods, sock-eye salmon, the huge basking
shark and the whalebone whale are all filter feeders. The filter feeders do not select their food, hence
they are known as nonselective feeders. However, they respond to certain chemicals and stimuli by
operating, or by preventing the filter mechanism, depending on favourable or hazaradous conditions.

In other nonselective feeders such as many annelids, some echinoderms and hemichordates, food
enters the body by water currents. From this whatever is needed by the body is absorbed and the rest
discarded. The animals of this group are omnivorous provided those which come in their way should
be sufficiently small to be collected in their filters or traps. Thus collected food is subjected in their
filters or traps. The collected food is subjected to grinding when such organs are present. If absent,
the food material is passed directly for chemical digestion.

Selective feeders employ various methods for the capture and effective utilization of bulky foods
or for withdrawing the juices from animals and plants. Each mechanism is supported by suitable
anatomical modifications and physiological alterations. While the fishes, amphibians, reptiles and
many birds swallow their food without chewing, the mammals masticate food and supply it to the
digestive system in the form of small size particles. For efficient mastication, changes have been
brought about in the jaw bones and muscles. The air passages are separated and guarded by soft
epiglottis and pharyngeal folds in order to facilitate breathing during mastication. These changes are
directly related to the changes in the feeding habits.

The dependence of selective feeders on specific types of food is so great that in its absence they
suffer from functional irregularities. The female mosquito, for instance, needs a meal of blood for the
development of eggs. The rabbit flea, Spilopsyllus cuniculi, requires the blood of breeding, or
pregnant rabbit, containing reproductive hormones, to carry out its own reproductive cycle.

Selective feeders have neurosensory and neuromuscular specializations to enable them to locate
and capture specific foods. The neurosensory abilities may be in the development of visual, chemical
and other stimuli.
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A. DIGESTION

The digestion is classified into two main types — i.e. the intracellular, and the extracellular digestion.
Between these two, there exists a transitional type of digestion known as contact digestion.

Intracellular Digestion

The digestion is intracellular in protozoans and sponges. The particulate food matter enters the cell by
pinocytosis or phagocytosis and both these processes require energy. In these processes a portion of
the cell’s plasma membrane encapsulates the particle and the capsule is then pinched off in the form
of a vesicle from the membrane to form pinosome or phagosome which is then carried into the cell for
digestion. The lysosomes fuse with these vesicles and the digestive enzymes react with food to
hydrolyze them to simple substances. After digestion is complete the remnants are excreted from the
cell as excretory products.

Contact Dicestion: The digestion in some coelenterates (such as sea-anemones) shows a
transition between primitive intracellular type and the highly specialized extracellular type. When a
sea-anemone swallows a large organism or a large food particle, the digestion is carried out in the
gastrovascular cavity itself. The gastrovascular cavity contains sea water which makes the enzymes
ineffective if secreted into it. To overcome this a specialized process of contact digestion has
developed in sea-anemones. In this process, the filaments of endothermal cells lining the coelenteron
are applied closely to the surface of the large food particle and secrete digestive enzymes from the
attached points directly on to its surface. The food particle gratually disintegrates, and the same cells
absorb the resulting products as soon as they are formed. Intracellular digestion, however, still persists
in coelenterates when small food particles are digested.

Extracellular Digestion

Animals with complete digestive tracts carry on their digestion extracellularly also. The enzymes in
these animals are secreted into the lumen of the digestive tract. The muscular movements of this tract
bring about mixing of the food material with the enzymes and direct the entire mass posteriad. As a
result of these processes, the enzymes split the foodstuffs within the lumen to a form suitable for
absorption.

7.3 DIGESTION OF FOODSTUFFS

The foodstuffs are digested into a form suitable for absorption by the action of specific enzymes.
These enzymes are produced by the organism which consumes the food. There are certain foodstuffs
the digestion of which is performed by the bacteria present in the digestive tract of animals. In the
following paragraphs, some basic enzymatic activities involved in the digestion of major foodstuffs
have been described.

Major enzymes, their sources and specific actions on different foods are presented in Table 7.1.
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Table 7.1  Principal Enzymes of the Digestive Tract and Their Activity on Specific Foodstuffs

(in mammals)

Source of enzyme Enzyme and optimum Substrate Products of digestion
condition of activity
Salivary gland Salivary amylase Starches Maltose
pH 6.6-6.8
Ptyalin Maltotriose, dextrin
Stomach: Chief Pepsin Protein Proteoses
cells and parietal pH 1.0-2.0 Peptones
cells
Rennin Casein of Coagulates milk
pH 4.0 milk proteins
Pancreas Trypsin pH 7.9 Protein, Proteoses Polypeptides, Dipeptldes
Chymotrypsin pH 8.0 Proteoses, Proteins Peptides
Carboxypeptidase Polypeptides having Peptides, amino acids

Small Intestine:
Brunner’s glands &
the glands of
Lieberkuhn

Amylase pH 7.1
Lipase pH 8.0

Cholesterol esterase

Ribonuclease
Deoxyribonuclease
Maltase pH 5.8-6.2

Lactase pH 5.4-6.0
Sucrase pH 5.0-7.0
Aminopeptidase pH 8.0

Dipeptidase pH 8.0
Phosphatase pH 8.6
Polynucleotidase
Nucleosidases

Lecithinase

free carboxyl groups
Starch

Lipids (primary ester
linkages)

Free cholesterol

RNA
DNA
Maltose

Lactose
Sucrose

Polypeptides with
free amino groups

Dipeptides
Organic phosphates
Nucleic acid

Purine or Pyrimidine
nucleosides

Lecithin

Maltose

Fatty acids, monogly-
cerides, diglycerides,
glycerol

Esters of cholesterol
with fatty acids

Ribonucleotides
Deoxynucleotides
Glucose

Glucose, galactose
Glucose, fructose

Peptides, free amino
acids

Amino acids

Free phosphates
Nucleotides

Purine or pyrimidine
bases, pentoses

Glycerol, fatty acids,
phosphoric acid, choline

Digestion of Carbohydrates

Starch grains are polysaccharides having a central core of amylose covered over by a husk of

amylopectin. Both amylose and amylopectin contain chains of glucose units. However, amylopectin
has branched chains, each branch containing about twenty four glucose units joined to each other.
These chains are not broken by any of the digestive enzymes. Glycogen is another polysaccharide
consisting of branched chains, each containing twelve glucose units.
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The digestive enzymes cannot act on starch unless it is broken down. The starch grains are
broken down either by boiling, by chewing, by bacteria or by enzymes. The saliva of most mammals
is free from enzymes and hence in these animals starches cannot be split by saliva. However, pigs,
elephants, and primates have an enzyme ptyalin (endoamylase) in their saliva and this attacks the
simple links of amylose and amylopectin. As a result of this attack a series of maltose, maltoriose, and
dextrin molecules are formed. Ptyalin also hydrolyzes glycogen to form maltoses. The optimum pH
6.2-6.8 required for the activity of digestive amylases is maintained by chloride ions.

The digestion of starch by ptyalin goes on as long as it is in the mouth. When the starch reaches
stomach the gastric acidity stops further action of ptyalin; however, in case of solid foods the starch
hydrolysis continues into the stomach so long as the acid diffusion is not complete. Acid diffusion
would be complete in about 40 minutes and by this time the starch would be split to dextrins and
maltoses.

Inulin is a storage compound of certain plants (compositae) and is often consumed by mammals.
It is not hydrolyzed by ptyalin. The stomach does not produce any enzymes to digest either inulin or
other carbohydrates such as cane sugar. However, these are hydrolyzed by the acid in the gastric juice.

The pancreatic juice secreted into the small intestine has amylopsin, which is similar in action to
ptyalin of the saliva. Amylopsin attacks to split raw starch grains to dextrins, maltotrioses and
maltoses. The ptyalin also hydrolyzes dextrins and maltotrioses, already produced by the salivary
digestion, to yield maltose. Further, several enzymes which hydrolyze various disaccharides to the
appropriate hexoses are found in the lumen of small intestine. These enzymes are called glucosidases
or disaccharases. Of these enzymes, maltase and lactase are brought into the intestinal lumen by both
the pancreatic juice and the intestinal juice. The lactase which splits milk sugar (lactose) to glucose
and galactose is prominent in young mammals. The maltase splits maltose to form two glucose
molecules. In addition to maltase and lactase, another sugar-splitting enzyme present in the intestinal
juice in sucrase. Sucrase hydrolyzes sucrose (a storage or transport sugar of several nutritious plants)
to one molecule of glucose and one of fructose.

Cellulose Digestion in Ruminants

The ruminants ingest large quantities of fodder rich in cellulose or lignin. Neither substances can be
digested directly by mammals. But the cellulose is attacked in the rumen by the enzymes produced by
symbiotic bacteria. Sheep and cattle initially swallow food without masticating. In the rumen food is
mixed with water. The rumen has millions of bacteria of several species, some of which attack the
cellulose walls of the fodder liberating the cell contents of the food. The bacteria also breakdown
carbohydrates and proteins to simple substances. In the rumen main products of fermentation are
acetic, propionic, butyric, and other acids, along with small quantities of other substances such as
ethanol. Besides, symbiotic organisms in the rumen synthesize much more riboflavin and pantothenic
acid than is normally procured through diet. In addition to bacteria, a number of protozoan ciliates
belonging to spirotrichida and holotrichida have been observed in the rumen. Some of these can break
down cellulose. The stored carbohydrates and proteins within these ciliates are believed to serve as
reserves for a short time when fodder is not available.
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Cellulose breakdown by bacteria also takes place in the stomach of kangaroo (Stronix
brachyurus), and sloth (Choloepus). In kangaroo the stomach is enlarged, and in the sloths it is a
compound stomach. Cellulose splitting bacteria are present mostly in the caccum and ventral colon of
horses, and in the caecum of rabbits. The rabbits, like other lagomorphs, and many rodents, have
developed a habit of reingestion or pseudorumination. When rabbit eats fresh food, it directly reaches
the caecum, remains there for one or two days undergoing fermentation, and is then expelled as soft
faeces. These are then eaten and this time they reach the cardiac stomach, but the freshly eaten food
goes straight into the caecum as usual. After digestion and absorption the twice swallowed food is
excreted as hard faecal pellets without letting it in through caecum.

Digestion of Proteins

As a result of enzymatic action the peptide links of proteins are hydrolyzed. Consequently the simple
proteins yield amino acids, and the conjugated proteins yield amino acids as well as nonamino groups.
The enzymes responsible for splitting proteins are called proteolytic enzymes. Of the most familiar
ones are pepsin, trypsin, chymotrypsin, aminopeptidase, carboxypeptidase, tripeptidase and
dipeptidase. Though these enzymes are present in several animals they are, like proteins, highly
specific. The pepsins from various species of vertebrates are found to act differently on certain
substances, and have different reaction optima.

The proteolytic enzymes of the digestive tract in vertebrates fall under two distinct groups; the
endopeptidases and the exopeptidases.

EnporepTipases: The endopeptidases, also known as proteinases under an old name, attack
polypeptide chains at peptide bonds away from the ends and prefer very specific links in the protein
chain. Pepsin is secreted in the gastric juice as an inactive precursor, pepsinogen. Pepsin hydrolyzes
peptide bonds in which the amino function is contributed by phenylalanine, tyrosin, tryptophan,
leucine, aspartic acid or glutamic acid. Pepsin is active in acid medium (optimum pH 1.5-2.5)
depending on the substrate. It is inactivated in neutral or alkaline solutions and is devoid of a
prosthetic group. Pepsin, like rennin, has the property of coagulating milk by converting caseinogen
to casein which forms and insoluble complex with calcium.

Trypsin is secreted by the pancreas in the form of an inactive precursor, #ypsinogen. Trypsinogen
is activated by the enzyme enterokinase secreted by the intestinal mucosa and then autocatalytically
by trypsin itself. Trypsin catalyzes the hydrolysis of peptide bonds in a protein chain in which the
carbonyl function is contributed by lysine or an arginine residue. Trypsin has no prosthetic group and
its pH optimum lies between 7-9. It is relatively stable to heat in acid solution and less so in alkaline
solution.

Chymotrypsin is secreted from the pancreas in an inactive form, chymotrypsinogen. Activation of
chymotrypsinogen to its active form is brought about by the trypsin. The optimum pH is 7-8.
Chymotrypsin attacks the peptide bonds in which the carbonyl group is furnished by the aromatic
amino acids, phenylalanine, tyrosine or tryptophan.

The endopeptidases described above hydrolyze large protein molecules to smaller peptides which
are further broken down to smaller peptides by the action of exopeptidases and dipeptidases.
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ExopepTinases: Exopeptidases, also known as peptidases under an old name, catalyze the
removal of terminal amino acids and require a metal ion as activator for their catalytic activity. These
are either secreted by the pancreas or the intestinal mucosa.

There are two carboxypeptidases which are secreted as precursor procarboxypeptidases and
activated by trypsin. Carboxypeptidase A (Zn"" containing) hydrolyzes terminal amino acids with free
caboxyl groups with the exception of lysine or arginine. Carboxypeptidase B will hydrolyze peptide
with free carboxyl terminal of lysine or arginine. Both do not attack dipeptides.

Aminopeptidase prefers the terminal amino acid with free amino group. This is rather nonspecific
enzyme and does not act on dipeptides.

There are a number of dipeptidases which are quite specific for specific dipeptides. Prolidase is
an exopeptidase which hydrolyzes proline peptides derived from the breakdown of collagen.

Endopeptidases as well as exopeptidases are required both for intracellular and extracellular types
of digestion. The pepsin, trypsin and chymotrypsin are for extracellular digestion. Their counterparts
in intracellular digestion are cathepsin A, B and C. Other than the endopeptidases the cells also
possess exopeptidases corresponding to those of extracellular enzymes. The intracellular enzymes do
not usually require an activator.

Digestion of Fats

Because there is no lipase in the saliva nor in the gastric juice, the digestive activity of lipase in the
stomach is inhibited, although some pancreatic lipase may be found in the gastric contents through
regurgitation. When the chyme passes through duodenum, the bile and the pancreatic juices are
released and these get mixed up with the chyme. The bile salts lower the surface tension of the fat
droplets in the chyme and emulsify them to facilitate their digestion. The fat or triglyceride particles
in the emulsion have a diameter of 0.5 to 1.0 um. The emulsification of triglyceride exposes it to the
action of pancreatic lipase which hydrolyzes triglycerides to form a mixture of free fatty acids (FFA)
and monoglycerides and diglycerides (Fig. 7.1). The pancreatic lipase reacts most readily with
triglycerides having long fatty acid chains, and for this the required optimum pH lies between 7 and 9.
In artiodactyls the hydrolysis of fats is done by the action of bacteria present in the rumen, and the
glycerol is converted to propionic acid.

The fatty acid esterified in position-2 is not fit for the lipolytic attack, hence the fatty acid residue
is transferred to 1-position. As a result of hydrolysis the principal products, free fatty acids and
monoglycerides along with bile salts and phospholipids are dispersed into fine particles known as
micelles. The micelles contain small amounts of di-and triglycerides. The fats in the form of micelles
enter the mucosal cells and get surrounded by endoplasmic reticulum. During their entry through the
mucosal cells, the products of lipase action are resynthesized into triglycerides.

Resynthesis of triglycerides may take place either by reacylation of 2-monoglycerides or by the
acylation of 3-glycerophosphates. Free glycerol is not used for resynthesis. The short-chain fatty acids
are absorbed into the portal blood, while the majority of long-chain fatty acids escape esterification
and become bound to plasma proteins. A layer of protein and phospholipids is formed around the
resynthesized triglycerides before they pass through the mucosal cells. The protein coated droplets of
fats are known as chylomicrons having a diameter of about 0.5 um.
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Fig. 7.1 Schematic diagram showing the digestion and absorption of fats in the intestinal lumen.

Digestion of Nucleic Acids

The enzymes hydrolyzing nucleic acids are present in the pancreatic tissue and can be divided into
endonucleases and exonucleases. Endonucleases carry on the hydrolysis of polynucleotide chain in
the middle, and the exonucleases remove the terminal nucleotides. Deoxyribonuclease I, an
endonuclease, hydrolyzes between all pyrimidine-purine pairs in a DNA chain, whereas ribonuclease
hydrolyzes RNA chains into nucleotides. Phosphodiesterase hydrolyzes nucleotides successively from
the 3’end of both DNA and RNA oligonucleotides. Nucleosidases are quite specific in nature. There
is a type which attacks only the purine containing nucleosides, while another type breaks the
pyrimidine nucleosides liberating uracil, cytosine and thymine.

7.4 DIGESTION IN MAMMALS

There are certain variations in the mechanism of digestion among vertebrates, but the digestive
process in man and the mammals, which is generally studied in the laboratory, is typical of all such
processes. The digestive process in mammals falls under three distinct divisions:

(1) digestion in the mouth;
(i1) digestion in the stomach; and
(iii) intestinal digestion.
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Digestion in the Mouth

The food material captured has to be passed through the mouth which in the vertebrates is helped by
a pair of apposed movable jaws. These jaws are used in a variety of ways to collect and hold food or
in certain vertebrates to reduce the food to small particles.

Three pairs of salivary glands are present opening into the mouth by way of ducts and their
secretory products are collectively called saliva. These glands, according to their position, are termed
as the parotids, the submaxillaries, and the sublinguals. Besides, the mouth also has a number of so-
called buccal glands pouring their secretions into the mouth. The chief product of these glands is the
mucus. The food taken into the mouth is cut and ground by the teeth. By this process the food not
only is broken to pieces but also mixed with saliva. The saliva dissolves the food to give a sense of
taste to the taste buds. The enzyme ptyalin initiates the digestion of carbohydrates, and starch in
particular. The mixing of saliva with food eases the swallowing process.

Digestive Control Mechanisms

Digestion is a coordinated process wherein proper amounts of digestive juices must be secreted to
reach the food at desired times. This naturally involves some kind of control mechanism to coordinate
various components of the process. Numerous studies have revealed that both nervous and hormonal
controls are involved in the process. However, a secretogogual mechanism (presence of food in the
alimentary canal also acts as a stimulant) to stimulate secretions has also been demonstrated to be
operative in the mouth and stomach. Nervous mechanisms dominate in the anterior part of the
digestive tract and as nervous controls decline, hormonal controls take over to assume greater
importance.

Savivary ControL: The secretion of saliva is generally coordinated with the intake of food, but
olfactory and gustatory stimuli normally initiate the nervous reflex resulting in the stimulation of
salivary secretion. Conditioned reflexes resulting in the flow of saliva are due to olfactory stimulation.
Salivary glands receive both sympathetic and parasympathetic nerve fibres, hence either of the
systems or both may exert control over normal secretion of saliva.

Gastric ConTrOL: In many cases the presence of food in the stomach has a stimulatory effect on
the gastric secretion (secretogogual). Besides this, a nervous stimulation is also necessary which is
followed by a hormonal phase. A nervous stimulus is necessary to produce the hormone gastrin from
the pyloric end of the stomach which is liberated in the bloodstream and reaches back to the stomach
via circulation. Gastric stimulates the secretion of hydrochloric acid and probably helps in the
secretion of bile and pancreatic juice.

ConTroL OF Pancreatic SECRETION: The digestive enzymes of the intestine mainly originate
from the pancreas which are entirely secreted under hormonal stimulus. The presence of chyme in the
duodenum also initiates secretion of pancreatic juice mediated through the hormones. The presence of
hydrochloric acid and partially digested foodstuffs stimulate the duodenal mucosal cells to secrete
hormones which are carried to the pancreas, liver and gall bladder through general blood circulation.
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Bayliss and Starling in the year 1902 suggested that the hormone responsible to stimulate the
pancreatic tissue originates from the duodenum and they named it secretin. Recent work, however,
has shown that secretin contains five factors: (1) secretin which stimulates a bicarbonate rich
pancreatic secretion and poor in enzymes; (2) pancreozymin which stimulates pancreatic acinar cells
to produce viscous fluid low in bicarbonates and rich in enzymes; (3) hepatocrinin which stimulates
liver to secrete a salt-poor bile; (4) cholecystokinin that causes evacuation of gall bladder; and (5)
enterocrinin which stimulates the flow of intestinal juices (succus entericus).

ControL oF SECRETION: Excitation of salivary glands is dependent upon the nerve impulses. The
glands receive the impulses from the autonomic nervous system. There are three types of stimuli
which arouse reflex secretion of saliva. These are: (1) tasting and smelling of food (excitation of
chemoreceptors); (2) chewing, or the presence of solid substances in the mouth (excitation of pressure
receptors); and (3) seeing or even thinking of good food (psychic reflex).

Digestion in the Stomach

The food entering the stomach pushes the already existing food towards the sides and itself remains
away from the gastric walls. This prevents the gastric secretions from mixing with immediately. The
newly entered food, therefore, continues to react with ptyalin for some time till the gastric juices
penetrate into the food and stop the ptyalin action. The stomach produces hydrochloric acid, and
certain enzymes, viz. pepsin, rennin, and gastric lipase The stomach acts as a reservoir for mixing the
food with its enzymes and from here the food is slowly passed into the intestine.

CuemisTry oF Gastric DiGesTion: The enzyme pepsin as such is not secreted directly. The cells
of the gastric glands produce a proenzyme, pepsinogen, which requires an acid pH for its desired
action. This is accomplished by the hydrochloric acid secreted into the stomach by the, parietal cells
of the fundic glands (Fig. 7.2). Hydrochloric acid removes the inhibitory polypeptide from
pepsinogen converting it into active pepsin. Small amounts of pepsin also covert pepsinogen into
pepsin and this process is auto-catalytic. Pepsin is a proteinase and hydrolyzes proteins (proteoclastic)
to acid metaproteins, proteoses, and peptones. If pepsin is allowed to continue its action for long time,
the proteins would get hydrolyzed into traces of amino acids. The pepsin attacks the peptide bonds
which are formed from the o-carboxyl of an L-dicarboxylic acid and the oi-amino group of an L-
aromatic amino acid, and a few others. Consequently, the chief amino acids, viz. L-tyrosine and L-
alanine are liberated. Pepsin attacks the cell walls and breaks them liberating the contents.

In man, calf, and pig, pepsin is produced from two regions in the stomach. One produced near the
fundus has pH optima between 2.0 and 3.6; another produced near the pylorus has pH optima
between 1.5 and 3.2. Peptic digestion would cease at pH < 5, because at this pH the inhibitory
polypeptides recombine with pepsin and inactivate it.

Rennin is an important enzyme in the digestive system of some young mammals. The enzyme is
secreted by cells in the fundus as zymogen prorennin. Prorennin as such is inactive and requires acid
for its activation. The hydrochloric acid transforms prorennin into an active rennin. Rennin acts
rapidly upon caseinogen, the chief protein of milk. In milk caseinogen is present in a soluble form.
The nature of action of rennin on caseinogen is not definitely known, but it is believed that it mildly
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Fig. 7.2 Secretory activity of the stomach and the intestine and its associated structures.

hydrolyzes caseinogen. As a result of the action of rennin on caseinogen, casein is produced. The
calcium ions present in milk combine with casein which is precipitated in the form of calcium
caseinate. Rennin thus prepares milk suitable for gastric digestion. The curdled milk is retained in the
stomach where calcium caseinate would be attacked by pepsin. The optimum pH for its action is 4.

The fat splitting enzyme lipase present in the stomach is inactive at the normal acidity of gastric
contents. But, highly homogenizd fats such as those of milk, and egg-yolk would, however, undergo
partial hydrolysis. There is disagreement over the secretion of this enzyme in the stomach. Some
account its presence due to regurgitation of intestinal contents into the stomach. But, the milk lipolytic
activity observed in extracts of gastric mucosa suggests that the gastric glands do secret traces of
lipase.

Gastric MoveMENnTs: The stomach is chiefly composed of smooth muscles. The movements of
the stomach are controlled by the autonomic nervous system which are increased by parasympathetic
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stimulation, and inhibited by sympathetic activity: The gastric movements are of three main types:
they are hunger contractions, filling, and emptying. Of these filling and emptying are important in
view of digestion.

(a) Filling: The muscle of the stomach wall progressively relaxes as more and more food enters it
and as a result the stomach gets expanded. When food is present, the stomach muscles bring
about vigorous movements facilitating thorough mixing of food with digestive juices.

(b) Emptying: The peristaltic waves in the stomach propel the food towards the pyloric sphincter.
However, the emptying of material across the pylorus depends upon the relative pressure in the
stomach and duodenum, the opening of the pyloric sphincter, and the fluidity of the gastric
contents.

Passace oF Cuyme TuroucH PyrLorus: The stomach contents are passed through the pylorus
into duodenum. By opening at brief periods, the pyloric sphincter allows materials from the stomach
to pass into the intestine at a slow pace and this process prevents overcrowding of the intestine. This
material has a thick soup-like consistency and is called the chyme. It is acidic in nature. Pyloric
sphincter needs chemical stimulus for the requisite relaxation and contraction. Acidity of chyme may
lead to the opening of the pyloric sphincter. When the acid chyme comes in contact with mucosa of
the pylorus, the sphincter gets contracted. As a result, peristaltic waves are set in that carry forward
the acidified gastric contents towards the sphincter which then allows chyme to pass bit by bit into the
duodenum. Duodenum also plays a role in the evacuation of stomach contents through pylorus. It
functions in two ways, i.e. by physical and by chemical means.

In the first case, the motility of stomach is at its optimum when the duodenum is empty, and as a
result the chyme is pushed from stomach to duodenum. Entry of chyme increases pressure in the
duodenum arid this prevents gastric contractions. Once again, motility of stomach would be resumed
as and when the duodenal contents are emptied.

In the second case it is by chemical means. Enterogastrone, liberated into the blood by the
duodenal cells under the influence of lipids or high concentration of sugars, prevents gastric motility.
The gastric motility would be resumed once the duodenum is empty and secretion of enterogastrone is
prevented.

Digestion in the Intestine

As the chyme enters the duodenum, its HCI content excites the mucosal cells of that region to actively
secrete a hormone, secretin. This hormone is a polypeptide and being relatively simple in structure it
easily diffuses into the blood. It is then carried through the blood to the pancreas where it excites the
active secretion of pancreatic juice.

The pancreatic juice contains a series of enzymes which progressively hydrolyze proteins to
polypeptides, dipeptides, and amino acids. These enzymes are collectively known as pancreatic
proteases. Two such enzymes are trypsin and chymotrypsin. The former acts more rapidly than the
latter and both are present as zymogens (inactive forms) in the pancreas, i.e. in the form of
trypsinogen and chymotrypsinogen. The chymotrypsinogen is activated by trypsin. The trypsinogen is
prevented from being active by an inhibitor protein. When trypsinogen is extracted from the pancreas,
the inhibitor also accompanies it. In such a case the inhibitor would be slowly destroyed if left for
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some time. It can also be destroyed rapidly in acid solution (pH1). Trypsinogen, free from inhibitor,
can be activated rapidly by traces of trypsin. It thus undergoes an autocatalytic reaction. But during
the intestinal digestion trypsinogen is normally activated to trypsin by enterokinase.

When proteins reach the intestine they are already in a partly hydrolyzed state due to the action of
pepsin of the stomach. On such proteins the pancreatic proteases act bringing out complete
proteolysis. Trypsin activity is optimum in alkaline medium between pH 8 and 9. The pH is brought
about in the intestinal contents by the alkaline salts of the pancreatic juice and the bile. These salts
neutralize the acidity of the chyme and bring the required alkalinity. Trypsin attacks on partly
hydrolyzed proteins and causes them to pass through several intermediate products, viz. alkali
metaproteins, proteoses and peptones. Thus trypsin acts upon proteins arriving in the intestine and
splits them into polypeptides. Another enzyme known as erepsin, found in the intestinal mucosa,
splits proteoses, peptones and peptides. It is now known that this splitting is not by a single enzyme
erepsin, but is done by a group of enzymes called peptidases. One of these enzymes, viz.
carboxypeptidase is from the pancreatic juice. This enzyme disrupts the peptides by attacking at the
end of the amino acid chain where the free — COOH group is placed.

The action of pancreatic enzymes on food is dependent upon the emulsifying action of bile. This
action of bile is due to bile salts. When bile is not secreted into the intestinal lumen, as it happens in
case of jaundice patients, the fat from the food forms a coating over proteins and carbohydrates of the
chyme and prevents them from being digested by pancreatic enzymes. This is because the water
soluble pancreatic enzyme cannot penetrate the fatty, coating over the nutrient materials in the chyme.
The presence of bile also hleps in the absorption of products of digestion. The fatty acids and the
insoluble calcium soaps are dissolved in bile and in this state they are easily absorbed by the mucosal
cells of the small intestine. The alkalinity of bile helps to neutralize the acidity of chyme.

Composition of bile: The bile, soon after secretion, contains as much as 97 per cent of water and
is usually transparent. The bile is then conveyed to the gall bladder for storage. The walls of gall
bladder absorb water from the bile. The secretory cells of gall bladder add some of the constituents
into the bile. The bile is released by the gall bladder only upon receiving the proper stimulus. When
released, bile consists only about 80 per cent of water and abundant suspended matter. It contains
chiefly proteins, bile salts, cholesterol, bile pigment, inorganic salts, lecithin and other lipoid
substances.

Bile Salts

About 1 g of cholesterol is eliminated from the body per day through the faeces either in the form of
cholesterol or bile acids (bile salts). Bile acids are synthesized in the liver from cholesterol, and the
principal constituents include cholic acid and chenodeoxycholic acid. Other physiologically important
bile salts are the sodium salts of glycholic and taurocholic acids. These salts are soluble in water and
alcohol and they are perfectly alkaline. The bile salts have remarkable power of lowering the surface
tension and emulsify fats. Emulsification is also partly due to the power of bile salt solutions to
dissolve fatty acids and the water-insoluble soaps. The solvents power of bile is further augmented in
the presence of cholesterol. Both cholesterol and lecithins are lipoid compounds, of which cholesterol
is present in greater amounts in bile than in any other body fluid.
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In the intestine, the bile acids further undergo modification to form secondary bile acids such as
deoxycholic and lithocholic acids by the activity of intestinal bacteria. Cholesterol is procured by the
animals through the plant or animal food, or synthesized in the liver from its precursor, that is acetyl-
CoA. Cholesterol is the precursor of all steroid hormones in the body and plays an important role in
the membranes. Excess of cholesterol is excreted in the bile. Elevated levels of cholesterol is present
in VLDL (very low density lipoproteins) or LDL (low density lipoproteins) and is associated with the
disease atherosclerosis.

Bile Pigments

The bile has two chief pigments which are bilirubin and biliverdin. Bilirubin is yellowish whereas
biliverdin is green in colour and this variation is due to the presence of different pigments. Bilirubin,
a breakdown product of haemoglobin, is the predominant pigment in the bile. It is estimated that in an
adult human being, 1-2 X 108 erythrocytes are destroyed per hour, making a turnover of about 6 g of
haemoglobin. Conversion of haeme to bilirubin takes place by reticuloendothelial cells and then
transported to the liver by plasma albumin. Further metabolism of bilirubin takes place in the liver
(Fig. 7.3).
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Bilirubin is slightly soluble in water, but when bound to albumin it becomes water-soluble.
However, binding with albumin increases the solubility of bilirubin in the plasma. Total bilirubin
content of the serum include conjugated and unconjugated amounts of bilirubin. Conjugation of
bilirubin with glucuronic acid renders it water-soluble by an enzyme glucoronosyltransferase residing
in the endoplasmic reticulum. Unconjugated bilirubin is not filtered by the glomerulus, travels to the
liver, where it is separated from albumin, conjugated bilirubin with glucuronic acid (diglucuronide) is
actively secreted into the bile, which is filtered by the glomerulus (Fig. 7.3). Increases in the serum
albumin results in jaundice and haemolytic anaemias.

Conjugated bilirubin is secreted into the bile through active transport mechanism. When it
reaches the large intestine, the glucuronides are removed by the enzymes secreted by intestinal
bacteria and broken down to urobilinogens, a portion of which is reabsorbed and resecreted through
the liver. Normally, the urobilinogens are colourless.

ControL oF BiLE SEcrETION: The secretion of bile from the liver cells is controlled by nervous
and chemical stimuli. The nervous stimulus on bile secretion is indirect, in that it first stimulates the
flow of more blood into the liver which in turn activates the liver cells. The continuous secretion of
the bile is due to the presence of chemical stimulants. The presence of bile salts and acid in the
intestine stimulates the secretory activity of the liver cells. The bile salts coming into the intestine are
absorbed through the walls of the intestine and travel to the liver via portal circulation.

The acid from the stomach, upon reaching the intestine, stimulates the mucosal lining to secrete
something in addition to pancreatic secretin, which would aid the secretory activity of the liver cells
(Fig. 7.3). Protein diet influences bile secretion. In the stomach protein increases the secretion of HCL
which in effect stimulates the duodenal mucosa to produce secretin. This effect of acid in stimulating
secretin production has been explained to stimulate liver activity.

Flow of bile: The bile fluid, although continuously produced by the liver would not be allowed to
flow into the intestine. Its flow is prevented by the contraction of a small sphincter present at the point
where the common bile duct opens into the intestine. It therefore finds its way into the gall bladder.
The wall of the gall bladder has thin layer of nonstriated muscle fibres. These muscles when excited
contract to force the contents into the intestine. The excitation for this contraction of bladder muscles
and the simultaneous relaxation of the sphincter are provided either by the nervous stimulus or by the
presence of acids or fats in the intestine. The presence of the latter in the intestine is believed to
stimulate the production of a hormone, cholecystokinin, in addition to secretin. Cholecystokinin when
carried to the gall bladder stimulates it to contract and forces the bile into the intestine.

InTESTINAL MOVEMENTS: In the intestine the chyme is mixed with the intestinal juices and passed
posteriad. Two types of intestinal movements facilitate this process. The mixing is facilitated by the
segmenting or dividing movements and propulsion of the chyme is carried out by peristalsis. Dividing
motions along the length of the intestine are performed by repeated alternate constrictions and
relaxations of the circular muscles. At equidistant regions, contractions appear dividing the intestine
into a number of sac-like compartments (Fig. 7.4). In the next step the circular muscles at the
constrictions relax but those at the adjacent sac-like compartments constrict. Such alternate
movements are repeated rhythmically and the number of repetitions may range between 20 and 30 per
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Fig. 7.4  Dividing movements of the intestine. The constricted portions seen in the first phase (a) are due to the
contractions of circular muscles. The portions between the constrictions appear as sacs. In the second phase
(b), the constricted muscles relax and the muscles at the sacs constrict. Such alternate contractions and
relaxations of the muscles are repeated several times and this brings about the mixing of food.

minute. The changing pressure of the intestinal contents against the walls, perhaps, stimulates the
nerve net present in the intestine. This nerve net is believed to regulate the rhythmic movements.

Peristalsis: The dividing movements of intestine are from time to time interrupted by peristaltic
waves. This wave is called diastalsis. The wave proceeds towards the posterior end of the intestine
gradually forcing the food in that direction. The dividng motion is resumed, once the peristaltic wave
dies out. Diastalsis is carried out by the myenteric reflex action.

Anastalsis: The movement of large intestine, especially that of the descending colon, consists of a
wave of contraction which moves upward preventing the contents of colon from reaching the rectum.
Such a movement of the large intestine is called anastalsis or antiperistalsis.

Mucosar Structure: To facilitate absorption of the digested food, the surface area of the
epithelial lining of the small intestine is enormously increased by villi and microvilli (Fig. 7.5). The
villi are finger-like projections extending into the intestinal lumen. All the epithelial cells on their free
surface are covered over by microvilli. The microvilli are presumed to be the excrescences of the
plasma membrane occurring on the free surface of each epithelial cell. These microvilli form the
brush border over the epithelial cells (mucosal cells). It is estimated that each epithelial cell has 2,000-
4,000 microvilli. The epithelial cells of the villi have a short life-span of about 3 days. The older cells
are replaced by new cells which are formed at the proliferative zones lying at the bases of the villi.
These zones are called crypts of Lieberkuhn. The villi are supplied with capillary network and a
lacteal.
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Mucosar Funcrtion: Intestinal juice or succus entericus includes a number of enzymes secreted
into the intestine by the various glands of the intestinal mucosa. Intestinal mucosa has glands and their
secretions aid in the digestive process. Brunner s glands present in the submucosa at the upper end of
duodenum secrete mucus which protects the intestinal wall from the acid as well as from the digestive
enzymes. The secretion of these glands is alkaline. One of the important constituents of the intestinal
juicel is enterokinase, and it is secreted by crypts of Lieberkuhn. In the intestine enterokinase
catalyzes the transformation of pancreatic trypsinogen to trypsin. Enzymes like peptidases, sucrase,
maltase, lactase and lipase are present within the mucosal cells of the intestine and they are not
secreted into the intestine. The action of these enzymes on the food is interlocked with the absorptive
mechanism. The action of the peptidases in the mucosal cells was attributed to that of a single enzyme
erepsin. But now erepsin is known to contain a group of peptidases. The carboxypeptidase and
aminopeptidase belong to this group.

The activation of parasympathetic fibres greatly increases secretion of intestinal juice. The
presence of chym in the intestine stimulates the mucosa to secrete a hormone enterocrinin, which
stimulates the intestinal glands to secrete the intestinal juice.

Carbohydrates, proteins, and fats are believed to be completely digested in the intestinal lumen to
form their constituent units. But the presence of disaccharidases, dipeptidases, aminopeptidase,
alkaline phosphatase, lipase, and esterase in the mucosal membrane indicated that the last of the
digestive reactions occur in the membrane and not in the intestinal lumen. The ultimate hydrolysis on
or in the brush borders of the mucosal cells ensures abosorption of the products the moment they are
formed. It is presumed that the nutrients enter the cell via membrane transport, pinocytosis, or through
membrane pores directly into the endoplasmic reticulum.

A large number of transport systems and mechanisms have been explained as responsible for the
transport of multiplicity of nutrietnts across the membrane of the mucosal cell facing the lumen.
These have been explained under the section ABSORPTION. After entering the mucosal cell, the
nutrients are transported to the various organs to satisfy their metabolic needs. To achieve this, the
nutrients first travel through the mucosal cell, then leave through the serosal membrane, they next
enter the interstitial fluid, then squeeze through their walls of the lymphatic and vascular capillaries,
and finally reach the sites where they are required for metabolism.

MoVEMENT OF SuBsTANCES THrouGH ILEOCECAL VaLvE: By the time the intestinal content
reaches the ileocecal valve, most of the digested proteins, carbohydrates, fats, vitamins, and minerals
are absorbed in the intestinal mucosa. At this stage the residue containing unabsorbed nutrients enters
the large intestine through the ileocecal valve.

SECRETIONS FROM THE LARGE INTESTINE: The large intestine does not secrete digestive enzymes
and the secretion is mostly mucin. This secretion is alkaline and has a pH of about 1.8. It is rich in
bicarbonate and potassium. The secretory activity of the large intestine is under parasympathetic
control, but there is no evidence of hormonal regulation. The appendix spontaneously secretes a large
quantity of fluid which is poured into the large intestine.

Coronic MovemEenTs: The colon performs all those movements discussed under intestinal
movements. As a result of segmenting, and peristaltic movements, the semisolid material that has
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Fig. 7.5 The absorptive surface of the intestinal lumen is greatly increased due to the presence of finger-like projections
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entered the colon gets mixed with the secretions and the micro-organisms of the large intestine. The
antiperistaltic movements of the large intestine prevent the residue from reaching the rectum.

Most of the micro-organisms swallowed along with the food, are killed in the stomach and in the
upper part of the intestine. However, a few yeasts, some acid producing bacteria, and some bacterial
spores remain alive. There is a gradual increase of these micro-organisms towards the posterior end of
the intestine. These acid producing bacteria impart acidity to the undigested or partly digested food
and subject it to acid fermentation as it passes farther and farther along the intestine. The intestines of
animals have various types of micro-organisms which are specific to the species they live in.

In the colon the food stays for a considerably long time of 3 to 4 hours, and this facilitates the
micro-organisms to further carry out fermentative and putrefactive effects. As a result of fermentation
complex substances such as polysaccharides and fats are converted to simpler substances. The
conversion of proteins by bacteria into simpler substances is known as putrefaction and this term is
specific for proteins.

Enzymic hydrolysis of organic substances is compensated in the large intestine by the bacteria.
The bacteria split the polysaccharides, fats and proteins to yield partial or complete hydrolysis
products. The cellulose consumed by herbivores is broken down due to fermentation by the intestinal
bacteria and as such none of the higher animals has enzymes capable of hydrolyzing it. In such
animals the cecum can retain food for a long time to complete the fermentative process.

The bacteria in the large intestine produce enough quantity of vitamin K and some components of
the vitamin B complex. These vitamins are absorbed to meet the body requirements. Generally,
adequate amounts of these vitamins reach the intestine through the ingested food and as such the body
does not suffer from their deficiency.

While some of the products of fermentation are harmless, there are substances such as indole,
skatol, phenol, and hydrogen sulphide that have a pungent odour and toxic nature. Of the toxic gases,
CO, and methane are produced chiefly from carbohydrate fermentation, whereas H,S and N, are
produced from protein putrefaction. The toxic products are absorbed into the portal blood and are
taken to the liver for further oxidation or transformation to relatively harmless substances.

Faeces: After fermentation and putrefaction the material in the large intestine contains
indigestible matter as well as undigested foods. A large proportion of the faeces, however, constitutes
bacteria and intestinal epithelial cells. The bilirubin, present, in the faeces, is converted to
urobilinogen which is then oxidized to pigment urobilin. The colour of the faeces is due to pigment.
In addition, the faeces contain inorganic constituents that entered through food and remained
unabsorbed. About 75 per cent of the faeces is water. This percentage is maintained in the faeces
because of the secretory and absorptive ability of the colon. The quantity of the facces formed is
mainly dependent upon the quality and quantity of ingested food.

Defecation: The accumulation of faeces distends the rectum and stimulates the proprioceptors.
The impulses from the proprioceptors are propagated to the sacral portion of the spinal cord. Impulses
strong enough to stimulate the motor nerves innervating the smooth muscles of the rectum are created
only when the pressure in the rectum reaches the required level. In humans, the required pressure
level is about 40 mm Hg. This defecation reflex, coordinated at the sacral level, may be inhibited or
enahanced by higher control centres. The defecation reflex may be inhibited by the voluntary
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contraction of anal sphincter. The enhancement of defecation reflex is caused by contracting the
abdominal muscles and increasing the pressure in the abdomen. Abdominal pressure may be further
increased by increasing the intrapleural pressure and by forcing the diaphragm to descend. The
pressure resulting from the combined activty of diaphragm and the abdominal muscles is sufficient to
squeeze the rectum and push the faeces through the anal sphincter.

7.5 DIGESTION IN OTHER VERTEBRATES

Salivary digestion in general is wanting among the vertebrates, but the saliva of frogs and toads, and
of the fowl contains the enzyme amylase. The enzymes such as amylase and disaccharidases are also
present in the intestine of vertebrates. In bony fishes both amylase and maltase are secreted by the
pancreas. Enzymological studies on a gold fish, a lizard and certain birds have revealed the presence
of chitinase in the saliva.

Stomach is absent in prochordates and consequently there is no production of pepsin. In other
vertebrates, except holocephali, dipnoi and many teleosts, a stomach is present and serves both
storage and digestive functions. The stomach in these groups secretes pepsin-like enzyme acting in
acid medium. In amphibia, pepsin is secreted more in the oesophagus than in the stomach. In fishes,
amphibians, reptiles and mammals, individual proteases are similar, if not identical. The acidity of the
stomach contents in vertebrates is generally lower than that of man and dog. The pH values range
between 2.5 and 4.5 in fishes, amphibia, and birds. However, in some rays and bony fish, the stomach
content is alkaline in spite of the presence of pepsin. In contrast to this, the sharks have an acidity
twice that of man.

A small amount of gastric lipase is secreted in the stomach of some birds and fishes. In their
intestine the proteases are generally distributed as in mammals. Secretion of lipase and the presence
of bile salts in the intestine is a general feature of all vertebrates. Honey-guides are a kind of birds that
feed on bees-wax but do not produce esterases required for its digestion and are dependent on their
microflora. Autolytic and bacterial digestion has been observed in the crop of fowl.

There are scattered references on hormonal and nervous control of digestion among vertebrates.
In some animals (selachians) neither nervous nor hormonal control was evident. Studies on control of
pepsinogen secretion revealed that the nervous (vagus) stimulation was not needed in Rana, whereas
in the toad Bufo, some nervous control is required. There is an indication of the presence a hormone
gastrin in amphibia. In some (salmon, dog-fish, frog, tortoise, etc.) secretin is present but its activity is
not established.

