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PREFACE

We have prepared lecture note that fits the academic curriculum designed for the

students of Health Sciences in Ethiopia. This lecture note has two parts.

Part one includes the following five chapters: Principles of physiology, Excitable
tissues (nerve and muscle), physiology of blood, Cardiovascular physiology and

Respiratory physiology;

Part two contains the following seven chapters: physiology of the renal system,
physiology of the gastrointestinal system, physiology of the endocrine system,
physiology of the reproductive system, Neurophysiology, physiology of the
Special senses and the Autonomic nervous system.
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CHAPTER ONE

GENERAL PRINCIPLES OF HUMAN PHYSIOLOGY

LEARNING OBJECTIVES:

After completeing this chapter, the student is expected to know the following.

Know that cells as the basic units of life.

Understand that homeostasis is essential for cell survival, disruption in
homeostasis can lead to illness and death, homeostatic control systems include
closed and open loop systems

Know the negative and positive feedback mechanisms

Know the 3 levels of physiological regulations: intracellular, local (intrinsic) and
extrinsic

Know the neural and endocrine reflexes control many events such as: somatic,
autonomic, endocrine reflexes

Know most cells are subdivided into plasma membrane, nucleus and cytoplasm.
Know the functions of the ER, Golgi complex, lysosomes, peroxisomes,
mitochondria, cytosol, cytoskeleton, plasma membrane is a fluid bilayer
embedded with proteins, membrane proteins, the extra cellular matrix

Know the mechanisms of osmosis of water and diffusion of lipid soluble
substances and small ions through the plasma membrane down their
electrochemical gradients

Special mechanisms used to transport selected molecules unable to cross the
plasma membrane on their own: carrier mediated; endocytosis; exocytosis.
Communications between cells is largely by extra cellular chemical messengers:
paracrines, neurotransmitters and neurohormones.

Activation of second messengers system by extra cellular (first) messengers:

cAMP, cGMP, inositol triphosphate, Ca*, diacycloglycerol.



INTRODUCTION

Physiology tells us how the bodies of living organisms work. Physiology is based on the
gross and microstructure. Both structure and function must be studied at all levels from

the cellular to the molecular to the intact organism.

All aspects of human physiology evolved in the thousands of inherited units of DNA
called genes. This genetic imprint is passed from parents to children. We all inherit a
mixture of genes present in parents. There is immense genetic diversity, as a result of
small spontaneous change in individual genes, called mutation, occurring from time to
time. The natural selection concept of Charles Darwin emphasizes the predominance