The problem of intracellular digestion has been solved by the presence of food vacuole. The
vacuole enclosing the food is spherical and consists of fluid and a surrounding membrane. The food
in the vacuole gradually breaks down and disappears, which is due to the secretion of appropriate
enzymes into the vacuole from the surrounding cytoplasm. The food constituents diffuse into the
cytoplasm and get assimilated. The leucocytes of higher animals, which engulf foreign particles
(phagocytosis), also have similar intracellular digestive mechanism. The food vacuole in these is
analogous to the gastrointestinal tract of higher animals and for this reason, it is appropriately known
as gastric vacuole.
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7.6 DIGESTION IN INVERTEBRATES

Our knowledge of the digestive processes among invertebrates is based on the morphological and
anatomical features of their digestive organs and enzymes present in them. The alimentary canal of
invertebrates is relatively simple and all the enzymes are often secreted by a single gland. Further,
these enzymes nearly always digest the food in one part of the alimentary canal which is anatomically
simple and undifferentiated into functional zones.

In general, all animals possess enzymes necessary for splitting starch, glycogen, proteins and fats.
Some of the enzymes in unicellular organisms are present in the lysosomes, while others are found
attached to the cell membrane.

In many echinoderms and lamellibranchs intracellular digestion is performed by wandering cells.
In lamellibranchs, these cells may even enter the mantle cavity and ingest food particles. The
wandering cells can split all three classes of food, viz. carbohydrates, proteins and fats.

In most animals, extracellular digestion takes place completely within the digestive tract. There
are some animals which partly digest certain types of food outside the body. Such an external
digestion has been observed in some species of rhabdocoelidae and in blowfly maggots. The latter
excrete proteases through the faeces in order to liquefy the meat in which they live. Their liquefied
meat is then ingested.

The power of digestion of food is very much limited among certain parasites since they have
weakly developed digestive tract. The Fasciola hepatica, feeding on blood, has a proteinase, but most
of the other nutrients are absorbed through the body surface. Ascaris, however, does not absorb
nutrients through its body surface but ingests both digested and undigested foods and in its digestive
tract they are attacked by a group of enzymes, viz. amylase, maltase, protease, peptidase, and lipase.
Parasite like 7aenia has no digestive tract and it sustains itself on predigested food from the host.

Among invertebrates, the carbohydrases have not received as much attention as proteases. The
amylase from a number of groups is very similar to vertebrate amylase. It can attack starch to split it
to maltose, but it fails to split pure starch grains, and usually has a pH optimum slightly on the acid
side of neutrality. Many invertebrates can hydrolyze the three common disaccharides —maltose,
sucrose and lactose. In some animals, snail in particular, the disaccharidases can hydrolyze at least
seventeen sugars and related substances. The snail produces enzyme inulase to digest the inulin of the
compositae into fructose. The snail can also digest cellulose and chitin with the help of symbiotic
bacteria. The occurrence of cellulase has been reported among a few protozoans, earthworms, some
wood boring beetles, and the wood boring bivalve Teredo, etc. Chitinase has been found in soil
amoebae, in coelenterates, nematodes, earthworms, and in all animals consuming arthropods as food.

The proteinase of Maia, like vertebrates, requires an activator and in fact, it is secreted along with
it. The gut of a crab (Maia), and a marine snail (Murex) has been found to contain four proteases—
proteinase, carboxypeptidase, aminopeptidase, and dipeptidase. All these proteases resemble those
present in vertebrates. The pH optima for these enzymes are of the same orders those for vertebrate
enzymes. The enterokinase which activates the proteinase in the vertebrates can also activate the
purified proteinase from Maia, suggesting its resemblance with that of vertebrates. In several insects
the protease is known to be consisting of a tryptic proteinase, a carboxypeptidase, an aminopeptidase
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and a dipeptidase. The proteinase and its activator from caecum of Sepia have similarities with those
of trypsin and its activator enterokinase of vertebrates. Thus in general the protein digesting enzymes
of invertebrates are activated by the same series of enzymes that activate in vertebrates. The proteases
of Pheretima and larvae of Calliphora and other meat-eating flies react in a slightly acid medium and
are comparable to pepsin.

The lipases among invertebrates largely differ from those of vertebrates. Many invertebrate
lipases hydrolyze esters of lower fatty acids more easily than oils and fats, and for this reason, they
are more aptly called esterases than lipases. Bees-wax consumed by wax-moth is partly digested by
bacterial action and partly by enzymes.

B. ABSORPTION

The process of absorption takes place chiefly in the small intestine. To a limited extent, absorption of
ordinary foods also takes place in the stomach. Nontypical foods such as pepper, mustard,
condiments, and alcoholic drinks seem to be absorbed in the stomach.

Small intestine is most suitable for absorption. For this purpose, the epithelial lining of the small
intestine is well adapted. The small intestine has an extensive absorbing surface formed due to the
enormous number of small papilliform villi. The intestinal contractions as well as the contractions of
the villi constantly expose the entire surface of the small intestine to the liquid material for maximum
absorption.

The digested material from the intestine is absorbed either into the blood capillaries or into the
lymphatics, both of which are present in the villi. The material absorbed into the capillaries is then
carried to the mesenteric veins and the portal vein. From the latter, it gets into the liver before being
sent to the general circulation of the body. In another pathway the absorbed material would reach the
blood indirectly. In this case the material is absorbed into the lymph spaces of the villi and the lymph
vessels of the intestine. It is then transported into the large lacteal vessels and the thoracic duct. The
material transported through the lacteals is termed cAyle. The thoracic duct empties the chyle into the
venous system near the heart.

7.7 CARBOHYDRATE ABSORPTION

Carbohydrates are chiefly absorbed by the small intestine, in the form of monosaccharides. The
absorbed sugars are utilized for the metabolic needs. The monosaccharides for the most part are
absorbed by active transport mechanism. Intestinal membrane has selectivity in absorbing simple
sugars. Cori, in 1925, observed that the sugars administered into the stomach of rats disappeared from
the intestine at different rates. The pentoses have smaller molecules and therefore diffused more
rapidly than hexoses. Of the hexoses, galactose and glucose are more rapidly absorbed than fructose.
This rapid intake is due to their active absorption against the concentration gradients. It has been
suggested that for active transport the sugars must contain six carbon atoms in the form of a D-
pyranose ring with an intact—OH at the 2-carbon position as illustrated in Fig. 7.6. Fructose does not
conform with this minimal required structure and for this reason it does not enjoy active transport.
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Fig. 7.6 D-pyranose ring with an intact—OH at the 2-carbon position can be readily absorbed by active transport.

Still, its rate of absorption is faster than mannose, xylose, and arabinose. This is so because of its
conversion in the epithelial cell to lactic acid (Wilson and Wiseman, 1954) in rat and hamster, and to
glucose (Hers and Kusaka, 1953) in guinea pig and hamster. In rat and human intestinal cells, the
glucose-6-phosphatase, required for the conversion of fructose into glucose, is absent.

The precise mechanism for the transport of sugars is not known. However, all sugars transported
actively are believed to be attached to the common carrier on the lumenal border of the epithelial cell
membrane. Since they all have a common carrier, some of the sugars having greater attraction to the
carrier compete with others to gain attachment for their transport into the cell. Because of this
competition, the rate of intake of some sugars is higher than the others. Though the following
hypothesis is with reference to the absorption of glucose. the same is believed to hold good for other
sugars also.

Glucose transport involves two systems (Fig. 7.7). The first system consists of a carrier or
translocase with two binding sites; one for attachment with glucose and the other for Na'. The carrier
with both Na" and glucose attached moves to the membrane surface facing cytoplasm. In this process,
the carrier is subjected to the forces of two gradients, an outward glucose gradient and an inward Na"
gradient. The Na" gradient exerts greater force on the carrier complex than the glucose gradient, and
results in the inward movement of the carrier complex. On reaching the inside surface, glucose and
Na" dissociate from the carrier and enter the cytoplasm. Thus the first transport system brings glucose
and Na' ions from the lumen into the cytoplasm. If this continues, Na" ion concentration in the cell
increases and the gradient diminishes. However, this does not occur. The second transport system
removes Na' brought in by the first transport system and thus maintains the inward Na" gradient—a
high concentration outside and low concentration inside the cell. Since the second transport system is
involved in the pumping of Na" against the gradient, it requires energy. The energy for this process,
comes from the hydrolysis of ATP.
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Fig. 7.7 The mechanism of glucose absorption.

7.8 PROTEIN ABSORPTION

The proteins enter the blood only in the form of amino acids. The inward movement of amino acids
across the membrane is similar to that of glucose absorption. The transport system contains a complex
of carrier its specific amino acids, and Na".

There are four types of systems each of which is specific for a group of closely related amino
acids. Amino acids such as glycine, alanine, and leucine are transported by a specific type of transport
system. Similarly there is a transport system specific for acidic amino acids like glutamic acid and
aspartic acid. Still other types of transport systems are specific for basic amino acids. Proline and
hydroxyproline have a common transport system. One of the significant and common properties of
these transport systems is the requirement of the presence of high concentration of Na" in the lumen
of the intestine.

The absorption of amino acids is thus a selective process rather than simple diffusion. Their
absorption is rapid and active. After studying the rates of absorption, Gibson and Wisemen (1951)
observed that in case of 13 amino acids the intestinal wall preferred the L-form (natural form) to its
D-form (optical isomers). The amino acids thus absorbed enter the blood and are rapidly removed
from there to the liver. In the transport of amino acids, the lacteal system of the intestinal wall plays
no significant role.

The neutral amino acids appear to share a common earlier for their transport across the membrane
of the mucosal cell (Fig. 7.8). For active transport of these amino acids the transport systems must
possess the required optical specificity (the L-stereoisomer), an intact carboxyl group (COOH), an o.-
amino group, an o-hydrogen, pyridoxal phosphate, and the fat soluble side chain (R).

The carrier system which transports cystine also transports the basic amino acids, viz. lysine,
arginine and ornithine. The existence of this common transport system came to light during
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Fig. 7.8 Transport of neutral ammo acid across the membrane of mucosal cell.

investigations on cystinurea. Cystinurea (existence of cystine in urine) is a disease caused by a genetic
defect. Due to this defect, the carrier responsible for the absorption of cystine does not functionally
exist, and in such cases the absorption of not only cystine but also that of lysine and ornithine is
prevented from the intestine. It is believed that a similar carrier exists in both the kidneys and the
intestine for these amino acids.

Amino acids proline and hydroxyproline have a common (betaine) transport system, and the
existence of this system eliminates these amino acids from competing with the neutral amino acid
transport system. Only small quantities of glutamic and aspartic acids are recoverable in the portal
blood after their absorption from the intestine and this has been explained to be due to transamination
during absorption.

7.9 ABSORPTION OF FAT

The digestion of fat is never so complete to form only glycerol and fatty acids. The digested fat is a
mixture of triglycerides, diglycerides, monoglycerides, and free fatty acids along with glycerol. All
these can be absorbed by the intestinal cells. However, monoglycerides, fatty acids, and glycerol form
a significant part of the material absorbed by the intestine. The bile salts act as detergents and bring
the fatty acids, cholesterol and monoglycerides in contact with the microvilli. The bile salts are
dissociated from the digested fats as they are absorbed and become available once again to bring the
digested fats in contact with the microvilli. Some suggested that dissociation is taking place in the
lumen (Lack and Weiner, 1963). In such a case, the bile salts would have the mucosal cell and come
back into the lumen.

The glycerol is water soluble, and being a small molecule, it is speedily absorbed by the intestine.
The fatty acids and glycerides are said to be taken into the cell by pinocytosis (Palay and Karlin,
1959). But biochemical and electron microscopic studies did not reveal any significant increase of
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pinocytic inclusions between fed and fasted rats. Whatever might be the process, these fatty acids
enter the mucosal cells, and are transformed to triglycerides within the endoplasmic reticulum.

Two pathways exist for the transport of fats from the mucosal cells. The triglycerides formed by
long chain (about, or more than 12 carbon atoms) fatty acids are coated with a protein to form
chilomicrons. These are then secreted by the mucosal cells into the lymph spaces. The chilomicrons
are lipoproteins, about Iy in diameter, and impart a milky colour to the lymph spaces and lymph
yessels, which for this appearance are called lacteals. The chilomicrons are then carried along with
the lymph from the lymphatics into the venous blood via thoracic duct.

In the other pathway, the short chain fatty acids are directly absorbed into the blood capillaries of
the intestinal villi. They then enter the portal bloodstream, from where they are quickly removed by
the liver and for this reason plasma would not appear milky.

Of the cholesterol present in the lumen of the intestine, about half is derived from the bile. The
cholesterol is said to pass into the cell through solution from the lipid portion of membrane. The fatty
acids, especially oleic acid, as well as the pancreatic juice, stimulate and enhance the absorption of
cholesterol into the mucosal cells. From the mucosal cell they are passed into the lymph. The
following postulation explains the process. The cholesterol enters the chilomicrons along with
triglycerides. The bile helps in esterification and the chilomicron formation. These chilomicrons are
then secreted into the lymph for transport (Wilson, 1962).

7.10 ABSORPTION OF OTHER SUBSTANCES

Absorption of Nucleic Acids

As a result of the hydrolysis of nucleic acids by ribonuclease and deoxyribonuclease, the nucleotides
and nucleosides are formed. These products are then absorbed by the mucosal cells inside the mucosal
cells the nucleotides are split to nucleosides to enable them to diffuse through the serosal side into the
intestine.

Absorption of Water Soluble Vitamins

The relatively low molecular weight of the water soluble vitamins would enable them to enter the
mucosal cells of the intestine by simple diffusion. The vitamin B, molecule is, however, the largest
of all the B group of vitamins. To be absorbed it requires a gastric intrinsic factor (IF), which is also
a large molecule. It is secreted by the stomach. Due to the presence of acid medium in the stomach,
the vitamin B, is released from the ingested animal protein. The IF then gets attached to the vitamin
B,, (Fig. 7.9) and travels down through the digestive tract and is absorbed in the ileum. The cells in
the ileum have specific capacity to absorb vitamin B;,. The IF-B;, complex in the presence of Ca™"
gets attached to the receptor sites on the surface of mucosal cells of the ileum. For adequate
absorption of vitamin B ,, there should be enough IF and it should form the complex (IF- B,,) before
it gets attached to the receptor site. In sufficient or exclusive quantities of IF would lead to inadequate
absorption of vitamin B,

After this attachment, it is not clear how the vitamin enters the cell. One view is that the entire IF-
B,, complex enters the cell by pinocytotic process. According to another view the B, is split from the
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Fig. 7.9 Absorption of vitamin B,,.

complex by a releasing factor and is then taken into the cell. Whether vitamin B, enters the cell alone
in association with IF, it must get dissociated from the IF and bind to a protein within the mucosal
cell. This protein molecule is small enough to pass though the capillary wall into the blood-stream.
The vitamin B, protein complex in the plasma is called transcorrin and it is an o 1-globulin. In this
form, the vitamin B, is transported.

Absorption of Fat Soluble Vitamins

The bile is essential for the absorption of these vitamins which are found in association with lipids
(e.g. as esters) in the diet. The vitamin A ester (retiny lester) is first hydrolyzed in the intestinal lumen
to form retinol (a free vitamin alcohol). The retinol then enters the mucosal cell and gets re-esterified
with palmitic acid (Mahadevan and Ganguli, 1961) to form retinyl palmitate, and this form it enters
into the chilomicrons. These chilomicrons are then secreted into the lymph and transferred to liver via
blood. In the liver, it is stored as palmitate ester. Similarly some of the B-carotene (a provitamin) is
converted to retinyl ester on its entry into the mucosal cell and it is transported to the liver as retinyl
pamitate.

Inadequacy of protein in diet has adverse effect on the absorption of vitamin A and carotene.
What precise role do the proteins play in preventing the vitamin A and carotene absorption is not
known.

Water and Electrolyte Absorption

Water and electrolytes reach the intestinal lumen from two sources, i.e. through the ingested diet and
water through the intestinal juices. The quantity of from water source is greater than from the former.
Most of the water is absorbed throughout the length of the intestine and passed into the blood. This
process of movement of water in the intestine has been referred to as gastrointestinal circulation. The
transfer of water and salts through the mucosal wall is partially dependent on the active metabolism of
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the mucosal cells. Generally, the rate of absorption of divalent ions is slower than that of monovalent
ions. The absorption of Ca’" is 50 times slower than that of Na™".

Calcium Absorption

Calcium is very much needed for young animals to meet the requirements for bone growth and for
this reason calcium is efficiently absorbed from the intestine. The calcium absorption has little to do
with age and in young and old its absorption is need based. When the body needs more calcium,
active transport system adjusts to this need and enters the mucosal cell more efficiently. The calcium
absorbed by the mucosal cells is derived from the ingested food and the gastrointestinal secretions.
Since the quantity of calcium released along with the secretions is difficult to ascertain, the quantity
of calcium absorbed by the intestinal mucosa is not possible to determine accurately. However, the
difference in the quantity of calcium between ingested food and excreted matter is taken as the
quantity of calcium absorbed. The calcium absorption is greater in the duodenum and jejunum than in
the distal portions of the small intestine. The studies to clarify mechanism of calcium absorption were
initiated with the availability of Ca™". In these studies, the calcium is observed passing into the
mucosal cells against the concentration gradient, thus indicating active transport across the
membrane.

Lactose is believed to act directly on calcium so as to maintain it in a form suitable for transport
across the membrane of the mucosal cell. Vitamin D also plays an important role in the increased
absorption of calcium. However, its action is not directly upon calcium but upon the intestinal
mucosa. The precise action of vitamin D is not yet definitely known. There is some evidence that
vitamin D helps in the synthesis of a protein which is necessary for the membrane transport of
calcium, but is not well received. The fact that inhibition of oxidative phosphorylation does not
prevent vitamin D influenced calcium transport suggests that this transport system does not require
energy.

Another view is that the parathyroid hormone along with vitamin D regulates the total amount
and the ratio of calcium and phosphate ions in the internal environment. However, the exact
mechanisms of this combined effort are not satisfactorily explained.

Absorption of Iron

It is well established that the excess iron, which may enter the body either by injection, or by the
disruption of the normal regulation of iron absorptive process, is not excreted through faeces or urine.
The fact that the intestinal mucosa absorbs iron but does not excrete suggests that its movement is
unidirectional. Excess of iron in the body accumulates in the cells as iron-containing hemosiderin.

There are four important views regarding the mechanism of regulation of iron absorption.

Mucosar Brock Tueory oF Granick: According to this theory, the quantity of iron absorption
is determined by the ferritin content within the mucosal cells of duodenum and upper jejunum. If the
body has already absorbed adequate iron, high levels of ferritin are formed in mucosal cells. High
ferritin content in the mucosal cells would block further iron absorption; and low ferritin content
permits iron absorption and its combination with the protein apoferritin in the cell to form ferritin.
Iron is absorbed more readily its divalent form and therefore Granick proposes first the transformation
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Fig. 7.10 Diagram illustrating Granick’s hypothesis for iron absorption.
of ferric ion (Fe™™) to ferrous form (Fe'") in the intestinal lumen and then its absorption into the
mucosal cell (Fig. 7.10). Once in the mucosal cell, the ferrous iron is oxidized to ferric form which
combines with apoferritin to form ferritin. If the body needs iron, ferritin in the mucosal cell is split to
form apoferritin and ferric iron. The ferric iron is reduced to ferrous form, which then passes through
the serosal membrane into the blood. Upon entering the blood, the iron is reoxidized and attached to
the protein transferrin which is an iron-binding 1-globulin.

Cueration anp EqQuiLisrium BinoinG Tarory: Charley et al. (1963) suggested that in the lumen
the ferrous ion combines with a ligand such as sorbitol or fructose to form a soluble uncharged
complex. This complex enters the cell and the iron combines with other ligands of low molecular
weight as well as apoferritin. The passage of iron across the serosal membrane into circulation
depends upon the availability of unbound transferrin.

Manis AND SCHACHTER’S IRON ABsorprTiON THEORY: According to Manis and Schachter (1962)
both the mucosal cell iron and its serosal transfer are energy dependent. The former action is rapid
and proportionately increases with the concentration of iron in the lumen. The serosal transfer of iron
is maintained constant and maximal and requires the energy derived from oxidative metabolism
within the cell. According to these authors, both ferric and ferrous ions pass through the mucosal
membrane facing the lumen, whereas for its transfer through the serosal membrane only the ferrous
form is preferred.

‘MESSENGER IrRON” ABsorpTiON THEORY: Conard, Weintraub and Crosby (1964) suggested that
the iron administered orally was incorporated in the mucosal cells of the small intestine as messenger
iron. If mucosal cells contain large quantities of messenger iron, this would mean more nutritive iron
in the body and consequently they reject iron absorption. If the body is deficient in iron, messenger
iron content in mucosal cells is very little or totally absent, and such mucosal cells would freely
absorb iron.



CHAPTER

8 Water Relations and
lonic Regulations

Life began in a medium, the physical forces and chemical factors of which were quite congenial to
permit its multiplicity and continuity. Such factors existed in seawater. The first organisms which
arose in this medium contained in themselves a fluid whose concentration is similar to seawater. But
the fluid in the organism has to be something different from seawater in order to carry out life
activities. For this the organisms contain a balanced fluid of organic and inorganic substances. In this
biochemical processes take place, and to facilitate these processes the composition of the internal
fluid must be meticulously maintained at the required level. For this a barrier exists between the life
sustaining internal fluid and the life giving external medium (seawater). Such a barrier is in the form
of a semipermeable membrane. The importance of the membrane barrier is dealt under Section 8.1.

Many of the living organisms moved from the seawater to other habitats in the course of
evolution. A great many organisms even left the aquatic habitats and chose extremely dry terrestrial
habitats. These habitats tend to bring changes in the water and salt content of the organisms. Water
continues to be an essential requirement for all organisms and is the universal biological solvent,
hence is the most suitable medium to supply the necessary substances to carry out the biochemical
reactions.

In the very primitive and the simplest of the living marine organisms the procurement of food,
oxygen, and the elimination of wastes are carried out directly between the intracellular fluid and the
seawater. The more complex multicellular animals have developed tissues which are not accessible
for direct contact with seawater. In these animals the tissues are directly bathed in the extracellular
fluid which is in osmotic equilibrium with the surrounding seawater. These body fluids supply the
tissues with nutrients and oxygen, and the tissues in turn eliminate waste products into them. Since
the body fluids subserve the function of sea, as medium around the tissues, it is said that they, act as
internal sea. The volume of these body fluids is usually smaller than that of cells and hence the
composition of the fluids is maintained constant to meet the needs of the cellular requirements of the
tissues. The depleted levels of oxygen and nutrients in the body fluids are soon replenished by
respiration and digestion.
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The volume of water and the composition of solutes in the body fluids are controlled by the
excretory organs which either remove or conserve substances already present in the body fluids.
However, at the other two sites, i.e. gut lining and body surface in aquatic animals, the salts and water
are transported in either direction. The development of an internal medium, i.e. the body fluids,
helped the maintenance of cellular composition of not only the complex marine animals but also that
of freshwater and terrestrial animals. All these animals regulate their body fluid concentrations at
levels specific to the various groups. In freshwater animals the volume of water and the composition
of salts in the internal medium is maintained remarkably at the required level in spite of the disturbing
effects of diffusion and osmosis. In terrestrial animals the internal medium loses water and salts
through the body surface and kidneys. Water is lost by evaporation mainly through the lungs. They
developed mechanisms for conserving water and salts. These animals still lose certain amounts of
water and salts in spite of conserving mechanisms. Such a loss is compensated only by absorbing
them from the food and water ingested from outside into the digestive system.

8.1 ROLE OF MEMBRANES IN OSMOTIC AND IONIC
REGULATIONS

The unit membrane, besides enclosing the cytoplasm and offering some sort of protection from minor
collisions, serves for the transport of selected substances across it.

A number of multicellular and a cellular organisms live in an environment that is different in
some respects from their internal environment. Even if the cells are bathed in a medium that has an
osmotic concentration similar to seawater, a difference in the ionic composition between the internal
and external environments of the cells is always maintained. Within the cells there is sort of balance
in the amount of water, salts and organic substances. The entry of substances into the cytoplasm and
expulsion into the external medium is meticulously regulated.

The cell membrane is permeable to many substances in either direction. For this the membrane
possesses a structure, the chemical composition of which is suitable for transport of selected
substances. The exact chemical composition is still under investigation. However, based on important
observations certain hypotheses regarding membrane structure have been made and these were
discussed in Chapter 1.

For convenience, the mechanisms involved in the transport of substances across the membrane
can be treated under eight types. Of these, four are physical mechanisms in which the forces that drive
substances across the membrane are supplied from the environment of the cell. The transport by these
mechanisms is often termed as passive transport which does not involve chemical covalent bond
breaking and bond making reactions. These physical mechanisms are diffusion, osmosis, events
leadings to Donnan distribution and solubilization. The remaining four mechanisms comprise
complex enzymatic reactions and include processes such as pinocytosis or phagocytosis, facilitated
diffusion active transport and cellular secretions. These four mechanisms make use of the energy
produced by the cell’s own metabolism.
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Passive Transport

Dirrusion: In a solution the major component is termed solvent and the substances dissolved in
the solvent are termed solutes. Initially, if a solute in a solution is in unequal distribution, in time due
to random movements of the solute particles they get distributed uniformly and produce a
homogenous solution. When a concentrated solution of a substance is separated from the same
quantity of a dilute solution of the same substance by means of a membrane permeable to solute
molecules, the solute molecules would then move from the concentrated solution towards the dilute
one until an equilibrium is reached. The movement of solute particles down the concentration
gradient is a physical phenomenon and does not depend on cellular energy. In this case the solute
particles diffuse down the concentration gradient (see Chapter 1, Section 1.2).

Dirrusion Down THE ELECTRICAL GRADIENT: In solution the molecules of the solute are usually
dissociated into ions that carry an electric charge. The fluid media inside and outside the cells have
charged particles and the cell membranes have the ability to maintain potential difference between
inside and outside. The potential difference of the membrane is measured with microelectrodes and it
has been found to range from 50 mV to 100 mV. The existence of such a potential difference is due to
the asymmetrical distribution ions between the inside and outside of the membrane.

The ions involved in the formation of potential gradient are potassium and chloride. The
intracellular concentration of potassium ions in most cells of higher animals is higher than its
concentration in the extracellular medium. Likewise, the concentration of sodium ions is higher in the
extracellular medium. These K™ and Na" ions tend to move down their concentration gradients across
the pores in the membrane and if these movements continue uninterrupted the potential difference
would collapse. But the cellular membranes maintain the potential gradient by transferring the Na"
and K" ions against their concentration gradients. The movement of the charged materials is
influenced by the electrical charge existing on either side of the membrane hence the materials diffuse
against their concentration gradients.

Osmosis: When two aqueous solutions of different concentrations are separated by a membrane
permeable to water but impermeable to solute molecules, water diffuses through the membrane from
the solution of low solute concentration to that of high solute concentration until the molal
concentrations on either side are the same (Fig. 8.1)

This process of solvent movement is called osmosis. In an artificial system the movement of
water by osmosis increases the hydrostatic pressure of the high concentration solution to a level at
which no further movement of water in that direction is allowed. The hydrostatic pressure required to
prevent the movement of water from pure water to the solution side of the semipermeable membrane
is known as the osmotic pressure of the solution. In symbols, the osmotic pressure of a solution can be
expressed as

P=RIC
where R is 0.0825 litre-atm/moles-degree, T is absolute temperature, and C is the molal concentration
of the solute.

While this equation holds good, the direct determination of osmotic pressure of solutions is
technically a difficult process because it requires a relatively large volume of solution to estimate the
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Fig. 8.1 Osmosis
P, — Vapour pressure of pure water; A — vapour pressure of the solution; £, — osmotic pressure. The osmotic
pressure is calculated by the formula; P, — RTC where C is molal concentration; R is 0.0825 1-atm. per
degree; T is absolute temperature.

number of solute particles. However, since the osmotic pressure of solution is dependent on properties
such as the depression of the vapour pressure, elevation of the boiling point and depression of the
freezing point, which are all directly proportional to one another, it would be easier to determine the
osmotic concentration of a solution by taking one of these colligative properties into account. Of
these, the depression of the freezing point is the property that is often utilized to express the osmotic
concentration of the solution concerned. With this process the osmotic concentration of even minute
quantities of solutions can be measured. A depression in freezing point by 1.858°C would indicate
one molal solution of an ideal nonelectrolyte. Most of the investigators in this field prefer to express
osmotic concentrations in the form of freezing point depressions rather than the molal concentrations
of solutions. For convenience, the term freezing point depression is abbreviated as A.

The relation between depression of the freezing point and concentration can be explained in the
following equation:

where At is the change in freezing point for a given solvent K, is a cryoscopic constant, and C is the
molal concentration. The K equals to 1.858°C per mole of ions of neutral compounds in 1,000 gm of
water. The value of K, would change with the type of solvent. If the solvent is cyclohexanol the K,

value would be 41.8. The value of K, for a given solvent is determined as the slope of plot of freezmg
point versus molal concentration of a soluble solute.

Body fluids contain both strong electrolytes and weak electrolytes such as phosphates or
magnesium salts and due to their complete and incomplete dissociation their osmotic coefficients
differ. Such a difference is partly the result of incomplete dissociation and partly due to the departure
of the particles from ideal behaviour. Due to this reason, it is difficult to make an accurate estimation
of osmotic pressure of body fluids from its chemical composition. The accurate method of
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determining osmotic pressure of biological solution of unknown concentration would be by
measurement of the freezing point depression or one of the other colligative properties.

The value of #,is determined by measuring the freezing point of pure water. Then the value of 7,
is divided by K to get the osmolality of the solution. The osmotic pressure of biological solutions is
expressed in terms of osmoles. A solution is said to contain one osmole if the amount of solute in one
litre of water exerts the same osmotic pressure as does one molal solution of ideal nonelectrolyte.

A solution of one-gram molecular weight of glucose in one litre of water is equal to one osmole
(1 osmole/litre). On the other hand a solution of one gram molecular weight of sodium chloride in one
litre of water is approximately equal to two osmoles.

Excuance Dirrusion: There are some membranes which are impermeable to ions, but contain
carrier units for ion exchange material. When solutions are separated by such membranes the ions fail
to diffuse freely across the membrane. However, the membranes have within themselves carrier unit
materials which have high affinity to ions in the two solutions. These ions carrying units travel within
the membrane from one surface to the other and due to their affinity they are always saturated (Figure
8.2).

Ion carrying units saturated with the ions of the solution-1 travel to the surface of the membrane
facing solution-2 to have 1:1 exchange of ions with the solution-2. The ions carrying units, now
saturated with the ions from the solution-2 would move to the surface of the membrane facing
sclution-1 to have a 1:1 exchange with the ions of solution-1. Thus in exchange diffusion process, a
1:1 exchange of ions would take place on either side of the membrane, so that the total flux in both
the directions remains same and hence the concentrations of the two solutions would remain
unchanged.

The exchange diffusion is carried out only if a significant concentration exists on either side of
the membrane. If the solution-1 is replaced by a pure solvent, obviously there would be no flux of
ions by way of exchange diffusion and would occur from solution-1 to solution-2, and therefore the

Solution-1 <—— Membrane —>  Solution-2
@
e @
@ @ @ @
@ @ @
®®
@
@

Fig 8.2 Exchange diffusion: The carrier in the membrane forms complexes with the ions. When the carrier with the ion
of solution-1 reaches the membrane surface facing the solution-2. a 1:1 exchange of ions lakes place between
the carrier-ion complex of that solution. Similar 1:1 exchange of ions would take place if the carrier carrying ion
of solution-2 reaches the membrane surface facing solution-1.



Water Relations and Ionic Regulations 159

flux of ions from solution-2 to solution-1 also would cease. This is the case in exchange diffusion, and
it differs from the simple diffusion, in which the flux would be from the solution to the pure solvent.

Active Transport of lons

All diffusible substances enter or leave the cell down their concentration gradients, and if allowed
uninterrupted the organization in the living system would be jeopardized. The cell membrane of all
living cells has the capacity to transport some substances against the gradient and such a transport is
called the active transport.

The active transport can be distinguished from the passive transport by an important criterion, i.e.
as a result of the active transport of solute the entropy decreases and the free energy of the system
increases, whereas in passive transport the free energy in the system would decrease. But the second
law of thermodynamics says that in the universe no spontaneous process occurs that would result in a
decrease of entropy or a net increase in free energy of the system. Therefore, in the active transport
free energy cannot increase by itself.

The increase is due to the production of free energy by a process that is coupled with the active
transport. A change in the free energy of a system does occur after transport which may be active or
passive. There are equations to calculate the change in free energy of the system. If the free energy
change is positive the process is an active transport. On the other hand, if the change is negative the
process is passive transport. The equation to calculate the change of free energy when 1.0 mole of an
uncharged solute is transported from one compartment to another is:

G°=2.3 RT log,, G

G

C, and C, are the concentrations of the free solute at the beginning and end of the transport process,
R is the gas constant, and 7 is the absolute temperature.

Let us assume that one gram molecular weight of glucose is to be transported from a
compartment in which its concentration is 0.001 M to a compartment in which its concentration is
0.1 M, i.e. up along the concentration gradient. Then the change in free energy can be calculated with
the above equation.

G =23 x 1.98 x 298 x log g 2120

0.001
=2.3 x 1.98 x 298 x 2.00 = 2680 cal; G = 2.68 kcal

The free energy change is 2.68 kcal. Since it is positive in sign it indicates increase in free energy.

If the movement of glucose is from a compartment in which its concentration is 0.1 M, to a
compartment in which its concentration is 0.001 M, i.e. down the concentration gradient of 100 — 1,
the free energy change will be of the same magnitude but in negative sign i.e. —2.68 kcal.

The above cited formulas hold good to uncharged solute molecules.

For the active transport of Na', which is a charged molecule, it is required to move against two
gradients. These gradients are: (a) the concentration gradient; and (b) the electrical gradient. Since
there are two gradients, more work is required to move such a charged ion up.



160

Animal Physiology

IMPORTANT FEATURES OF AcCTIVE TRANSPORT SysTEM: Active transport systems have the
following characteristics; (@) these systems are dependent on the metabolic processes yielding ATP;
(b) these are solute specific; (c) their activity depends on the concentration of the substances being
transported; (d) these are direction specific; (e) these transport systems may be selectively poisoned;
(f) as a result of the integrated action of active transport mechanisms the internal solute and ion
composition of the cells is maintained at a remarkably constant level, despite fluctuations in the
external composition.

(@)

(b)

©

(d)

The active transport is dependent on the source of metabolic energy. This phenomenon has
been explained with reference to the transport of K™ and Na" between the RBC and the
plasma.

The RBC has high K" and relatively little Na'. The plasma surrounding the RBC has very little
K" and high Na". Since the RBC membranes is permeable to both Na* and K", they tend to
move down their concentration gradients. But the Na® and the K" diffusing, down their
concentration gradient, are pumped back. Since the pumping in both the cases is against the
concentration gradient, energy is required. For this active transport, the energy comes from the
glycolytic pathway.

If glycolysis is stopped there would be no production of ATP and the intracellular
concentration of K~ will gradually fall and that of Na" will rise until both K™ and Na"
concentrations are equalized on both sides of the RBC membrane. This indicates that the
transport of Na" and K" across the membrane of RBC is energy dependent. In other kinds of
cells such as liver or kidney cells, energy requirement is met from the oxidative phospho-
rylation.

There are many transport systems pumping substances against the gradients. Each system has a
specific substance or substances which it can pump. The active transport of only certain
specific substances across the membrane of some cells suggests that they contain transport
system specific to those substances. For example, the RBC of some mammals transport
D-glucose inward rapidly, whereas they transport D-fructose only very slowly.

Some other cells have a pump specific for neutral amino acids like glycine and alanine which
have uncharged R groups, but these cells fail to transport glutamic acid or lysine since R
groups of these have an electrical charge.

The movement of glucose into the cells is carried out by active transport. The rate of this
process depends on the external concentration of glucose. The rate of glucose influx increases
with the rise of its external concentration until a peak is reached when no further increase is
possible. This can be interpreted as due to complete saturation of its active transport system.
Such a property has also been found in case of enzyme activity.

The active transport has a specific direction. For example, the K™ in most cells is actively
pumped only in the inward direction. Similarly, glucose and amino acids are pumped in the
inward direction by respective systems. On the other hand, there are active transport systems
which are directed outward. The system responsible for pumping Na" always transports Na" in
the outward direction.
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(e) The active transport specific to various substances can be prevented by selective poisoning.
For example the active transport of glucose in the kidney can be poisoned by Phlorizin which
is a glucoside obtained from the bark of pear tree. In another example the active transport of
Na" can be inhibited by glucoside ouabain.

(f) Integrated actions of the active transport mechanisms maintain the intracellular solute and ion
composition remarkably constant even when their composition in the external medium
fluctuates widely. In this respect the yeast and bacteria can be taken as examples having
remarkable ability to adjust their internal solute composition compatible with cellular function
under variable pH.

Active transport of cell membranes resembles enzymes in that (a) they show substrate specificity;
(b) they can be inhibited; and (c) they can be saturated by their substrates. These characters suggest
that the active transport system contains two major components. The first is a carrier or porter
molecule with a binding site specific to the substance to be transported and it is a protein. The second
component is a protein or group of proteins which transfers energy to the first component in order to
transport the substrate against the concentration gradient.

Active TransporT oF K™ anp Na': The active transport systems fall under two general types. Of
these, one type maintains a balance of K*, Na", and water in the cell. The other type pertains to the
transport of organic nutrients such as glucose and amino acids into the cell and this we have included
in Chapter 3. The first type, i.e. the active transport of K" and Na" is described here.

In most of the vertebrate cells the K concentration is relatively high and constant and it ranges
between 100 and 150 mM. The Na" concentration in the cells is quite low. K" concentration in the
cells is high because of its role in carrying out vital enzymatic reactions at a fast rate. Such high and
low concentrations of K™ and Na" in the cells of higher animals are made possible because of the
presence of an active transport system (Figure 8.3) that can pump K" into the cell and Na" out of the
cell. The carrier component of the active transport system, responsible for the transport of K™ and
Na', is an enzyme called ATPase which is present in the cell membrane. It has a large particle weight
and consists, of two or, more component protein molecules. This enzyme hydrolyzes ATP to form
ADP and phosphate when activated by Na" + K" and for this reason it is called Na” — K" dependent
ATPase. Na" — K* dependent ATPase system is fixed in the membrane in such a way that it always
transfers Na" ions out of the cell and K" ions into the cell, both moving again their concentration
gradients. It has been found that for each molecule of ATP hydrolyzed, three Na" ions are removed
from the cell and nearly an equal number of K" ions are brought inward. The hydrolysis brings about
two events; it decreases the free-energy causing a configurational change, or possibly a rotation of the
carrier (ATPase) so that the attached Na" ion is brought in contact with the surface of the membrane
facing outside and that K" is brought to the inside surface. The second event causes a transfer of
terminal phosphate from ATP to functional group to the carrier. Since the functional group receives
this phosphate it is said to have undergone phosphorylation and this process would take place before
the enzyme completes the transport of Na™ and K.

Most of the ATP produced in the cells is used by the ATPase present in the cell membrane. The
epithelial cells of the kidney and nerve cells in the brain consume most of the cells ATP.
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Fig 8.3 Active transport system for K* and Na*.

Water Barance By ATPase: The Na'— K'-—stimulated ATPase in the membrane is also
responsible for the maintenance of water balance in the cell. If K” is constantly pumped into the cell
without the loss of cation from the cell. Water would enter the cell along with the K* ions as a result
of which the cell swells. This event is prevented by the simultaneous pumping of Na* along with an
equal amount of water. Thus the cell maintains internal K and water balance.

8.2 SOME DEFINITIONS

Before a discussion of the osmotic and ionic regulations in animals is made it would be necessary to
define certain technical terms often used in connection with osmoregulation. In osmoregulatory
studies our interest is mostly centred on the concentrations of fluids, inside and outside the cells and
even outside the organism. The concentrations of these fluids are expressed either in terms of the
quantity per unit weight of solvent, i.e. water.

The quantity of solute can be measured either in terms of grams (g), milligrams (mg = 10g), and
micrograms (g = 107%g), or in terms of moles (M), i.e. gram-molecules, millimoles (mM = 10>M), or
micromoles (M = 107M).

In body fluids the quantity of a solute may usually be expressed in moles or millimoles because in
this way the number of particles present in a litre of solution or in a Kg of water is perceived.

A molar solution is one in which the molecular weight of a substance in grams (mole) is
dissolved and made up to one litre with water.

A one-molar solution contains the molecular weight of a substance in grams (mole) dissolved in
1,000 gm of water.

In fairly dilute solutions like water in nature and the body fluids of many animals there is little
difference between concentrations expressed by molarity or molality. This lack of significant
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difference is due to the absence of substances with high molecular weight in these fluids. In more
concentrated solutions like body fluids and the blood of higher animals, and the protoplasm of most
cells, substances of high molecular weights are present and therefore a significant difference exists
between molal and molar concentrations.

For this reason the concentrations of these fluids are expressed in molalities. The concentration of
body fluids is of the level of miliimoles and hence they are conveniently expressed in millimoles
rather than in moles.

Osmotic Pressure

One of the very important physical properties of solutions in which we are mainly concerned at this
juncture is the osmotic pressure. The osmotic pressure of a solution is related more directly to the
molal than to the molar concentration. Besides, osmotic pressure, the other colligative properties of
solutions are the depression of the vapour pressure, the elevation of the boiling point, and the
depression of the freezing point. The colligative properties are directly proportional to one another.
The direct measurement of osmotic pressure of solutions, whether artificial or obtained from
organisms, is technically difficult and requires large volumes of fluid. For this reason, the osmotic
pressure is calculated indirectly from one of the colligative properties, i.e. the depression of the
freezing point. Though the determination of freezing point depression in biological fluids is beset
with several difficulties, it is the most convenient method because it requires only minute quantities of
fluid.

Pure water has a freezing point of 0°C. Freshwater and the seawater have solute particles and
hence their freezing temperature falls below that of pure water. Such a freezing point depression is
directly proportional to the molal concentration of the solution. Freezing point depressions are used
very frequently to determine the concentrations, and the depression is usually denoted by the Greek
capital A. The greater the depression in freezing point, the higher is the solute concentration. Seawater
with its high concentration of solute particles has a freezing point depression of —2.2°C (2.2A°C).
The freshwater has far less solute particles and has freezing point depression between —0.03 and —
0.05°C (0.03A and 0.5A°C). A one-molar solution freezes at —1.86°C (1.86A°C).

Tonacity and Osmoticity

A solution is said to be isoosmotic with another if it exerts the same osmotic pressure. Solutions of
similar osmotic pressure have the same vapour pressures, freezing points and boiling points.

An isotonic solution is one which neither swells nor shrinks the cell that is not immersed in it. An
isotonic solution is generally also isoosmotic, but this need not necessarily be so. A slight difference
in the osmotic pressures of the medium and the cellular fluid does not bring about change in the
volume of the cell because of the rigidity of the cell wall. This should not lead to the inference that
the two solutions are isoosmotic. Since this solution did not bring about change in volume of the cell
it is said to be an isotonic solution.

A solution which is more dilute than another is termed sypoosmotic and the one which is stronger
is hyperosmotic. Animals which have isoosmotic and hypoosmotic body. Fluids exist in marine
habitat, whereas those with hyperosmotic body fluids live in freshwaters. In Table 8.1 the freezing
point depression of the body fluids of different groups of animals in relation to their habitats is given.
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Table 8.1 The Relationship between the Osmotic Pressures of Body Fluids of Animals and Their Habitats

Sea (2.2A°C) Freshwater (0.03A°C) Terrestrial environment
INVERTEBRATES
Blood roughly isoosmotic Most freshwater invertebrates: Insects
with medium 0.4A to 0.8A 0.6A to 0.8A
Molluscs: 0.2A
VERTEBRATES
Teleosts: 0.8A to 1.1A Teleosts: 0.5A to 0.7A
0.8A Eel 0.6A
(migratory)
Amphibia: 0.4A to 0.5A
Turtles: 0.6A Reptiles: about 0.5A 0.6A
Birds: 0.6A
Whale: 0.7A Mammals: 0.5A to 0.6A

Adapted from Principles of Animal Physiology by D. W. Wood: with slight modifications

Marine invertebrates and hagfish are the true saltwater animals and descended from marine
ancestors and their body fluids are isoosmotic with the seawater. They have the same freezing point
depression as that of seawater. There are also other animals such as lampreys and teleost fishes, which
invaded sea from freshwater. Their body fluids are hypoosmotic with the seawater. In hypoosmotic
forms, the water from the body fluids ends to move into the hyperosmotic medium.

The freezing point depression of the body fluids of all freshwater animals given in Table 8.1
suggests that they are hyperosmotic in relation to the freshwater and therefore they tend to gain water.
The freezing point depression of terrestrial animals is very near to that of freshwater animals
suggesting their origin from freshwater animals. The problems that are posed by the terrestrial
environment are quite different from those of aquatic environment. The land animals tend to lose
water through evaporation.

8.3 AQUATIC AND TERRESTRIAL HABITATS

The animals which migrated to different environments during the course of evolution developed
suitable physiological adaptations. What problems did these environments impose on other
inhabitants and how effectively the species living there had made physiological adjustments to
flourish there can best be understood if we first know the ideal relationship between the true marine
forms and their environment, i.e. the sea. In fact, there always exists a constant interaction between
the organisms and their environments due to certain physical forces and chemical factors acting upon
them.

SeawaTer: The physical and chemical factors of these water such as mineral concentration,
temperature, density, and acidity remain fairly constant except for limited variations during all seasons
of the year. Even these slight variations tend to appear slowly giving adequate time for the animals
living there to bring about necessary physiological adjustments.



Water Relations and Ionic Regulations 165

Brackisu WaTers: Brackish waters are mixohaline having their salinity between 30 per cent and
0.5 per cent as per Venice system. Open seas such as Arctic ocean, have salinities as low as 30 per
cent. The partially enclosed seas such as Baltic or Bay of Bengal have significantly low salinities, i.e.
below 30 per cent. The lower limit of brackish water salinity is not so clearly defined and it is above
0.5 per cent, which is the salt content of freshwater lakes and rivers. The brackish water is the
physiological bridge between sea and freshwaters. It has a gentle salinity gradient through which
marine animals, in course of evolution, migrated to freshwaters. The salinity gradient at the estuaries
provided an opportunity for the gradual adaptation of marine animals to lower salinity of brackish
waters during their migration to freshwater.

FresuwaTER: The physical and chemical factors are very much variable. The concentration of
minerals is much lower than that of the seawater and varies considerably. Even the ionic composition
of freshwater varies from place to place and season to season. The climatic factors such as rain and
temperature bring about quick changes in mineral concentration, density, acidity and temperature of
the freshwater. The swift flowing waters of the rivers contain more oxygen than the sea. The oxygen
content in stagnant waters is very less.

Terrestrial Environment

This environment is filled with air which is a mixture of gases. The temperature and humidity of this
environment fluctuate very often. The terrestrial environment has a less dense atmosphere compared
to the aquatic one. The radiation from the sun vaporizes the water from the seas and ponds, and the
vapour remains in the air. The amount of water vapour in the air increases with temperature. Not only
the water of the seas and ponds but also that present within the terrestrial organisms is subjected to
evaporation. However, since the organisms are covered by nonaqueous material evaporation is very
much reduced. The climate of the terrestrial environment varies from place to place and time to time.
The temperature and humidity near the seashores are different from that of the desert. The climate at
high altitudes is different from that of the sea level. Similarly the climate at the equator is not the same
as the one prevailing at the polar regions.

8.4 PROBABLE MOVEMENTS OF ANIMALS BETWEEN
DIFFERENT ENVIRONMENTS

We have mentioned earlier in this chapter that the animals moved from the sea to other habitats. Such
a movement did not occur directly from sea to freshwater. The body fluids of the marine animals are
isoosmotic to sea medium, but compared to freshwater, they are hyperosmotic. The true marine
animals when transferred to freshwater would die because they have no mechanisms to pump out
water that enters into their body by osmosis. Therefore any movement of marine animals into
freshwater would have been accompanied by the gradual development of suitable physiological
mechanisms to remove the influxed water. Such a movement is a step by step process and occurred
through the brackish water that exists near the estuaries.

To suit the conditions in freshwater, true marine animals in course of evolution developed such
drastic changes in their nature of life, that their return to sea seemed inconceivable. However, during
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Fig 8.4 Schematic presentation of the probable movement of the vertebrate groups into different media during
evolution.

evolution, many vertebrates moved from the freshwater back to the sea. A schematic presentation of
probable movement of vertebrates into different media is given in Fig. 8.4.

In the early history of the vertebrates, the ancestral agnatha (jawless fishes) developed capacity to
live in freshwater. From these agnatha the jawed fishes evolved in freshwater. Elasmobranchs and
bony fishes evolved from the early jawed fishes. The forms giving rise to elasmobranchs migrated to
the sea. Some of the marine elasmobranchs like Pristis reinvaded freshwaters. Three offshoots arose
from the bony fishes. One offshoot consists of fishes which invaded the sea to form the ancestors of
the modern marine teleosts. These marine teleosts also believed to have migrated back to freshwater
leading to the evolution of a number of freshwater teleosts of today including some pipefishes.
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Another offshoot of bony fishes continued in freshwater. The third offshoot invaded land resulting in
the origin of amphibians. The higher vertebrates, i.e. amphibia, reptilia, aves and mammalia evolved
from non-marine forms, and all but amphibian include some species which are associated with
seawater. Marine turtles, sea snakes from among reptiles, penguins and gulls, etc., among birds, and
whales, seals, dugong, etc., from mammals are the familiar examples that migrated to the sea.

The invertebrates too migrated from sea to freshwater and land. The terrestrial invertebrates, like
vertebrates, evolved mostly and directly from freshwater ancestors. However, a few terrestrial
invertebrates such as land crabs, wood-lice and some molluscs have invaded the land directly from the
sea. Several groups of invertebrates directly colonized the freshwater at different times during
evolution. The pulmonate molluscs and aquatic insects belong to the group that migrated from land to
freshwater.

Such an invasion from one environment to another is possible only when the animals acquired
adaptive mechanisms to maintain the composition of their body fluids at a level required by the cells
to carry out their normal physiological activities. In the absence of such adaptive mechanisms, the
cellular functions would succumb to the dominating physical forces of the new habitats. The cells
would therefore shrink if transferred to a habitat containing highly concentrated medium, and would
swell if kept in low concentration. In either case the cells cannot carry out their physiological
activities and would reach a perfect equilibrium state with the medium, i.e. they become inanimate.

In order to perform normal physiological activities, the cells require following conditions:

(a) The cells should be surrounded by a water medium.
(b) The cells should excrete water as quickly as it enters.

(c) The cells should be able to adjust their internal concentration to match the variations that
might occur in the external medium.

In higher invertebrates and vertebrates the cells are surrounded by body fluids. The concentration
and composition of the body fluids bathing the cells are dependent on the forces imposed by the
environment. The blood concentration of sea invertebrates is similar to that of seawater and hence sea
poses no threat to the concentration of blood. The freshwater medium has ion concentration much less
than that of seawater. Blood concentration of the freshwater animals is above that of freshwater and it
must be maintained against the forces from the environment in order to provide ideal bathing medium
for the cells. Because blood is in higher concentration than that of the environment, water tends to
enter inside by osmosis. If this movement continues, blood gets diluted and consequently the cell
volume and the composition of the cellular fluid change abnormally impairing the normal
physiological functions of the cells and the organism as a whole. The air breathing aquatic forms have
a body surface which is almost impermeable to water and ions. But in case of animals with aquatic
respiration the body surface is permeable to oxygen as well as water and inorganic ions. Therefore, in
these aquatic animals the water entering by osmosis is removed as urine, and the inorganic ions
escaping into the water medium are actively transported back to the blood.

The brackish water is an environment that very often varies in concentration. Further, the
concentration fluctuations are very high. Under such variations the true marine forms cannot survive.
In order to live successfully in such an environment, the animals must be equipped with special
adaptations. Unlike the true marine forms, the brackish water animals have developed tolerance to the
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concentration fluctuations in their body fluids. These animals allow fluctuations in the concentration
of their body fluids to suit the change of concentrations in brackish waters. Besides this tolerance, the
animals, like all other organisms, have the capacity to increase or decrease the rate of active transport
of specific electrolytes in relation to the concentration of the medium. At the same time a change in
the blood concentration of these brackish water dwellers brings about a suitable alteration in the
solute concentration of the cells. However, in the absence of such a modification the body cells would
either shrink or swell jeopardizing their physiological activities.

Animals living in water have direct access to the salts and the dissolved gases in addition to
water. The terrestrial environment lacks water and salts, but has only the gases. This poses problems.
Firstly, these animals do not directly receive water and salts from this environment, and secondly, the
heat and the dryness of the environment causes desiccation. Such problems were overcome to a
limited extent by land animals through modifications of many of the mechanisms already acquired by
their aquatic ancestors and by evolving a few new ones of their own.

The mechanisms falling under the first category are: (a) tightening up of water permeable
coverings, (b) drinking of water, (c) extrarenal excretion of salts, (d) reduction of glomerular
filtration, and (e) the ability of protoplasm to carry out cellular activities with altered amounts of
electrolytes and water. Under the second category the new mechanisms developed by these animals
are: (a) the ability to recover large amounts of water from urine (hypertonic urine), (b) the capacity to
absorb significant amounts of water at the surfaces, (c) the ability to depend largely upon the
metabolic water, and (d) the behavioural responses of avoiding desiccating microhabitats, and living
not far from the water source.

8.5 ROLE OF BODY FLUIDS

There are two major types of body fluids—intracellular and extracelluar fluids. The single celled
organisms have only the intracellular fluid and these organisms osmoregulate directly with the
external medium in which they live.

Higher metazoa have extracellular body fluids with which the cells of the interior tissues perform
osmotic and ionic regulations. These extracellular body fluids are similar in concentration to that of
seawater. Therefore, the body fluids, bathing the tissue cells, can be described as being surrounded by,
what we may call, an internal sea. The extracellular fluids in higher metazoa are separated into two
compartments, viz. a primary body cavity or haemocoele, and a secondary body cavity or coelome.
The fluids of the primary body cavity are blood and lymph and they are constantly circulated
throughout the body. There are other specialized body fluids such as cerebrospinal fluid in the central
nervous system, occular fluids in the eye, endolymph and perilymph in the ear, etc.

The coelome usually receives the genital and excretory products and forms gonoducts or
excretory ducts. There exists a reciprocal relationship between the size of the coelome and that of
haemocoele. In echinoderms, vertebrates, annelids and cephalopods the coelome forms large
perivisceral spaces, whereas it is very much reduced to pericardium, gonoducts and excretory system
in the arthropods, and in gastropod and lamellibranch molluscs it is large.
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The blood drawn from the blood vessels is called whole blood and it contains blood cells
surrounded by the fluid. Fluids like p/asma and serum can be separated from the whole blood. Plasma
is separated from the blood cell and other solid particles by centrifuging the whole blood. Serum can
be obtained by allowing the whole blood to clot. The serum, however, has similar electrolyte
composition to that of plasma.

Invertebrates lacking a circulatory system possess tissue fluids or lymph. This fluid forms minute
lakes which surround the cells. It contains substances required by the cells for their nutrition and
osmoregulation, and carries away the wastes from the cells. The lymph has blood cells which are
phagocytic in nature. The lymph in higher vertebrates occurs in a special system of channels called
lymphatics. These would commence blindly in the tissues and join the veins to empty the lymph into
them. Thus, in these animals with closed circulatory system, the blood capillaries and the lymphatics
have fluids distinctly separated from the tissue fluids. The tissue fluids are formed as a result of the
filtration through the walls of capillaries into the tissue spaces. The lymph is derived from the tissue
fluids and it enters the lymphatics either by diffusion or by flowing through the terminal openings of
the lymphatics.

In animals with open circulatory system the blood, the lymph and the tissue fluids do not exist as
separate entities. The fluid of the open circulatory system is called hemolymph because it moves
through vascular channels and the tissue spaces.

8.6 ADAPTATION TO MARINE HABITAT

Analysis of the body fluids from a number of marine animals has resulted in the following
generalizations:

(a) The body fluid concentrations are similar to that of seawater.

(b) They differ from seawater in relation to the ionic composition.

(c) Considerable variation exists in the ionic regulation by various groups of animals.

(d) In related animals the ionic regulation does show similarities. The body fluids of most marine
invertebrates and the hagfishes are in osmotic equilibrium (isoosmotic) with seawater. In some
groups of animals, i.e. coelenterates and echinoderms, the degree of regulation of ions is not
great. Their individual ionic concentrations do not vary significantly from that of the seawater,
which has the following standard concentrations of common ions (mM/kg).

Sodium Potassium Calcium Magnesium Chloride Sulphate
mM/kg 478.3 10.13 0.48 54.5 558.4 28.77

However, majority of the marine members of other invertebrate groups, viz, crustaceans,
molluscs, etc., maintain high concentration of potassium and calcium; and often low concentrations of
sulphate and magnesium, in their blood as compared to seawater. Thus they differ in ionic
composition from that of seawater. From the above observations it is evident that while coelenterates
and echinoderms maintain roughly similar ionic composition to that of seawater, the crustaceans and
molluscs maintains an ionic composition that is different from that of seawater.
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Regulatory Mechanisms

The maintenance of differences in ionic composition between the animal and its environment is vital
and depends on the passive and active factors. The passive factors are: (1) the permeability of the
body wall that is in contact with the medium; (2) the presence of protein in the body fluids which
would produce Donnan effects, and bind some of the ions, particularly calcium in indiffusible
complexes. The active factors in ionic regulation are: (i) the excretion of salts and water, and (2) the
active absorption of salts and water.

PervEABILITY OF THE Bopy WarL: The body wall of marine invertebrates is permeable to salt
and water and it is because of this that these animals are isoosmotic with seawater. The soft marine
invertebrates when placed in a different salinity of seawater, become isoosmotic with this new
medium. Acquisition of this new equilibrium is partly due to the osmotic movement of water and
partly due to the movement of salt.

DistrIBUTIONS OF lons pUE To ProTEIN IN Bopy Fruips: Protein in the body fluids affects the
distribution of ions between the body fluids and the outside medium in the following ways; that is, (1)
by forming indiffusible complexes with some of the ions, particularly calcium; (2) by inducing a
Donnan equilibrium affecting the distribution of all the ions.

ExcreTion anp lonic REGurLAaTiON: Excretory organs play an important role in reducing the
concentrations of some ions in the blood. In the invertebrates, the excretion of salts is performed by
renal or antennary glands. The blood of decapods is poor in magnesium and sulphate, but rich in
potassium and calcium. That is because the renal organs tend to remove magnesium and sulphate and
conserve potassium and calcium. By this conservation process the concentration of potassium and
calcium ions is maintained at a level not above that of seawater. But as stated above, decapods have
potassium and calcium in higher concentration than in seawater, and such concentrations are due to
active uptake of these ions from seawater.

Uptake oF SaLts AND WaATER: The differential permeability, the effects of the presence of protein
in the body fluids, and the excretion may account for some degree of ionic regulation. But higher
concentrations of ions in body fluids than in the seawater are possible only if they are actively
transported. In addition to active uptake of ions, marine invertebrates need water to compensate its
loss in the production of urine. For this, the water is absorbed through the gut. Active uptake of ions
at the body surface produces very localized concentration difference and this prompts water uptake at
that region.

Hagfishes, of which Myxine is an example, are the only group of vertebrates which remained
marine throughout their evolution (Fig. 8.1). The body fluids of these hagfishes are isoosmotic with
seawater and the major part of the osmotic pressure is accounted for by the inorganic ions. As in
many crustaceans, concentrations of magnesium and sulphate ions of the Myxine blood are less than
that of the seawater. Potassium and calcium concentrations are also lower, yet the osmotic pressure of
its blood is maintained by the strongly concentrated sodium. The osmotic regulation in these
hagfishes is not very different from that of marine invertebrates.

In marine teleosts and lampreys, concentration of blood is a little higher than that of freshwater
forms. Since these forms are hypoosmotic to the seawater, they tend to show dehydration as a result of
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the osmotic loss of water through the epithelial lining of the mouth, pharynx and gills. Loss of water
through the general body surface is greatly reduced due to the adaptive changes such as thickening of
the dermis, presence of mucous glands on the body surface and the growth of scales. The osmotic
water loss from these hypoosmotic forms can be replaced by drinking, and in fact this is one
mechanism adapted by teleosts. In the gut, water is absorbed by osmosis, provided that a major part of
ions is also absorbed from the seawater.

The fish may drink seawater as much as 50-200 ml/kg day. Drinking seawater creates a new
problem. The salts go on accumulating and the NaCl in particular increases in the blood if not
continuously removed. Therefore, salt should be eliminated without losing water. Salt elimination
takes place through the gills and this was demonstrated by heart-gill preparation. The experiment has
revealed that the salt composition of blood returning from the gills and that of the medium bathing the
gills had undergone definite changes. This, as well as recent experiments using isotopes demonstrated
that the gills of the teleost fish would secrete salts into the medium against the concentration gradient.
The active extrusion of sodium and chloride seems to have been performed by all the cells in the gill
epithelium.

In these marine teleosts considerable amount of salts is also lost by way of urine. The kidney of
these fishes cannot produce urine that is hyperosmotic to the blood but it is slightly hypoosmotic to
the blood. Increased amounts of salts cannot be eliminated by the kidneys, as this would require the
formation of more urine. Marine teleosts cannot afford to lose more water, and therefore they reduce
the production of urine to the bare minimum. The urine produced in these teleosts contains
magnesium, calcium and sulphate that force their entry into the blood. Thus the kidney plays an
important role in the maintenance of the ionic composition of the blood.

8.7 ADAPTATIONS TO BRACKISH WATER HABITAT

Brackish water is defined as dilute seawater with concentration anywhere between 1.5 per cent and 90
per cent of that of pure seawater. Marine fauna cannot survive in dilutions below the upper limit of
brackish water concentrations. Brackish waters exist in restricted coastal regions, such as estuaries or
salt marshes where the freshwater from the rivers mixes with the seawater. The landlocked seas such
as Baltic, the Caspian and the Aral Sea are also brackish water.

Marine animals living in shallow water near the shores and particularly those near the estuaries
are constantly subjected to changing concentrations. The marine animals that cannot tolerate
concentration variations must bring about suitable modifications in their biochemistry, physiology and
behaviour to live under these varying concentrations. The gentle salinity gradient existing from sea to
freshwater provides an opportunity for the gradual adaptation of marine animals to lower salinities.

The fauna living between the salinity ranges of the brackish water are of three types: (a) marine
animals with tolerance to low salinities existing at the upper end of brackish water salinity range; (b)
freshwater animals with tolerance to moderate salinities existing at the lower end of the brackish
water salinity range; and (c) true brackish water animals which are not found in either seawater or
freshwater although they are able to survive in them.
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Marine animals are isoosmotic at 100 per cent seawater and most of them cannot maintain their
normal vigour at lower salinities of the brackish water and for this reason, the number of marine
species declines with salinity Carcinus maenas (a shore crab) and Mytilus edulis (a mussel) are
characteristic marine animals living in brackish water. A considerable number of these animals can
penetrate down to about 15 per cent of seawater.

Palaeomonetes varians and Nereis diversicolar are the true brackish water animals which can
tolerate seawater, but do not live there. Variations in the body fluid concentrations of a few species
dwelling in brackish water are given in Figure 8.5 which indicates that they conform to the fairly wide
fluctuations in the medium. The concentrations of body fluids are expressed in this diagram in terms
of depression in freezing point. This change in the concentration of the body fluid of each animal
under experimentation is measured for every change in the concentration of the medium and plotted.
The animals respond to the change in the external medium by suitably altering the concentrations of
their body fluids. A graph is obtained for each animal that indicates the ability or otherwise of the
animal to regulate its salt and water content in media of changing concentrations. The graph so
obtained is a straight line, which if extrapolated passes through zero. The blood concentration of the
animal concerned varies directly with the change in that medium. In such a case the animal is
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Fig 8.5 Brackish water animals have tolerance to the changing concentrations of the medium. The blood concentration
of these animals varies directly with the changes in the concentration of the medium.
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incapable of any degree of regulation. If the curve obtained deviates from the line representing
isotonicity (i.e. line passing through zero), the animal concerned has the ability to regulate to changes
in the concentration of external medium. The greater the degree of deviation of the curve, the greater
is the animal’s ability to regulate its blood concentration against the osmotic effects of the dilute
medium.

The linear curves obtained in case of Arenicola (Annelida) and Mytilus (Lamellibranchiata)
suggest that they are isoosmotic species with no ability to regulate their blood concentrations against
changes in the concentrations of the medium. However, a fall in blood concentration in tune with that
of external concentration poses regulatory problem between the blood and the body cells in general.
In these animals the blood is hypoosmotic to that of cells. Hence the osmotic and ionic regulations are
confined between the cells and the blood.

Brackish water animals such as Nereis diversicolar (Annelida). Palaemonetes varians, and
Carcinus (Decapoda) have the ability to regulate their blood concentration in order to maintain it at
hyperosmotic level despite wide changes in the brackish water concentration. In spite of these
regulations, the blood concentration of these animals falls below that of true marine forms. In Fig. 8.5,
the graphs for two crabs, Carcinus and Maia suggest the relation between the concentration variations
of the medium and the body fluids. The former, which is commonly found in estuaries, can
osmoregulate and the latter, the blood of which is isoosmotic with its marine medium, cannot
osmoregulate if wide variations occur in medium concentration. The blood concentration of Carcinus
corresponds to about 60 per cent seawater when it is living in 15 per cent seawater. In Nereis the
ability to regulate is less than Carcinus but the animal is capable of living even in 5 per cent seawater
because it can tolerate osmotic effects of low salinity by suitably reducing blood concentration to a
level equivalent to 30 per cent seawater. The blood concentration of the brackish water prawn, viz.
Palaeomonetes is rather different from those of marine animals living in brackish waters.
Palaeomonetes maintains its blood concentration corresponding to 50-70 per cent seawater even
when the concentrations of the medium range anywhere between 5 and 110 per cent seawater. It
appears that it can also survive in concentrations below 5 per cent seawater, but below 0.5 per cent
seawater it dies. The graphs of Carcinus, Mytilus, Arenicola, and to some extent that of Nereis
indicate that these animals tend to act in line with the fall in the contraction of the medium by
reducing their concentration to the extent possible, thereby reducing active work required to maintain
ionic and osmotic regulation. This is the general feature for all salt water animals that penetrate into
freshwater; and, in fact, all freshwater species do have blood concentrations lower than their nearest
marine relatives.

Mechanisms of Osmotic Regulation

Most of the brackish water arthropods maintain their blood concentrations, greater than that of the
medium and hence water tends to enter by osmosis and ions tend to escape by diffusion. To maintain
hyperosmotic condition of blood, the water entered is returned to those medium and the ions escaped
are actively transported back into the blood. The water is removed partly as urine and partly as
extrarenal Water. The active uptake of solutes involves expenditure of energy, which should be
minimized.



174  Animal Physiology

The Carcinus is much less permeable to both salts and water than strictly marine relatives like
Cancer and Hyas. The urine produced by Carcinus is approximately isoosmotic to the blood but
hyperosmotic to medium. This suggests that the salts are lost along with the elimination of water.
Tracer studies have revealed that loss of salts also takes place along with the extrarenal excretion of
water. The antennary organ of crustaceans is now thought to be primarily an organ for ionic regulation
rather than osmotic regulation. The fluid produced by the antennary organ is high in magnesium as
compared with the medium. This is then excreted through the excretory pore. However, the salt loss is
compensated by the active transport of salts through the gills.

8.8 ADAPTATION TO FRESHWATER HABITAT

Freshwater animals have body fluids hyperosmotic to their medium. They have osmotic problems
similar to those facing the brackish water animals, but more extreme in their nature. Freshwater
animals meet these osmotic problems by improving upon some of the osmotic and ionic regulatory
mechanisms of the type existing in brackish water animals. The permeability of the body surface of
these animals is far less than that of brackish water animals. But freshwater molluscs have more
permeable body surface, a feature favourable for the influx of water. However, the influx of water is
greatly reduced because the blood concentration of these molluscs is far lower than that of other
freshwater animals.

The entry of water inside would reduce blood concentration. In order to stabilize the blood
concentration, either the water or the salts are to be removed from blood. Freshwater animals
conserve salts by producing urine which is generally less concentrated than blood. In a few animals
the urine may be isoosmotic to the blood. Even though salt loss through urine is minimized, it
continues to be the main avenue through which significant amount of salts is lost. The formation of
very dilute urine is the way by which the body gets rid of excess of water. In 24 hours the crayfish,
Astacus, produces urine which may be as much as 4 per cent of the body weight. The production of
urine is thus essential for the osmotic and ionic regulation and such a function is performed by the
antennary glands. These glands have a coelomic sac, a labyrinth, a nephridial canal and a urinary
bladder (Fig. 8.6). The urine is formed by filtration in the coelomic sac.

Studies on the antennary glands of freshwater Astacus and that of the marine Homarus revealed
an important morphological difference. Astacus has a long nephridial canal with ample increase in
surface area. The blood supply to antennary organ is greater in freshwater form than in the marine
form. In the freshwater, form the number of the blood vessels and the lacunae supplying the antennary
organ is much greater than in the marine form. The longer nephridial canal absorbs the chlorides and
secretes water. The freshwater crayfish compensates the amount of water and salt loss, by a
continuous uptake of the substances through the gills even if their concentration in the external
medium is very low. It is believed that apart of the loss of water and salts is also compensated easily
through the food.

We have already learnt that the freshwater animals have blood concentrations less than brackish
water forms. The small difference in the gradient between blood and freshwater medium requires
minimum work to be done for active transport of substances and hence expends less energy.
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Fig 8.6 The antennary glands of (a) freshwater crayfish, Astacus and (b) marine crayfish, Homarus.

In case of aquatic insect larvae, the osmotic and ionic regulations are performed by the gut. To
facilitate this certain areas of the gut are specialized for this purpose. In Aedes aegypti the anal-
papillae and the rectal wall are responsible for the conservation of the salts.

FresuwaTER TELEOST AND Lamprevs: The freshwater fishes and the freshwater invertebrates
have similar osmotic conditions and regulatory mechanisms. Both Lampreys and teleosts have
hyperosmotic blood. The concentration of blood in the freshwater species is maintained at a fairly
constant level. Due to hyperosmotic nature of these forms, water tends to enter their body via general
body surface, gill and mouth epithelia. The permeability of skin in lampreys is greater than that of the
teleosts. The lampreys have skin which is naked whereas the skin of teleosts is covered by scales. The
scales greatly reduce the rate of water diffusion. Lampreys living in freshwater take up water through
the skin but in teleosts, the water uptake is mainly through the gills. This way in 24 hours the teleosts
may take water equivalent to about 30 per cent of their body weight and this is secreted copiously in
the form of urine. Most of the salts in the urine is reabsorbed and concentration of urine is about
0.04°C which is hypoosmotic to blood. Though the kidney conserves salts by reabsorbing them, still
the amount lost through urine is considerable. The salt uptake in the food is far less than the salt loss
from the body. The salt loss is, however, compensated by the active uptake of them through the gills.
There is also some evidence suggesting the uptake of ions from the freshwater medium directly by the
body surface. The freshwater fishes do not normally drink their medium to compensate water and salt
loss.

8.9 ADAPTATIONS TO TERRESTRIAL HABITAT

Various animal groups have invaded land at different times. Insects, terrestrial arachnids and
tetrapods, for example, are found first in the Devonian period. At a later time animal groups such as
the operculate gastropods, the opisthobranchiates, the isopods and crabs have colonized the land.
Similarly a few other groups such as earthworms, onychophorans, triclads, etc., also took to terrestrial
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life though they live in damp habitats. Many of the animals that migrated to terrestrial environment
continue to live in damp areas or nearer to water source. However, there are other animals which later
migrated to semiarid and arid environments. These environments are hazardous, as they could
desiccate the animal and cause quick death. The development of air breathing system has helped in
procuring oxygen directly from the air. But breathing dry air has increased the danger of desiccation.
The water, which is essential to maintain cell volume and to act as a medium in which cellular
activities proceed uninterruptedly, gets evaporated through the breathing organs as well as through the
general body surface. Besides these, water is also lost by way of urine and faeces. However, during
the transition from aquatic to the terrestrial life the animals have evolved suitable adaptations to
withstand the furies of the terrestrial environment. The animals have brought about morphological,
physiological, and behavioural adaptations to continue their vital activities on land. All these
adaptations help in reducing the loss of water and salts. The skin of mammals is less keratinized than
that of reptiles. Yet the loss of water through the skin of mammals is as low as in the reptiles. Despite
reduced water loss through the skin, the overall loss from the mammals such as rats is much higher as
compared to reptiles of comparable size. This increase in loss is mainly due to the removal of more
water in the respired air. Two factors influence this loss and they are high metabolic rate and higher
body temperature.

1. High metabolic rate raises water loss. The metabolic rate is higher in homeotherms than in
reptiles. Such a high metabolic rate necessitates rapid rate of breathing and hence increased loss of
water. The metabolic rate per unit mass is related to the body size of the animals. In smaller animals
the metabolic rate per unit mass is higher than in larger animals. Accordingly the water loss from
small animals such as rates is higher than man.

2. The mammals loose water by way of respiration even if they inhale air saturated at the ambient
temperature. This is possible if the body temperature of the mammals is higher than the ambient
temperature. The exhaled aim of such mammals would have a temperature higher than ambient
temperature. At higher temperature, the air holds more moisture. Mammals are liable to suffer from
heat stroke if they are exposed to higher temperatures. When the body temperature of these animals is
increased 4-5°C above normal, the body sweats which then evaporates making the body cool. Though
cooling is essential to bring down temperature, water loss in this process brings about an undesirable
viscosity of the blood. Increased viscosity of blood reduces the speed of blood circulation. Due to
reduced speed the blood cannot remove all the heat from the body. Therefore, the body heat increased
and when the animal loses about 10 per cent of its body water it dies. The hot and dry climate of
deserts is not ideal for comfortable living and would cause heat stroke. But certain animals such as
kangaroo rat, camel and donkey have colonized deserts by developing suitable physiological and
behavioural adaptations to desert climate.

The kangaroo rat (Dipodomys), which is well adapted to desert life, has developed novel
mechanisms to conserve water. The water loss is considerably reduced due to the following factors:

(a) Reduction of evaporative loss through skin and lungs.
(b) Production of concentrated urine.
(¢) Production of dry faeces.
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Absence of sweat glands is another factor in reducing the loss of water through the skin. Because
of the absence of sweat, glands, the cooling mechanism is inefficient but the animal developed
tolerance to temperatures upto 41°C, i.e. 6°C above its normal temperature. However, higher day
temperatures are avoided by the kangaroo rat by developing behavioural habits such as living in
relatively cool and humid burrows during the day, and foraging during nights (nocturnal) when the
ambient temperature falls down to a comfortable level.

Much of the evaporative loss of water in kangaroo rat is by way of respired air. In dry air, the
evaporative loss in kangaroo rat is estimated to be more than 70 per cent of the total loss. But in the
relative humidity of 80 per cent existing in the burrows, the water lost is only 40 per cent of the total
water loss. At 10 per cent humidity, the water loss by way of respiration is compensated by the
metabolic water produced. At all relative humidities above 10 per cent the animal maintains the water
balance by losing lesser amount of water; and excessive water that is taken in through the hygroscopic
food as well as the excess of metabolic water is excreted in the form of more urine.

While a greater part of conservation is responsible for the existence of humidities in the burrows,
the success in reducing evaporative loss through lung is also partly due to the cooling effect of the
nose. From the nose a small quantity of water evaporates and as a result the nasal passages are cooled
to a temperature of only 24°C. Moisture from the expired air condenses on the mucosa of nasal
passages. Thus, the water that is escaping is recovered.

The mammals including kangaroo rat produce hyperosmotic urine. The kangaroo rat’s urine is a
20 per sent solution while that of man is only 8 per cent solution. Therefore the kangaroo rat can
excrete more nitrogen without much loss of water.

In kangaroo rat, the water from the faeces is absorbed at the posterior end of the gut and the
remaining is voided as dry faeces. The amount of water that is lost by this way is very less and
accounts for one third the dry weight of faeces.

As a result of such meticulous conservation of water by kangaroo rat, the water content of the
blood is maintained at a constant level.

Camel can go without water for long periods. The old tales that they store water in the reservoirs
in stomach or hump are no longer true. Camel loses water by evaporation through the skin and the
lungs. Water is also lost through the facces and urine, from digestive tract and the kidney respectively.
However, it has evolved mechanisms to minimize water loss through these organs. Unlike the desert
rat, camel is large and hence cannot burrow and is exposed to hot and dry climate of the deserts. For
this reason, the methods of conservation in camel are different from those of kangaroo rats which also
live in deserts.

During winter months camel meets its water needs by browsing on bushes and succulent plants.
Therefore it goes without drinking water for periods longer than two months and still shows no signs
of dehydration. However a camel fed on completely dry fodder could go without drinking for several
weeks, but it loses water steadily through lungs and skin and through the formation of urine and
faeces and consequently the animal loses weight that is equal to the weight of water lost. When
accessible to water, the camel drinks enough of it within minutes and regains the weight lost. In 10
minutes the camel gains its normal appearance. One might wonder how the camel fed on dry fodder
can go without water for several weeks. The first explanation is that camel obtains metabolic water by
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the oxidation of foodstuffs and the reserve fat stores. The metabolic water produced by the oxidation
of foodstuffs is less than even the water lost through the expired air. Foodstuffs contribute different
amounts of water and the amount of water produced by way of oxidation depends upon their
hydrogen content. One gram of fat yields 1.07 gm of water; 1 gm of carbohydrate, 0.60 gm of water;
and 1 gm of protein, 0.3 gm of water.

Camel obtains water also from the oxidation of fat stored in the hump. The camel with 100
pounds of fat can obtain 110 pounds of water, i.e. more than 13 gallons. However, water obtained by
oxidation is less than the amount of water the camel loses by evaporation from the lungs.

The second explanation is that these animals have developed water conserving mechanisms.
These, however, differ from those of kangaroo rat. In spite of these water conserving mechanisms,
camel still suffers water loss. But it can go without water for prolonged periods.

During summer in desert the temperature soars to 65°C or more. Such an ambient temperature
tends to raise the body temperature of higher animals. Since they cannot tolerate change in their body
temperature, they sweat in order to cool their body. In this process, they lose the precious water which
is scarce in the desert. They then die of heat stroke. But camel has remarkable powers to withstand
dehydration and rise in body temperature. Though it tolerates dehydration better than man, the
process of dehydration is very much slow. Such a slow process is due to (a) the excretion of small
quantity of urine which may be as low as a quart a day during summer; and (b) the reduction of
sweating.

Further, the water loss in camel does not bring about a significant reduction in its blood volume.
If 50 litres of water is lost from camel, its blood volume decreases only by 1 litre.

Camel’s kidney is highly efficient. When it is fed on dry food, the urine flow is considerably
reduced; it may be around 500 ml/day. If the dry food of camel is rich in proteins one might expect a
high urea content in its urine as in desert rat. But in camels the urea output is greatly reduced. The
exact mechanism of the kidney in this reduction process is not known. Further the maximum
concentration of urea in camel is not known with certainty but it appears that it is a little over half that
of kangaroo rat.

In camels water loss by sweating is greatly reduced in spite of the prevailing high temperatures in
deserts. They have the ability to raise their body temperature from a minimum of 52°C to a maximum
of 58°C, a difference of 6°C, without sweating. During the hot day, camel absorbs heat from the rising
temperature of the environment. But only when its body temperature rises above 58°C does the
sweating initiate to cool from further rise. The body, however, attains this maximum temperature only
after much of the hot day is over. Thus the need to cool the body by sweating is restricted for a short
period and this ability of camel conserves significant amount of precious water.

8.10 RETURN TO THE SEA

The terrestrial animals which return to sea or depend on sea for their food, receive high doses of salts
either by drinking seawater or by eating isoosmotic sea-animals. The terrestrial air-breathing animals
though live on marine forms cannot tolerate high concentrations of salts. The salt concentration in
their body fluids should be limited to about one per cent, i.e. less than one third of the salt
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concentration of seawater and this is possible if the excess salt is removed by some means. The
reptiles, birds and mammals that returned to marine life did possess efficient way of removing salts. If
man drinks salt water, it would cause diarrhoea and consequently the tissues suffer dehydration. The
marine reptiles and sea birds do drink seawater; their kidneys are less efficient than those of man and
yet they suffer no ill effects. This is because the sea birds have a special organ, viz. the salt gland
which is much more efficient in eliminating salts than the kidney. It appears that the marine reptiles
also possess such a salt eliminating gland.

When sea gull is given seawater equal to a tenth of its body weight, nearly all the salt content of
it has been excreted within three hours. The salt glands are responsible for the removal of 90 per cent
of the salt with less loss of water. The remaining 10 percent of the salts is removed by kidney with
greater amount of water loss. Obviously, this would mean that the nasal fluid is more concentrated
and the urine less concentrated.

The nasal fluid is five times as salty as the bird’s blood and other body fluids. In order to
understand how the salt gland produced such a concentrated solution, it is necessary to understand the
anatomy of the gland. A cross section of the gland reveals that it consists of a number of parallel
cylindrical lobes (Fig. 8.7), each lobe consisting of several thousand branching tubules which radiate
from a central duct. Thus each lobe of the gland appears like that of a bottle brush. The tubules
secrete salty fluid. Each lobe is supplied with a network of capillaries which run parallel to the length
of the tubules (Fig. 8.8). The blood flow in these capillaries is opposite to the direction of the flow of
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Fig 8.7 salt gland (A) showing location of the salt gland, (B) cross section of salt gland showing lobes, (C) cross section
of the lobe showing tubules.
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Fig 8.8 Enlargement of a single tubule surrounded by capillaries. (Redrawn from Sci. Amer., 1959, vol. 200, No. 1, pp.
109-116).

salt solution in the tubules. Such a counter current flow amplifies the transfer of salt from the blood in
the capillaries to the fluid in the tubules. A similar arrangement existing in mammalian kidneys is
responsible for their efficiency in producing concentrated urine. The reptilian kidney has no such
counter current system, but in the birds it is only slightly developed. Besides counter current flow,
there is another factor which is involved in salt concentration and it is an increase in the area of
secretion of the tubule by forming folds.

The cells of the tubule have some physiological mechanisms to pump sodium and chloride ions
from the dilute salt solution of the blood to the more concentrated solution in the lumen. The
mitochondria of the cells of the tubule appear to have involved in the transport of sodium and chloride
ions.

Despite certain similarities, the salt gland differs from mammalian kidney in some important
features. They are: (a) The salt gland is a simpler organ. (b) Compositionwise the secretions of the salt
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gland contain only sodium, chloride and water except for traces of potassium. This is the sole function
of the salt gland. In contrast to this the kidney performs a variety of conservative and eliminative
tasks. It produces a complex fluid which varies in composition based on the physiological activities.
Some of the substances from this complex fluid are reabsorbed to conserve them at that particular
time. (c¢) The salt gland’s ability to remove salt is greater and in one minute, it can produce salt
solution equivalent to its own weight. The human kidney can produce only about twentieth of its
weight of urine in one minute. (d) While the salt gland functions intermittently whenever needed to
eliminate salt, the kidney functions continuously and secretes at varying rates.

The functioning of salt gland depends on salt concentration in blood. When the concentration of
salt in bloodstream increases, some centre perhaps in the brain responds and sends impulses through
central nervous system.

Salt glands are also present in marine reptiles. In marine turtles, the glands are positioned behind
the eyeball and pour out secretions through a duct that opens into the eye. When these turtles come to
the shore, the secretion can be clearly seen pouring out from the eye. This led people to believe that
the marine turtles weep. No one until recently knew that the marine turtles “weep” to eliminate salt
from their body. In composition, the tears of sea turtles are very much like the secretions from the salt
glands of marine birds. Anatomical studies of marine crocodiles and sea snakes have revealed the
presence of large glands in their heads. The function of these glands seems to be similar to that of the
salt gland.

Marine mammals such as seals satisfy their water needs with the fluids of the fish on which they
feed. Since these fluids also contain salts, the seals eliminate them through the kidneys. The whales
feeding on plankton, squid, etc., are required to eliminate large quantities of excess salt. For this, the
whales seem to possess more powerful kidneys than those present in human beings.



CHAPTER

Membrane Physiology

Biological membranes, also called plasma membranes, surround all individual cells and form closed
compartments. The membrane is asymmetric, highly viscous and dynamic in nature to provide
selective permeability owing to the presence of ion-channels and ion pumps. In plants, it lies internal
to the cell wall and encloses the ctytoplasm of the cell. Besides transport of cellular materials, ions,
water and macromolecules, the membranes also function in transmembrane signaling and cell-to-cell
interactions. Deficiencies in cell membrane result in a variety of diseases, which will be dealt within
chapter 23 on physiological disorders.

9.1 CHEMICAL COMPOSITION OF MEMBRANES

Membranes are found to consists of mainly lipids, proteins, some carbohydrates, and water. The
protein to lipid ratio varies greatly. For example, the inner mitochondrial membrane has 76% protein,
while the myelin membrane of neurons possess only 18% protein. The difference in protein-lipid ratio
accounts for the specific functions the organelles have to perform.

Nature of Membrane Lipids

Lipids in the membrane are a complex mixture of cholesterol and fatty acids, mainly in the form of
glycerides and phospholipids. Cholesterol is widely distributed in the membrane, though
phospholipids predominate. Because of its high phospholipid content, the myelin of the nerve cells
can electrically insulate the cell from its enviornment. The lipid composition varies among different
membranes.

Five types of Phospholipids Found in Membranes

Five important types of phospholipids include phosphatidic acid, lecithin, phosphatidyl inositol,
phosphatidyl serine, and phosphatidyl ethanolamine (Fig. 9.1). Though all membranes contain a
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Fig. 9.1 Amphipathic nature of phospholipids: showing hydrophilic and hydrophobic regions.

substantial proportion of phospholipids, predominant being phosphoglycerides having a glycerol
backbone. All membrane phospholipids are amphipathic, having both hydrophilic and hydrophobic
portions (Fig. 9.2). Other lipids include cholesterol, glycolipids, phosphatidylcholine and
sphingomyelin. Sphingomyelin lacks a glycerol backbone, but quite common in plasma membranes.
Instead of a glycerol backbone it contains sphingosine, an amino alcohol with a long unsaturated
hydrocarbon chain. A fatty acyl side chain is linked to the amino group of sphingosine by an amide
bond to a ceramide. The terminal hydroxyl group of sphingosine is esterified to phosphocholine,
making the hydrophobic head of sphingomyelin similar to that of phosphatidylcholine.

A major difference among phospholipids concerns the charge carried by the polar head groups at
neutral pH. Some phosphoglycerides (phosphatidylcholine, phosphatidyl ethanolamine) have no net
electric charge; others (cardiolipin, phosphatidylserine) have a net negative charge. A few rare lipids
carry a net positive charge at neutral pH. Nonetheless, the polar head groups in all phospholipids can
pack together into the characteristic bilayer structure. Sphingomyelin and glycolipids are similar in
shape and can form bilayer with them.

Cholesterol an Important Constituent of Membrane Lipids

Cholesterol an its derivatives constitute another important class of membrane lipids, the steroids. The
basic structure of the steroids is the four-ring hydrocarbon (Fig. 9.3). Cholesterol is the major
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Fig. 9.3 Structure of cholesterol whose derivatives are present in the membrane.

constituent (a steroid) of animal tissues; other steroids play important roles in plants. Although
cholesterol is entirely a hydrocarbon in composition, it is amphipathic because it contains a hydroxyl
group that interacts with water. Cholesterol is especially abundant in plasma membrane of mammalian
cells, but found to absent from most prokaryotic cells.
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Proteins are also found in Membranes

Proteins form the bulk of cell membrane, existing as infegral or peripheral proteins.

Integral Membrane Proteins

Many of the proteins associated with the plasma membrane are tightly bound to it, while some are
attached to lipids in the bilayer. In others-the transmembrane proteins, the polypeptide chain actually
traverses the lipid bilayer. All G-protein coupled receptors (e.g. receptors of peptide hormones, and
odours), each span the plasma membrane seven times (Fig. 9.4). In all these cases, the protein with the
lipid bilayer consists primarily of hydrophobic amino acids. These are usually arranged in an alpha
helix so that the polar —C = O and —NH groups at the peptide bonds can interact with each other
rather than with their hydrophobic surroundings. Those portions of the polypeptide that project out
from the bilayer tend to have a high percentage of hydrophilic amino acids. Furthermore, those that
project into the aqueous surroundings of the cell are usually glycoproteins, with many hydrophilic
sugar residues attached to the part of the polypeptide exposed at the surface of the cell. Some
transmembrane proteins that span the bilayer several times form a hydrophilic channel through which
certain ions and molecules can enter or leave the cell (Fig. 9.5).

Plasma membrane

Cytoplasm

COOCH

Fig. 9.4 A G protein-coupled receptor. It consists of seven transmembrane proteins with N-terminal projecting to the
exterior.

Peripheral Membrane Proteins

Peripheral membrane proteins are those that adhere only loosely to the membrane with which they are
associated. These molecules do not span the lipid bilayer core of the membrane, but attach indirectly,
typically by binding to integral membrane proteins. Therefore, the so called regulatory protein
subunits of many ion channels and transmembrane receptors, for example, may be defined as
peripheral membrane proteins. These proteins, in contrast to integral membrane proteins, tend to



186  Animal Physiology

<« Periphera

Transmembrane 7 membrane protein

i
MMMM

\
Peripheral Integral _
membrane membrane protein
protein
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collect in the water-soluble fraction during protein purification. These are more loosely associated
with the membrane. They are usually attached noncovalently to the protruding portions of integral
membrane proteins. Membrane proteins are often restricted in their movements (Fig. 9.5).

Carbohydrates are Also Present in the Membrane

Carbohydrates in the plasma membrane are present in the form of covalently-linked molecules with
proteins and lipids. There two types: glycoproteins and glycolipids. The common sugars associated
with the proteins are D-glaaucose, D-gactose, D-mannose etc., which are oligosaccharide complexes.
Besides simple sugars, sugar derivatives such as N-acetyl-D-glucosamine and N-acetyl-neuraminic
acid (sialic acid) are also present. Almost all proteins present on the outer surface of the membrane
have not got carbohydrate component, as will be seen from the Table 9.1.

Table 9.1 Variation in Protein, Lipid and Carbohydrate Composition of Some Membranes

Membrane Protein % Lipid % Carbohydrate %
Myelin 18 79 3
Human erythrocyte 49 43 8
Mitochondrial inner membrane 79 24 0
Amoeba plasma membrane 54 42 4

9.2 MEMBRANE ARCHITECTURE

Membrane has a dynamic structure. Although there are large variations in the composition of
membrane, the basic structural unit of virtually all biological membranes is the phospholipid bilayer.
This bilayer is a sheet-like structure composed of two layers of phospholipid molecules whose polar
head groups face the surrounding water and their fatty acid chains form a continuous hydrophobic
interior and 3 nm thick.
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Each phospholipid layer in this lamellar structure is called a leaflet (Fig. 9.6). The major driving
force for the formation of phospholipid bilayers is the hydrophobic interaction between the fatty acyl
chains of glycolipid and phospholipid molecules. Van der waals interactions among the hydrocarbon
chains favour close packing of these hydrophobic tails. Hydrogen bonding and electrostatic
interactions between the polar head groups and water molecules also stabilize the bilayer. Micelles are
generally not formed by phospholipids in aqueous solutions, since the fatty acyl chains in
sphingomyelins, glycolipids, and all phospholgycerides are too large to fit into the interior of a

micelle (Fig. 9.7).
Water Water

@ (b)

Fig. 9.7 Amphipathic phospholipid molecules in the aqueous phase: (a) formation of micelles in which polar heads are
directed towards water; (b) formation of bilipid layer.
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Fluid-mosaic Model of Plasma Membrane

The fluid-mosaic model of the plasma membrane is the universally accepted model, which was
proposed by Singer and Nicolson in 1972. The model suggests that the lipids form a viscous, two-
dimesional fluid matrix into which proteins are inserted and integrated more or less deeply. The
peripheral proteins are superficially located and many of them function as enzymes, while the integral
proteins are associated with lipids and penetrate into the interior of the membrane along with fatty
acid side chains (9.8). They are tightly bound to the lipids and constitute functional proteins that are
not easily separable. All membrane-bound enzymes and carriers are included in this category.
Peripheral proteins have a loose affinity and can be easily displaced. Such a membrane is more
dynamic and explains the intricate semi-permeable phenomenon.

"‘“ Y v Peripheral protein
Glycolipid —————

Lipid layer Integral protein

Fig. 9.8 Fluid-mosaic model of Singer.

Orientation of Proteins in the Membrane

Orientation of the proteins is important in the functioning of the membranes. The N-terminus is
always at the side that is turned away from the cytosol. Usually the hydrocarbon residues get attached
to the N-terminus. Typical membrane proteins can therefore be counted among the glycoproteins. The
C-terminus of proteins can either lie at the outside, within the lipid layer or protrude into the cytosol,
i.e. the site of protein synthesis (Fig. 9.9).
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Fig. 9.9 Integral membrane proteins showing two membrane-spanning regions, i.e. glycophorins.

Integral Proteins Bind Asymmetrically to the Lipid Bilayer

Every integral membrane protein has a single, specific orientation with respect to the cytosolic and
exoplasmic faces of the membrane. Molecules of integral membrane protein, such as glycophorin, lie
in the same direction, providing asymmetry to the two membrane faces. In contrast to phospholipids,
proteins have never been observed to flip-flop across a membrane, because such movement would be
energetically unfavourable and would require a transient movement of hydrophilic amino acids and
sugar residues through the hydrophobic interior of the membrane. The asymmetry of membrane
proteins is established during their biosynthesis and maintained throughout proteins’ lifetime.

Membrane asymmetry is most obvious in the case of membrane glycoproteins. In the plasma
membrane, all the O-and N-linked oligosaccharides of glycoproteins and oligosaccharides in
glycolipids are on the exoplasmic surface. In the endoplasmic reticulum, they are found on the interior
or lumenal membrane surface.

Lipid Composition of Different Membrane Leaflets

All the plasma membranes have different lipid composition in the two leaflets. In the human
erythrocyte, all the glycolipids and almost all of sphingomyelin and phosphatidyl choline are found in
the exoplasmic leaflet. In contrast, the cytosolic leaflet contains lipids with neutral or negative polar
head groups, such as phosphatidylethanolamine and phosphatidylserine. The relative abundance of a
particular phospholipid in the two leaflets of a membrane can be determined on the basis of its
susceptibility to hydrolysis by phospholipases when added to the cell exterior, because phospholipases
are unable to penetrate the cytosolic face (Fig. 9.10).

Movement of Molecules is Two-dimensional

In both natural membranes and pure phospholipid bilayers, thermal motion permits phospholipid and
glycolipid molecules to rotate freely around their long axis and to diffuse laterally within the
membrane leaflet. Sine these movements are lateral or rotational, the fatty acyl chains remain in the
hydrophobic interior of the membrane (Fig. 9.11).
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Fig. 9.11 Membrane lipids are constantly mobile: (a) rotational movement; (b) lateral movement.

The phospholipids in pure lipid bilayers do not flip-flop or migrate from one leaflet to the other.
However, in some natural membranes, occasional movement is observed owing to catalysis by
membrane proteins. Energetically, such movements are extremely unfavourable, because the polar
head of phospholipid must be transported through the hydrophobic interior of the membrane.

Artificial Membranes can be Formed by Mechanical Dispersion of
Phospholipids

Two systems of pure phospholipid bilayer are /iposomes and planar bilayers. Liposomes are spherical
vesicles upto 1 1 in diameter consisting of a phospholipid bilayer that encloses a central aqueous
compartment, formed by mechanically dispersing phospholipids in water. Planar bilayers are formed
across a hole in a partition that separates two aqueous solutions. When a suspension of liposomes or
a planar bilayer composed of a single type of phospholipid is heated, it undergoes an abrupt change in
physical properties over a narrow temperature range. This phase transition is due to increased motion
about the C-C bonds of the fatty acyl chains, which pass from a highly ordered, gel-like state to a
more mobile fluid state. During gel-to-fluid transition, a relatively large amount of heat is absorbed
over a narrow temperature range that is the melting temperature of the bilayer. Lipids with short chain
or unsaturated fatty acyl chains undergo phase transition at lower temperatures than lipids with long
or saturated chains.
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9.3 MEMBRANE TRANSPORT FUNCTIONS

The plasma membrane functions as a barrier between the cell and its extracellular environment but
ensures transport of essential molecules, such as glucose, amino acids, lipids, and ions etc., into the
cell and allows wastes to leave the cell.

Membrane is Selectively Permeable

Selective permeability of the plasma membrane allows the cell to maintain a constant environment in
the interior. Similarly, organelles within the cell often have a different internal environment from that
of the surrounding cytosol, a different maintained by the organeller membranes. For example, the
lysosomes within an animal cell are involved in the digestive and scavenging roles, where the
concentration of protons is 100-1000 times that of the cytosol. This proton gradient is maintained by
proteins in the organelle membrane.

Permeability of Artificial Membranes

An artificial membrane composed of pure phospholipid or of phospholipid and cholesterol is
permeable to gases, such as CO, and O, and small molecules, such as ethanol. These molecules can
cross cell membranes unaided by transport proteins. Absolutely no metabolic energy is expended
because movement is from high to low concentration of the molecules, down the concentration
gradient.

In contrast, a pure phospholipid membrane is only slightly permeable to water and is essentially
impermeable to most water soluble molecules, such as hydrogen, sodium, calcium and potassium.
Proteins play important role in the transport of such molecules and ions across all cellular membranes
because different cell types require different composition of these low molecular weight compounds,
since the plasma membrane of each cell type contains a specific set of transport porteins that negotiate
only certain ions or molecules to cross, as does the membrane surrounding each type of organelle
(Fig. 9.12).

Some Transport Proteins Function as lon-channels

Some membrane-located proteins function as ion-channels to transport water or specific types of ions
down the concentration gradient. They form a protein-lined passageway across the membrane through
which multiple water molecules or ions move simultaneously in a single file at a very rapid rate (10%/
second). For example, the plasma membrane of all animal cells is rich in K* and its movement
downhill through always-open channels generates an electrical potential across the membrane. Many
other types of channel proteins are usually closed, and open only in response to specific signals (Fig.
9.13).

Another class of membrane proteins, called transporters, move a wide variety of ions and
molecules across the membrane. These transporters bind only one or a few substrate molecules at a
time, undergo a conformational change to transport molecules across the membrane. Conformational
change of proteins requires energy for movement, hence their movement is slow, about 10°-10*
molecules per second.
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Fig. 9.13 Transport proteins can be classified into various types; channel proteins transport water or specific ions down
the concentration gradients or electrical gradients down-hill. Ions or water molecules move single file at a
rapid rate.

Three types of transporter molecules have been identified, which include uniporters, antiporters,
and symporters. Uniporters transport one molecule at a time down the cocentration gradient (e.g.
glucose and amino acids). The antiporters and symporters catalyze movement of one type of ion or
molecule against the concentration gradient, coupled to the movement of different ion or molecule
(Fig. 9.14). These are often referred to as active transporters but without hydrolysis of ATP.
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Fig. 9.14 Transport proteins are either symporter, uniporter or antiporter type, named according to the directional
movement of molecules.

9.4 MECHANISMS FOR TRANSPORT OF
MATERIALS ACROSS MEMBRANES

Several transport mechanism have been proposed.

Passive Diffusion

Passive diffusion is movement of a molecule from the aqueous solution into the hydrophobic interior
of the phospholipid bilayer. The hydrophobicity of a substance is measured by the partition coefficient
K, the equilibrium constant for its partition between oil and water. Since the composition of the
interior of the phospholipid bilayer resembles that of oil, the partition coefficent of a substance
moving across a bilayer equals the ratio of its concentration just inside the hydrophobic core of the
bilayer C™ to its concentration in the aqueous solution C*%:
K=C"/c

The partition coefficient is a measure of the relative affinity of a substance for lipid versus water.

Once a molecule moves into the hydrophobic interior of a bilayer, it diffuses across it; finally, the
molecule moves from the bilayer into the aqueous medium on the other side of the membrane. The
hydrophobic core of a typical cell membrane is 100-1000 times more viscous than water, hence the
diffusion rate of all substances across phospholipid membrane is much slower than the diffusion rate
of the same molecule in water. Thus, movement across the hydrophobic portion of a membrane is the
rate-limiting step in diffusion.

Glucose Transport is Uniporter-Catalyzed

Very few molecules enter or leave cells, or cross organelle membranes without the aid of proteins.
Transport proteins frequently accelerate transport of molecules such as water, and urea that can freely
diffuse through phospholipid bilayers. It is essential to understand the properties of various kinds of
membrane proteins and their roles in organismic physiology. This has been possible with the help of
liposomes (artificial membrane). Liposomes having a single type of transport protein can be used to
examine properties of transport protein (Fig. 9.15). A non-ionic detergent, such as octyglucoside,
solubilizes the integral proteins of an erythorocyte membrane. The transport protein, a uniporter, can
be purified and then incorporated into liposomes made of pure phospholipids.
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Fig. 9.15 Uniporter catalyzed transport of glucose. Liposomes help to examine the functional properties of membrane
proteins. The figure shows a liposome containing a single type of transport protein. A nonionic detergent
solubilizes the integral proteins of erythrocyte membrane. A uniporter type of glucose transport protein can be
incorporated into the liposome made of pure phospholipids.

Uniporters catalyze movement of one glucose molecule at a time down a concentration gradient.
Similar to enzymes, uniporters accelerate a reaction that is thermodynamically favoured, and the
movement of a substance across the membrane down the concentration gradient will have a
negative AG. This type of movement is referred to as facilitated diffusion.

Important properties of uniporter-catalyzed transport:

1. The rate of uniport transport is quite high.

2. Uniport transport is specific.

3. Uniport transport occurs via a limited number of transporter proteins, rather then throughout

phospholipid bilayer. Consequently, there is a maximum transport rate, which is achieved only
when the concentration gradient across the membrane is very large.

Two Models for Transport

The first model is the carrier model, in which the transporter protein binds the molecules to move at
one face, moves through the membrane, and releases the molecule at the other face (Fig. 9.16).

The second model envisages use of too much energy. For example, the antibiotic valinomycin
increases the transport of K ions across biological membranes by forming a sphere around each K"
ion (Fig. 9.17). The hydrophobic amino acid side chains of the antibiotic lie on the outer surface, and
six or eight oxygen atoms on the inside coordinately bound to the K'. The hydrophobic exterior
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Fig. 9.17 Antibiotic valinomycin-facilitated transport of K* ions.

makes the K" carrier complex soluble in the lipid interior of the membranes. It is beleved that
membrane transporters undergo conformational changes that permit bound ions or molecules to pass
through the membrane.

Transport of Glucose

The glucose transporter alternates between two conformational states:
(a) Glucose-binding site faces the outside of the membrane.
(b) In the other glucose face the inside of the cell.

Unidirectional transport of glucose from outside to inside occurs when the transporter with
glucose from outside undergoes a conformational change so that the outward facing site is inactivated
and the bound glucose moves through the protein and becomes attached to the newly-formed inward
facing site. The glucose is released into the cell interior, the transporter undergoes the reverse
conformational change, inactivating the inward-facing glucose binding site and retreating the
outward-facing glucose binding site (Fig. 9.18).
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Fig. 9.18 Glucose transporter protein alternates between two alternative states.

Passage Through lon-channels

The movement of ions across the plasma membrane and organeller membranes is also mediated by
transporter proteins; symporter and certain antiporter co-transport ions together with specific small
molecules. lon-channels, ion pumps and some antiporters transport only ions, but the rate and extent
of ion transport is influenced by the ion concentrations on the two sides of the membrane as well as
by an electric potential that exists across the membrane.

lonic Gradients Maintain the Electric Potential

Ionic composition of the cytosol differs from that of the surrounding fluid in almost all types of cells.
The cytosolic pH is near neutral (pH 7.0) and the cytosloic K* ion concentration is always higher that
the Na" ions. In both invertebrates and vertebrates, K" ion concentration is 2040 times higher in the
cell than in the blood, while Na* ion concentration is always lower. However, the concentration of
free Ca™" ions in the cytosol is generally less than 1 micromolar, about a 1,000 times lower than the
blood.

The plasma membrane is provided with channel proteins that allow the principal ions (Na*, K",
Ca™ and C1") to move through at rates determined by their concentration gradients. The selective
movements of these ion through the channels create a difference in electric potential between the
inside and outside of cell. The magnitude of this potential is =70 mV with respect to inside. The
plasma membrane is an electrical device called capacitor. The ionic gradients and electric potential
are responsible to drive many biological processes, hence opening and closing of ion channels are
essential to conduction of electrical impulses.

K™ Channels Generate Electric Potential

The distribution of K*, Na* and C1™ ions is almost similar in animal cell and its environment and if the
membrane is impermeable to all ions, no ions will flow across the membrane and there will be no
potential difference. As noted above, the membrane potential across the plasma membrane is about
—70 mV due to negative charge on the cytosolic face. The membrane contains many open K"
channels, but very few open Na" and Ca™" channels, resulting in major ionic movement of K™ from
the inside to outward, leaving an excess of negative charge on the inside and positive charge on the
outside.
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The Na" — K" ATPase ion pump moves K" ions into the cytosol from the extracellular medium,
generating K* concentration gradient. Movement of K ions through potassium channels from the
cytosol down the concentration gradient generates the inside negative membrane potential. The
potassium channels have now been cloned and sequenced.

Active Transport Machanisms

The active transport of molecules and ions requires an input of metabolic energy, which can be
derived either from direct coupling to the hydrolysis of ATP or by coupling to the movement of an ion
down its concentration gradient.

Active lon Transport

ATP-powered pumps transport ions against their concentration gradients. For instance, the Na™ — K"
ATPase pumps K" into the cell and Na" outwards, establishing a high cytosolic concentration of K*
that is essential for generation of negative potential across the plasma membrane. The Ca"™" ATPase
pumps Ca’™" out of the cytosol into the extracellular medium or into the intracellular organelles in
order to maintain concentration of Ca'" into the cytosol much lower than in the extracellular medium.
The pump derives its energy from the hydrolysis of ATP (Fig. 9.19).

ADP + Pi

+  Inhibited by

Membrane 2, 4 —diitrophenol

Cell

Fig. 9.19 ATP-powered pumps transport ions against concentration gradients. Na*—K*—ATPase pumps out K* and Na*
into the cell. The Ca®* — ATPase pumps out Ca?* of the cytosol. The pumps can be inhibited by 2, 4-dinitrophenol.

Existence of these pumps came from studies in which aerobic production of ATP in cell was
inhibited by 2, 4-dinitrophenol. The ion concentration inside the cell gradually approached that of the
external environment as the ions moved through the membrane channels down the concentration
gradient, ultimately leading to the cell death because K" requirement of the cell could not be met.

Three Classes of lon Pumps

Three classes of ATP-powered pumps have been recognized, called P, V, and F. Class P pumps are
simplest and composed of four transmembrane subunits, such as two alpha and two beta polypeptides
(Fig. 9.20). The larger alpha subunit is phosphorylated during transport of ions. Na” — K" ATPase and
Ca"" ATPase pumps are included in this category.
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Fig. 9.20 Three classes of pumps have been recognized. V-class pumps are found in plant vacuoles and lysosomes,
while F and V-class pumps are found in mitochondria and bacterial plasma membranes.

The V and F types of pumps, though unrelated to class P pumps, transport only protons. F-class
pump contain three types of transmembrane proteins and V-class pumps contain atleast two kinds of
proteins. V-class pumps are ATP powered pumps that maintain low pH of plant vacuoles and of
lysosomes and other vesicles in animal cells by using energy from ATP hydrolysis to pump protons
from the cytosol to the exoplasmic face of the membrane. F-class pumps are found in mitochondria,
chloroplasts and in the plasma membrane of bacteria.

Glucose Transport Into Intestinal Cells is ATP-Driven

The lumenal cell of the intestine have two domains, differentiated on the basis of lipid and protein
composition of the membrane. The membrane with cells having brush border face the lumen carrying
microvilli, and the basolateral surface is in contact with neighbouring cells and blood capillaries. The
microvilli help in increasing the cell surface for absorption of nutrients.

Glucose, other sugars as well as amino acids are transported across the membrane from low
concentration in the lumen of the intestine to a higher concentration in the cytosol of the epithelial
cells by a symporter protein, which is ion-driven active transport process. The energy comes from the
movement of Na" down its concentration gradient. The basolateral side of the epithelial cells, in
contact with the blood capillaries, maintain a concentration gradient of glucose across this membrane
to allow glucose to move out of the cell by facilitated diffusion through a transporter. The low
concentration of Na' inside the epithelial cells is maintained by Na'—K —ATPase pump on the
basolateral membrane (Fig. 9.21).

9.5 BULK TRANSPORT SYSTEMS

Cells have also developed mechanisms to transport large molecules across the plasma membrane,
which otherwise cannot diffuse through the membrane barrier. Such molecules include proteins,
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Fig. 9.21 Mechanism of glucose transport in intestinal epithelial cells.

polysaccharides, polypeptides and polynucleotides etc. This is done by a process called endocytosis.
Similarly particulate matter, secretory molecules likes hormones, and proteins can be transported out
of the cell by a process called exocyfosis. Both the processes involve the formation of vesicles.

Endocytosis

Endocytosis is essentially an energy dependent process and occurs in almost all eukaryotic cells.
Extracellular macromolecules are engulfed and transported to the cell interior where it is
progressively enclosed in a small portion of the plasma membrane. Three distinct types of endocytotic
processes have been observed, which include phagocytosis, pinocytosis and receptor-mediated
endocytosis.

Phagocytosis

Phagocytosis is a major mechanism where particulate matter is engulfed without fluid, such as
viruses, bacteria, and macromolecules. The process is particularly observed in protozoans, and in
multicellular organisms it is carried out by specific cells such as macrophages, polymorphs,
lymphocytes and neutrophils, where it is a form of feeding process. The particle to be ingested is
engulfed in a large endocytic vesicle called phagosome (Fig. 9.22). The particle then binds to the
surface of the phagocyte aided by a surface receptor and the vesicle enclosing the particle is engulfed
with its plasma membrane. The phagosome then fuses with a lysosome so that ingested particle is
broken down and digested in the cytosol, while undigested material is found in the form of residual
bodies to be transported out of the cell.

Pinocytosis is the Process of Fluid-intake

Pinocytosis or cell-drinking is a constitutive process, occurring continuously in almost all kinds of
cells. A cell sipping away at the ertracellular fluid by pinocytosis acquires a representative sample of
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molecules and ions dissolved in the extracellular fluid. Small areas of the plasma membrane are
ingested in the form of vesicles which are returned to the cell surface. These are pinocytic vesicles
which enclose a small amount of extracellular fluid. This is a non-specific endocytosis, but provides a
much more elegant method for cells to pick up critical components of the extracellular fluid that may
be in scant supply.

Receptor-mediated Endocytosis

Some integral membrane proteins displayed at the membrane surface function as receptors for
extracellular fluid components. For instance, iron in the blood is transported complexed with a protein
called transferrin whose specific receptor is located on the surface. When a receptor encounters
transferrin, binding takes place and the receptor with the transferrin is endocytosed, releasing iron in
the cytosol while the receptor is returned to the surface for recycling (Fig. 9.23). Cholesterol is also
taken up by the cells by receptor-mediated endocytosis. The most abundant cholesterol carriess in
humans are the low-density lipoproteins or LDLs. People who inherit defective genes for LDL
receptor have poorly functioning receptors, which create excessively high levels of LDL in their
blood, predisposing them to atherosclerosis and heart attacks. This is a familial disease called
hypercholesterolemia.

Exocytosis

Exocytosis is reverse of endocytosis in which membrane-bound vesicles move to the cell surface
where they fuse with the plasma membrane. Exocytic vesicles are formed in various ways. Some
vesicles are simply endosomes traversing the cells, while some are either pinched off from endosomes
before they fuse with the lysosomes. Some vesicles may be formed from the endoplasmic reticulum
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and the Golgi to take their products to the cell surface. Formation of exocytic vesicles is shown in Fig.
9.24. Exocytosis is essential to restore the normal amount of plasma membrane, and ensures display
of its characteristic cell-surface proteins. It also helps in the secretion of various components of the
extracellular matrix. The exocytosis of lysosomes supplies the membrane much needed material to

repair the wounds in the plasma membrane.



CHAPTER

Temperature Regulation

Different forms of energy manifested in the living matter are a result of biochemical reactions. All
biochemical reactions come under the field of metabolism which constitute degradative as well as
synthetic reactions. Synthetic processes require energy which is made available to the system
through oxidations. All the energy released during the oxidative process is not utilized; however, some
of it is dissipated out of the body in the form of heat. Thus metabolism and heat production are
intimately related. Many biochemical reactions are extremely temperature sensitive. A 10°C rise in
temperature accelerates the rate of reactions twofold, whereas low temperatures have an opposite
effect. Since life of organisms is dependent on chemical reactions, it follows that all biological
processes may be profoundly influenced by temperature fluctuations.

Biological systems have predominance of carbon compounds which are stable within a
temperature range of 40-45°C. The lower limit of the temperature range is close to the freezing point
of water which is —1°C and the upper limit lies close to the 45-50°C range beyond which proteins get
denatured. A few algae have been known to thrive at 70°C. Although the environmental temperatures
have a wide range, the biological activity exists in only a small part of the total range lying close to the
lower limit.

10.1 HABITATS OF ANIMALS

The habitats of animals can be divided into three categories, namely, terrestrial, aquatic and aerial.
Animals living in terrestrial environment have an acute problem of temperature. Because of the radiant
heat of the sun, environmental temperature may reach an upper lethal limit. Air has a low specific
heat and so it gains or loses heat rapidly. After sunset considerable heat gained by the environment
gets lost so that lower lethal limit is reached. Terrestrial animals have acquired greater adaptability
since they have to live under wide range of temperatures. In deserts, the temperatures exceed the
biological limits and sandy tracts attain temperatures as high as 70°C, while the air temperature may
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be around 50°C. In the tropics and subtropics, sometimes the temperature reaches below freezing
point (—65°C to —50°C).

Animals living in aquatic habitats do not face acute thermal problems as faced by terrestrial ones.
Water has a high specific heat and it gains or loses heat slowly, thus making little changes in
temperature. Thermal adjustments are not a problem with aquatic animals. Aerial animals like birds
have a higher limit of thermal tolerance (35-42°C) due to higher rate of metabolism (Fig. 10.1).

°C

100°

--------------- -~ 50° upper limit of desert animals
45° limit of turtle and camel

39-44° temperature of birds
35-40° core body temperature of most mammals

25° limit of shore invertebrates

Diurnal variations of desert animals

,,,,,, Oo

Fig. 10.1 Temperature ranges of various animals.

Temperature adjustments are related to physiological adjustments. Aquatic animals have a low
rate of metabolism and cannot adjust to extremes of temperature. Nevertheless, terrestrial animals
have the capacity to step up or step down their metabolic rates in accordance with the thermal
changes.

10.2 NOMENCLATURE OF THERMOREGULATION

On the basis of body temperatures animals are classified as warm-blooded or cold-blooded. These
terms are rather vague and have been replaced by more appropriate terms such as homeothermic and
poikilothermic. Animals which are capable of maintaining a relatively constant body temperature in
spite of great variations of external temperature are said to be homeothermic, whereas animals in
which the body temperature varies with that of the environment are called poikilothermic.
Poikilotherms include invertebrates and aquatic animals like fishes and amphibians. Some animals
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have a high rate of thermal conductance and low rate of heat production. Such animals acquire heat
from the environment and regulate their body temperatures quite independent of the heat produced in
the body. These animals are known as ecfothermic and include vast majority of animals species. In
contrast to this, a few animals produce sufficient heat due to their own oxidative metabolism and
maintain body temperature at a constant level. Such animals are called endothermic which include
homeotherms like birds and mammals.

There is yet another category of animals which do not maintain constant body temperature like
prototheria, but during activity they show endothermic regulation. These are called heterothermic
animals. They are also called facultative endotherms since they are capable of regulating physiological
temperature at certain times only.

10.3 ENERGY RELATIONSHIPS OF ANIMALS

The temperature relations between the organisms and the environment are dependent upon the water
contents of the individuals. Terrestrial animals have a complex environment, hence it is difficult to
make an accurate measurement of their thermal environment. However, thermal relationships of
aquatic animals are easier to determine. Water has a low heat conductivity and it gets heated up
slowly. Therefore, aquatic animals maintain their body temperature close to the ambient temperature.
Terrestrial animals, on the other hand, are faced with much greater problem of thermal regulation.
Most of the heat produced by the body is lost to the environment through conduction, convection,
radiation or evaporation. Mammals have efficient thermoregulatory physiological devices to maintain
their body temperature. When the ambient temperature exceeds the body temperature, the body
temperature is not allowed to rise by evaporation of water through body surface. Evaporation lowers
the temperature of the body. The skin and the respiratory system of animals have tremendous
thermoregulatory significance.

Oy law

The outside temperature affects the metabolism in the same way as it does for biological
reactions. The heat production of an individual is directly related to the body metabolism. The
biochemical reactions are extremely sensitive to temperature; an increase in temperature accelerates
the rate of reactions. This fact was explained by van’t Hoff who stated that the biochemical reactions
are approximately doubled by 10°C rise in temperature. This generalization was known as 0, law
and can be quantitatively expressed as:

_ Kk, +10
k,

Where £, is the velocity constant at temperature ¢ and k, + 10 the velocity constant at 10°C
higher, and the value is calculated by the formula
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Where &, and k, are velocity constants corresponding to temperatures #, and ¢, respectively. The
relationship is not a linear one, but logarithmic. In case of chemical reactions, Q,, is fairly constant
and lies between 2 and 3, but at higher and lower temperatures this relationship is not followed.
Homeotherms do not follow this law since they can adapt to the heat production when the heat is
lost. Enzyme catalyzed chemical reactions are not linear in function, hence Q,, law is not applicable.
Influences of temperature on biological reactions were explained by Arrhenius equation:

K=A,— EJRT

where K is velocity constant, 4, is a constant relating to molecular collision frequency, E, is
activation energy, and R and T are gas constant and absolute temperature respectively. However,
because of extreme thermal fluctuations a straightforward law an animals cannot be formulated.

10.4 LOW TEMPERATURE EFFECTS

Majority of living organisms face environments where temperature fluctuates both diurnally and
seasonally. Only birds and mammals are able to regulate their internal temperature, while other living
organisms conform to prevailing external temperatures. Protoplasm can exist in living state between
0°C and 45°C, and very few organisms can withstand such a wide range temperatures.

Animals respond to cold in several ways. Many try to avoid cold by migrating to warmer regions.
Migration in birds from colder regions to warmer regions is quite a familiar phenomenon which is,
however, seasonal. Such animals develop cold tolerance and adapt to changed environments by
resorting to hibernation, spending their periods of inactivity in burrows.

Generally, low temperatures have an adverse effect on the life processes of animals. If an animal
is slowly subjected to low temperature, metabolic rates become feebler and feebler and ultimately
death ensues. The protoplasm of the cells is an aqueous solution and freezes a few degrees below
zero. Slow freezing causes formation of ice crystals which cause lethal effects. On the other hand,
fast cooling does not allow the formation of ice crystals and the tissues are preserved in a chill
comma stage. This is called supercooling.

Vinegar nematodes and certain species of protozoa survive temperatures as low as —197°C when
placed in liquid air. Protozoa in the encysted stage and also some insects can withstand prolonged
sub-zero temperatures. This is due to the effect of supercooling. Winterhardy species of insects can
survive supercooling since they can tolerate temperatures —23°C to —30°C. Slow freezing has
obviously some disadvantages:

(a) Freezing causes formation of ice crystals in the cell and disturbs the cell organization.

(b) Metabolism is greatly lowered and as such the rate of oxygen consumption is also very low.
This is because the diffusion of O, and CO, through the ice is very slow.
(c) The enzymes become inactive.
Poikilotherms have their body temperature generally lower than the surroundings, but severe cold
induces a factor of acclimatization. The lethal effects of cold or low temperature may be avoided by
altering the freezing points. The freezing point of any solution is lower than that of the pure solvent.
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Any increase in the osmotic content of the body fluids will lower the freezing point and protect the
organisms from being frozen. Hence, poikilotherms avoid cold by acquiring an antifreeze
phenomenon or may avoid cold by supercooling. Insects sometimes face temperatures lower than the
freezing point of the body fluids. A parasitic hymenopteran, Bracon cephi, can withstand
supercooling at —47°C. It has been found that in such insects the haemolymph normally contains
glycerol which lowers the freezing point and offers protection to the frozen tissues from damage.

Vertebrates do not have tolerance to freezing or supercooling as compared to invertebrates.
Fishes in the Arctic are not able to survive when frozen completely. The temperature which kills a
poikilotherm is not fixed and depends upon its previous thermal history. Acclimatization 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.

10.5 TEMPERATURE RELATIONS IN POIKILOTHERMS

The activity of poikilotherms depends on the prevailing ambient temperature, and in doing so they do
not expend any energy on thermoregulation since their metabolism is at a lower level with little or no
heat production. It has been discussed already that the rates of biological processes approximately
double for each 10°C increase until a lethal limit is reached. However, when comparing the rates of
metabolic processes during summer and winter, one may find O, less than 2. Thus, living organisms
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. The
body gains heat from the environment and the metabolic rate is accelerated. Thus there is no fixed
metabolic rate in poikilotherms and it varies with the ambient temperature. Poikilotherms, however,
regulate their temperature by physical mechanisms only:
(a) Poor insulation allows greater heat loss and prevents conservation of heat.

(b) Core body temperature (measured through the rectal region) is lower than the ambient
temperature.

(c) In hot environments body heat is removed through evaporation.

(d) In low ambient temperatures, there is no regulated way of heat production since chemical
regulation is wanting.

Aquatic Poikilotherms

Thermal regulation in aquatic poikilotherms is a simple phenomenon. Heat exchanges in aquatic
animals are largely by conduction and convection. Thermal environment of aquatic animals is
relatively stable, still seasonal variations do occur in the surface layers of the sea and lakes. For
aquatic animals which do not possess cold-hardiness, even the temperature above the freezing point
may prove lethal. On the other hand, some poikilotherms cannot tolerate high temperatures. In such
cases, death may occur even below temperatures at which proteins are usually denatured.

Aquatic INVERTEBRATES: Aquatic invertebrates can tolerate wide ranges of temperature
fluctuations as compared to poikilothermic vertebrates. Chironomid larvae in hot springs can tolerate
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temperatures as high as 50°C, whereas in some overwintering species of insects survival at sub-zero
temperatures for prolonged periods is possible. Such adaptations are, however, species specific
having a temperature range of their own.

AquaTtic VERTEBRATES: Fishes are gill-breathing aquatic poikilotherms whose body temperature
is maintained close to that of water. Their metabolic rate is very low; hence their rate of heat
exchange is also low. A fish while swimming may produce some heat due to muscular activity which
may increase the body temperature temporarily, yet there is no appreciable difference between its
body temperature and surrounding water. This is because the heat produced due to muscular activity
is immediately transferred to the blood eventually reaching the gills which are in immediate contact
with water. Gills are extremely efficient organs for respiratory exchanges and also help in
equilibrating temperature of the blood and the surrounding water. Physical factors like large surface
areas of the fish, counter-current mechanisms and thin-walled blood vessels facilitate exchange of
heat between water and the fish so that the body temperature remains equal to that of water. There is,
however, one notable exception to this generalization. In case of a large and fast swimming fish tuna,
the temperature of the axial muscles is about 12°C higher than the surrounding water. The heat
produced due to muscle activity is regulated by the counter-current mechanism to a limited extent
and the dissipation of heat is reduced.

It has been found that the matching between body temperature and water temperature will be
closer in smaller species than in large ones. Under conditions of sustained activity, large forms will
show transient increases in body temperature. Fishes are generally more susceptible to drastic
changes in environmental temperature. Fishes living in shallow waters or in the surface layers of the
sea experience drastic temperature fluctuations seasonally. These fishes are relatively independent of
temperature in their physiological adjustments. On the other hand, fishes living in tropics or in deep
waters at any latitude do not face temperature fluctuations, hence are extremely sensitive to changes
in environmental temperatures. Fishes that normally experience seasonal changes in temperature are
known to have evolved biochemical adjustments to maintain normal functions despite changes in
body temperature.

Terrestrial Poikilotherms

Terrestrial poikilotherms maintain their body temperature almost equal to that of environment.
However, terrestrial animals face greater temperature fluctuations. The heat balance of such animals
is more related to their water balance as compared to aquatic animals.

The problems of terrestrial poikilotherms are varied. Desert animals are subjected to daily
temperature variations. The days are warm and the nights are cool, showing a temperature range
between 10°C and 45°C. In hot summer days, the temperature may exceed even 50°C. In arctic
region also the temperature varies from 20 to 60°C.

Owing to low specific heat air exchanges heat quickly. On land, animals absorb the radiant heat
with readily and give up heat with the same rapidity. This is because air is a poor conductor of heat.
Poikilotherms lose heat readily by evaporation of water from the body surface.

TERRESTRIAL INVERTEBRATES: Invertebrates are perhaps the most important group of animals
which have acquired maximum adaptability to their environment. Their habitats are varied and so also
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their thermal requirements. In this context, our description will be restricted to the arthropods and
insects in particular since they are found to be active in extreme thermal environments. The body
temperature of insects may vary from that of the air due to three reasons: (a) heat loss by evaporation
of water from the body surface, (b) absorption of heat by radiation; and (c) heat production by
metabolic activity of the body.

(a) Heat loss by evaporation: Many insects are able to maintain their body temperature 3-5°C
lower than the air. This is possible by loss of heat from the body by evaporation. Water is
generally lost from the tracheal system through spiracular openings. In dry air, excessive
water loss from the body poses the risk of death due to desiccation. The cuticle of insects is
impermeable to water because of the presence of a waxy layer in it. However, if temperature
of the body exceeds 40°C, the waxy coat melts rendering the cuticle permeable to water
causing dehydration of the body.

(b) Absorption of the radiant heat: Insects absorb radiant heat of the sun and raise their body
temperature. The amount of heat absorbed by an insect depends on the pigmentation, surface
area of the body, and orientation of the body in respect to the sun. Dark coloured insects
absorb more heat as compared to light coloured insects. Orientation of the body in respect to
the sun’s rays is an important parameter, Schistocerca, a desert locust, is active at 17-20°C
and orients itself perpendicular to the sun’s rays to get maximum heat.

(c) Heat production due to metabolism: Heat production in insects increases during flight activity.
At low temperature the flight muscles remain inactive and sustained flights may not be
possible at all. Many insects warm up by fanning their wings before commencing actual
flights. Warming up period is longer at low temperatures. Observation on Vanessa indicates

.
that it takes about 6 minutes at 11°C, 15 mintues at 23°C, 18 seconds at 34°C and none at

37°C to warm up. In social insects like honeybee and termites, metabolic heat is useful for
temperature regulation in the colonies. Ideal temperature for brood development in honeybees
is 34.5-35°C. Excessive heat of summers creates uneasy situation for the brood which is
overcome by transporting and spreading water in the hive by workers. On the other hand, low
temperatures during winter force the honey bees to cluster together to increase the
temperature of the hive a little above the air temperature.

TERRESTRIAL VERTERBRATES: Amphibians are a unique group of animals which show a
remarkable example of temperature adjustment in relation to the environment. The skin of
amphibians, although ineffective for physiological regulation, offers a good protection in extreme
situations. In dry and warm surroundings, water is lost from the skin by evaporation. When on land,
the wet skin functions like a wet-bulb thermometer and the constant evaporation of water from the
skin keeps the body temperature below that of the environment. Generally the amphibians are very
sensitive to high temperatures and in this respect they have a poor adaptability as compared to
reptiles, birds and mammals. Amphibians cannot withstand high temperatures on land owing to,
inadequte physiological mechanisms. However, they regulate their body temperature through
behavioural adjustments and thermal acclimatization (see Sections 10.9 and 10.10).
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10.6 TEMPERATURE RELATIONS OF HOMEOTHERMS

Although reptiles have some environmental constraints, they are the first group of terrestrial
vertebrates which mark the beginning of homeothermy by exhibiting thermoregulatory mechanisms at
the primary level. Birds and mammals maintain their body temperature independent of the
environment and have evolved efficient thermoregulatory devices. Heat is produced and conserved in
cold environments, while heat is lost in hot environments. Heat exchanges between the body and the
environment are regulated by thermoregulatory centres located in the hypothalamus which functions
like a thermostat. Regulation of the body temperature is brought about in the following ways:
(a) Heat production and heat loss are rapidly adjusted in relation to body and environmental
temperatures. This is physical heat regulation.
(b) Heat production is regulated by chemical heat regulation. This is done by accelerating
metabolic rate when heat requirements of the body are high.

Physical Heat Regulation

Homeotherms maintain a constant body temperature. In order to do so, it is necessary that the heat
production must be equal to heat loss. When the ambient temperature is lower than the body, the
body loses heat to the environment (Fig. 10.2). In order to compensate this heat loss, homeotherms
are capable of producing heat by stepping up their metabolic rate.

According to Newton’s law of cooling, the change of heat in a body per unit time is proportional
to the difference between its temperature and the ambient temperature. The relationship can be
expressed thus:

H
Ci’_t =C(T—-Ty
where C is thermal conductance, 7} is body temperature and 7', is ambient temperature. Since heat
loss = heat gain = heat production = metabolic rate, heat loss = C(T; — T ;). Therefore, C = metabolic
rate/(Ty — T).

Heat loss: Heat is lost from the body by skin, lungs and excretions. Skin forms by far the most
important source of heat loss. Homeotherms dissipate heat by conduction, convection, radiation and
evaporation. Thermal conductance of the body is of utmost importance since accumulation of heat in
the animal may produce death due to overheating. The problem of overheating has been observed in
fur seals, Callorhinus ursinus, which live in the arctic region. Fur seals live in water and dissipate
heat to the environment, the difference between core body temperature and that of the environment
being about 30°C. This is overcome by a heavy and waterproof insulation and a subcutaneous layer
of fat. When fur seals are in water, large quantity of heat is generated due to swimming which is lost
to the water through large and richly vascularized flippers. While on land, the flippers do not allow
heat loss as efficiently since air has a low specific heat. This creates a problem for fur seals when air
temperature rises above 12°C. Heat loss is not facilitated, hence death may follow.

The external factors that determine the amount of heat loss are temperature, humidity of the air,
velocity of air currents, and temperature of surrounding objects. Generally homeotherms maintain



Temperature Regulation 211

Ornithorhynchus

Echidna

Body temperature °C
N
o
\
\

10 — _

0 \ \ \
0 10 20 30 40
External temperature °C

Fig. 10.2 Relationship between body temperature and the ambient temperature for certain animals.

their core temperature higher than that of the ambient temperature allowing heat loss through skin to
cool the body. This establishes a temperature gradient from the core to the skin surface. If thermal
conductivity of the subcutaneous fat is changed by altering the blood flow, the direction of
temperature gradient is also reversed.

Heat lost from the skin is linked with two problems, i.e. the blood flow in the skin, and the
external insulation.

Blood flow in the skin: Blood flow in the skin is responsible for the regulation of heat loss.
During conditions of hypothermia (low core temperature) the flow of blood to the surface of the
body is restricted minimizing the heat loss. Consequently, the temperature of the skin surface falls.
On the other hand, during hyperthermia (high core temperature) the blood flow through the skin is
augmented so that there is a greater loss of heat through the skin. In such circumstances the
difference between the core body temperature and the skin surface is minimized.

Blood flow in the skin is controlled by the sympathetic nervous system. In conditions of
hyperthermia dilation of the blood vessels takes place to increase the blood flow. This is brought
about by:

(1) Relaxation of the activity of the nerves which cause vasoconstriction:

(i)) Increase in the activity of sympathetic vasodilator fibres; and
(i) Release of chemical substance, bradykinin from the sweat glands having a vasodilatory action.

External insulation: In homeotherms the skin is provided with structures like feathers, fur, hair,

etc., which function as insulators. The effectiveness of these insulating structures is enhanced by the

sympathetic nervous system. Air, which is a bad conductor of heat, is trapped between the feathers
or furs of the skin and acts as a barrier for the loss of heat.
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Chemical Heat Regulation

Practically all the heat in homeotherms is derived from the oxidation of foodstuffs. Although every
tissue contributes to heat production by oxidative mechanisms, the skeletal muscles contribute the
largest amount. Heat production mechanisms involve two processes.

Heat Propuction Due To Muscurar ActiviTy: In poikilotherms the chemical action varies
directly with the temperature of the reacting agents. The heat production is correspondingly reduced
followed by a fall in the temperature. In cold environments, the rate of metabolism gradually declines
in cold blooded animals. In cold environments, homeotherms show muscular activity to increase heat
production. Cold produces “shivering” which may increase heat production between 2 and 5 times
the basal level. This involves the somatic nervous system. On the other hand, exercise is able to
remove shivering by producing more heat and increasing the rate of heat loss. However, additional
heat produced as a result of exercise does not have a thermoregulatory significance.

NonsHIVERING THERMOGENESIS: In many mammals production of heat is stepped up without
involving muscular exercise. In resting or fasting state also, heat is produced at a steady level.
Nonshivering thermogenesis helps in acclimatization of mammals to low temperatures. Exercise has
no effect on nonshivering thermogenesis.

Heat production during nonshivering thermogenesis involves some change in the intermediary
metabolism which may be brought about by calorigenic action of hormones or brown fat.

Calorigenic action of hormones: Cold acclimated rats are able to utilize and synthesize more
glucose which is a consequence of hormonal regulation. Injection of norepinephrine in cold
acclimated rats shows a calorigenic action by enhancing body temperature and oxygen consumption.
Thyroxine also augments oxygen consumption increasing the heat output by accelerating the
metabolic rate.

Brown fat: In the young of many mammalian species (especially primates and rodents), brown
fat tissue occurs which is highly vascular and multilocular. It is well developed in hibernating
mammals and is an important site of nonshivering thermogenesis. The brown fat deposits are located
around the neck, thorax and major blood vessels. During prolonged low temperature exposures of the
body, brown fat deposits are increased. The brown fat has a rich blood supply and owing to this the
average oxygen consumption of it is higher than the rest of the tissues. The heat produced in the
brown fat is transported to the brain and head through blood circulation.

10.7 TEMPERATURE RELATIONS OF HETEROTHERMS

Certain mammals belonging to the class Prototheria and Metatheria (e.g Echidna, Ornithorhynchus,
Armadillos, Opposums, three-toed sloths, etc.) have low body temperatures in relation to their
environments and show a wide range of temperature and metabolic fluctuations. Such animals are
called heterotherms. Some parts of the body like legs, tail, ears, etc., have poor insulation as
compared to other parts and as such the temperature of these parts is lower than the core
temperature. Echidna has its body temperature at 34°C in relation to its environmental temperature
which is 35°C. In contrast to homeotherms, if the external temperature falls, the body temperature of
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Echidna also falls considerably. Some endotherms show diurnal variations in their body temperature.
Small mammals and birds come under this category. In herring gulls, the core temperature ranges
from 38°C to 41°C, but temperature of some peripheral parts ranges between 6 and 13°C. The gulls
can walk on ice at temperature —30°C, but if the gulls are acclimatized to warm laboratory conditions
and then allowed to walk on ice, their feet are frozen. In some birds the diurnal variations are
correlated with the activity during day as compared to the activity at night.

10.8 THERMOREGULATORY CONTROL CENTRE

Endotherms maintain a stable core body temperature and in order to achieve this a thermoregulatory
control centre becomes operative to balance heat production with heat loss. This is controlled by the
nervous system. Voluntary muscular activities or shivering enhance heat production and both these
activities are effected through motor nerves. Heat loss can be altered by varying the amount of blood
flowing through the skin or it can be increased by sweating. These activities are under the control of
sympathetic nervous system. Blood flow through the skin is able to maintain small adjustments in the
body temperature; however, larger adjustments are possible through shivering or sweating.

In homeotherms thermoregulatory control centres are located in the hypothalamus which
integrates the incoming sensory information through temperature receptors. There are two kinds of
thermoreceptors, viz. the peripheral thermoreceptors, and the central thermoreceptors. Peripheral
thermoreceptors are distributed all over the body surface and in certain portions of the alimentary
canal. Central thermoreceptors are situated in the body core.

The Hypothalamus

The hypothalamus is a small part of the brain situated below the thalamus. It forms the floor and part
of the lower central walls of the third ventricle. It is important in the internal regulation and contains
temperature sensitive cells constituting the thermostat of birds and mammals. It also contains
osmoregulatory receptors. Hypothalamus also exerts control on the endocrine activity of the body by
influencing the pituitary function. Thus it is obvious that the hypothalamus controls the autonomic
and endocrine functions of the body. Food and water intake, sexual behaviour, sleep and emotional
responses are also under the control of hypothalamus.

Stivuration Or Tue HypotHavamus: Hypothalamus contains thermoregulatory centres which
can be stimulated by electrical or thermal stimulus. Techniques have been evolved by placing fine
electrodes in the hypothalamic areas to localize temperature sensitive centres. It has been
demonstrated that there are two centres in the hypothalamus concerned with temperature regulation.
These are an anterior “heat loss” centre and a posterior “heat production” centre.

The anterior part of the hypothalamus behaves as a thermotaxic centre. It receives afferent
impulses from temperature-sensitive receptors in the skin and probably in the muscle in response to
which it is able to control loss of heat by sweating. Electrical stimulation of the anterior heat loss
centre causes vasodilation in the skin, vigorous panting and cessation of shivering. Stimulation of the
posterior “heat production” centre causes vasoconstriction of blood vessels in the skin, enhances
shivering and inhibits panting.
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The two regions of the hypothalamus concerned with the responses to hyperthermia and
hypothermia are anatomically interconnected. Hyperthermia activates the heat loss centre whereas
hypothermia activates heat production centre. Thermoregulatory centres in the brain can be activated
by thermal receptors in the skin or by changes in the temperature of the blood.

A study of the electrical recordings of the hypothalamus has shown that there are at least three
types of cells which show thermal sensitivity. These are:

(a) Heat receptors—cells which increase their activity when the hypothalamic temperature
increases, but skin temperature does not affect them.

(b) Cold receptors—cells which increase their discharge when hypothalamic temperature is
lowered and remains unaffected by changes in the skin temperature.

(c) Mixed receptors—cells which respond to increase in skin temperature, but further increase
their discharge when the hypothalamus also gets heated.

Thermal receptors in skin: Skin contains heat and cold receptors. Heat receptors are situated
deeper in the skin while the cold receptors are superficial in location and generally more abundant.
Many of these receptors are in the form of naked nerve endings. By increasing environmental
temperatures, the skin temperature is also raised causing increased discharge from the heat receptors
momentarily (about 2-3 seconds) and then settles down to the frequency corresponding to the
temperature. Upon withdrawal of the heat stimulus, the heat receptors reduce their frequency of
discharge. Similarly cold receptors can be made to discharge at a higher frequency by lowering the
temperature until they acquire adjustment to altered temperature. When the cold stimulus is
withdrawn, the cold receptors are temporarily withdrawn.

10.9 TEMPERATURE REGULATION IN ENDOTHERMS

Birps: Generally birds have a higher core temperature than the mammals. This is advantageous to
birds in hot weather, especially for those living in arid climate. However, the temperature range of
desert and non-desert species falls within the same range. The upper lethal limits for desert as well as
non-desert birds show marked diurnal cycles in body temperature with a narrow variation of 2-3°C.
Muscular activity increases body temperature temporarily.

In hot surroundings birds lose more water through respiration. In certain cases (American
Cardinal) at higher ambient temperature increased respiratory activity results in water loss at least
four times between 34°C and 40°C. This is evaporative cooling.

Heat transfer in birds: Besides evaporative cooling, there are several devices which facilitate heat
transfer to the environment. Such devices include holding the wings away from the body to expose
body parts, compression of plumage, increased blood flow to the legs and to the combs which
increase thermal conductance. In addition to this there are certain behavioural aspects involved in
temperature regulation. Many birds move into the shady area during day and reduce heat gain.
Soaring birds ascend to high altitudes to escape the heat of lower altitudes. Diurnal birds keep their
activities at a bare minimum in hot summer days to reduce metabolic heat production.

Manvmars: The core body temperatures of most of the mammals fall between 35°C and 40°C,
which is generally higher than the prevailing ambient temperature. Therefore, temperature regulation
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in mammals mainly concerns with ecological and morphological adaptations. Mammals continuously
lose heat to the environment by heat transfer mechanisms. The thermoregulatory process concerns
with (1) control of rate of heat loss to the environment and, (2) increasing heat production.

Mammals living in cold regions maintain a uniformly high temperature by controlling heat loss
and increasing metabolic heat production. The greatest contrast between poikilotherms and
homeotherms is in the heat production in relation to external temperatures (Fig. 10.3). During intense
cold the body temperature of mammals is maintained fairly constant. This is made possible by (a)
efficient body insulation consisting of hair, fur, subcutaneous fat, etc, (b) effective vasomotor control
and counter-current heat exchanges in the vascular system, and (c) decreasing cold sensitivity of
peripheral regions.
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Fig. 10.3 Pattern of heat production in respect of variations in body temperatures of homeotherms in relation to
variable external temperatures. The dashed line P shows the heat production in poikilotherms (Adapted from
Hoar, 1966).

In desert mammals, the problem of temperature is rather acute since the ambient temperature
exceeds body temperature. Under such circumstances heat moves from the environment to the body.
Since heat transfer takes place in a reverse direction, cooling of the body is brought about by
evaporation.
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Adaptations to High Temperatures

Thermoregulation is a problem for endotherms especially in desert regions where animals are faced
with intense heat. The ambient temperature exceeds the core body temperature and under such
circumstance heat moves from the environment to the body. Two physiological mechanisms are said
to be functioning:

1. Control of the rate of heat loss.

2. Transfer of endogenous heat against the thermal gradient from the body to the hot
environment by evaporation to keep the body cool. In deserts, water is in short supply, hence
animals cannot afford to lose water. The physiological solutions to meet this handicap are,
however, not yet available. Deserts abound in herbivorous mammals which support many
carnivorous birds, reptiles and mammals.

Adjustments of animals to intense heat of the desert is a problem of adaptation. Deserts are
usually located far away from the equator and experience marked seasonal changes in temperature.
Besides, the animals face a diurnal temperature cycle, that is during the day the temperatures are high,
after sunset quite low. Nights are cold. Thus the animals do not face continuous stress of heat.
Therefore, vertebrate animals living in the tropical deserts adjust to the extreme climatic conditions by
behavioural means according to their physiological capabilities aided by the complex nervous system.
Thermoregulatory problems of desert animals fall under three categories:

(a) Relaxation of thermal limits during which homeostatic control is maintained.
(b) Behavioural adjustments predominate thermoregulatory devices.
(c) Special structural and functional adaptations develop.

These aspects will be considered here in respect of desert mammals and birds.

The kangaroo rat (Dipodomys) is a small nocturnal desert mammal. This rat cannot withstand
high temperatures of the day, hence spends the hot day time underground retreating in the burrows
where humid conditions prevail. After sunset when the temperature comes down, the rat comes out
of the burrow. In this way, this small animal avoids evaporative cooling. This adjustment in the
kangaroo rat is of utmost importance since it cannot obtain its water requirement by drinking due to
non-availability of water. Water requirements, however, are partially met with from dry seeds and
plants on which it feeds, or from the metabolic water by oxidation of foods.

Camel is yet another example exhibiting desert adaptations and physiological mechanisms which
enable it to survive most successfully in high temperatures of desert. Camel is famous for travelling
long distances without drinking any water for days together. Schmidt-Nielson has explained certain
physiological mechanisms existing in the camel. According to him, and contrary to the popular belief,
camel does not have any storage space for water in its body.

Camel can tolerate very high environmental temperatures. This is because it has an unusually high
core temperature. When camel has no access to drinking water, the core temperature during the day
time may exceed 40°C, and when it has access to water the core temperature may be around 34°C.
Variation in core temperature is a means to conserve water by storing heat during the day. It has been
estimated that in a camel weighing about 500 kg, a rise of 6°C in core temperature would help in
storing about 2500 kcal. Besides this thermoregulatory mechanism, camel’s fur also acts as an
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effective barrier to heat transfer. It helps conserve water and retards heating up of the body. As
stated earlier, the camel does not have any storage capacity of water and avoids evaporation of water
by diurnal variations in the core temperature. Nevertheless, it does lose some water by way of
urination and respiration. It can withstand dehydration up to 25-30 per cent during long journeys
across the desert and avoids heat stress. When water is available camel can recover from dehydration
by drinking large quantities within a short time (see Chapter 8 also).

Birds have excelled themselves from the mammals in matters of adaptation to high temperatures
and high rate of heat production. They are more prone to meet the challenges of the environmental
temperatures. Birds have a temperature range of 39-45°C and therefore can sustain in areas of intense
heat. In certain cases when the ambient temperature is higher than the body temperature, birds can
lose heat by physical processes like conduction, convection and radiation. Although birds have a high
body temperature, they neither lose heat nor resort to sweating. However, evaporative cooling, as it
occurs in vertebrates, is facilitated. The thick covering of feathers acts as an insulator and affords
minimum water loss. Nevertheless, water is lost from the body from the buccal cavity and the
respiratory system while the bird pants. Panting increases breathing movements. In tropics and
temperate zones during summer, humidity is high owing to which birds lose about half of their body
heat by evaporation. In moderately high humid environments the body temperature of birds rises
resulting in hyperthermia, facilitating passive heat loss from the body. In avian hyperthermia there is
heat loss, whereas in the camel hyperthermia is caused by heat storage. In extremely low humid
environments, the body temperature of some birds is maintained below the ambient temperature. This
results in panting, and in order to sustain this some birds have evolved a novel method of gular flutter
requiring less expenditure of energy.

Effect of Cooling

Cold receptors upon stimulation evoke reflex responses to conserve heat. As a result of stimulation of
cold receptors, constriction of blood vessels supplying to the skin takes place reducing heat loss
considerably. Cold may bring about erection of hairs, feathers and increased muscular activity. The
blood temperature is lowered consequent upon which heat regulating centres become operative
followed by shivering.

Shivering steps up metabolic rate to produce more heat. It is believed that the adrenal cortex is
stimulated by exposure to cold which liberates noradrenaline. Increased metabolic response is due to
the combined calorigenic action of adrenaline and the thyroid gland.

Adaptation to Cold Environments

In order to cope up with energy requirements, endotherms consume more food in cold climate.
However, a rich food supply cannot be always ensured, hence certain adaptive patterns have been
evolved by small mammals and such patterns are grouped under adaptive hypothermia.

HisernaTiON: Hibernation or winter dormancy is a phenomenon in which the body temperature
falls to a low level in accordance with the ambient temperature during cold periods. It is a pattern of
adaptive hypothermia usually found in small mammals like rodents, insectivores and bats. In these
animals, the climatic stress and food shortage poses a problem of survival and as such the animals
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behave as poikilothermic during cold weather. The hibernants show a number of physiological
attributes which are as follows:

(a) The core body temperature falls 1-2°C below the environmental temperature.

(b) Oxygen consumption is reduced to as low as 5 per cent of the basal metabolic rate.

(c) Breathing rates are considerably reduced, sometimes prolonged suspension of respiration takes
place.

(d) Heart rate of the animal is markedly reduced, as low as 5-6 beats per minute. However, the
blood pressure remains adequate.

(e) A condition of torpor or profound sleep occurs during hibernation.

(f) Spontaneous arousal from torpor is possible in re-establishing high body temperatures of the
endotherms by stepping up heat production.

The adaptive responses described above are found in various types of hypothermia which have
been evolved independently in different orders under the influence of ecological and physiological
stresses. We can take the case of small birds and mammals which maintain normally high body
temperatures while active. During periods of inactivity, body temperature and oxygen consumption
drop to a low level. These animals have restricted feeding habits and as such undergo daily periods of
torpidity (birds feed during the day time and remain inactive during night). In regions of low
temperatures small mammals undergo prolonged periods of hypothermia (dormancy) in contrast to
mammals having daily torpor. Hibernation is an adaptive challenge requiring a previous preparation
before entering hibernation. Before winter dormancy starts, the animals store large amounts of fats
and experience periods of lethargy followed by long periods of dormancy.

Arousal from hibernation: It is a complex process. The hibernants arouse from their winter sleep
several times and the period of arousal may last from a few hours to several days. This period is
utilized for elimination of metabolic wastes and sometimes to consume food previously stored in the
hibernating site. The cause of arousal has been attributed to shivering and nonshivering thermogenesis
resulting in spurts of heat production and oxygen consumption.

In contrast to hibernation, many animals respond to periods of drought or high temperature and
aestivate to avoid hot climatic stress. Ground squirrels of the genus Citellus, which have a
cosmopolitan distribution, hibernate during winter and aestivate when serious drought prevails. Many
endotherms such as rodents, insectivores, marsupials, etc., aestivate.

10.10 ACCLIMATIZATION

Acclimatization is the term often used to denote adjustments to temperatures in the field in natural
environment, whereas acclimation is the term used for adjustment in laboratory conditions. Changes
in the climate are always associated with the changes in the metabolic rate of the animal. An animal’s
life can be studied in relation to its environment including temperature, oxygen supply, availability of
food and water, etc. If an animal is kept in a new environment other than its own, it may show
adjustments for its survival, failing which the animal may die. Some poikilotherms show an abrupt
increase in their metabolic rate when external temperature is raised and on cooling show a sudden
decline. These changes in the metabolic rates are described as compensation which are a
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consequence of acclimation. When the animal is returned to its normal temperature, 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 acclimation.

Thermal Acclimatization

The problem of thermal acclimatization has a compensatory influence of temperature on the
metabolic rate. Amphibians can tolerate high temperature which is in essence a consequence of
acclimatization.

RepriLes: Reptiles enjoy a transitory position in the animal world. They are believed to have
given rise to birds and mammals. With the exception of a few aquatic reptiles (crocodiles and turtles),
they are undoubtedly terrestrial in habits and show beginnings of some physiological
thermoregulatory mechanisms. Although thermal regulation of reptiles resembles that of amphibians,
they are capable of varying their temperature by habitat selection. They show many behavioural
adaptations and evolution of physiological capabilities anticipating thermoregulatory mechanisms of
birds and mammals.

Lizards kept in laboratory under constant conditions acquire body temperature equal to that of the
environment and thus behave as poikilotherms. However, if the lizard is kept in its natural habitat it
may behave differently by employing a thermoregulatory behaviour. Many snakes and lizards move
into the sun if the air temperature is lower than the body and gain heat. When the body temperature
rises above the preferred temperature, they again move in the shade and lose heat. Thus they maintain
their body temperature within a narrow limit by altering their behaviour. In desert reptiles
thermoregulatory behaviour is more efficient to suit various preferred temperatures. The American
desert iguana, Disosaurus, can adjust to temperature as high as 48°C which is more than birds and
mammals.

Physiological mechanisms involved in temperature regulation of reptiles are still at infancy stage.
Poor insulation of the skin allows a quick heat loss or heat gain. The heating and cooling rates are
under cardiovascular control. During eating, the heart rate is faster than at cooling. Nevertheless, the
rate of heat exchange between the lizard and the environment depends on the blood volume flowing
per unit time between core and the surface. Obviously, the circulation is faster during heating and
slower during cooling. The Galapagos marine iguana (Amblyrhynchus cristatus) maintains its body
temperature at about 37°C by behavioural regulation.



CHAPTER

Body Fluids

About 70-90 per cent of the total body weight of organisms consists of body fluids which circulate in
the body. The fluid remains in a state of motion and flows through a network of vessels (open or
closed) so as to reach every part of the body. Motion of the body fluid remains in a state of dynamic
equilibrium so long the animal is alive. The composition as well as the volume of these body fluids is
also maintained in a steady state. In aquatic animals, which are living constantly under water, volume
of the internal fluids remains constant irrespective of changes in the pressure of air or water.
Therefore the internal pressure and the volume of the fluids inside the body remain constant.

11.1 MAJOR TYPES OF BODY FLUIDS

Within the body of animals, body fluids occur either as intracellular fluids or extracellular fluids. The
intracellular fluids are present within the cell which are responsible for metabolic reactions.
Extracellular fluids, which appear outside cells and within tissues, provide nourishment to the cells
and also serve to eliminate waste products. In protozoa, only intracellular fluid is present which is
responsible for all the exchange mechanisms. However, the metazoans possess extracellular fluids
because of their increasing complexity in structure. In metazoans, extracellular spaces occur
prominently in the form of lumen and cavities and the fluid circulating in these spaces is
compartmentalized. In acoelomate animals, the spaces appear as interstitial channels, whereas in
coelomates additional circulatory system is present.

The extracellular fluid can be classified into several types.

In many pseudocoelomates like nematodes, entoprocta and rotifers, the extracellular fluid is
known as coelomic fluid. 1t is a watery fluid which supplies nourishment to different parts of the body.
It is also responsible for removing the wastes, but has no role in respiration.

In arthropods and molluscs (except Cephalopods), the extracellular fluid is called the
haemolymph which circulates in open channels. Although watery in consistency, it possesses some
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pigments also. Owing to the presence of these pigments, this fluid serves for nutrition as well as for
respiration. It is rich in proteins.

Lymph is a colourless fluid which is found in all vertebrates except cyclostomes and
elasmobranchs. It circulates in a well developed network of lymph channels which are extremely thin-
walled with a true endothelial lining. The channels originate in connective tissue spaces.

The lymph is similar to the plasma of blood in composition and contains lymphocytes and
granulocytes. The lymphatic system is an open system consisting of anastomosing channels and
lymph sinuses occurring beneath the skin, in the muscles, in the walls of the digestive system and
around the nervous system. Lymph fluid from the sinuses flows into the lymph vessels and from there
enters the blood veins. At the junctions where the lymph vessel joins the vein there are small
contractile [ymph hearts which ensure a continuous flow of lymph into the blood vascular system.
Lymph hearts are present in lower vertebrates, such as fishes, amphibians and reptiles. They are
absent in birds and mammals.

In mammals, lymph nodes or lymph glands are present which are solid bodies made up of
connective tissue and placed in the way of lymph vessels. These nodes contain aggregations of
lymphocytes which are formed inside them, and as the lymph flows past these nodes they are carried
away into the lymph circulation. Lymphocytes are a type of white blood corpuscles. Lymph nodes also
act as “filter” organs which prevent harmful substances from reaching the blood vascular system.

The flow of lymph is regulated by valves which allow it to go from smaller to larger vessels.
Movements of muscles, viscera, etc., pressing upon the delicate walls of the lymphatics, squeeze the
lymph.

Lymphatic system has many functions. One of the important functions of lymph is to convey
proteins to the blood plasma. The lymphocytes produced in the lymph nodes are responsible for the
destruction of foreign bodies and harmful bacteria. They also produce antibodies. Another function of
lymph is to convey lipids from the intestine to bloodstream.

Transcellular Fluids

These are certain specialized cavities or spaces in the body which contain fluids differing from each
other in their composition. Such cavities are distinguished as pleural, pericardial or cerebrospinal
cavities containing transcellular fluids. These fluids lubricate the organs contained in the cavities and
provide protection against shocks and injury.

11.2 BLOOD

Blood is a liquid tissue which flows through a network of closed circulating channels. The chief
liquid component is the blood plasma containing blood cells. Because of its physiological
significance, blood of humans will be dealt with in somewhat greater details.

Functions of Blood

Since the blood is a circulating fluid and almost every organ receives a blood supply, it performs a
number of vital functions in the body which are as follows:
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(1) Respiration: Transportation of oxygen and carbon dioxide is the fundamental function of the
blood. Transport of oxygen from the lungs to different tissues, and the transport of carbon
dioxide from the tissues to lungs is mainly effected by the blood.

(2) Transport of food materials: Blood is the only medium by means of which the absorbed food
materials are transported to various parts of the body.

(3) Excretion: Metabolic wastes like urea, uric acid, creatine, water, carbon dioxide, etc., are
transported by blood, to kidneys, lungs, skin and intestine for removal.

(4) Regulation of body temperature: The blood has an important role in the regulation of body
temperature by distributing heat throughout the body. This heat is generated in the muscles by
the oxidation of carbohydrates and fats.

(5) Maintenance of acid-base balance: The blood has buffering capacity and maintains normal
acid-base balance in the body.

(6) Regulation of water balance: Blood serves to maintain water balance in the body by
exchanging water between the blood and the tissue fluid.

(7) Defense: Blood affords protection to the body against infections and the antibodies.

(8) Transport of hormones: Blood is the only medium which serves to distribute hormones to
different parts of the body.

(9) Clotting: Loss of blood from the body through injury is prevented by the action of
thrombocytes of the blood.

(10) Transport of metabolites: Blood is responsible for the supply of chemicals and essential
metabolites.

11.3 GENERAL PROPERTIES OF BLOOD

Corour: Colour of the blood is generally red which depends on the nature of the haemoglobin, a
red pigment within red corpuscles. The venous blood has less redness and more blueness as compared
to the arterial blood which is oxygenated.

Blood is a liquid tissue mainly consisting of the plasma and the blood corpuscles floating in it.
Normally in a healthy person total blood volume varies from 6 to 8 per cent of the body weight.
About two-thirds of the total blood is plasma and one-third is the corpuscles. The volume of blood in
human body is about 8 per cent of the body weight. Thus, if a man weighs 80 kg, his body would
normally contain about 6.4 kg of blood.

Seeciric GraviTy: Specific gravity of the blood largely depends upon the number of red cells.
The specific gravity of normal blood is 1.06, but may vary from 1.05 to 1.06.

Osmortic Pressure: Osmotic pressure of the blood is about 28 mm of mercury. This osmotic
pressure is due to the presence of various salts, waste substances, proteins, and sugars dissolved in the
plasma.

Tue pH: The pH of the blood is about 7.35, that is, it is a weak alkaline solution. Blood has a
self-buffering capacity and the pH is maintained well within limits. A pH of 8 or much below 7 would
be fatal for an individual.



Body Fluids 223

11.4 COMPOSITION OF BLOOD

Oxygenated blood is about 3-4 times more viscous than water. If the blood is centrifuged, two distinct
fractions can be removed: (a) the plasma and (b) blood cells called the formed elements.

The Plasma

The plasma is a homogeneous fluid, pale yellow in colour and alkaline in reaction. Under normal
conditions, in man plasma forms 55-60 percent of the total volume of blood. It is composed of about
91 per cent water and 9 per cent of solid materials, out of which about 7 per cent are proteins only.
The composition of the blood in man has been thoroughly worked out, hence the description
presented here would relate to human blood only.

Prasva ProtrIns: The total protein concentration in the plasma is about 7gms/100 ml. All
proteins may be separated by precipitation by different salt concentrations and the relative amounts of
different proteins may be accounted for by paper electrophoresis. Four major categories of plasma
proteins are known: albumins, globulins, fibrinogen and haptoglobins. Various fractions of these
proteins are shown in Table 11.1.

Table 11.1 Composition of Plasma Proteins in GMS/100 ML of Fresh Blood

Plasma proteins Normal values gms/100 m/
Total proteins 6.3-7.8
Albumins 3.2-5.1
Globulins 2.5
o4~ Globulins 0.06-0.39
o, - Globulins 0.28-0.74
B - Globulins 0.69-1.25
v- Globulins (Immunoglobulins) 0.8-2.0
IgA 0.15-0.35
IgG 0.8-1.8
IgM 0.08-0.18
IgD 0.003 approximately
Fibrinogen 0.2-0.4
Mucoprotein 0.135 approximately
Haptoglobins 0.03-0.19

The concentration of plasma proteins remains constant even during dietary variations and
abnormal conditions. Prolonged malnutrition, however, affects the protein concentration. All types of
plasma proteins can be isolated and quantitatively determined by paper electrophoresis. This method
commonly employed in clinical work is known as immunoelectrophoresis. This is a semiquantitative
method, but zone electrophoresis in starch or polyacrylamide gel gives a better and accurate
separation.
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Albumins: These have the lowest molecular weight (69000), and are synthesized mainly in the
liver. Albumins have a half-life of 17-20 days and about 10-12 gms of these are produced every day in
a healthy person. In certain abnormal conditions the albumin content of the plasma is lowered;
concentrations below 2 gms/100 ml are always associated with oedema.

Globulins: The molecular weight of globulins varies between 90,000 and 100,000. They are
separable into a number of sub-fractions (Table 11.1). o-and B-globulins carry the lipid fraction of
proteins, while gamma globulins contain antibodies for generating immune responses. Variation in
various fractions of globulins is of diagonostic importance. Globulins are synthesized in the
reticuloendothelial system, in macrophages and in the lymphocytes.

Fibrinogen: This is essentially a type of globulin of a high molecular weight, 400,000. It is a
precursor of fibrin in the blood coagulation process. Fibrinogen is exclusively formed in the liver, but
its increased concentration in the plasma is associated with a rapid erythrocyte sedimentation rate.

Haptoglobins: Four types of haptoglobins are known so far that are present in varying
combinations. They have the property of binding small amounts of haemoglobin, about 1.35 mg/100
ml of haemoglobin can be bound in this way.

Plasma proteins have several important roles. Firstly, they help in maintaining colloid osmotic
pressure of the plasma. The osmotic pressure of the blood is about 28 mm of mercury under normal
circumstances. Secondly, plasma proteins are essential in immune reactions of the body. Thirdly,
protein deficiency of food is made good by utilizing the plasma proteins. And, above all, plasma
fibrinogen is essential in clotting of blood.

Plasma carbohydrates and fats: There are small amounts of glucose and fats dissolved in the
blood plasma. Glucose concentration in plasma varies considerably due to metabolic disorders. There
are, however, several devices which maintain the glucose concentration in blood within normal limits.
The fats are in the form of neutral fats.

Inorganic ions: Inorganic salts of iron, calcium, potassium, magnesium and sodium in the form of
chlorides, sulphates carbonates and phosphates are present in concentrations which, under normal
circumstances, do not vary much and behave as electrolytes.

Plasma Nitrogen: Plasma nitrogen is present in the form of urea, uric acid and other non-protein
compounds. Besides these, fairly good amount of nitrogen is present in plasma proteins.

Other substances: Gases like oxygen, carbondioxide are found in the plasma. Certain hormones
are also present in the plasma which include adrenaline, nonadrenaline, androgens, oestrogens,
insulin, adrenocorticotrophic hormone, thyroxine and pituitary hormones. A very large number of
enzymes are found in the plasma. Some important enzymes are: alkaline phosphatase, aldolase,
dehydrogenase, glucose-6-phosphatase, lipase, maltase etc. All the vitamins are also present in the
plasma.

Non-protein constituents of the whole blood and the plasma are given in Table 11.2.

Brooo ELecTroLyTES: Blood is rich in anions and cations which function as electrolytes. The
average concentrations of these in the plasma and cells are given in Table 11.3. The plasma should be
electrically neutral, that is, the number of anionic charges must be equal to the number of cationic
charges. Besides, the ionic concentration should be independent of strong electrolytes, that is to say,
the presence of Na', CI" and HCO; ions should be independent of sodium chloride and sodium
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Table 11.2 Non-protein Organic and Inorganic Constituents of Whole Blood and Plasma Values
in mg/100 ml

Constituents Whole blood Plasma or Serum

Non-protein nitrogen

Total - N 28 - 39 22 - 29
Urea - N 8.9 - 15.2 9.6 - 17.6
Amino acid - N 4.6 - 6.8 43 -77
Creatine - N 1.0-1.6 0.3-04
Creatinine - N 0.4 - 0.6 0.4 - 0.5
Uric acid - N 0.3-1.3 03-1.3
Nucleotide - N 44 -74 0.2-04
Ammonia - N 0.01 - 0.02 0.01- 0.02
Bilirubin (total) — 0.26 - 1.4
Bilirubin (direct) — 0.1- 0.5
Carbohydrates

Glucose 60 - 90 120 (maximum)
Glycogen 1.6 - 16.2 —
Hexosamine — 83.4
Pentoses — 1.80 - 3.29
Hexuronic acids 4.1-93 04-14
Neuraminic acid — 60
Lipids

Total, ether soluble 397 - 722 400 - 700
Neutral fats 85 - 237 0 - 450
Fatty acids 290 - 420 200 - 450
Non-esterified fatty acids — 10 - 17
Cholesterol total 129 - 228 120 - 250
Free cholesterol 80 - 110 30 - 60
Bile acids 2.5-6.0 0.2 - 3.0
Bile salts — 5-12
Phospholipids total — 150 - 250
Metabolic products

Acetone bodies 0.5 0.3 -0.9
Pyruvic acid 0.41- 1.11 0.5-1.0
Lactic acid 47 - 15.1 6.1 - 16.9
Citric acid 1.3-23 1.6 - 3.2
Malic acid 0.24 - 0.75 0.01 - 0.9
Inorganic materials 0.8 0.9

bicarbonate. In the blood sodium ions are mainly extracellular and potassium ions intracellular, the
distribution of which are maintained by active transport. The kidney is also responsible in controlling
the cations in the blood through acid base balance and hormonal influence.
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Table 11.3 Principal Blood Electrolytes in One Litre of Whole Blood (1 Litre of whole Blood = 550 ml
Plasma Plus 450 ml Cells).

Plasma constituents Cell constituents Total
mEq/1Plasma mEqg/1 mEqg/1 cells mEq/1 mEg/q
whole whole whole
blood blood blood
Cations
Na* 135 - 155 79.8 16 - 25 9.5 89.3
K* 3.1-55 2.3 92 - 100 42.8 45.1
Ca* 2.1-27 1.4 — — 1.4
Mg* 1.3-18 0.9 2.5 1.1 2.0
Total 153.3 84.3 118.5 53.3 137.6
Anions
(on 100 - 107 56.7 58.9 26.5 83.2
HCO;5~ 27.0 14.9 16.7 7.5 22.4
Phosphate 2 1.1 1.5 0.7 1.8
Sulphate 1 0.6 — — 0.6
Plasma proteins 15.6 8.6 — — 8.6
X~ 4.7 2.4 4.7 2.1 4.5
Haemoglobin — — 36.7 16.5 16.5
Total 153.3 84.3 118.5 53.4 137.6

There are two types of anions in the blood: These are anions of mineral acids like Cl” and SO427
which do not combine with hydrogen at the blood pH. Other anions pertain to organic acids which
include lactate and pyruvate. The second type of anions comprise of the plasma proteins,
haemoglobin, oxyhaemoglobin, HCO,™ and PO,*~ (phosphate). These act as blood buffers. Plasma
proteins carry negative charges, hence called anions. Similarly, haemoglobin and oxyhaemoglobin
also act as anions since their isoelectric point is lower than the blood pH.

11.5 FORMED ELEMENTS OF BLOOD

The formed elements or the structural components of the blood include the erythrocytes (red blood
cells), the leucocytes (white blood corpuscles) and the thrombocytes (blood platelets) which are
suspended in the plasma.

Haematologic Parameters of Red Blood Cells

A. Red Blood Cells. In mammals and the humans, erythrocytes are circular and biconcave,
without a nucleus. Their size averages about 7.6 W in thickness and about 8.8 W in diameter. The
stroma of red cells is permeated with haemoglobin, estimated to be about 90% of the weight of the
cells. The red blood cell (RBC) count gives the number of RBCs found in a cubic millimeter (mm?®) of
whole blood and provides an indirect estimate of the blood’s haemoglobin content. Normal values are
4.5 to 6.0 million/mm?> of blood for males: 4.0 to 5.5 million/mm? for females.
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B. Haematocrit (Hct) or packed cell volume (PCV). It measures the percentage by volume of
packed RBCs in a whole blood sample after centrifugation. It is determined by putting uncoagulated
whole blood in a Wintrobe tube which is calibrated (Fig. 11.1). The tube is centrifuged for 30 minutes
at a speed producing 1500 g and the percentage is calculated for the volume of red cells. The Hct
value is usually three times the haemoglobin value and is given as percent. A low Hct indicates such
conditions as anaemia or overhydration; a high Hct denotes such conditions as polycythemia or
dehydration.

Plasma

Blood white

Cdlls

Red cells

Fig. 11.1 Determination of Haematocrit. Whole blood is centrifuged in a tube and allowed to settle. The haematocrit, that
is, the volume of red cells per 100 ml of whole blood, is obtained by multiplying the number at the top of the
red cell fraction by 10.

C. Haemoglobin (Hb). Haemoglobin, a complex of protein (globin) and iron, is produced in the
red cells and synthesised from acetic acid and glycine. The product is called a porphyrin, which
combines with iron to produce a haeme molecule. Four haeme molecules then combine with one
molecule of globin to form haemoglobin (Fig. 11.2). The molecular weight of haemoglobin is about
64,500. The haemoglobin content can be measured in a haemoglobinometer which measures the
grams of haemoglobin contained in a 100 ml of whole blood and provides an estimate of the oxygen-
carrying capacity of the RBCs. Normal values range from 14 to 18 g/100 ml for males and from 12 to
16 g/100 ml for females. The high value depends on the number of RBCs and the amount of
haemoglobin in each RBC. A low Hb value indicates anaemia.

D. Wintrobe Indices or RBC indices. They provide important information regarding RBC size, Hb
concentration and Hb weight. They are primarily used to categorise anaemias.
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COOH

o]

haemoglobin

(b)

Fig. 11.2 Chemical structure of haemoglobin. (a) pyrrole ring, (b) haemoglobin molecule—the carbon atoms of the
pyrrole rings carry groups which are either methyl (CH,—), vinyl (CH, = CH—), or propionic acid
(HOOC-CH,—CH,) groupings.

(a) Mean corpuscular volume (MCV) is the ratio of the Hct to the RBC count:

Het (%) x 10
RBC count (in millions)

=MCV

The MCV value essentially evaluates average RBC size and reflects any variation in RBC size.
A low MCV indicates microcytic (undersized) RBCs, as occurs in iron deficiency. A high
MCYV indicates macrocytic (oversized) RBCs, as occurs in vitamin B, or folic acid deficiency.
The normal value of MCV is 90 + 10.

(b) Mean corpuscular haemoglobin concentration (MCHC) represents the average concentration
of Hb in an average RBC, defined as:
Hbx 100
Hct

The normal value for MCHC is 34 + 2. A low MCHC indicates hypochromia, resulting from
decreased Hb content.

= MCHC
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(¢c) Mean corpuscular haemoglobin (MCH) represents the amount of Hb in an average RBC and
is defined as:

Hbx 10
RBC count (in millions)

The normal range of MCH is 30 + 4.

E. Reticulocyte Count. 1t is a measure of immature RBCs (reticulocytes), which contain remnants
of nuclear material. They circulate in the blood for about 1 to 2 days in this form hence, this provides
an index of bone marrow production of mature RBCs. Reticulocytes normally comprise 0.5% to 1.5%
of the total RBC count, or 25,000 to 75,000/mm>. An increased count occurs during haemolytic
anaemia, acute blood loss and iron deficiency. Aplastic anaemia occurs due to a decreased count.

= MCH

F. Erythrocyte Sedimentation. Sedimentation effect results from alterations in plasma proteins.
Sedimentation rate can be found out from the RBC settling from whole, uncoagulated blood over
time. Normal rates range from 0 to 15 mm/hr for males and from 0 to 20 m/hr for females.
Erythrocyte sedimentation rate (ESR) increases in acute or chronic infections, rheumatoid etc. ESR is
useful in demonstrating the presence of occult organic disease.

White Blood Cells (WBC)

The WBC are called leucocytes, which are slightly larger than the red cells. They are colourless or
transparent and can be easily counted under microscope after proper staining. They are nucleated
possessing one, two or more nuclei, and move about with pseudopodia. There are five main classes of
WBC (Fig. 11.4). The normal range of WBCs is 5,000 to 10,000/mm’. An increased WBC count
signals infection, and a decreased count indicates bone marrow depression, resulting from viral
infection or toxic reactions to chemical agents (Table 11.4).

D ©

Neutrophil Eosinophil ~ Basophil Monocyte  Lymphocytes

Fig. 11.3 Types of leucocytes.

The WBC differential evaluates the distribution and morphology of five major types of WBCs—
the neutrophils, basophils and eosinophils (granulocytes) and the lymphocytes and monocytes
(nongranulocytes).

A. Neutrophils include polymorphonuclear leucocytes, also known as PMNs, and immature
bands. Neutrophils stain with neutral dyes and phagocytize and degrade many types of particles. They
serve as the body’s first line of defense when tissue is damaged or foreign materials gain entry. They
congregate at the sites of infection in response to a specific stimulus through a chemotactic action.
Certain bacterial, viral and fungal infections cause an increase in their number resulting in
neutrophilic leucocytosis. A decrease in the number of neutrophils may cause neutropenia.
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Table 11.4 Percentage Values of WBC Cell Differential Count Under Normal and Infection Conditions

White blood cell count

Cell type Normal With infection
percentage value
Total white blood cells 8,000 (100%) 15,5000(100%)
Neutrophils
Polymorphonuclear leucocytes 50-70% 82%
Segmented bands (immature) 3-5% 6%
Lymphocytes 20-40% 10%
Monocytes 0-7% 1%
Eosinophils 0-5% 1%
Basophils 0-1% 0%

B. Basophils. They stain deeply with blue basic dyes and are few in number (1%). They are small
and contain large granules; in tissues they are referred to as mast cells. An increased number of
basophils (basophilia) may occur with chronic myelogenous leukemia.

C. Eosinophils. They stain deep red with acid dyes and are associated with immune reactions.
They contain a bilobed nucleus and show phagocytic behaviour. An increase in the number of
eosinophils, known as eosinophilia, occurs during acute allergic reactions (asthama, drug allergy etc.)
and parasitic infestations.

D. Lymphocytes. They have a large bean-shaped nucleus with dominant role in immunologic
activity. They produce antibodies. Two main classes are B lymphocytes and T lymphocytes; T
lymphocytes are further subdivided into helper (Th) and suppresor (T,) cells. An increased number of
lymphocytes, called lymphocytosis, usually accompanies a normal or decreased total WBC count,
caused by viral infections. A decrease in number, [ymphopenia, may occur due to severe illness,
immunodeficiency or the AIDS virus.

E. Monocytes. These are largest of all white blood cells, ranging from 16 to 22 u in diameter, and
characterised by the presence of a large, indented or horseshoe shape nucleus. They are phagocytic
and destroy or devovour infectious agents. Monocytosis, i.e. increase in number of monocytes occurs
during acute infections.

Thrombocytes or Platelets

The platelets, smallest formed elements of the blood (about 2 to 3 W in diameter), are very fragile,
irregularly shaped, containing distinct granules but no nucleus. They are involved in blood clotting
and are vital to the formation of a haemostatic plug after vascular injury. The normal range of platelet
count is 150,000 to 300,000/mm?*. However, their number may vary from time to time, usually
increasing after exercise and haemorrhage. The platelets, formed inside the bone marrow, are derived
from megakaryocytes by budding while passing through the walls of sinusoids. The life of platelets is
about 10 days in the circulating blood, and in case of transfusion into a patient having no or low
platetlets, their life-span is reduced to one or two days. A decrease in platelet count causes
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thrombocytopenia, which can occur in conditions, such as idiopathic thrombocytopenic purpura,
dengue fever (haemorrhagic fever caused by Aedis aegypti), or occasionally from drugs like quinidine
and sulfonamides.

Besides their participation in clotting, platelets are also believed to possess the property of
adhesion owing to which they are able to stick to foreign surfaces and plug up holes in
capillaries. The platelets contain a thromboplastin precursor and quantities of histamine and
5-hydroxytryptamine, which are released during coagulation. Anticoagulants reduce the adhesion
property of platelets.

Origin of Formed Elements

The process by which all types of blood cells are formed is called haemopoiesis and the organs where
these are formed are called haemopoietic organs.

Erythropoiesis. The formation of erythrocytes or red cells is known as erythropoiesis. In the
embryonic life, red cells are produced by liver, spleen and thymus and after birth they cease to
produce them and the function is taken over by the red marrow of bones, ribs, vertebrae, and to some
extent, with the exception of children, in the ends of the limb bones. The red cells pass through
several stages of development before they enter the peripheral circulation. The RBCs originate from
megaloblasts which are devoid of haemoglobin in early stages, but possess a nucleus. At a later stage,
it acquires haemoglobin and undergoes reduction in size, a stage called proerythroblast, followed by
normoblast stage (Fig. 11.4). Normoblast still has a nucleus which is gradually expelled in course of
maturation. The cells, now called reticulocytes, are discharged in the bloodstream, and within few
hours, lose their reticulated pattern and transform into mature erythrocytes.

Vaure s

— Proerythroblasts —  Reticulocytes —»  Erythrocytes

—— Megakaryoblasts— Megakaryocytes —» Thrombocytes
(platelets)
Pluripotent

gemcells  Pool of
(Bone —> Committed ——» —— Monoblasts ——  Promonocytes —— Monocytes

marow) ~ Stemcells

__ Segmented
granulocytes
(bands)

— Neutrophils

—— Myeloblasts —» Myelocytes ——»

| Basophils

L Eosinophils

L Lymphoblasts —» Polymorphocytes —»| | lYmphocyte
|— B lymphocyte

L— Plasmacell

Fig. 11.4 Formed elements of the blood derived from the stem cells of bone marrow. Mature cells are found in the
peripheral blood circulation.
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Erythropoiesis or red cell production is controlled by a kidney-produced humoral factor called
erythropoietin, whose primary action is considered to be the stimulation of cells in the marrow,
producing increased number of erythroid elements. However, the kidney is not the only source of
erythropoietin, since very small amounts of the hormone with the same marrow stimulating effect
have been detected in the plasma of nephrectomised patients.

Erythrocytes have a short life-span, about 110 days, after which they are destroyed in the liver.
Upon destruction, haemoglobin is liberated and undergoes changes to form bilirubin, that is finally
excreted in the facces. The iron component is set free and a good part of it is reused in the formation
of new haemoglobin. Approximately 2.5 million cells are destroyed per second and almost equal
number is produced each second. This mass destruction of erythrocytes produces about 250 mg bile
salts per day.

Production of Leucocytes. The three varieties of granulocytes are formed in the bone marrow,
whereas small lymphocytes are produced in the lymph nodes and lymphoid tissue, generally
throughout the body. Reticulocytes are elements of reticuloendothelial system, consisting of primitive
cells normally present in the general connective tissue, lung, spleen, liver, lymph nodes, bone marrow
etc. There are many varieties of these, some of which are motile and possess phagocytic properties.
Monocytes are also derived from reticuloendothelial system.

The reticuloendothelial cells in the blood sinuses in the liver are known as Kupffer cells. These as
well as those of the bone marrow and connective tissues possess the ability to convert haemoglobin
into bile that is liberated from erythrocyte disintegration. Spleen also contains macrophages, also
called neutrophils, which are phagocytic. In embryonic life granulocytes are also formed in the
spleen, but its ability ceases just before birth.

11.6 BLOOD GROUPS AND TRANSFUSIONS

The transfusion of whole blood into persons who have lost a great deal of blood due to haemorrhage
or accidents brings up the problem of blood grouping or blood typing. Blood cannot be transfused
indiscriminately and the donor’s blood has to be matched with that of the recipient needing a
transfusion. This is called compatibility of blood. 1f the whole blood of a wrong type is given, the red
cells stick together or agglutinate causing plugging up of blood capillaries resulting in death of the
recipient. Such a blood is incompatible.

The most outstanding land mark in the history of blood transfusion was the discovery of
isoagglutination and A-B-O blood groups in human beings by Karl Landsteiner in 1900. His
sensational discovery won him a Nobel prize. Subsequently, in 1902 Decastello and Sturli discovered
the fourth and the rare blood group AB.

In 1927 Landsteiner and Levine discovered the M and N blood groups by injecting human red
cells into rabbits. This produced antibodies M and N, resulting in the identification of M, N and MN
types of human populations. In the same year, another blood group P was reported. In 1937
Landsteiner and Wiener discovered a blood group factor by injecting the red cells of Rhesus monkey
into rabbits and designated it as Rh-factor. Subsequently, about a hundred of different blood factors
belonging to about 12 blood group systems were described of which only a few are clinically
important.
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Inheritance of Blood Groups

Blood group factors are highly specific and follow a typical Mendelian inheritance pattern. In the A-
B-O blood groups, suppose the three alleles A, B and O occur in one locus of a chromosome. The
occurrence of the alleles is in such a way that only two alleles can combine in one individual. The
possible gene combinations that may arise are: A A, B B, O O (homozygous) and A O, B O, and A B
(heterozygous), assuming A and B are dominant and O recessive. The gene O is called an amorph
since it does not produce any recognizable affects. The possible genotypes and phenotypes in the
A-B-O system are shown in Table 11.5.

Table 11.5 Blood Groups-A-B-O and Possible Genotypes and Phenotypes

Blood groups Genotypes Phenotypes
A AA or AO A
B BB or BO B
AB AB AB
0 00 (0]

Table 11.6 gives the possible genotypes of the children arising from matching in different blood
groups.

Table 11.6 Blood Groups of the Offspring in A-B-O Matgsing

Blood group of parents Blood group of children Blood groups that cannot be
O0xO0 (0] A,B, AB
OxA 0O, A AB, B
OxB O, B A, AB
O x AB A B O, AB
AxA A O B, AB
AxB A, B, AB, O None
A x AB A, B, AB 0]
BxB B, O A, AB
B x AB A, B, AB 0]

AB x AB A, B, AB 0]

Antigen-antibody Reactions

It has been found that the blood proteins are species specific which behave as foreign substances
when introduced into the body of a different species. Such differences between proteins of different
animal species can be detected by means of precipitin test. Introduction of a serum protein into the
body of an animal to whom it is foreign has been studied in relation to immunological reactions. For
example, if the blood of a patient suffering from pneumonia containing Pneumococcus is given to a
healthy person, the normal reaction of the tissues is to produce antibodies which are specific to the
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proteins of the infecting organisms. If the healthy person survives the disease, he is said to be immune
from the infection. His blood contains antitoxins which neutralize the toxins produced by the invading
bacillus.

There are two types of substances in the blood known as antigens (agglutinogens) and antibodies
(agglutinins). The antigens are complex chemical substances which are present in the red blood cells.
Chemically, the antigens are a combination of a protein component called sapten which cannot
produce antibodies but can combine with them. The red cell antigens are present on the surface.

An antibody is a protein present in the serum globulin that is formed in response to an antigenic
stimulus. Human serum globulins contain many antibodies of different types.

Almost all proteins act as antigens which react with antibodies if injected into an animal who
does not possess specific proteins in its tissues. The reaction between a given antigen and its
corresponding antibody is known as antigen-antibody reaction. Both antigen and antibody cannot be
present in the same blood, for the red cells of a donor do not agglutinate by the serum of the recipient.
There are two types of red cell antibodies present in the human sera: (1) Naturally occurring
antibodies like anti-A and anti-B isoagglutinins (isoagglutinin is a agglutinin which reacts with the
agglutinogen found in members of the same species) and, (2) Immune antibodies which are produced
as a result of antigenic stimulus. The process of antibody formation is known as immunization.

If the antigen is derived from a member of the same species, it is known as iso-immunization, and
on the other hand, if antigen is derived from a member of another species, the process is called
hetero-immunization.

Agglutination

The red cell antigens when mixed with their corresponding antibodies on a slide cause clumping
(agglutination) or haemolysis of the red cells. The antibody causing agglutination is called agglutinin
and the antigen producing it is referred as agglutinogen. When the red cells burst open, haemolysis
results and the antibody causing it is called haemolysin, and the antigen as haemolysinogen.

The A-B-0 Blood Group System

Under this system, there are four blood groups designated as A, B, AB and O. In this system the
serum of a healthy individual is tested with the red cells of other healthy individuals. These tests
depend upon the presence of two antigens called A and B present in the human red cells and their
corresponding antibodies anti-A and anti-B present in the serum (Table 11.7).

Table 11.7 Blood Groups, Their Antigens and Antibodies in Human Blood

Blood group Antigen Antibody Frequency in Indian
(agglutinogen) (agglutinin) population
in red cells in serum
A A Anti-B 22%
B B Anti-A 33%
AB A&B None 5%
0] None Anti-A and

Anti-B 40%
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The table indicates that the blood group of an individual is named after the presence or absence of
one or both antigens A and B in the red cells. In a person of group B or group O, antigen A is absent,
but naturally occurring antibody anti-A is present. In persons with group A or group O, antigen B is
lacking while the serum contains anti-B. The serum of group AB contains antigens A and B, but none
of the antibodies. The blood group AB is rare and was discovered in 1902 by decastello and Sturli.
Wiener suggested that the blood group O serum contains an isoagglutinin anti-C in addition to anti-A
and anti-B.

In active blood transfusions, if the red cells of the transfused blood agglutinate by the recipient’s
serum, the transfusion cannot be made and the blood is said to be incompatible. In order to determine
compatibility of blood, a small amount of the blood is diluted with the normal saline and then a drop
of this mixture is added to the test sera belonging to group A and B separately. Thereafter the blood is
examined under a microscope to observe if agglutination has taken place or not. If agglutination does
not occur, the blood is said to be matching. Individuals belonging to group O are called “universal
donors” because their red cells lack antigens A and B and are not agglutinable by the sera of other
blood groups. Individuals of group AB are said to be universal recipients since their sera lack
antibodies anti-A and anti-B. Persons of this group can receive blood from all other groups
(Table 11.8).

Table 11.8 Determination of Blood Groups

Recipient
Donor Group O Group A Group B Group AB
Red Cells O; Red cells A; Red cells B; Red cells AB;
plasma AB plasma B plasma A plasma O
Group O - - - -
Group A + - + -
Group B + + - -
Group AB + + + -

Note: — denotes absence of agglutination
+ denotes agglutination

The Rh System

It has been observed that an individual of blood group A can donate his blood to individuals of group
AB. This is possible since AB is a universal recipient group. Sometimes it was observed that
agglutination occurred in such cases which must have been due to some unknown factor. This was
discovered by Landsteiner and Wiener in 1937 and was named R/ factor or Rhesus factor. The factor
was named after the rhesus monkey, Macacus rhesus in which it was discovered first. Landsteiner and
Wiener injected rhesus monkey’s blood (red cells) into a rabbit to produce an immune serum or anti-
rhesus serum. This anti-serum agglutinated red cells in 85% human population and rhesus monkey red
cells as well. This suggested the presence of a new antigen in human erythrocytes called ‘Rh’ in the
antiserum that produces anti-Rh antibody. The human, population possessing Rh antigen are called
Rh positives, and those lacking it are Rh negatives. The distribution of Rh antigen in man is
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independent of the blood groups and the Rh antibody appears in the serum of an individual after
immunization only. The Rh-negative individuals can be immunized against the Rh factor in the
following ways:

1. By transfusing Rh-positive blood,
2. By intramuscular injection of Rh-positive blood, and
3. By pregnancy with a Rh-positive foetus.

The incidence of Rh-positive and Rh-negative individuals in different racial populations is given
in Table 11.9.

Table 11.9 Percentage of Rh-negative and Rh-positive Population in Different Races

Races Rh-negative Rh-positive
Whites 85.0 15.0
Negroes 95.5 4.5
Indians 93.0 7.0
Japanese 99.4 0.6
Chinese 98.5 1.5

While studying specific cases it was observed that transfusion of Rh-positive blood to Rh-
negative individuals results in the formation of anti-Rh bodies (antibodies) without any apparent ill
effects. If the individual is subsequently transfused with Rh-positive blood even after a lapse of
several years, a haemolytic reaction follows that often proves fatal.

A similar situation arises if an Rh-negative woman conceives a Rh-positive foetus. If the baby’s
Rh-positive cells get into mother’s circulation at the time of delivery, these cells cause the mother to
produce Rh-antibody, although no harm is done to the mother since she does not possess Rh cells.
First baby will be unharmed. However, if the mother becomes pregnant second time with an Rh-
positive foetus, the antibodies from maternal circulation enter the foetal circulation through the
placenta and build up a high concentration destroying the red cells. If by chance, the mother is given
a second transfusion of Rh-positive red cells, the Rh antibodies will be formed and agglutination will
occur causing haemolysis of Rh-positive cells proving fatal. Hence, Rh-negative girls and women of
child-bearing age must never be injected with Rh-positive blood.

Other Blood Groups

Besides A-B-O and Rh systems, there are other blood groups of little clinical importance which are
inherited independently of A-B-O groups according to Mendelian laws. Some of these well known
groups are listed below along with the names of their discoverers:

M-N-S Landsteiner and Levine (1927)
P Landsteiner and Levine (1927)
Rh-Hr Landsteiner and Wiener (1937)
Kell Coombs, Mourant and Race (1946)

Lutheran Callender and Race (1946)
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Lewis Mourant (1946)
Dufty Catbush, Mollison and Parkin (1950)
Kidd Allen, Diamond and Neidzeila (1951)
I-i Wiener and Unger (1956)

Haemolytic Disease

The study of blood groups is important in the field of haemolytic disease of the newborn. Sometimes
the newborn babies with blood Groups A and B born of mothers of Group O, start showing clinical
symptoms of jaundice. The symptom occurs soon on the first or the second day after the birth. This is
caused due to erythroblastosis. The cause is yet not fully known. It has been shown that the placenta
is permeable to certain antibodies present in the maternal blood which cross over to the foetal
circulation. These antibodies are called “immune” antibodies and cause haemolysis of foetal red cells.
Although most children possess blood group antigens which are inherited from the father (mothers
usually lacking them), mothers generally do not produce immune antibodies. However, in rare cases
when immunization of mothers occurs, the foetus is affected and develops haemolytic disease. The
most important antibody which may cause haemolytic disease of the newborn is that of Rh antigen D.

11.7 COAGULATION OF BLOOD

When a sample of blood is drawn from the blood vessels, it turns into a jelly-like mass within 3 to 10
minutes. This process is called clotting or coagulation After some time the clot shrinks and a fluid
called serum is expelled from it. Upon microscopic examination, the clot is found to consist of
corpuscles of blood enmeshed in a network of thread-like substance called fibrin. Fibrin is a gel
which is not present as such in the circulating blood, but is formed from fibrinogen which remains
dissolved in the plasma. The conversion of fibrinogen into fibrin is catalyzed by an enzyme thrombin
which is produced from it precursor prothrombin. The conversion of prothrombin to thrombin takes
place with the help of thromboplastin in the presence of calcium. Thromboplastin is released from
damaged tissues (blood vessels) and the blood platelets. The reason that blood does not clot while in
circulation is that this enzyme is absent from circulating blood and is released only when the blood
vessels get cut or injured. Calcium ions are normally present in the plasma. This process has been
summarized in the following scheme:

Blood
i i i l Tissues
Plasma Leucocytes Erythrocytes Platelets
Prothrombin + Cca’ ¥ Thromboplastin

Fibrinogen + Thrombin

Fibrin + Corpuscles
| WEE——
Clot
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The thromboplastic activity originates from two sources, the extrinsic and intrinsic systems. The
extrinsic factors are present in the tissues and the intrinsic factors in the plasma itself (Table 11.10).
Tissue thromboplastin is present in the tissue extracts of lung, brain, placenta and testis which is
liberated due to injury.

Table 11.10 Clotting Factors and Their Synonyms

Factor Name Synonym

I Fibrinogen

II Prothrombin

111 Thromboplastin

v Calcium

Vv Labile factor Proaccelerin, accelerator globulin
(Ac-globulin)

VII Proconvertin Stable factor, Serum prothrombin

conversion accelerator (SPCA);
Cothromboplastin, autoprothrombin

VIII Antihaemophilic factor (AHF) Antihaemophilic globulin (AHG)

IX Christmas factor Plasma thromboplastin component (PTC)
X Stuart-Power factor

XI Plasma thromboplastin anticedent (PTA)

XII Hageman factor

XIII Fibrin-stabilizing factor (PSF) Laki-Lorand factor (LLF), Fibrinase

Thromboplastin (Stage 1)

Thromboplastin catalyzes the conversion of prothrombin to thrombin. Substances for thromboplastin
activity are released from the plasma, platelets and the tissues. The factors which contribute to the
thromboplastic activity include Antihaemophilic globulin (AGH-factor VIII), plasma thromboplastin
anticedent (PTA-factor XI, Christmas factor—factor 1X), Hageman factor (factor XII), Stuart-power
factor (factor X), and labile factor (factor V). Thromboplastic precursors are also contributed by the
tissues as well as from the platelets.

Prothrombin (Stage Il)

Prothrombin is a globulin and an inactive precursor of thrombin which keeps on circulating in the
plasma. Prothrombin is formed in the liver and released into the bloodstream. The conversion of
prothrombin to thrombin requires interaction of thromboplastic factors which include factors VII, IX
and X. This process requires sufficient quantities of vitamin K since calcium is necessary in clotting.
Lack of any of these factors would inhibit the conversion of thrombin from prothrombin.

Fibrinogen (Stage 1ll)

Fibrinogen is another protein which is essential in the process of coagulation. Fibrinogen is also
formed in the liver which functions under the influence of thrombin. The conversion of fibrinogen to
fibrin requires factor II.



Body Fluids 239

11.8 THEORIES OF COAGULATION

Blood coagulation is a complex chemical process. Several theories have been advanced to explain the
mechanism; however, no single theory is complete in itself. Some of the theories proposed by various
workers are given below.

Howell’s Theory

Howell studied the blood clotting mechanism in Limulus. He extended his observations to the clotting
mechanism in the mammalian blood which were later modified by Ferguson. According to Howell’s
theory, thromboplastin is released by the dying cells and the platelets, although small quantity of
thromboplastin is also present in the blood plasma. In the next step, this thromboplastin reacts with a
prothrombin-antiprothrombin complex to release prothrombin. Prothrombin is then converted into
thrombin in the presence of calcium ions. Thrombin now reacts with fibrinogen to form fibrin. It was
suggested that an enzyme tryptase is responsible to convert prothrombin to thrombin. The theory is,
however, incomplete in the sense that it does not explain the exact nature of thromboplastic
substances. The exact role of tryptase in the clotting process and the chemical reaction involving
fibrinogen to fibrin have not been explained satisfactorily. The process can be summarized as shown
below.

Blood
\ \

Plasma Corpuscles
\ i i)

Prothrombin—Antithrombin<« Thromboplastin (Cephalin)

++

Prothrombin + Ca
Fibrinogen i

Thrombin — Fibrin

Fuld and Spiro Theory

The theory put forward by Fuld and Spiro differs from that of Howell in one important respect. They
showed the presence of an enzyme thrombokinase which is produced by the blood platelets. This
enzyme activates prothrombin to thrombin in the presence of calcium ions. Thrombin then reacts with
fibrinogen to produce fibrin.

Theory by Quick and Coworkers

Quick and his coworkers proposed a theory which is quite different from Howell’s theory. According
to this theory, the blood platelets release an enzyme Thromboplastinogen. A labellizing influence is
also exerted on the platelets so that the clotting process is hastened. The scheme can be summarized
as follows:
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Platelets Plasma
Stage 1 )
L Thromboplastinogen <«—
Stage 11 (Enzyme)
Thromboplastin = + Prothrombin ~ + ca’
“Lebellizing
influence”
Stage 111 | Thrombin + Fibrinogen
Fibrin

11.9 HAEMOLYSIS

Disintegration of red blood corpuscles and subsequent release of haemoglobin from them is known as
haemolysis. The chief cause of haemolysis is the changes in the osmotic pressure inside the red cells.
The osmotic pressure inside the red cells is equal to the osmotic pressure of the plasma. If the
corpuscles are placed in hypotonic salt solutions, swelling up of the corpuscles takes place which
leads to their bursting and consequent release of haemoglobin. Haemolysis can also occur if the
corpuscles are kept in distilled water. Certain chemical agents can also cause haemolysis. Dilute acids
and alkalies and bile salts can cause haemolysis. Mechanical shaking of blood with ether and
chloroform destroys the corpuscles by dissolving the lipids of the stroma. Snake venoms have a
haemolyzing influence which is due to specific substances called haemolysins. When foreign blood is
injected into the body of an animal, haemolysis occurs. Bacterial infections produce specific
haemolysins in the blood (e.g.. streptococci, Bacillus tetanus, etc.) causing haemolysis. Haemolysis is
also brought about by whipping the blood, by freezing or thawing. Haemolyzed blood becomes
transparent and acquires a deep red colour due to the release of haemoglobin.

Clot Retraction

During the clot formation the fibrin threads are formed. The clot then undergoes contraction which
brings the fibrin threads closer due to shortening. The texture of the clot becomes hard and it adheres
to the vessel in which the blood is contained. This phenomenon of clot contraction is termed as clot
retraction. During clot retraction serum is squeezed out. Blood platelets are necessary for clot
retraction.

Anticoagulants

Intravascular clotting is prevented by certain substances present in blood which act as natural
inhibitors of coagulation. Such substances are called anticoagulants. Intravascular coagulation of
blood can take place due to injury of blood vessels, or presence of foreign substances like bacteria. It
may also be induced by injecting large amount of tissue extracts. In the normal course, anticoagulants
present in the blood would retard the coagulation process. There are at least three inhibitors present in
the blood, which are heparin, anticephalin and antithrombin.

Coagulation may be inhibited by removing free calcium ions by adding neutral salts like sodium
sulphate (Na,SO,) or magnesium sulphate (MgSO,). Vigorous strirring of blood also prevents
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coagulation. In this process fibrin is deposited on the stirring rod which can be removed from the
blood.

Real problem of preventing blood coagulation is faced in laboratory experiments while doing
blood analysis. For such experiments, chemical substances are used which act as anticoagulants, such
as sodium citrate, sodium oxalate and disodium ethylenediamine tetraacetic acid (EDTA). Two
important anticoagulants, heparin and coumarin are obtained from animal and plant sources. Heparin
is a normal constituent of blood which is formed chiefly in the liver, lung and muscles. Heparin
inhibits coagulation at two points; the formation of thrombin and reaction between thrombin and
fibrinogen are interfered.

Another chemical, coumarin of plant origin, is an active anticoagulant which interferes with the
production of prothrombin, factor VII and factor X in the liver. Coumarin, which is generally known
as dicumarol, acts as a vitamin K antagonist and inhibits the release of factor VII. Thus the action of
coumarin can be reversed by administration of vitamin K. Thus, coumarin and heparin appear to be of
much value in preventing intravascular clotting.

Thrombosis

Earlier it has been seen that the life-span of blood platelets is for four days only. It is thus clear that
the platelets are constantly undergoing destruction, and also new ones are being formed
simultaneously. One would expect that due to destruction of these platelets coagulation process may
set up in the vessels. However, this does not happen since an anticoagulant is present in the
circulation. Yet there may be conditions when intravascular clotting may take place. Due to some
injury or other reasons, a clot may be formed intravascularly which gradually becomes hard. This clot
may be detached from its position and may enter in circulation, sometimes occluding the blood
vessels causing thrombosis. Intravenous clotting is more common in veins due to sluggish flow of
blood. Intravascular clotting is accompanied by prolonged rest in bed and varicosity of the veins. In
certain cases, thrombosis may occur 8-12 days after surgical operations owing to increase in the
number of platelets.

Pulmonary thrombosis or embolism is another case of thrombosis which usually occurs after
surgical operations. In spite of the normal wound healing, suddenly the patient develops a serious
condition and expires. This is due to the blood clot clogging the pulmonary blood vessels. Usually the
clot is formed elsewhere, but is carried away in the circulation to the pulmonary vessels. Pulmonary
embolism occurs due to overloading of blood with thromboplastin, exceeding the amount of heparin.

Haemostasis

The clotting of blood may cause a number of diseases including occlusion of pulmonary blood vessels
leading to death. Disturbances in blood coagulation may lead to bleeding diseases. These processes
are responsible for haemostasis.

Failure of blood clotting mechanism causes a disease haemophilia in which the blood is
incoagulable due to the absence of fibrinogen. The disease is a genetic one which is sex-linked. In this
disease the females act as the carriers whereas the males are always the sufferers. Due to this genetic
deflect, factor VIII, and probably some other factors are not produced in sufficient quantities.
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There is another haemorrhagic disease, thrombocytopenia in which the plateet count is very low.
Whenever there is a small wound the bleeding occurs continuously for a long time. Coagulation fails
to occur owing to the failure of the small blood vessels to contract. If at all the clots are formed, they
fail to retract. As a result of small haemorrhages in skin and mucous membranes, bleeding occurs in
subcutaneous spaces giving the areca a blue or purple tinge. This disease is known as
thrombocytopenic purpura wherein the blood loses its oxygen content.

11.10 HAEMATOLOGICAL ABNORMALITIES

Interference of drugs or chemicals results in abnormalities of blood cell components or their numbers.
Some drugs affect the bone marrow, thereby disrupting all formed elements of the blood, whereas
others may interfere with only a particular type of blood component.

Anaemia

Anaemia is characterised by a decline in the RBC count. There are several types of anaemia attributed
to various causes.

(1) Aplastic anaemia develops when a drug suppresses or destroys bone marrow stem cells,
causing deficiencies of all formed elements of the blood. Benzene derivatives, insecticides,
and chloramphenicol are some compounds that can cause aplastic anaemia.

(2) Megaloblastic anaemia stems from impaired synthesis of DNA by RBCs, resulting in slow cell
division and production of large, immature, dysfunctional RBCs.

(3) Pernicious anaemia is due to considerable reduction in the RBCs; cells become nucleated and
assume a large size without appreciable loss of haemoglobin.

(4) Disease related anaemia is caused by diseases such as malaria, kalaazar, sepsis,
ankylostomiasis (hookworm disease) etc. These diseases cause large scale destruction of
RBCs.

(5) Anaemia due to nutritional deficiency results when the rate of formation of RBCs is much
slower than the rate of destruction, or there may be a lack of haemopoietic factor.

(6) Secondary anaemia occurs due to the loss of blood by haemorrhages. Bleeding causes blood
loss lowering blood pressure, and to restore the blood volume tissue fluid migrates into it,
suppressing the blood count significantly.

(7) Haemolytic anaemia, characterised by premature RBC destruction, may be induced by two
different drug-related mechanisms.

(a) Certain oxidant drugs such as antimalarials and sulphonamides interfere with RBCs in
patients with glucose-6-phosphate dehydrogenase deficiency.

(b) A drug-induced immune haemolytic anaemia results from certain antigen-antibody
reactions. For example, with penicillin administration, IgG antibodies may react with the
RBC-pencillin complex, resulting in haemolysis.

(8) Sickle-cell anaemia, characterised by sickle-shaped RBCs, generally locked together
obstructing the flow of blood in capillaries. This is a genetic abnormality prevalent in Negro
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populations, often proves to be fatal, caused by substitution of valine in place of glutamic acid
in the protein chain of haemoglobin.

Leucopenia

It is an abnormality in which white blood corpuscles (WBC) are considerably reduced.

(1) Agranulocytosis is a severe reduction in the number of granulocytes (basophils, eosinophils,
and neutrophils), caused by drug-induced hypersensitivity reactions or by bone marrow
suppression at the myleoblast level.

(2) Neutropenia is characterised by a decreased neutrophil level caused by oncologic drugs.

(3) Disease-related leucopenia is caused by fever, sore throat, chills, rash, and secondary
infections.

Leucocytosis

Increased number of leucocytes beyond the normal range causes leucocytosis. Internal infections,
appendicitis and certain viral infections may lead to abnormally high number of WBC (more than
10,000/mm?). During pregnancy and in the newborn also the number may increase. In contrast to this,
a decrease in number of WBC results in a condition known as leucopenia. Sometimes in the absence
of any infection, the WBC count becomes abnormal, a situation arising from excessive proliferation
of bone marrow myeloblasts. This condition leads to blood cancer or leukemia, which is associated
with low RBC count.

Thrombocytopenia

It is a condition characterised by abnormal reduction in the platelet level, may occur if a drug or
disorder causes platelet destruction or decrease platelet production.



CHAPTER

Circulation of Blood

In the preceding chapter, we discussed the body fluids and their functions. Of all the body fluids,
blood is the major transport medium in all the vertebrates which circulates in closed vessels. In order
to transport nutrients, gases, hormones and antibodies, the blood flows through a definite and
elaborate circulatory system. The blood is propelled by a well organized pumping organ into the
peripheral parts of the body through the arteries, veins and capillaries. The fine capillary network
allows exchange of water, electrolytes and nutritive materials across their thin walls.

The efficient system of blood circulation is responsible for the maintenance of homeostatic
mechanisms in the body. It is essential that the volume and the composition of the intracellular and
extracellular fluids are maintained constant since the proper fluid balance would help the animal
maintain its steady state. The volume of water and the concentration of the electrolytes are regulated
through the circulatory system.

Lower groups of animals have very simple structure and do not require an elaborate circulatory
system. In such animals, the metabolic rate is low and the surface area/body volume ratio is very high.
In simple animals like Coelenterates, the transport of food particles and dissolved oxygen is achieved
by water currents created by slow flagellar movements of endoderm cells. In small crustaceans blood
is pushed through tissue sinuses by the movements of legs and internal organs. In large crustaceans,
there is a dorsal tubular heart which pumps blood to different parts of the body through arterial
vessels. The abdominal vessels open into the cavities or sinuses which are filled by the blood. The
blood comes in direct contact with the tissues. Such circulatory systems are called open systems.

Vertebrates, on the other hand, have a closed circulatory system and the blood does not come in
direct contact with the cells and tissues; however, the diffusion of gases, water and other smaller
molecules is possible through the walls of the fine capillary network.
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12.1 THE BLOOD VOLUME

The volume of blood remains constant. In adult human beings, the total volume of blood is about 5
litres. The average volume of blood is calculated on the weight basis, i.e. approximately 70 ml of
blood for each kilogram body weight. The fluid volume of blood is not affected even when large
volume of water is taken. The excess amount of water is got rid of by enhanced urine output.
Similarly, during heamorrhage, considerable amount of blood is lost which is soon restored to normal
volume. After haemorrhage, the fluids from the tissues move into the blood vessels to restore the
blood volume. At the same time the urine output is also lowered considerably to make good the
losses. Apart from restoring the fluid volume of blood, the loss of erythrocytes is also compensated by
their increased rate of production in the spleen and the bone marrow.

Several methods are in use for determining the total blood volume in the body. The most reliable
and efficient method is the radio isotope I'*' method. In this method, albumin is combined with I'*!,
Albumin does not diffuse through the capillaries, and I'*! can be determined easily. If the plasma
volume and the percentage of the blood corpuscles are known, the total amount of blood can be
calculated as follows:

Blood volume = Plasma volume x 100

100 — haematocrit

Generally, blood volume remains constant since the normal blood pressure has to be maintained
at all times. However, under certain conditions the volume may vary within narrow limits. The plasma
volume of mammals decreases at high altitudes; whereas the volume of the red blood cells increases.

Laws of Circulation

Three major factors are involved in circulation and maintenance of pressures within circulatory
channels:

1. Active state of the animal.

2. Cardiac output.

3. Peripheral resistance.

In small and primitive animals, the general activity of the animal is largely responsible for the
blood flow. In higher animals too, the blood flow in certain specialized areas depends on this factor
(for example, in small veins of birds and mammals). The cardiac output is largely responsible for the
circulation since the blood volume and the force of the heart vary considerably. Peripheral resistance
is an important factor in the vertebrates and larger invertebrates with closed circulation. The velocity
and pressure of blood vary considerably within different areas governed by physical principles.

12.2 THE COMPONENTS OF CIRCULATORY SYSTEM

The blood circulation has two purposes: it serves to supply nutrients and oxygen to the tissues, and
removes wastes like carbon dioxide and others from the tissues. The essential components of the
circulatory system are the heart, arteries, veins and the capillaries. Some information about their
anatomy would be useful for the purpose of a better understanding of the circulatory process.
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ArteriEs: The arteries are thick-walled and muscular vessels that carry the blood away from the
heart. Structurally arteries are made up of three layers: intima, media and externa. They may be large,
medium and small. The medium sized arteries contain well developed musculature and are further
divisible into small arteries or arterioles. The walls of the arterioles also possess muscle layers which
cause these vessels to constrict or dilate. This property of Vasoconstriction of arterioles is responsible
for increasing the blood pressure to enable it to flow with a greater velocity. Arterioles are supplied
with neurons which respond to sympathetic stimulation. In response to sympathetic stimulation,
chemical agents like norepinephrine are secreted which produce vasoconstriction. Other chemical
agents like epinephrine, serotonin and, angiotensin also produce the same effect. If the vasoconstrictor
neuron is severed, the arteriole dilates. Vasodilation can also be caused by the action of chemicals like
acetylcholine, bradykinin, histamin, etc.

Veins: Veins are thin walled with fewer elastic fibres. The three layers present in the arteries are
also present in the veins, but they are much thinner. Small veins are called venules. The larger veins
of the abdomen and lower limbs possess valves which open in the direction in which the blood is
flowing, i.e. towards the heart.

CariLLaries: Capillaries are very fine blood vessels which are composed of a thin wall made up
of a single layer of flat endothelial cells. The cells have a basement membrane which is continuous.
Capillary wall is so thin that it allows transfer of gases or substances through it. Two types of
capillaries can be distinguished:

1. True capillaries.

2. Sinusoidal capillaries.

True capillaries are present in most tissues and have a lumen diameter ranging from 4 to 8 L.
Sinusoidal capillaries are channels with irregular diameter ranging from 5 to 30 w. Such capillaries
are generally found in blood forming tissues like thymus, lymph nodes, bone marrow, liver, spleen
and adrenal cortex.

The capillary walls are permeable, but the permeability is not the same the throughout the body.
The capillaries of the liver are most permeable. In conditions of trauma permeability increases to the
extent that even cellular elements can also pass through it. Although the capillary walls are very thin,
yet they are capable of withstanding pressures as high as 90 mm Hg or even higher.

Heart

The heart is a muscular organ which propels blood to various parts of the body. It is responsible for
maintaining the direction of the flow with the help of the valves present in it. The heart contracts
periodically to ensure continuous circulation and its stoppage would mean the death of the animal. In
order to study the physiology of the heart, it is necessary to consider the action and the control
mechanism of the heart.

12.3 HEART OF INVERTEBRATE

Acoelomates do not possess blood vessels and hearts (exception Nemertines). Coelomic invertebrates
have hearts which can be classified into three types:
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1. Tubular hearts.
2. Pulsating hearts.
3. Ampullar hearts.

Tubular Hearts

In arthropods, the systemic hearts consist of long, tubular contractile structures. The heart may be
suspended in a large pericardial chamber by means of elastic ligaments or it may be free without any
support. The heart is bathed in the surrounding haemolymph. In most arthropods (insects), the heart is
held in position by special alary muscles and receives blood by means of lateral paired openings
called ostia. The ostia are guarded by valves. These ostia openings close when the alary muscles
contract, and the blood is pushed through the artery. Consequent upon the contractions of the heart, a
negative pressure is created within the pericardial chamber thereby forcing the fresh supply of blood
from the haemocoel into the heart through the ostia. The entire heart may show wave of contraction.
In case of crustaceans, the blood passes from the heart into the arteries and arterioles and from there
to the gills. The veins then bring back the blood to the pericardial chamber. The heart of tunicates is
a convoluted tube situated in the pericardium. The heart pumps blood in one direction for some time
and then the direction of the flow is reversed.

Pulsating Hearts

Pulsating hearts are characteristic of annelids which have a closed circulatory system. These pulsatile
hearts contract in a peristalic fashion. In the earthworm, rhythmic pulsatile movements are observed
in the dorsal tubular vessel from the posterior to the anterior end. The lateral vessels, commonly
known as hearts, also beat rhythmically independent of each other. In Hirudinaria, there are two
lateral channels which show alternate contractions.

Ampullar Hearts

In certain animals ampullar hearts or accessory booster hearts are present which function as booster
pumps to force the blood with increased pressure. Such accessory hearts are commonly found in
cephalopods and insects. In cephalopods, these hearts help in forcing the blood into small peripheral
vessels. In insects they are situated at the base of antennae, wings and legs. In aphids, booster hearts
force the extracellular fluids into the legs.

12.4 HEART OF VERTEBRATES

The hearts of vertebrates are known as chambered hearts. Chambered hearts are also found in
molluscs where one or two auricles and one ventricle are present. In the vertebrate series, fishes have
two chambers in the heart, the auricle and the ventricle. In addition, two antechambers, the sinus
venosus and the conus arteriosus are also present. The sinus venosus opens into the auricle and the
conus arteriosus springs from the ventricle. The venous blood entering the sinus venosus is brought
into the auricle from where the blood comes into the ventricle which distributes arterial blood through
the conus arteriosus. The two chambered heart attained more specialization in its structure with the
evolution of land vertebrates. In reptiles for the first time the ventricle became incompletely divided
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by an incomplete ventricular septum. This ventricular septum became complete in birds and
mammals. Birds and mammals have four chambered hearts, having two auricles and two ventricles.
These hearts are highly specialized in their structure and function.

Structure of Mammalian Heart

The heart of mammals has attained a high functional efficiency. In order to understand the physiology,
we can examine the human heart. In man, the heart is situated in the thoracic cavity slightly displaced
towards the left side. The wall of the heart is composed of three layers, namely, the endocardium,
myocardium and the epicardium. The endocardium consists of connective tissues lined with a thin
layer of endothelium. The myocardium is the principal muscle layer which is thin in the auricles and
thick in the ventricle. The epicardium is made up of epithelial cells and connective tissue. The heart is
enclosed in a pericardial membrane. The space between the pericardium and epicardium is known as
pericardial space which contains a fluid. The pericardial fluid lubricates the heart.

The heart is four chambered. There are two auricles and two ventricles ensuring complete
separation of oxygenated and deoxygenated blood (Fig. 12.1). The blood enters the right auricle from
systemic circulation through the vena cavae. The left auricle receives blood from the pulmonary
circulation. The blood is then pushed into the two ventricles. The right ventricle receives
deoxygenated blood from the right auricle and pumps it into the pulmonary circulation. The left
ventricle receives oxygenated blood from the left auricle and pumps it into the systemic circulation
through the aorta.

The circulation of blood through the heart is guided by four valves. The left auricle opens into the
ventricle guarded by a mitral valve which is bicuspid, and the opening of the right auricle into the
ventricle is guarded by a tricuspid valve (Fig. 12.1). There is an aortic valve between the left ventricle
and the aorta. The opening of the pulmonary artery into the right ventricle is guarded by a pulmonary
valve.

12.5 PHYSIOLOGICAL PROPERTIES OF CARDIAC MUSCLES

The cardiac muscles are syncytial in nature and show a number of properties resembling the skeletal
muscles. The physiological properties of the cardiac muscles are discussed below.

Excitability and Contractility

Cardiac muscles are excitable and respond to various stimuli like thermal, chemical, mechanical or
electrical. In response to a specific stimulus physical changes are caused in the heart muscle. The
physical change is responsible to bring about contraction followed by a concomitant release of energy
which is proportional to the length of the fibres. A stimulus which causes contraction is called the
threshold of the stimulus. While undergoing contraction the heart muscle will not respond to any
stimulus. This state of the heart muscle is called refractory state. When the phase of contraction is
over, a subthreshold stimulus (feeble stimulus) fails to evoke an appreciable response; hence, a strong
stimulus would be necessary to make the heart responsive. This period is known as relative refractory
period.
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Fig. 12.1 Internal structure of the mammalian heart.

Automatic Rhythmicity

The heart beats are regular and occur in an orderly manner. The frog’s heart shows regular beats
starting from the sinus venosus followed by auricles, ventricle and the truncus arteriosus. The heart
has the inherent power to initiate its own heart beat without the help of any external agency. If the
heart of frog is removed from the body and kept in Ringer’s* solution, it continues to beat regularly
for some time. The muscle tissue beats faster than that of the auricles, and the auricular muscles beat
faster than those of the ventricle. This has been shown conclusively by applying Stannius ligatures. If
the ligature is tied round the sinuatrial junction, the sinus continues to beat, while rest of the heart

*Ringer’s solution of physiological saline consists of 0.6 gm of sodium chloride, 0.0075 gm of potassium chloride, 0.01 gm of
calcium chloride, 0.01 gm of sodium bicarbonate in 100 ml of water.
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stops and remains in a relaxed condition for some time and later regains beating at a slower rate. If a
second ligature is applied round the heart between the atria and the ventricle, the ventricle begins to
beat but at a slower rate. It could be concluded from this experiment that the rate of heart beats
diminishes in the descending order. The higher rhythmic activity of the sinus venosus is due to the
sinu-auricular node consisting of special cells that trigger the impulse. This is called the pacemaker,
Rhythmicity of the heart does not depend on the central nervous system. Although the frog’s heart is
governed by the vagus and sympathetic nerves.

In the frog’s heart, sinus venosus sets the pace since it beats faster. This property has been studied
by giving electrical stimuli to the ventricle to allow it to beat faster than the sinus. It has been
observed that in such a case the other chambers contract in a reverse order, i.e. the ventricle, the
auricles and then the sinus. If the sinus is warmed, it starts beating much faster, whereas the ventricle
remains unaffected.

Conductivity

The cardiac muscles are syncytial in nature. Due to this remarkable property has been studied by
giving electrical stimuli to the ventrical to allow it to beat faster than the sinus. It has been observed
that in such a case other any part of the heart is stimulated, the wave of excitation spreads over all
parts uninterrupted.

AvrL-or-NonE Law: The muscles of the heart are all interconnected. If an effective stimulus is
applied to the heart, it produces a maximum response. If the stimulus is weak, it will not elicit any
response. Thus, when an effective stimulus is provided to the heart, it will produce a maximum
response making all the fibres contract. This is called “all-or-none law” (also refer Chapter 12).

RerracTORY PERIOD: In skeletal muscle, the refractory period is very short, less than the
contraction period. For this reason, repeated stimuli can be given at short intervals producing
sustained contraction. In cardiac muscle the refractory period is quite long, almost equal to the
contraction period (Fig. 12.2). For this reason, the heart muscle normally does not show tetanic
contractions. In skeletal muscle, the refractory period lasts for 0.0015 sec whereas in cardiac muscle it
lasts for about 0.4 sec. During the contraction phase of the cardiac muscle any stimulus will prove
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Fig. 12.2 Diagram showing the tracings of the heart beat.
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ineffective, hence this is called absolute refractory period. After the phase of contraction is over, the
muscle undergoes relaxation. In order to elicit another contraction, a stimulus greater than the usual is
necessary. This period is called relative refractory period. In other words, the heart muscle will not
show any response before relaxation has taken place.

Staircase PuenomeNon: If the stimuli are applied repetitively at short intervals, gradual increase
in the height of four to five contractions is recorded (Fig. 12.3), after which the amplitude of
contractions remains constant. This phenomenon is called the staircase phenomenon or treppe. This is
probably due to accumulation of products that are beneficial. During contraction, lactic acid is
produced as a result of which the pH and the temperature rise slightly.

Fig. 12.3 Staircase phenomenon.

ErrecTs oF INnorGanic lons: If the excised heart of a frog is kept in Ringer’s solution, it keeps on
beating in a normal way for some hours. This is due to the fact that the composition of the Ringer’s
solution is similar to the frog’s plasma. The sodium, calcium and potassium ions are very essential to
maintain the muscular responses of the heart. Sodium ions contribute to the maintenance of the
excitable properties of the heart muscle. Withdrawal of sodium ions from the Ringer’s solution
weakens the contractions. Perfusion experiments with solution containing sodium salt only (calcium
and potassium ions absent) brings about the weakening and ultimately failure of the heart beats; when
calcium ions were added to the solution, the heart beats restored rapidly. Presence of excess of
calcium ions is found to produce vigorous contractions. Removal of potassium ions causes relaxation
of the heart to become feeble, ultimately stopping the systole. On the other hand, potassium-rich
solution facilitates relaxation.

Connuction TuroucH Tue Heart: The conduction system of the heart initiates two electrical
sequences that cause the heart chambers to fill with blood and contract. These are: (a) impulse
formation, the first sequence, takes place when an electrical impulse is generated automatically, and
(b) impulse transmission, the second sequence, occurs once the impulse has been generated,
signalling the heart to contract.

The conduction system consists of four main structures composed of tissue that can generate or
conduct electrical impulses.

(1) The sinuatrial or sinuauricular node (SA node), in the wall of the right auricle, contains cells
that spontaneously initiate an action potential. Serving as the heart’s main pacemaker, the SA
node initiates 60 to 100 beats per minute. Impulses generated by the SA node trigger auricular
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Fig. 12.4 Conducting system of the mammalian heart.

contraction. The impulses travel through internodal tracts—the anterior tract, middle tract,
posterior tract, and anterior interatrial tract (Fig. 12.4).

(2) At the atrioventricular (A V) node, situated in the lower inter-arterial septum, the impulses are
delayed briefly to permit completion of auricular contraction before ventricular contraction
begins.

(3) Atthe bundle of His, the muscle fibres arising from the AV junction, impulses travel along the
left and right bundle branches, located on either side of the intraventricular septum.

(4) The impulses reach the Purkinje fibres, a diffuse network extending from the bundle branches
and ending in the ventricular endocardial surfaces. Ventricular contraction then occurs.

The AV junction, bundle of His, and Purkinje fibres are latent pacemakers, they contain cells
capable of generating impulses. However, these regions are having a slower firing rate than the SA
node. Consequently, the SA node predominates except when it is depressed or injured.

Before cardiac contraction can take place, cardiac cells must depolarise and repolarise, resulting
from changes in the electrical potential across the cell membrane, caused by the exchange of sodium
and potassium ions. The action potential which reflects this electrical activity has five phases
(Fig. 12.5).

(1) Phase 0 (rapid depolarisation) takes place when sodium ions enter the cell through fast
channels; the cell membrane’s electrical charge changes from negative to positive.

(2) Phase 1 (early rapid repolarisation) occurs when fast sodium channels close and potassium
ions leave the cell. The cell rapidly repolarises returning to resting potential.

(3) Phase 2 (plateau) is reached when calcium ions enter the cell through slow channels while
potassium ions exit, stabilises the membrane’s electrical activity temporarily.
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Fig. 12.5 Myocardial action potential curve. The curve represents ventricular depolarisation/repolarisation. 0—phase 0
(rapid depolarisation); 1—phase 1 (early rapid repolarisation); 2—phase 2 (plateau); 3—phase 3 (final rapid
repolarisation); 4-phase 4 (slow depolarisation).

(4) Phase 3 (final rapid repolarisation) takes place when potassium ions are pumped out of the
cell as the cell rapidly completes repolarisation and resumes its initial negativity.

(5) Phase 4 (slow depolarisation). The cell returns to its resting state, with potassium ions inside
the cell and sodium and calcium ions outside.

During depolarisation/repolarisation, a cell’s ability to initiate an action potential varies. The cell
cannot respond to any stimulus during the absolute refractory period (beginning during phase 1 and
ending at the start of phase 3). A cell’s ability to respond to stimuli increases as repolarisation
continues. During the relative refractory period, occurring at phase 3, the cell can respond to a strong
stimulus. When the cell has been completely repolarised, it can again respond to stimuli. It has been
observed that cells in different cardiac regions depolarise at various speeds, depending on whether
fast or slow channels predominate. Sodium flows through fast channels, and calcium through slow
channels. In cardiac muscle cells where fast channels dominate, depolarisations occurs quickly. Slow
channels dominate cells of the SA node and AV junction, consequently they show slow
depolarisation.

Abnormal impulse formation and conduction may give rise to arrhythmias. Abnormal impulse
formation may stem from depressed automaticity (escape beats and bradycardia) or increased
automaticity as in premature beats, tachycardia and extrasystole. Impulse conduction may become
abnormal when there is a delay or block in the conducting system, or unidirectional conduction.
Arrhythmias may decrease cardiac output, reduce blood pressure, and disrupt perfusion of vital
organs.

ControL oF THE HEART BEAT: The rhythmic activity of the heart is an inherent property. As we
have discussed above, the pacemaker of the heart is responsible for initiating and spreading the wave
of heart beats. In some invertebrates, the wave of heart beats starts at the posterior end and spreads
anteriorwards. In earthworm, the beating of blood vessel starts from behind.
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In certain insects also, the heart muscles themselves show the rhythmic contractions and no nerve
cells or ganglia are associated as in Belostoma, Aeschna, etc.

In all cases, the heart is a specialized muscular tissue which keeps on beating periodically.
However, the exact triggering mechanism has not yet been known. Physiologists have recognized two
types of hearts.

Myogenic hearts: The myogenic hearts show their rhythmic activity due to the muscles
themselves. The vertebrate heart is myogenic type. The heart beat is initiated at the sinus venosus in
case of fishes and amphibians. In birds and mammals, heart beat starts from the sinuauricular node.
Some invertebrates also possess myogenic hearts in which the heart beats may originate from any
point.

Neurogenic hearts. In certain animals, the heart muscles are innervated by nerves. In such cases
regulation of heart beats is dependent upon nervous regulation. Majority of arthropods and
invertebrates in general, possess neurogenic hearts. Among insects, especially the orthopteran species
have neurogenic hearts. The nerve endings, upon stimulation, produce a chemical transmitter
substance called acetylcholine which seems to accelerate the heart beats.

The heart of Limulus is supplied with a ganglion cell on the dorsal surface of the heart. The
ganglion cell is made up of mutipolar neurons having connection with the lateral nerves. This median
ganglion is responsible for initiating heart beats. When the median ganglion is removed heart stops
beating. Among some annelids too, such as Lumbricus and Arenicola, nerve cells have been located
in the hearts which act as pacemakers. All neurogenic hearts are accelerated by the action of
acetylcholine.

Tue Carniac CycLe: Two phases can be recognized while the heart is beating: (1) sysfole—the
contraction phase, and (2) diastole—the relaxation phase. In mammals, the heart beats originate in the
sinuauricular node which functions as pacemaker. The two auricles simultaneously contract and force
their blood into the ventricles (auricular systole). After a slight pause, the ventricles contract
simultaneously (ventricular systole) and force their blood into the pulmonary artery and the aorta.
After each contraction phase the auricles as well as the ventricles relax for a while. This relaxation
period is called the diastole. The sequence of contractions and relaxations of the auricles and the
ventricles constitutes the cardiac cycle of the heart. The human heart normally beats about 70 to 80
times per minute and each cycle lasts about 0.8 sec. The auricular systole lasts about 0.1 sec. The time
taken by ventricular systole is 0.3 sec. and for the joint diastole, it is 0.4 sec (Fig. 12.6).

Carpiac Dynamics: When blood enters the right auricle, the pressure of blood is almost zero as
compared to the atmospheric pressure. The pressure of blood leaving the right ventricle is at 25 mm
of mercury, whereas the pressure of blood leaving the left ventricle is at 120 mm of mercury.

Starling s law: Starling and his associates postulated a law of the heart which states that the initial
length of the cardiac muscle fibre determines the force of contraction. In other words, greater the
initial length of the muscles, greater will be the force of contraction. The law of the heart has been
summarized by Starling as “The energy of the contraction is a function of the length of the muscle
fibres”. The initial length of the heart muscle depends upon the quantity of blood that flows into the
ventricle during diastole. The law proves that the heart is governed by a self-regulatory mechanism
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Fig. 12.6 Diagram showing the cardiac cycle.

which permits the heart to adjust automatically to the changes in the volume of blood during diastole
(Fig. 12.7).

Carpiac Ourput: Normally the volume of blood expelled by each ventricle is the same.
However, under exceptional circumstances blood volume expelled by both the ventricles may differ
for a short time. Hence, we can define the cardiac output as the volume of blood expelled by one side
of the heart per minute. The quantity of blood expelled out of the heart may depend on the following
factors:

1. The force of contraction.

2. Amount of blood entering the ventricles during diastole.

3. The heart rate.
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Fig. 12.7 Relation between tension developed by a frog’s heart contracting isometrically and its initial contained volume.

The cardiac output in man is approximately 5.5 litres per minute which may increase during
violent exercise. The quantity of blood expelled out from one side of the heart per beat is called the
stroke volume. In man, the actual volume at rest is about 80 ml. The stroke volume as well as the
cardiac output varies a great deal with the amount of muscular exercise.

Several methods are used to determine the cardiac output in man. Some of them can be briefly
mentioned here.

Fick'’s method: Fick’s principle states that in a given time the total amount of any gas gained or
lost in the lungs should be equal to the difference between the amounts of the gas brought to the lungs
in the arterial blood and the amount leaving the lungs in the venous blood. If we measure (a) the
amount of oxygen taken up by each ml of blood passing through the lungs, (b) the amount of oxygen
consumed per minute, and (c) the oxygen content of the venous blood, the cardiac output can be
calculated as follows:

Cardiac output _  Oxygen consumed per minute (ml/min)
(ml/min) Arterial O, content — Venous O, content
(ml O,/blood) (ml O,/ml blood)

On an average, at rest 250 ml of oxygen are consumed per minute. The arterial oxygen content is
about 0.195 ml/ml and the venous oxygen content is about 0.150 ml/ml. By using Fick’s equation: .

250 ml/min 250

; = = 5,556 ml/min
0.195 ml/min — 0.150 ml/ml 0.045

Cardiac output =

Radioisotope method. In this method, a known amount of a radioisotope is injected into the arm
vein. Usually I'*! combined with protein is used. One ml of standard isotope solution is injected. Now
1 ml of standard solution is diluted to a known volume. After 10 minutes, a known volume of blood
is drawn. Now 1 ml of the diluted standard is counted in a scintillation detector and similarly 1 ml of
blood is also counted and the equilibrium value is determined.
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Ceq X Blood volume

Ceq X Time

Cardiac output =

where C,, = counts per minute at equilibrium, and C,, = average count per minute during first
circulation.

The blood volume is calculated as:

Blood volume = Standard (c/mm). x 500
Blood (c/min)

where 500 is the dilution of the standard solution.

The cardiac output may vary under certain conditions. At rest, the cardiac output in man is about
5 litres per minute, whereas under abnormal conditions it may increase or decrease.

12.6 REGULATION OF THE HEART

From the preceding description, it is clear that the heart possesses automatic rhythmicity and is
governed by a self-regulatory mechanism. The greater the elasticity, the greater is the force of
contraction. However, the force of contraction depends upon nervous regulation and a number of
other factors such as temperature and hormones.

Electrical Activity of the Mammalian Heart

The functioning of the mammalian heart (human) can be recorded in the form of electrical activity
with the help of electrocardiography. The recording instrument is provided with electrodes which are
placed on the surface of the body. In all, there are four leads (electrodes) connected to the instrument
which are placed on the surface of the body in the following manner:

(1) Lead I connected to the right and the left arm

(2) Lead II connected to the right arm and the left leg

(3) Lead III connected to the left arm and the left leg

(4) Lead IV is placed on the chest over the heart.

The electrical activity of the heart is recorded on the chart recorder with the help of a moving
stylus. The typical electrocardiogram of a cardiac cycle (Fig. 12.8) consists of a series of waves
arbitrarily designated by Einthoven as the P wave, the QRS complex, the T wave and the U wave.

The P Wave: The P wave represents depolarization of the arteial musculature which spreads
radially from the sinuauricular node to the auriculo-ventricular node. It is ordinarily upright in lead I
and II (Fig. 12.8), but may be diphasic and inverted in lead III depending upon the direction of
depolarization. Its duration is about 0.11 second and amplitude about 2.5 mm.

The PR Interval: The delay in transmission of impulse at the AV-node on the electrocardiogram is
the PR segment of about 0.2 second. This is measured from the beginning of the P wave to the
beginning of QRS complex.
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Interval Interval

Fig. 12.8 Electrocardiogram of the human heart showing the sequence of events during the cardiac cycle.

The QRS Complex: The QRS complex is measured from the beginning of the Q wave to the S
wave and represents the wave of depolarization of the ventricle spreading through the auriculo-
ventricular bundle of His and the ventricular fibres. The normal range of QRS complex in adults is
from 0.06 to 0.1 second. Rarely it is less than 0.06 and the duration greater than 0.1 sec is indicative
of some cardiac disease.

The Q wave is about 3 mm in depth and is due to depolarization of the septum (about 0.03 sec
duration). The R wave is very high and varies between 4 and 22 mm in height with a duration of
about 0.07 second. The S wave is about 6 mm in depth.

The ST Interval: The duration of the ST interval is a measure of the duration of the depolarized
state plus that of repolarization. In most electrocardiograms, there is no true ST segment.

The T Wave: The T wave represents the wave of ventricular repolarization. The deflections above
the base line are positive waves and those below are negative. The T wave may be altered due to
many physiologic states other than those found in cardiac diseases. The physiologic states that may
alter the T wave are:

Drinking of cold water prior to ECG recording.
Smoking
Extreme emotional upset

v =

Variation in the position of the heart

5. Under the medication of digitalis

A negative T wave is an indication of some myocardial disease. Normally the T wave (Lead 1) is
about 0.5 mm.

The U wave: The U wave represents the positive after potential and the period of greater
excitability of the ventricles. In most of the electrocardiograms, it is not discernible, hence its
interpretation is difficult.

The wave form of the ECG is an indication of the state of heart and cardiac abnormalities can be
detected by distortion and irregularities in the normal wave form. Some abnormalities are discussed
here.
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Atrioventricular block: This is caused by some disease affecting the auriculo-ventricular bundle
interfering with the blood supply of the heart. In such a case, the ECG would show two auricular
deflections against one ventricular deflection.

Tachycardia: This is a disease in which the heart rate is rapidly increased enhancing the blood
flow. The rate ranges from 150 to 250 per minute. In normal heart the impulses arise from the sinu-
auricular node, but in tachycardia they are generated elsewhere (in the auricles or auriculo-ventricular
node or the ventricle). The rapidly occurring extra systoles impose a limitation on the filling time. The
drug atropine induces tachycardia.

Bradycardia: 1t is a disease causing the slowing of the heart beats.

Auricular fibrillation: This disorder is due to the defect in the muscle contraction of the heart.
The walls contract more rapidly, usually 400-600/minute and the auricles are never emptied. The
normal P waves are replaced by small waves (F waves).

Nervous Regulation

The force of contraction is governed by the nerves innervating the heart. In many invertebrates, such
as molluscs and arthropods, the heart beats are regulated by certain nerve centres. These nerve centres
are located in the centrally placed ganglia and may have acceleratory or inhibitory effect.

In vertebrates too, the heart beat and the blood flow are controlled by the nerves. The heart is
innervated by the autonomic nerves and the integration is achieved through medulla oblongata.

The Vagus Nerves

The heart of mammals has a dual control. The vagus nerve (X Cranial nerve) contains both
parasympathetic (motor) and sensory nerve fibres. The heart receives outgoing branches of the vagus
and sympathetic nerve fibres from the upper thoracic region of the spinal cord coordinated through
the medulla where the control centres are located. These control centres are made up of a number of
cell bodies which are of two types: (a) cardioinhibitor centre, and (b) the cardioaccelerator centre. The
inhibitor centre gives rise to parasympathetic nerves that travel to the heart and produce inhibitory
effect. The accelerator centre gives rise to accelerator nerves that travel down the spinal cord and have
an accelerator effect on the heart. The cardiac activity is regulated by these centres through vagal and
accelerator functions. Both the centres also send short neurons to each other, so that the activity of
inhibitory centres can depress the accelerator centres and vice versa. The cardiac functions are also
influenced by other parts of the brain such as thalamus and hypothalamus. These parts of the brain
contain such centres which, upon stimulation, affect the emotional states of individuals and increase
rate of heart beat, blood pressure during sleep and exercise.

The sinu-auricular and auriculo-ventricular nodes are innervated by the parasympathetic neurons.
When the vagus neurons are stimulated, the force of contraction is decreased showing slow heart
beats. The heart may stop completely, if stronger stimulation is given. Continued stimulation,
however, induces the ventricles to region contractions. This phenomenon is called vagus escape. In
other words, the ventricles continue to beat independently without getting impulses from the auricles.
This shows that the vagus has no direct effect on the ventricular activity, since the ventricles escape
from the inhibitory influence of the vagus. The vagus has an inhibitory influence in suppressing the
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sinu-auricular and auriculo-ventricular nodes which stops the ventricle. But the continued beating of
the ventricle is due to the action of the ventricular pacemaker.

The vagus nerves always send impulses to the heart which have a retarding influence on the rate
of heart beat. This is called the vagal tone. When the vagus nerves are cut, the heart rate is accelerated
owing to the loss of the inhibitory action of the vagus.

The Sympathetic Nerves

The sympathetic nerves or accelerator nerves arise from the second, third and fourth thoracic
segments of the spinal cord and reach the cervical sympathetic ganglia. From these ganglia
postganglionic sympathetic nerve fibres travel to the heart and innervate the sinu-auricular, auriculo-
ventricular nodes and the muscle fibres of the heart. The sympathetic fibres upon stimulation,
accelerate the heart rate and increase the force of contraction. If the sympathetic nerves are cut, there
is decrease in the heart rate, but if the parasympathetic nerves are cut, the heart rate increases. The
two systems have an antagonistic function.

Blood Pressure

Blood pressure is measured in terms of systolic reading which is 140 mm Hg and diastolic reading of
90 mm Hg. Elevation of blood pressure causes systemic hypertension in which systolic reading is
greater than 140 mm Hg and a diastolic reading greater than 90 mm Hg. Blood pressure is, therefore,
equal to (stroke volume X heart rate) X total peripheral resistance. Alteration of any of the factors on
the right side of the equation will result in a change in blood pressure, as shown in Fig. 12.9.

Sympathetic
Adrenergic system

v .

Blood _ Cardiac . Total peripheral |
pressure - output resistance
Aldosterone
Venous
Heart rate Stroke relumn,  plasma Angiotensin
volume volume I
Kidney » Renin

Fig. 12.9 Blood pressure regulation.

There are various determinants of blood pressure associated with cardiac output and total
peripheral resistance. Angiotensin, a vasopressor, not only increases total peripheral resistance but, by
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stimulating aldosterone release, leads to an increased plasma volume, venous return, stroke volume,
and ultimately an increase in cardiac output. Factors that bring about the regulation of blood pressure
are:

1. Sympathetic nervous system. In carotids and aortic arch pressure receptors, known as
baroreceptors, are located which respond to changes in blood pressure influencing vasodilation and
vasoconstriction. During vasoconstriction, the contractile force strengthens, increasing the heart rate
and augmenting peripheral resistance, thus increasing cardiac output. If pressure remains elevated,
then baroreceptors reset at the higher levels, sustaining hypertension.

2. Renal pressor system. Kidneys, besides excretory functions, have a blood pressure regulating
function. Occlusion of the renal artery and arterioles by atherosclerotic changes causes reduction in
the renal supply. Decreased renal perfusion pressure in afferent arterioles stimulates the
juxtaglomerular cells (renal cortex) to release an enzyme called renin.

The renin reacts with a specific substrate, angiotensinogen, circulating in the blood to produce
angiotensin [ which is a weak vasoconstrictor. Another enzyme in the blood, a converting enzyme,
acts on angiotensin I to convert it to angiotensin II having a very powerful vasoconstrictor effect
about 200 times that of noreptinephrine. The angiotensin increases the force of heart beat and
constricts the arterioles, and this often results in diminished renal blood flow even though peripheral
blood flow may remain unchanged. In addition to raising blood pressure, angiotensin also causes the
constriction of smooth muscles. This vasopressor also stimulates aldosterone release, with a resulting
increase in sodium reabsorption and fluid volume. Normal kidneys contain an enzyme angiotensinase
capable of destroying angiotensin. The reactions of renin—angiotensin—aldosterone system are shown
in Fig. 12.10.

Converting

" . . ) . enzyme ) .
Renin + Angiotensinogen (asubstrate — Angiotensin| ————— Angiotensin |

(from renal cortex) in blood released from liver) \ /

Angiotensinase
(from kidney)

Aldosterone
Fig. 12.10 Reactions of the renal pressor system.
3. Fluid volume regulation. Increased fluid volume increases venous system distension and

venous return, affecting cardiac output and tissue perfusion. These changes lead to alterations
in vascular resistance, increasing the blood pressure.

12.7 CHEMICAL REGULATION

The cardiac functions are greatly modified by chemical substances which are either administered, or
found in the blood. They may be secreted by the nerves innervating the heart muscles. These chemical
substances may be classified as follows;
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(a) Neurotransmitters.
(b) Drugs acting on the heart.

Neurotransmitters

The parasympathetic nerve fibres innervating the heart muscles secrete acetylcholine; hence, they are
called cholinergic nerves. Acetylcholine reduces the frequency and force of contraction of the heart.
When injected, acetylcholine brings about ventricular arrest, but the auricular contractions continue as
usual.

The sympathetic nerve fibres upon stimulation secrete noradrenaline which serves to accelerate
the rate of heart beat and force of contraction. When injections of noradrenaline or adrenaline are
given, they serve to increase the blood pressure and reflexly slow the heart. The smooth muscles of
coronary arterioles in the viscera, muscles and the skin are also innervated by the sympathetic fibres.
Upon stimulation by adrenaline or noradrenaline vasodilation occurs in the coronary arterioles, but in
the arterioles of the skin and muscles vasoconstriction occurs.

In resting condition very little amount of adrenaline is present in the blood. Additional amounts of
adrenaline are released in the blood when more energy is needed. Increased amounts of adrenaline
cause vigorous supply of blood to the heart and muscles and elevation of blood suger level. More
blood supply to the heart is owing to accelerated heart rate and vasodilation in the heart and the
muscle. Enhanced adrenaline secretions increase the breakdown of glycogen reserves; hence, increase
in blood sugar is noticed.

Effect of Drugs on the Heart

1. Digitalis: 1t acts directly on the heart muscles and peripheral circulation. The drug has been in
use for long since it increases tonicity of heart muscles, contractility and irritability. Hence the
drug serves as a powerful cardiac tonic in increasing the force of contraction.

2. Pilocarpine, Muscarine. etc: When administered, cause slowing of the heart by acting on the
heart muscles or vagal terminations. The effect of the drugs can be removed by atropine.

3. Atropine causes acceleration of the heart beat.

4. Serotonin (5-hydroxytryptamine) influences the blood pressure. In dogs, it has a pressor
influence whereas in cats, it acts as a depressant.

Effect of Temperature

The rate of heart beat is profoundly influenced by temperature. In most terrestrial poikilotherms,
increase in the rate of heart beat is recorded with the increase in ambient temperature. This is owing
to large amounts of blood needed for circulation. In homeotherms, however, the temperature of the
body is maintained constant irrespective of change in the ambient temperature. The rate of heart beat
remains constant, although while sweating and panting increased blood flow in the skin regions may
be caused.



CHAPTER

Respiration

Animal life on earth is dependent upon its ability to utilize oxygen and eliminate carbon dioxide.
About 20 per cent of oxygen is present in the atmospheric air, but the efficiency of animals to utilize
oxygen varies with their physiological state. The atmospheric oxygen must be transported to blood
and reach every cell of the body so that the foodstuffs may be oxidized. The foodstuffs of animals
comprise carbohydrates, fats and proteins which contain the chemical form of energy. This energy can
be released when the foods are burnt or oxidized. As described in Chapter 4, oxygen is essential in the
biological oxidations as the terminal acceptor of electrons and hydrogen ions during electron transport
system.

Oxygen reaches the cells and carbon dioxide is given out in exchange through a complicated
physiological process called respiration. The oxygen requirements of the cells are also variable. Most
cells of the central nervous system, and the heart are extremely sensitive to low blood levels of
oxygen. Lack of oxygen renders most brain and heart cells as dead within 3-5 minutes.

From the standpoint of the physiologist, respiration is accomplished in two major processes: one
involving breathing and the other associated with the release of energy from the foodstuffs within the
cells. The former process is called external respiration and the latter is called internal or cellular
respiration. Besides obtaining sufficient quantity of oxygen and eliminating carbon dioxide formed in
the body, respiration serves the following purposes:

1. It helps in keeping the functions of the blood normal by adjusting changes in the pH of the

blood.

2. It helps in maintaining proper oxygen tension of the blood.
3. It helps in maintaining normal body temperature.

The oxygen supply and discharge of wastes like carbon dioxide are effected through the
extracellular fluids in which all the tissues are bathed. The terrestrial and aquatic vertebrates are faced
with wide range of respiratory problems. Terrestrial vertebrates draw their oxygen requirements from
atmosphere through the process of diffusion and by a similar process carbon dioxide is discharged out
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of the body fluids to the atmosphere. The oxygen content of water is about 20 times less than air and
as such a huge volume of water must be passed over the respiratory surfaces to get the required
oxygen.

13.1 RESPIRATORY DEVICES

In majority of organisms belonging to the lower phyla, especially the aquatic ones, exchange of gases
takes place through the body surface. In larger animals such as vertebrates, respiration is a much more
elaborate process since the body has attained high complexity. There are special organs to carry out
the exchange process. Gaseous exchange taking place between blood and air (water in case of aquatic
animals) is called external respiration. In this case, no chemical process is involved. Gaseous
exchange between blood and the active cells of the organism comprises internal respiration involving
chemical process.

There are a number of organisms like protozoans, coelenterates and flatworms where specialized
respiratory organs are wanting and as such the gases enter and leave the body by a process of slow
diffusion. Several respiratory devices are found in higher organisms some of which will be described
here.

Integumentary Respiration

Diffusion of gases through the protoplasm is a very slow process and as such it is unlikely that the
metabolic demands of animals are satisfied through diffusion alone. According to Krogh (1941), the
metabolic demands of animals larger than 1 mm in diameter may not be satisfied through this process.
Hence respiratory devices are so modified that they facilitate sufficient exchange of gases through the
body surface. In a large number of aquatic animals, the integument is highly vascular and readily
permeable to gases. Earthworms, leeches and larvae of many fishes have a vascular skin which blows
diffusion of oxygen through it and the entire metabolic demand is satisfied through it. However, larger
animals like amphibians, and fish also rely on cutaneous respiration occasionally or continuously in
addition to pulmonary or gill respiration.

Cutaneous respiration is possible only when the skin is thin, vascular and moist at all times.
However, animals with thin skins are more prone to predation. Cutaneous respiration takes place in
small crustaceans where chitinization is not very strong. Highly chitinized crustaceans do not
exchange their gaseous requirement through the skin.

Branchial Respiration

Special respiratory appendages are developed in a number of aquatic animals. These are called gills.
Such organs have originated independently and vary in structure from animal to animal. They range
from simple filamentous epithelial structures to complex structures comprising hundreds of
filamentous lamellae enclosed in a gill cavity or branchial chamber. Gills are supplied with blood
vessels and are continuously flushed by water flow so that gaseous exchange is possible between
water and blood of the gills. According to position, gills may be external or internal.

ExtErNAL Giirs: These are most simple and primitive structures which develop as hollow
evaginations of the body wall. In echinoderms, variety of such hollow strucutres develop, which are
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papilliform in starfishes and branched in case of sea urchins. These gilliform structures subserve
respiratory function in addition to the tube feet which are also used for exchange of gases. In annelids
usually the skin is used in respiration, but there are specialized respiratory structures too. In some
polychaetes, there are highly vascularized gills attached to the notopodium (Glycera, Eunice and
Nereis). In Arenicola a burrowing polychaete, and Ozobranchus, a leech, the gills are paired,
segmentally arranged branchial tufts along sides of the body. The tantacles of sabellids and serpullids
are also considered respiratory structures.

Among vertebrates, the gills occur in the larva of frogs (tadpole) or as a neotenic feature of the
adult in salamanders (axolotl, Necturus). In some fishes also, external gills are present during the
larval condition (Elasmobranchs, Dipnoi). The larvae of Protopterus and Lepidosiren have four pairs
of external gills in early life which are replaced by internal gills when the operculum develops.

InTERNAL GiLvs: External gills have obviously a number of disadvantages. They are a hindrance
during locomotion and a source of attraction for predators. During the course of evolution, the gills
were drawn into partially closed chambers providing protection to the delicate structures. This also
afforded streamlining of the body. One of the greatest advantages of the internal gills is the
continuous flow of water currents to ventilate the gill chambers. In majority of aquatic animals
internal gills are present.

In bivalves, tunicates and some echinoderms, ciliary activity is responsible for the circulation of
water through the branchial chamber. The animals receive their oxygen requirements and also the
food supplies from circulating water. In crustaceans, various types of gill structures are present which
are enclosed in well developed gill chambers. The gills are made up of fine vascularized lamellate
structures. In case of gastropod molluscs, the gills are situated inside the mantle cavity which receives
continuous water currents.

Aquatic vertebrates have developed a very efficient branchial respiration. Available information
on the subject is quite exhaustive; however, some salient features of the branchial respiration of
teleost fish have been described here. The gills are housed in a chamber known as opercular chamber.
The oral cavity draws in water to irrigate the gills and the water is forced back over the gills to come
out from the opercular cavity.

The flow of water over the respiratory epithelium is continuous and the respiratory current is
produced by muscular activities which pump the water. To ensure this, a double pumping mechanism
is said to be in operation (Fig. 13.1) simultaneously. The buccal cavity functions as a pressure pump
that forces water across the gills and the opercular suction pump draws the water through them. Thus
a continuous flow is maintained by simultaneous action of these two pumps. The buccal cavity and
the opercular opening are guarded by valves which are passive but move according to the pressure
gradients across them.

In many aquatic animals, especially fishes, an important feature is that the flow of water over the
gill is in one direction and the flow of blood in the opposite direction. This is called counter-current
principle and ensures a constant gradient of oxygen tension between the blood and water.

Tracheae

Aquatic habitat is considered to be the most primitive. Modifications in the respiratory structures were
consequent upon the change from aquatic to terrestrial habitat. Terrestrial arthropods, especially
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Fig. 13.1 Double pumping mechanism illustrating the ventilation of gills in teleost fishes: (a) showing the phase in which
suction pumps are predominant; (c) showing buccal pump forcing water across the gills; (b) and (d) showing
transition phase. Transition phases take about one-tenth of the whole cyele. (After J.D. Jones, Comperative
Physiology of Respiration, Edward Arnold, 1972).

insects, have a tracheal system which is comparable to the highly developed lung system. Tracheal
system has two functions: (1) it brings air into the body; and (2) distributes it to the cells. Hence, no
other transport system is necessary.

Tracheal tubes are ectodermal derivatives which develop as invaginations of the body wall and
open to the exterior through spiracles. In most cases, spiracles are provided with opening and closing
mechanisms controlled by valves. The tracheae have a cuticular spiral, forming a layer, so that the
tubes can be distended when full of air. However, when the air is drawn out, the chitinous spiral does
not allow the tracheae to collapse. Larger tracheae branch into smaller anastomosing tracheoles which
penetrate into the cells of the body (Fig. 13.2). These tracheoles are the important physiological units
of gaseous exchange.

Ventilation of the tracheal system is dependent upon the gaseous diffusion and is brought about
through the movements of the body wall. In small and large sluggish insects the oxygen demand is
met adequately by the tracheal ventilation. However, in large insects which are actively running or
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Fig. 13.2 Structure of tracheae in insects.

flying, the rate of metabolism is very high and as such additional oxygen demand is met by some
amount of mechanical ventilation. For this purpose, large air sacs or dilations of the tracheal trunks
are present in body cavity (as found in honey bees, wasps, etc.) and these carry large air stores.

The respiratory movements in majority of insects are confined to the abdomen consisting of
dorso-ventral flattening movements (as in case of grasshoppers and beetles). In a few cases (as in bees
and flies), longitudinal telescoping movements of the abdomen are recognized. The inspiratory and
expiratory movements are controlled by the spiracles. Spiracles have two functional differences, i.e.
some spiracles are inspiratory while others are expiratory. In the locust, Schistocerca, the thoracic
spiracles, serve for inspiration while the abdominal spiracles are for expiration. The respiratory
movements are regulated by impulses from nerve centres. Such respiratory centres lie either in the
segmental ganglia to control movement of their own segments or may be in the secondary centres
controlling movements of the whole insect.

Lungs

In most air-breathing animals, the need of oxygen is greater and cannot be met by cutaneous
respiration. Hence, such animals are provided with special respiratory organs having vascular
epithelium called the lungs. There are many different forms of lungs whose efficiency depends upon
their structural complexity.

Dirrusion Luncs: The simplest types of lungs are found in many terrestrial invertebrates. Small
tubular lungs in the form of book lungs are found in spiders and scorpions. Gastropods have simple
pulmonary structures for gaseous exchange. These lungs of terrestrial invertebrates are devoid of a
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ventilating system and the gaseous exchange depends only on diffusion. Therefore such lungs are
referred to as diffusion lungs.

VenTiLaTion Luncs: Terrestrial vertebrates have developed air-breathing structures which
perform regular coordinated movements for ventilation. The gaseous exchange mechanisms ensure
transport of oxygen from lungs by circulating blood. Ventilation lungs permit greater exchange of
oxygen to facilitate higher metabolic rate.

Amphibians were, perhaps, the first terrestrial vertebrates to successfully utilize their lungs to
supplement cutaneous and buccal respiration. The lungs of amphibia are quite simple with relatively
less elasticity and alveolar spaces as compared to birds and mammals. Ventilation of lungs is due to a
buccal force-pump aided by sternohyoid muscles.

The avian lung is a more specialized organ. Three important features of this specialization are
enlargement of the respiratory epithelium, efficient mechanisms for ventilation, and an efficient
circulation. The avian lung has attained a great deal of structural complexity. Instead of alveoli, its
lung is provided with air capillaries so that atmospheric air can efficiently circulate through the lung.
The lungs lead to non-respiratory structures called the air sacs which act as reservoirs of air. These air
sacs provide buoyancy to these flying animals.

The air capillaries have their walls with diameters of about 10 p and these are separated from the
pulmonary capillaries by thin endothelial wall. It is in these air capillaries that the gas exchange takes
place. Ventilation of the lungs and air sacs is due to a costal suction-pump principle. During
inspiration, enlargement of lungs and air sacs takes place. Expiration is due to relaxation of the
external intercostals and lowering of the sternum. When the birds are in flight, ventilation is largely
achieved by raising and lowering of the sternum. The lungs combined with the air sacs allow more
uptake of oxygen with relatively less area for gas exchange.

Mavmarnian Luncs: The lung structure in mammals shows enormous development of air
passages, owing to which an efficient exchange of gases is possible. In man, the right lung has three
lobes whereas the left one has only two. The lungs are placed in the thoracic cavity and covered by a
double fold of coelomic epithelium called pluera. This divides into two bronchi, each of which
further subdivides into the tissue of the lung into bronchioles. The bronchioles are minute air
capillaries ending into dilated vesicles called infundibula, each of which has its inner surface thrown
into a number of rounded pockets called alveoli or air sacs. The blood capillaries of lungs lie just
outside the thin epithelium of the alveoli. Exchange of gases between the air and blood takes place in
the alveoli.

13.2 MECHANISM OF BREATHING

The movement of air into and out of lungs is accomplished by expansion and contraction of the
thoracic cavity. During the act of inspiration diameter of the thoracic cavity increases so that the
volume of the pleural cavity is increased by about 500 cubic centimeter. Owing to this, lungs and the
contained air spaces tend to increase correspondingly in volume, resulting in the reduction of pressure
inside the lungs. The pressure of the atmosphere which is now higher exerts its pressure and air
rushes in through the nostrils in order to restore the pressure. This constitutes inspiration. During
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expiration the thoracic walls contract and pressure is exerted upon the inflated lungs forcing the air to
move out the way it entered. In the inspiration of mammals, the air is sucked in.

The expansion of the thoracic cavity is caused by movements of ribs, sternum, intercostal muscles
and the diaphragm. When the external intercostals contract, each rib is pulled anteriorwards so that
the sternum is also pushed ventralwards (Fig. 13.3). Simultaneously the diaphragm is also stretched,
resulting in expansion of thoracic cavity. The contraction of thoracic cavity is brought about by the
movements of the same structure in opposite manner. The internal intercostal muscles contract pulling
the ribs back to their original position. At the same time the diaphragm also attains its original arch
shaped position exerting pressure on lungs to force out the air.

Expiration Inspiration

Vertebral column

g N\

‘ Rib M
5 A —>» Sternum
A i
[
—» Sternum
L L External
¢ intercostal muscle

Internal
intercostal muscle

Fig. 13.3 Respiratory structures involved in breathing mechanism of man.

Air in Lungs

During normal respiration, a man takes and discharges about 500 cc of air with each act of inspiration
and expiration. This is known as tidal air. The lungs are never deflated after expiration and about
2,500 cc of air is left behind which is known as stationary air. In deep breathing about 1,500 cc of
supplemental air is inhaled making the total capacity of the lungs 4,500 cc. About 3,500 cc are
expelled out during expiration. This exhaled air constitutes 500 cc as the tidal air, 1,500 cc as the
supplemental air and remaining 1,500 cc as complemental, about 1,000 cc of air still remains in the
lungs which cannot be expelled. This is called residual air. The alveoli contain less oxygen and more
CO,. This is because oxygen is exchanged for CO, in the alveoli. Table 13.1 gives an analysis of
inspired and expired air.
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Table 13.1 Analysis of Inspired and Expired Air (in Man)

Gas Inspired air Expired air Alveolar air
Oxygen 20.96 16.40 14.00
Nitrogen 79.00 79.50 80.50
Carbon dioxide 0.04 4.10 5.50

Transport of Oxygen

The atmospheric air contains 20.9 per cent oxygen, 0.04 per cent carbon dioxide, and 79 per cent
nitrogen. There are trace amounts of other gases which, however, are of no physiological importance.
The expired air contains about 15 per cent less oxygen and about 5 per cent more carbon dioxide as
compared to the inspired air. The percentage of nitrogen, however, remains unaltered. About one-
fourth of the inspired oxygen passes into blood and is utilized for respiratory purposes. Diffusion of
oxygen in water and body fluids of the organism takes place at a slow rate.

In almost all vertebrates and many invertebrates, the transport of oxygen is achieved by coloured
proteins called respiratory pigments. Respiratory pigments have the capacity to loosely combine with
oxygen when exposed to high pressures, and releasing the gas easily at lower pressures. The pressures
or tensions in the tissues are always less so that gas can be readily released for biological oxidations.

13.3 RESPIRATORY PIGMENTS

Respiratory pigments differ in their chemical constitution in different groups of animals and even in
the same phylum, there may be several types of pigments. These pigments include the cytochromes,
the flavoproteins and other coloured molecules of proteins called chromoproteins. Here we shall
restrict our attention to those chromoproteins, which are important in the transport of gases and impart
a definite colour to the body fluids. These are circulating pigments which mediate transfer of oxygen
at the extracellular and intracellular levels. Four important classes of such respiratory pigments have
been recognized: the haemoglobins, the haemocyanins, the chlorocruorins, and the haemerythrins. All
of these have a metallic atom in their constitution. The distribution of these pigments and their oxygen
carrying capacity has been given in Table 13.2.

Haemoglobin

Haemoglobin is the most characteristic respiratory pigment found in blood of the vertebrates. This
pigment is found in the erythrocytes. Besides, haemoglobins are found generally in muscle cells of
birds and mammals, and occasionally in teleosts and elasmobranchs. The chemical composition and
structure of haemoglobin has been described in Chaper 9. Haemoglobin is also found freely
distributed in the plasma of many annelids and molluscs (Terebella, Planorbis).

Haemoglobin has the ability to combine reversibly with oxygen:

Hb + O, — HbO, (oxyhaemoglobin)
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Table 13.2 Distribution and Oxygen Carrying capacities of Respiratory Pigments (Adapted from Prosser
and Brown, 1961)

Pigment Colour Melallic atoms Site Animal Oxygen volume
percent
Haemoglobin Red Fe** Corpuscles Mammals 15-30
Bird 20-25
Reptiles 7-12
Amphibians 3-10
Fishes 4-20
Plasma Annelids 1-10
Molluscs 1-6
Chlorocruorin Green Fe*t Plasma Annelids: *
Polychaetes 9
Haemocyanin Blue Cu** Plasma Molluscs:
Gastropods 1-3
Cephalopods 3-5
Crustaceans 1-4
Haemerythrin Red Fe** Corpuscles Annelids 2

The oxygen combines loosely with haemoglobin and its release is dependent on the oxygen
tension in the medium surrounding the haemoglobin. Such relationships have been described in more
detail in Section 13.4.

HaemocLoBIN FuncTtion v INVERTEBRATES: The function of haemoglobin in invertebrates is
rather interesting. It has been found that in some invertebrates, haemoglobin transports oxygen at
atmospheric pressures, whereas in others at low pressures. Yet in some invertebrates, haemoglobin
stores oxygen during conditions of hypoxia. Thus the property of haemoglobin may vary between
groups and sometimes between species. In Fig. 13.4, the oxygen dissociation curves of three animals
have been given where the respiratory pigment is haemoglobin. The oxygen dissociation curves of
Arenicola, man and pigeon show that the haemoglobins of the three animals become saturated at
different oxygen tensions, thereby showing different properties of the three haemoglobins.

Curorocruorin: Chlorocruorin is also a metallo-porphyrin which is closely related to
haemoglobin and cytochromes. This pigment is found in the plasma only and its distribution is
restricted to four families of polychaeta (Annelida); Sabellidae, Serpulidae, Chlorhaemidae and
Ampheretidae. The oxygen combining capacity of chlorocruorin is as great as that of haemoglobin.

Haemocyanin: Haemocyanin pigment is of wide occurrence and is a non-haeme respiratory
pigment. It is dispersed in the plasma solution and has never been found in the corpuscles. The
pigment is found in many molluscs and arthropods. The metallic atom present in the haemocyanin
molecule is copper which gives it a characteristic blue colour.

HaeveryTHRIN: Haemerythrin occurs only in a few groups of animals and is known of to be
restricted to Magelona (a polychaete), most sipunculids, Priapulus and Halicryptus (priapulids),
Lingula and Glottidia (brachiopods). These are all unrelated phyla and bear no phylogenetic
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Fig. 13.4 Oxygen equilibrium curves of (a) Arenicola, (b) man, and (c) the pigeon (modified from Comparative Animal
Physiology, Prosser and Brown, 1961, 2nd ed.).

relationships. The pigment circulates in the corpuscles and contains iron. It has been found that three
atoms of iron are necessary to combine with one molecule of oxygen. Although haemerythrin is
considered a close relative of haemocyanin, its oxygen transport capacity is very low. Probably, it is a
storage pigment.

13.4 PROPERTIES OF RESPIRATORY PIGMENTS

Oxygen Transport by Haemoglobin

In almost all vertebrates, haemoglobin of the blood is responsible for the transport of oxygen.
Haemoglobin is contained in the red blood corpuscles which are fully packed with this pigment. The
oxygen affinity of the pigment is quite high and is governed by certain gas laws. It would be
appropriate here to discuss briefly the laws governing absorption of gases by liquids.

If the pressure of a gas in a volume of water is kept constant, solubility of the gas is lowered as
temperature is increased. Since the temperature of the body remains constant, other factors would
modify the solubility of gases. The solubility of a gas in water depends directly on its pressure,
temperature remaining constant. If the gas is mixed with other gases, its solubility will depend upon
its partial pressure. The moment an equilibrium is established between gas and water, the number of
gas molecules leaving it equals the number of gas molecules entering. The property of a gas to leave
the liquid is called its tension which is measured by finding the pressure or partial pressure (in case of
mixed gases) of the gas in the atmosphere.
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The partial pressure of a gas (P) in a mixture of gases is calculated by multiplying the pressure of
the mixture by the percentage of the gas in it. Therefore, the partial pressure of oxygen (PO,) in
atmosphere at 760 mm Hg is 21/100 x 760 = 160 mm Hg, where 21 is the percentage of oxygen in air.
At 38°C, 100 ml of water can hold 2.3 ml of oxygen, 51 ml of carbon dioxide and 1.2 ml of nitrogen
when the pressure of each gas is 760 mm Hg. The approximate volume of gases in 100 ml of blood
and their tensions are given in Table 13.3.

Table 13.3 Volume And Tension Of Gases In Human Blood

Oxygen Carbon dioxide
mil/100 ml mi/100 m/
of Tension of Tension
blood (mm Hg) blood (mm Hg)
Arterial blood 20 100 50 40
Venous blood 15 40 54 46
Tissues - 30 - 50

The oxygen-carrying capactiy of blood shows marked variations in different groups of animals. It
has been seen that greater amounts of oxygen can be held by blood of mammals and birds as
compared to cold blooded vertebrates. The amount of oxygen dissolved in blood, i.e. its percentage
saturation is dependent on the partial pressure of oxygen (PO,) in the atmosphere. At high tensions,
the haemoglobin absorbs oxygen, and at low tensions oxygen is dissociated from the haemoglobin.

The relationship between tension and percentage saturation of the blood is shown in Fig. 13.5
which shows that the relationship is not a linear one. The graph shows sigmoid shaped curves
ensuring the amount of oxygen given up for small changes in tension is very great. These curves are
called oxygen equilibrium curves or oxygen dissociation curves. The curves are drawn by determining
the amount of oxygen which combines with blood exposed to oxygen at various pressures. At
equilibrium the amount of gas combined with the blood is expressed as the per cent saturation of
oxygen. From the sigmoid curve, it is clear that at high tensions of oxygen found in lungs, almost
complete saturation occurs at about 95/100 mm Hg. In the tissues, where the oxygen tension is as low
as 40 mm Hg, oxygen is given up. This shows loading of oxygen at high pressures and rapid
unloading of oxygen at low tensions in the tissues so that the oxygen is made available to the cells.

13.5 FACTORS AFFECTING OXYGEN DISSOCIATION

A number of factors influence the dissociation of oxygen from haemoglobin which are briefly stated
here.

TemperATURE: Haemoglobin saturation is decreased by a rise in temperature. At a temperature of
38°C and at an oxygen tension of 100 mm Hg, 93 per cent haemoglobin saturation is obtained,
whereas at 25°C and at the same oxygen tension about 98 per cent saturation is possible. It is
interesting to know that the per cent saturation of haemoglobin at 10 mm Hg tension and at 25°C is
about 88 per cent. whereas at 37°C it is about 56 per cent. The interesting fact demonstrates that in
warm-blooded animals oxygen dissociates from haemoglobin more efficiently and rapidly than in the
cold-blooded animals.
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Fig. 13.5 Relationship between oxygen tension and percentage saturation of blood.

ELecTrOLYTES: It has been found that oxyhaemoglobin releases oxygen more readily at low
tensions in the presence of electrolytes (Fig. 13.6). This has some significance when the blood passes
through systemic capillaries where the oxygen tension is very low, the salts present in the blood
influence the release of oxygen.

Hyprocen-lon ConcentraTION: Dissociation of oxyhaemoglobin is favoured by increase in the
pH. The presence of carbon dioxide in the blood increases acidity. Fig. 13.7 shows that increase of
carbon dioxide tension enhances the release of oxygen from oxyhaemoglobin. Carbon dioxide
tensions shift the slope of the oxyhaemoglobin dissociation curve to the right side and this
phenomenon is discussed in the following paragraph.

The Bohr Effect

It has been noted that an increase in temperature and the hydrogen-ion concentration causes a shift of
the oxygen dissociation curve of haemoglobin to the right. Thus the oxygen binding capacity of the
haemoglobin is lowered. Variations in the pressure of CO, (PCO,) alters the pH, thus affecting the
oxygen affinity of the haemoglobin. This is called Bohr effect. The Bohr effect may be normal or
negative depending on the rise or fall in the pH. When enhanced tissue activity takes place, as in
muscular contraction, CO, and lactic acid are produced which lower the pH. In Fig. 13.7, increasing
pressures of CO, upon oxygen dissociation curves of haemoglobin at constant temperature 37°C has
been shown. On the contrary haemocyanins from many gastropod molluscs show either a reverse
Bohr effect or no effect. In many fishes, which show the Bohr effect, increased PCO, (acidity) exerts
a secondary effect on the properties of haemoglobin. This effect is termed root effect in which
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Fig. 13.6 Oxygen dissociation curves in the presence of electrolytes.
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Fig. 13.7 Effect of carbon dioxide pressure (PCO,) on oxygen dissociation curves of haemoglobin at 37°C.
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haemoglobin cannot be saturated with O, at any PO,. This means that at lower pH values less O, is
carried per unit volume of blood than at higher pH values.

13.6 TRANSPORT OF CARBON DIOXIDE

Blood pigments, besides transport of oxygen, also transport carbon dioxide either directly or in the
form of buffers. In a number of cases, blood pigments also serve to maintain the osmotic pressure of
blood colloids. Solubility of CO, in water is far greater than the oxygen. However, the amount of CO,
transported in this way is not adequate for most animals. Generally, about one-tenth of the
requirements of CO, in a mammal can be met with in this way. Most carbon dioxide is carried as
sodium bicarbonate, though about one-third of total CO, is transported in dissolved condition in the
blood (Fig. 13.8). In this way, CO, is combined with amino groups of the haemoglobin molecules,
(HHbCO,).

Red cell Tissues
Plasma
CO, CO,
H,O A Carbonic
anhydrase
H,CO, 'ﬁ"ﬁ
O H HCO, +
Hb \i r HCO; Na
. cr
HH Carbamino
J «—__reaction ;/
HHbco,  CO: Co,

Fig. 13.8 Diagram to explain chloride shift (A — protein; Hb — haemoglobin).

Carbon dioxide is carried by blood both in the cells and the plasma. Large quantities of carbon
dioxide are taken up by blood and in spite of this the pH of blood remains almost constant varying
within very narrow limits. The human arterial blood has a pH 7.35 and it may change to 7.32 or 7.34
as it becomes venous. Hence blood has a remarkable self-buffering capacity.

Since large quantities of CO, can be held by the blood, it is necessary that CO, must exist in
other forms besides gaseous state. These are: (a) in the form of carbamino compounds; (b) small
amounts of carbonic acid; (c) in the form of bicarbonates of sodium or potassium.

CarBamino Compounps: In haemoglobin solutions, about 20 percent of the total blood CO,
forms links with amino groups in the protein portion of the haemoglobin molecules forming
carbamino compounds.
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/ /
Hb—N + CO, —> Hb — N + H
\H CoO

The formation of carbamino compounds is very rapid.

Carsonic Acip: The amount of CO, physically dissolved in the blood is not very large. When
CO, reacts with water carbonic acid is formed in the presence of carbonic anhydrase—a zinc
containing enzyme. Carbonic anhydrase is present in erythrocytes but not in the plasma.

The reaction is reversible and can be shown as:

carbonic
2H,0 +2C0, ———

anhydrase

H,CO; + H" + HCO;~

It takes place slowly in the absence of the enzyme and moves in either direction, but when CO,
enters the capillaries, catalytic action of enzyme hastens the reaction, thereby favouring more CO, to
enter the blood corpuscles.

Formation or Bicarsonates: CO, tends to accumulate in the blood in the form of carbonic acid,
but very little CO, can be transported in this way since the presence of carbonic acid has a
unfavourable effect on the pH. Any major shift in the blood pH would be harmful. Therefore most of
the carbonic acid is converted into bicarbonate compounds of Na“, and K ion needed to form the
bicarbonate comes from the NaCl of the blood, and K* comes from the haemoglobin itself, since it is
a potassium salt. The reaction would take place in the following manner:
KHb + H,CO; — KHCO; + HHb
NaCI + H,CO; — NaHCO; + HCl

13.7 BUFFER SYSTEMS OF BLOOD

Haemoglobin Effect

Haemoglobin has remarkable buffering capacity. The carbonic acid and HCI are both transported in
the erythrocytes without producing an acidic effect. How could this be achieved? The behaviour of
haemoglobin and oxyhaemoglobin is responsible for this curious phenomena. Haemoglobin occurs as
a potassium salt and therefore K ions are abundantly present in it. This protein compound reacts with
acids like HCI and H,CO; and gets neutralized. Thus haemoglobin and oxyhaemoglobin react to form
neutral KC1 and alkaline NaHCO; and haemoglobin and oxyhaemoglobin are set free. H' ions so
liberated combine with free proteins which act as buffers within the corpuscles. These reactions are
illustrated in Fig. 13.9.

The buffer action transforms oxyhaemoglobin to haemoglobin which is weakly acidic. The
buffering effect of plasma proteins has immense importance since they release cations for the
transport of at least 10 percent of the total CO,.

The phosphates present in the erythrocytes also exert some buffer action and account for about 25
per cent of the total CO, carried. However, the buffering role of haemoglobin and oxyhaemoglobin
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has a major share in the transport of CO, and accounts for about 60 per cent of its transfer. Under low
oxygen tension in the tissues, reduction of oxyhaemoglobin takes place by giving oft O, to the tissues.
Thus, reduced haemoglobin is formed. At this stage CO, of the tissues enters the blood forming
H,CO,. This H,COj; dissociates into H" and HCO;. H" ions are accepted by reduced haemoglobin
forming HHb (acid-reduced haemoglobin). At this point, there is no significant change in the pH.
However, when the blood goes back to the lungs, these H' ions are released owing to the formation of
oxyhaemoglobin which is a stronger acid. H" ions are again released which are quickly neutralized by
HCO;". This reaction is of utmost importance in the liberation of CO, in the lungs.

Chloride Shift

About 85 per cent of the CO, transport capacity resides in the red blood cells, about 60 per cent
contributed by the haemoglobin and about 25 per cent by the red blood cell phosphates. This would
mean that the buffering capacity of the whole blood should be far greater than the plasma alone.

When blood is loaded with CO,, the bicarbonate ions are present in large quantities in the red
blood cells. These HCO5 ions from the red cells diffuse through the capillaries into the plasma and
CI ions enter into the red cell to maintain electrical neutrality. This phenomenon is called “chloride
shift” or Hamburger phenomenon. We shall see here how this is achieved.

The movement of the ions across the membrane of the red cells takes place by Donnan
equilibrium. The membrane is impermeable to protein ions, and cations like K and Na', whereas
anions like CI" and HCO7 can diffuse across the membrane. The movement of the anions take place
in such a way that equal distribution of CI" and HCO7; ions is achieved with respect to inside and
outside the cell membrane. The shift takes place rapidly and is effected within a second.

The haemoglobin, like all other proteins, is negatively charged. The negatively charged
haemoglobin combines with H™ ions formed due to ionization of H,COj; giving rise to haemoglobinic
acid (HHD).

H,CO; —» H" + HCO,
H' + Hb" — HHb

Thus HCO; ions accumulate in the red cells and tend to diffuse away into the plasma. For every
bicarbonate ion that comes out of the red cells, one CI™ ion moves into the red cell from the plasma to
balance the electrical neutrality. The chloride shift has been illustrated in Fig. 13.8.

Acid-base Balance

It has been noted above that blood has a remarkable buffering capacity, and as such a proper balance
in the ratio of H and OH ions in blood is maintained (Fig. 13.9). This is known as the acid-base
balance. It has been seen that the only free acid in the blood is the carbonic acid (H,CO5) which is
formed by the union of CO, and H,O. Besides this, the only alkali present in the blood is in the form
of NaHCO;. The standard bicarbonate can be calculated from the Henderson-Hasselbalch equation
which is defined as HCO7 ions at a PCO, of 40 mm Hg when the haemoglobin of the blood is fully
oxygenated at 38°C. The pH of the blood may be determined by the ratio HCO/ H,CO;.
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Fig. 13.9 Buffering action of haemoglobin: (A) in lungs—higher pH releases CO,, and (B) in tissues—lower pH releases
0, in tissues.

Any change in the pH may be due to alteration of HCO'; ions with H,CO; being normal or due to
alteration in H,CO; when HCO'; ions remain normal. These changes are due to alteration in H,CO,
concentration or PCO, during respiration. The ratio of these two substances is 20:1 which is
represented by pH 7.4. The pH of blood may vary within narrow limits, i.e. variations from 7.3 to 7.5
may be considered normal.

Disturbances in the acid-base balance lead to specific disorders which are not tolerated by the
tissues since they are highly susceptible to such changes. Three departures from the normal condition
have been recognized:

(a) A fall in pH causes respiratory acidosis, whereas rise in pH causes respiratory alkalosis.
(b) Bicarbonate ions are either raised or lowered.
(c) The carbonic acid content (PCO,) of the blood may be raised or lowered.

13.8 ACID-BASE DISTURBANCES OF RESPIRATORY ORIGIN

Acidosis

Lungs have a key role in acid-base regulation. Respiratory acidosis is generally caused by defective
pulmonary excretion of CO, leading to an increase in the H,CO; of blood. Consequent upon this, a
fall in the pH of blood is recorded. However, if the HCO; and H,CO; are somehow balanced, the pH
would be normally adjusted. In case the removal of CO, from the lungs is insufficient, return to
normal condition will not be restored. In such circumstances return of pH towards normal is
accomplished by the kidneys. The kidneys reabsorb more of HCO, ions and Na" ions and excrete H"
ions. Thus in respiratory acidosis CO, content of blood increases with consequent increase in the
bicarbonate ions. This would result in a situation where both carbonic acid and bicarbonates will be
higher than normal. The respiratory acidosis is then “compensated”.
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Respiratory Alkalosis

Due to excessive losses in the CO, content of blood, the pH is raised causing alkalosis. The rate of
elimination of CO, far exceeds the rate of CO, production in the tissues so that a fall in the H,CO,
content of the arterial blood is noticed. The partial pressure (PCO,) in the alveolar air also falls. As a
result of these disturbances, the acid-base ratio is altered. Respiratory alkalosis occurs due to
overbreathing, either voluntary or forced.

13.9 ACID-BASE DISTURBANCES OF
NON-RESPIRATORY ORIGIN

Metabolic Acidosis

Disturbances in the acid-base balance due to changes in the bicarbonate of blood are said to be
metabolic in origin. Metabolic acidosis is caused by a decrease in the bicarbonate fraction without any
change in the carbonic acid fraction. This occurs very commonly in uncontrolled diabetes mellitus.

Metabolic Alkalosis

Metabolic alkalosis occurs when excess of bicarbonates accumulate in the blood without any change
in the carbonic acid content. In alkalosis vomiting may result due to loss of hydrogen ions resulting
from loss of gastric secretions. In pyloric stenosis (intestinal obstruction), persistent vomiting results
in rapid loss of electrolytes causing alkalosis.

Table 13.4 Disturbance of ;H and Acid-Base Ratio of the Blood

Condition PpH Base-acid Respiratory Normal acid- Non-respiratory
ratio disturbance base balance disturbance
20 24
N I 7.4 = — = —
orma 0 1 12
8.0 24 9.6
Acidosi 7. = = — ==
cidosis 0 1 3 12
70 24 84
Alkalosi 7. — — — —
alosts 60 1 034 12

13.10 REGULATORY PROCESSES IN RESPIRATION

The respiratory movements have to be regulated to ensure proper supply of oxygen whose
composition varies with composition of blood. All such movements have to be coordinated without
which oxygen supply to the tissues and elimination of carbon dioxide from the tissues cannot be
effectively regulated. A number of regulatory processes are at work, some of which will be described
in the following paragraphs.
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Chemical Regulation

As shown by Haldane, O, content of blood and alveolar air is largely responsible for the regulation of
respiration in mammals. If oxygen does not reach the blood, asphyxia occurs. Reduction in the supply
of oxygen to the tissues causes hypoxia, whereas if the tissues are completely deprived of oxygen, the
condition is known as anoxia. The inhalation of air containing 5-10 percent CO, causes increase in
ventilation. Respiratory movements are increased and become violent. This causes increased effort on
part of the muscles resulting in many symptoms like vasoconstriction, salivation, contraction of
pupils, etc.

Effect of Carbon Dioxide

Several mechanisms operate to maintain the composition of alveolar air. Small increases in the CO,
fraction of the blood have a definite effect on the medullary respiratory centres. There is normally
0.03 per cent carbon dioxide present in the inspired air. If the medulla is cut off from the sensory
input, and the carbon dioxide content of the inspired air is raised to 6.5 per cent, medulla shows well
defined respiratory potentials. The effect of CO, on ventilation is shown in Fig. 13.10. At higher
concentrations ventilation increases sharply. Many individuals can tolerate about 8 per cent carbon
dioxide in the inspired air, but higher concentrations produce depression and unconsciousness and
ultimately respiratory paralysis may occur. In mammals, breathing is generally increased due to the
action of CO, on chemoreceptors located centrally in the medulla and peripherally in the carotid and
aortic bodies (See Chapter 10).
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Fig. 13.10 Effect of CO, on ventilation.
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Low CO, tension of the blood causes a decrease in lung ventilation and an increase raises
ventilation. The partial pressures of carbon dioxide express the ventilation of lungs more precisely.
The normal PCO, is 40 mm Hg and if it increases to 60 mm Hg, ventilation increases at least ten
times. If the tension of CO, is lowered, such as by voluntary deep breathing, CO, is lowered in the
blood, as a result of which the respiratory centre is temporarily inhibited. Low CO, tension in the
blood causes acapnia and in this condition the excitability of the respiratory centre is blocked causing
cessation in breathing.

Effect of Low Oxygen Supply

Oxygen tension in the blood is the determining factor for regulation of breathing. It depends largely
on the percentage of O, in the atmosphere and upon the atmospheric pressure. At sea-level the
percentage of oxygen is less but the breathing remains normal. If the oxygen tension is further
lowered, breathing is stimulated in order to inhale more oxygen into the alveoli. A simple experiment
can be done to demonstrate this principle. If a person is subjected to breathe in an air-tight collapsible
bag through a soda lime container, the person becomes blue. The outgoing CO, is absorbed by the
soda lime but renewal of oxygen is not possible. Thus oxygen lack causes unconsciousness and even
death.

Effect of Acidity

Carbon dioxide influences the respiratory centre to increase the acidity (H") of the cells. Increased
acidity of the blood enhances ventilation, although the pH may not vary extensively. However, it
seems quite likely that to some extent, increase in pH is due to CO, tension. According to Gesell
(1939), intravenous injection of NaHCO; will increase the CO, tension and thus stimulate respiration.
On the other hand, injection of Na,COj; help in lowering CO, tension in the tissues making blood
alkaline. This depresses respiration.

Neural Control of Respiration

We have already noted that the most important factor in the regulation of respiration is the carbon
dioxide tension. Carbon dioxide of blood stimulates the respiratory centre whose activity is modified
by afferent impulses arriving at the medulla. The impulses originate from the receptors in the chest-
wall and influence the vagus nerves, and the nerves from the carotid body and the carotid sinus. It is,
however, emphasized that the act of breathing is quite complicated and involves the movement of
voluntary muscles. The control of all these muscles is exerted by the respiratory centre in the brain
stem or medulla. The voluntary muscles contract when they receive impulses from the respiratory
centre. The intercostal muscles are supplied by motor nerves arriving from the spinal cord. The
diaphragm is served with the phrenic nerves which take off from the fourth and fifth spinal nerves.
From the respiratory centre, impulses arrive at the diaphragm through phrenics. Certain other fibres
carry impulses to the external-intercostal muscles which contract to cause respiration. Relaxation of
intercostals causes expiration.

The control of breathing by respiratory centre has been studied in mammals and it is believed that
there are three stepwise controls in the process:
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(1) pneumotaxic centre; (2) expiratory centre; and (3) inspiratory centre. Respiratory control
involves:

1. Adjustments due to variations in the composition of environmental gases or body fluids.
2. Central nervous system.
3. Centrally mediated acts of respiration.

The medulla contains two groups of neurons that control inspiratory and expiratory centres in all
vertebrates (Fig. 13.11). It controls all rhythmic respiratory activities and is also dependent on the
higher centres. If the medulla is sectioned from the spinal cord, all respiratory activities will cease. If
the brain is cut between the medulla and the lower pons, respiratory activity becomes abnormal
showing the influence of higher centres.

Higher centre

g

<« Pneumotaxic
centre
Pons &)
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Vagus > o < Apneustic
) O ‘ ‘ centre
)
" 9 O ﬁ«— Medulla
Expiratory i ;
muscles A mjglcrliory

(-) (Excitation) ‘ 4—»‘ Spinal cord

(+) (Inhibition)
Fig. 13.11 Diagram showing respiratory control centres of the brain and their possible interconnections.

The pneumotaxic centre is the controlling centre situated in the cranial part of the pons which
controls activity of neurones of the lower part. The expiratory centre exerts control over the muscles
of expiration. The inspiratory centre is said to be in a constant state of excitability and it sends
impulses to inspiratory muscles, but it also sends impulses to the pneumotaxic centre (Fig. 13.11). The
pneumotaxic centre in turn transmits impulse to the expiratory centre which will also send inhibitory
impulses to the inspiratory centre.
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Chemoreceptors

Certain chemoreceptors sensitive to changes in the partial pressures of oxygen and carbon dioxide
also control the respiratory activities. These are present in the carotid bodies located at the bifurcation
of internal and external carotids and in the aortic bodies on the dorsal aorta. If the PO, in the blood
and tissues falls, there is increase in the frequency of respiration. Both carotid and aortic bodies
receive a profuse arterial blood supply. They can perceive changes in the PO, of water, especially in
aquatic vertebrates. Low PO, acts as stimulant of respiratory activities. In mammals a fall in PO, to
50 mm Hg increases the firing rate of chemoreceptors. During asphyxia, when PCO, is more and PO,
low, the receptors are activated.

Vagal Control

There are numerous stretch receptors or inflation receptors scattered throughout lungs which respond
to the distension of lungs during inspiration. The vagus nerve supply to the lungs has some afferent
fibres which end up in these receptors. During the inspiratory cycle these receptors are stimulated and
send impulses to the expiratory centre through vagus fibres. This centre than sends inhibitory
impulses to the inspiratory centre to stop inspiration. This is a reflex termed Hering-Breuer reflex in
which the vagus centre during inspiration is affected indirectly in the opposite direction by the
impulses which inhibit respiratory centre. The lungs get deflated mechanically. This, however,
happens in quiet breathing. During laboured breathing, sudden collapse of lungs stimulates deflation
receptors which send impulses to the inspiratory centre causing forced respiration. This reflex is an
important mechanism for the control of breathing in many animals and also for a short time in the
newborn baby. In adult man, it is weak or even absent.



CHAPTER

Excretion

As a result of metabolic activities certain waste products are formed. The major waste products are
carbon dioxide, water and nitrogenous compounds. These wastes, if retained in the body, will have
harmful effects. Hence their removal becomes necessary. Removal of these wastes from the tissues of
the body to the outside is called excretion.

14.1 ORGANS OF EXCRETION

The organs or the tissues responsible for the elimination of waste products are called excretory
organs. These organs eliminate the wastes in the following ways:

(i) by eliminating nitrogenous wastes.

(i1) by adjusting water balance of the body.
(iii) by maintaining ionic composition of the extracellular fluids.

Major organs of the body which help in the excretion process are: integument, gills, liver,
intestine, lungs and kidneys. In certain lower animal groups such as protozoa and porifera, excretion
of wastes takes place directly through the cellular membranes. In such cases, simple mechanisms like
osmosis and diffusion may be found very effective. In certain species, however, excretion is done
through contractile vacuoles as in Amoeba and Paramecium. In higher invertebrates and vertebrates,
definite excretory organs are found which do the specialized job of excretion. Integument or the skin
helps in the elimination of urea through the sweat glands. Along with the urea, certain inorganic salts
are also removed by the skin. The gills and the lungs are helpful in removing gaseous products like
carbon dioxide. Liver is one of the most important glands in the body of vertebrates which helps in
the removal of cholesterol, bile salts and excess of calcium and iron salts. These are generally
eliminated by the intestine along with the faecal matter. The intestinal epithelium also excretes some
inorganic salts which are in excess. Rubidium, potassium, calcium and magnesium, etc., are excreted
in part through the intestinal wall. Kidneys are the major excretory organs in all vertebrate groups and
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also in some invertebrates which eliminate urea, excess of water, salts and other nitrogenous wastes.
The renal mechanisms are responsible for maintaining ionic regulation or fluid balance in majority of
animals.

14.2 TYPES OF EXCRETORY PRODUCTS

The end-products of metabolism fall under two major categories: (i) carbon dioxide; and (ii)
compounds containing nitrogen. Besides these products, water forms an important product which
requires to be eliminated if found in excess, and also it forms a vehicle for the transport of waste
products to the exterior. Here we shall give our attention mainly to the production of nitrogenous
wastes and their elimination.

Nitrogenous Wastes

In living organisms, nitrogen is never eliminated in the form of free nitrogen but results in the
formation of nitrogenous end-products. Proteins are the main nitrogen containing compounds which
are metabolized to form end-products like ammonia, urea and uric acid. These end-products are
derived from the degradation of proteins, amino acids, pyrimidines and purines.

Proteins are important dietary constituents needed for the building, growth, and repair work of the
body. Proteins are broken down to smaller protein molecules (peptides and dipeptides) upon
hydrolysis. These subunits can be further hydrolyzed to yield amino acids which are metabolized to
yield ammonia and urea as nitrogenous end-products.

Normally, adults are said to be in a state of nitrogen balance when the nitrogen loss equals to the
nitrogen intake. If the nitrogen balance is disturbed in an animal, it experiences a new situation and
tries to adjust itself to a new nitrogen level. This new level can be achieved by an adjustment between
increase or decrease of nitrogen excretion. Nitrogen excretion losses from the body are generally
measured by analysis of the urine and faeces.

Ammonia

Ammonia is the chief breakdown product of amino acids and is removed by oxidative deamination
process. Deamination chiefly occurs in the liver, but kidney also helps in the process.

Ammonia is a toxic substance, and is constantly being produced in the tissues by deamination of
amino acids. It is removed very rapidly from the body by one of the following reactions:

(1) amination of keto acids.
(2) amidation of glutamic acid.
(3) formation of urea in the liver.

The rapidity with which ammonia is removed from the body ensures a very low concentration of
it in the blood of most animals. Mammals cannot withstand ammonia in their blood in concentrations
more than 0.0001 to 0.0003 mg/100 ml. However, the blood of amphibians, reptiles and fishes can
withstand a higher concentration of ammonia (less than 0.1/100 ml). Many invertebrates show a
higher tolerance for ammonia.
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Ammonia is highly soluble in water and in majority of aquatic animals, it is lost by diffusion in
the surrounding water. In a number of animals ammonia does not form the excretory waste, but helps
in maintaining acid-base balance. In mammals, ammonia is obtained chiefly by deamination of
glutamine of blood by glutaminase (Fig. 14.1). This happens in kidney where ammo-nitrogen is
increased, which reacts with hydrogen ions so that more ammonium ions (NH,") are secreted. This
aspect of acid-base balance will be treated in more details while discussing the role of kidney.
Ammonia is also formed from urea by the action of urease.

‘CONHz C‘ZOOH
(‘:Hz H,O NH, (‘:Hz
CH, Glutaminase > CH,

| gin. synthetase |

CH-CH, * = CH-CH,
| X Mg |

COOH H,0 A$P NH:  coon

Glutamine Glutamic acid

Fig. 14.1 Deamination of glutamine results in the production of NH;. Glutamine is synthesized from glutamic acid by
glutamine synthetase.

Urea

Urea is derived from organic compounds like amino acids and purines, and liver is believed to be the
chief organ capable of making it. It is highly soluble in water and less toxic than ammonia. The
human blood normally contains 18 to 38 mg of urea per 100 ml. However, higher concentrations of
urea can be tolerated by man which, of course, indicates uremic condition.

Urea formation in liver has been studied by Krebs and Hanseleit and has been explained in a
series of reactions (Fig. 14.2).

Ornithine, citrulline and arginine are the three amino acids which participate in the formation of
urea. Liver contains an enzyme arginase which hydrolyzes arginine to ornithine and urea is formed as
a byproduct. This is also known as Ornithine cycle.

The ornithine cycle has been studied mostly in the mammalian liver. In many vertebrates which
lack arginase, urea is not formed and instead uric acid is the chief end-product of nitrogen
metabolism.

The steps involved in urea formation are as follows:

1. Citrulline is formed by the addition of CO, and ammonia to ornithine. This CO, and ammonia

come from Carbamyl phosphate.

2. Citrulline gives rise to arginine in two intermediate steps. In the first step, citrulline and
aspartate form arginosuccinate in the presence of ATP and magnesium ion. It is a reversible
reaction. In the second step, arginine is formed from arginosuccinate by splitting of fumarate.
The fumarate is later converted to malate and oxaloacetate in citric acid cycle, and gives rise to
aspartate (Fig. 14.3).



288  Animal Physiology

H,O

Arginase — ——»
NH
» NPy
HN=C
N NH
hre éIH
(C|‘_|2)3 ( 2)3
CH.NH, ?H-NHz
[
COOH COOH
L ORNITHINE CYCLE Arginine
Ornithine
NHz;—»
_NH, NH, H,0
S NH
(<‘3H2)3
CH.NH,
COOH
Citrulline
Fig. 14.2 Urea formation in the liver by ornithine cycle.
ATP AMP+PP
Mg++
Citrulline | + | Aspartate Arginosuccinate
H,O

A rgi nosuccinase
2 O /
Malate 4—L Fumarate

| !

Oxal oacetate Aspartate

|

Arginine

Fig. 14.3 Metabolism of citrulline.



Excretion 289

Uric Acid

Uric acid is the most important nitrogenous waste in the urine of birds, reptiles, some snails and
insects. It is formed from ammonia and contains less hydrogen than any other nitrogenous waste. Uric
acid is less toxic and being insoluble in water, may be stored or excreted in crystalline form.
Formation of uric acid is an adaptation for the conservation of water since its elimination requires
very little water.

Uric acid is formed in the liver of birds, and in insects it is made in the Malpighian tubes. Uric
acid is formed either as an end-product of purine metabolism or as a product of waste nitrogen
derived from the protein. In man, uric acid is the end-product of purine metabolism. In subprimate
mammals, as also in a number of insects, uric acid is further oxidized to allantoin. Thus allantoin is
the main end-product of purine metabolism in such animals (Fig. 14.4). Further breakdown products
of allantoin are derived as follows:
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Fig. 14.4 Conversion of uric acid to allantoin.
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Fig. 14.5 Breakdown of uric acid to ammonia and CO,.

Other Nitrogenous Constituents

The excretory nitrogenous products come from nucleic acid metabolism. There are purine
compounds, viz. adenine and guanine. Pyrimidine nitrogen is excreted as urea or ammonia. Traces of
pyrimidine may be excreted as such also.

(@)

Guanine: Guanine is the main nitrogenous excretory product in some arthropods (spiders), but
is conspicuously absent in insects. It is faintly soluble in water and its mode of formation is
rather unknown.

(b) Xanthine and hypoxanthine: In a number of insects (Melophagus, Galleria and Pieris, etc.)

(©
(d)

(e)

®

xanthine and hypoxanthine are excreted.

Trimethylamine oxide: Marine teleost fishes, which have a diet rich in trimethylamine, excrete
trimethylamine oxide.

Hippuric acid and ornithuric acid: Hippuric acid is formed in mammals. The diet of mammals
contains traces of benzoic acid which is a toxic substance. This benzoic acid combines with
amino acid glycine to form a less toxic substance hippuric acid. In case of birds, dietary
benzoic acid combines with ornithine and is excreted in the form of ornithuric acid.

Creatine and creatinine: Creatine is present in the muscle, brain and blood in the free state as
well as combined state (as phosphocreatine). Traces are present in the urine also. Three amino
acids—glycine, arginine, and methionine are involved in the synthesis of creatine. Some of the
creatine is converted into creatinine which is an anhydride of creatine. It is formed largely in
muscles and occurs in the blood and urine in free state.

Pterydines: Pterydines are also regarded as excretory products which are important pigments
in insects. The synthesis of pterydines resembles that of uric acid. In some insects
(Oncopeltus) traces of pterydines are excreted in the faeces, whereas in butterflies (Pieris
brassicae) pterydines are deposited in the wings, fat body, etc. Only traces are excreted in the
urine.
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14.3 PATTERNS OF EXCRETION

We have seen that diverse types of nitrogenous excretory products are formed in animals, and more
than one type of such products may be excreted in an individual. The dietary proteins are digested in
the stomach and the intestine by way of enzymatic hydrolysis which liberates amino acids. Most of
the amino acids are absorbed as such, while some may be lost by way of excretion. Thus the loss of
amino acids from the body may prove injurious to the health of the organism. Amino acids are
required as the building blocks for the synthesis of the blood and tissue proteins. Due to
transamination reactions nitrogen is formed which may be eliminated in several forms (urea,
ammonia, etc.) as described above. Based upon the type of nitrogenous compound excreted, animals
have been classified into several broad categories.

Ammonotelic Animals

Animals in which ammonia is the chief metabolic waste are called ammonotelic. Ammonia is highly
soluble in water and diffuses rapidly from the body surface into the surrounding aquatic medium.
Aquatic vertebrates excrete large amounts of ammonia which is formed by hydrolysis of urea present
in the blood. The presence of ammonia in blood is toxic, hence requires plenty of water for rapid
elimination. The amount of ammonia liberated in the body varies with the diet and the species of the
animal. Certain protozoans like 7etrahymena and Paramecium excrete large quantities of ammonia.
Sea anemones excrete about 52.7 per cent ammonia in the form of nitrogenous waste. Echinoderms
and polychaetes are also ammonotelic. Cephalopods and pelecypods, both freshwater as well as
marine forms, excrete large quantities of ammonia.

The crustaceans excrete ammonia predominantly although they form amino acid nitrogen also. In
aquatic insects also ammortotelic behaviour is found. In Sialis larvae, for example, about 90 per cent
of nitrogen in the form of ammonia is liberated. Aquatic habitat of animals appears to be an important
requirement for ammonotelic behaviour and may be said to be an aquatic adaptation. An interesting
behaviour in earthworms has been described by Bahl (1947). It was experimentally demonstrated that
earthworms kept in natural moist surroundings produce more urea than ammonia. However, if the
earthworms are kept immersed in water they start excreting ammonia (Delaunay, 1934).

Freshwater fishes let out more ammonia than urea, a major proportion of which diffuses out
through the gills. The amount of nitrogen excreted out through urine is comparatively less.

Ureotelic Animals

Ureotelic animals excrete most of their nitrogen in the form of urea. It is the predominant organic
substance present in the urine of animals. The problem of water conservation in adult mammals has
necessitated reabsorption of water in the kidney tubules, thus excreting urea in a concentrated form.
In desert animals, low water intake has resulted in active tubular secretion of urea. In ruminants, urea
excretion is greatly reduced and is retained in the rumen which acts as a protein source. It has been
suggested that low protein diet leads to a marked decrease in urea output, whereas a high protein diet
increases urea production.
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Amphibians are predominantly ureotelic, as also the elasmobranch fishes. The synthesis of urea
in frogs takes place in the liver, and in elasmobranchs all tissues except brain and blood are capable of
synthesizing it by the same cycle as occurring in mammals.

Uricotelic Animals

Terrestrial animals like insects, lizards, snakes and birds excrete their nitrogen in the form of uric
acid. As already described, uric acid is formed by deamination and oxidation of purine bases (guanine
and adenine). Uric acid production is also related to the problem of water conservation in these
animals.

In insects uric acid is the most important nitrogenous constituent of urine. When plenty of water
is available to insects, uric acid remains in solution in the Malpighian tubules. However, during
scarcity of water, uric acid crystallizes in the form of crystalline spheres. In Rhodnius, the urine is
dried and consists of about 64-84 percent of uric acid (Brown, 1937). In lizards, snakes and birds, the
urine is in the form of a solid or a semi-solid mass and contains large quantities of uric acid.

Guanotelic Animals

In some arthropods such as spiders, guanine is a predominant excretory product elaborated by the
Malpighian tubules and cloacal sacs. The formation of guanine from protein nitrogen is still not
adequately known.

Trimethylamine Oxide

Marine teleosts excrete trimethylamine oxide as the major nitrogenous product which is soluble in
water and nontoxic in nature. It is, however, absent in marine elasmobranchs. Marine teleosts are
faced with the problem of maintaining osmotic balance by retaining water in the body which is aided
by trimethylamine oxide. This compound is present in small quantities in the muscle, and blood of the
marine fish which diffuses out through the membrane. This compound has a foul smell and is
probably derived from the breakdown products of lipoproteins. Considerable quantities of
trimethylamine oxide are formed in octopus, squids, crabs and barnacles. It occurs in traces in the
urine of certain animals like echinoderms, oysters, gastropods and tunicates. Its presence in marine
teleosts is, however, related to the maintenance of concentration in the body. It has been suggested
that this substance is not produced endogenously, and rather comes from the food of the fish.

Table 14.1 Percentage of Nitrogen Products Excreted in Different Forms

Animal NH Urea Uric acid ~ Aminoacid Purine Others
Annelids
Sipunculus 50 9.7 0 16.6 4.1 19.4
Lumbricus (fed) 72 5 1.4 - - 16 undetermined
Pheretima 42 50 0 0.6 - Creatine 7.8
Echinoderms
Asterias 39.3 11.7 trace 23.8 3.6-10 16-26

Contd.
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Contd.
Molluscs
Sepia 67 1.7 2.1 7.8 4.9
Limnaea 42 14 5 - 39
(FW., summer)
Crustaceans
Carcinus 68 3 0.7 8.7 3.2
Astacus 60 11 0.8 10.1 4.4
Insects
Rohdnius (1 day
post feeding) 0 trace 90.92 0 - + creatine
Aedes aegypti 6.4 11.9 47.3 4.4 - 19
Culex pjpens 10 7.9 46.9 5.5 - 20
Fish
Cyprinus 60 6.2 0.2 6.5 - 22
Torpedo 1.7 85.3 - 1.7 -
Amphibians
Bufo (larva) 80 - - - - -
Bufo (adult) 15 - - - - -
Birds
Hen 3.4 10 87 - - -
Mammals
Dog 2.7 88 0.4 - - Allantoin 3.6
Man 4.8 86.9 0.65 - - Creatine 3.6

undetermined 4.0

*Based on Prosser and Brown, Comparative Animal Physiology, 2nd ed. (1961).

14.4 CHANGES IN NITROGEN EXCRETION WITH LIFE CYCLE

Principal wastes come from the metabolism of purines, pyrimidines and amino acids. It is a known
fact that the production of nitrogenous wastes may vary during the development and adult life;
variations may be due to environment and diet also. In amphibians, for example, urea is a
predominant waste in the adults, whereas larval amphibians are ammonotelic. Environmental
influence is perhaps more important in shifting the production of nitrogenous substances. If animals
producing ammonia are transferred to a medium containing more salt, their capacity of urea
production is enhanced. Higher concentrations of urea are helpful in maintaining osmoregulatory
functions.

Embryonic history of animals reveals that the patterns of metabolism change with the
differentiation of organ systems. The metabolic machinery of the individual is geared to suit the
individual to its environment. In case of the tadpole of Bufo, 80 per cent of nitrogen is excreted as
ammonia which gradually declines to 15 per cent until the adult stage is reached. Needham has
proposed existence of recapitulation in patterns of nitrogen excretion on the basis of excretory pattern
in the chick. In a three-day old chick embryo, ammonia is the chief excretory product. The percentage
of ammonia gradually declines. On the fifth day, ammonia declines considerably and the percentage
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of urea increases to a maximum until the eighth day. After this, urea also starts declining and uric acid
increases rapidly. About the eleventh day uric acid concentration in the urine is maximum with a
concomittant drop in urea. The cycle of events in the embryonic life of the chick shows that up to four
days the chick was ammonotelic, later on it became ureotelic, and about the eleventh day, it became
uricotelic and continued to be so throughout its adult life.

14.5 DIETARY INFLUENCE ON NITROGEN EXCRETION

Diet influences the pattern of excretion to a great extent. Insects provide the best examples to
demonstrate this fact. In a reduvid bug Rhodnius, immediately following a blood meal, considerable
quantity of urea is excreted in the urine which contains excess of water and salts. After a few hours
urine becomes rich in uric acid. In the meat eating larvae of Calliphora and Lucilia (blowfly) the
excreta is rich in ammonia. However, in the pupal stage excretion of ammonia is replaced by uric
acid. Thus the excretion depends on the substances present in excess in the diet and also on the
production of waste substances in metabolism.

Earthworms furnish yet another example where the excretory wastes depend on the nutritional
state. In a normal well-fed Lumbricus, urea appears in small quantities, i.e. 8-15 per cent of the total
excretory nitrogen, while ammonia is predominant. During the state of starvation urea increases up to
85 per cent and percentage of ammonia declines considerably.

14.6 EXCRETORY DEVICES IN INVERTEBRATES

Excretory devices met with in the organisms are essentially the adaptive capabilities evolved in
relation to their habitat. Animals may reside in one of the following surroundings: freshwater, marine
and land. Diverse excretory devices have been developed in animals in order to ensure ionic
regulation of the body fluids.

Protozoans

Although protozoa do not have specialized excretory organs, the wastes are discharged through
cellular membranes. Several mechanisms like osmosis, diffusion, etc. are responsible for waste
elimination through the membranes. However, in a number of species, contractile vacuoles serve as
excretory organelles. The function of contractile vacuoles has been extensively studied in
Paramecium. The vacuoles are membrane bound vesicles formed temporarily, which collect excess
amount of water and discharge on the surface of the organism. These vacuoles may be of wandering
type and may follow a definite path for elimination. Only freshwater protozoans possess such
vacuolar mechanisms for waste regulation.

Coelenterates

Coelenterates also do not possess specialized excretory organs and processes like diffusion osmosis
and active transport to regulate the fluids in the body. The need for organs of excretion in
coelenterates is greatly restricted.



Excretion 295

Platyhelminthes

The animals of this phylum are characterized by having a specialized flame cell system. The flame
cell is a large cell blinded at one end and bearing many cytoplasmic processes. There are series of
such cells which open in an excretory duct. The nucleus is displaced generally towards the blind end
side and the cytoplasm bears many secretory droplets. A bunch of cilia arises in the hollowed out
cytoplasmic region which keep on moving to produce a directed flow of fluids. The excretory
products enter the flame cells in a fluid state from the parenchymatous cells by diffusion. Excess of
water alongwith metabolic wastes are thus discharged by the flame cells.

Annelida

The excretory organs are in the form of tubular and coiled structures called nephridia which are
metamerically arranged. These nephridia are open at both ends, hence known as metanephridia. In
some annelids, protonephridia are present in place of metanephridia, which are branched and open
blindly in the coelom. A metanephridium differs from a protonephridium in having a ciliated funnel
or nephrostome. These nephridia receive fluid waste from the blood and the coelomic fluid and
eliminate urine rich in urea and ammonia.

Mollusca

In molluscs, the excretory organs are in the form of kidneys and pericardial gland. The kidneys are
mesodermal organs which communicate with the coelom, whereas the epithelial lining of the
pericardium containing glandular tissue serves as pericardial gland. In cephalopods, the nitrogenous
wastes are eliminated in the form of guanin, while uric acid and urea in case of opisthobranchs and
bivalves respectively.

Arthropoda

Excretory organs in arthropods are of several types and include nephridia, coxal gland, green gland,
shell gland and Malpighian tubules, etc. Except Malpighian tubules, these organs are derived from
coelomoducts. In the present context, we shall deal with the mechanism of excretion by Malpighian
tubules as they have proved to be the most efficient organs of excretion in terrestrial arthropods.
These tubules open into the lumen of the intestine through their proximal end and their distal blind
end remains suspended within the haemocoelomic spaces. The excretory products pass out through
the alimentary canal.

The Malpighian tubules collect and transport solutions from the haemolymph into the hindgut
where water and some physiologically important compounds are absorbed by the hindgut epithelium.
These tubules are characteristic organs of insects which help in removing wastes and sometimes to
conserve water. The physiology of these tubules has been excellently described in mosquito larvae by
Ramsay (1953) and in Rhodnius by Wigglesworth (1965). The tubules are bathed in the haemolymph
from where they absorb potassium ions. The absorption of potassium ions takes place by active
transport mechanism which also helps in the diffusion of water and substances of low molecular
weight such as inorganic salts, glucose and urea into the tubules. A continuous flow of such
substances from the haemolymph into the hindgut takes place via these tubules. In the hindgut,
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recovery of essential compounds and water takes place by reabsorption and thus only wastes are
eliminated. The rectal glands of insects are responsible for conservation of water. Generally the
Malpighian tubules lie freely in the body cavity, but in certain insects the terminal portions are
intimately attached to the wall of the rectum (Fig. 14.6). This condition is found in lepidopterous
larvae, coleoptera and some tenthredinid larvae and is associated with the conservation of water in dry
habitats.

Midgut

Haemolymph
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Malpighian
tubule

Intestine ectal gland

CRYTONEPHRIDIAL TYPE
SIMPLE TYPE

Fig. 14.6 Malpighian tubule of an insect.

In Rhodnius, a clearcut regional distinction has been found in the Malpighian tubules.
Wigglesworth (1942) found that the upper portion is concerned with the secretion and the lower
portion with reabsorption. For this reason, the lower portion contains uric acid granules and the upper
portion contains clear fluid.

14.7 EXCRETION DEVICES IN VERTEBRATES
RENAL PHYSIOLOGY

Kidney

Kidneys are the chief organs for excretion of wastes in vertebrates and, therefore, deserve special
attention. Besides their excretory function, kidneys function in a significant manner in the
maintenance of internal environment of the body.
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StrucTURE OF Kipney: Mammalian kidney could be taken as an example to explain the structure
and function of a typical vertebrate kidney. The kidneys are paired organs which are generally bean-
shaped structures. When seen in a sagittal section, it shows two main divisions. The outer portion is
called the cortex, and the inner region forming the main mass of the kidney is called the medulla. The
medulla is composed of several pyramids containing renal tubules projecting into a cavity towards the
inner region of kidney, called the pelvis. Pelvis is the region where the renal artery and vein enter
kidney. The cortex contains a l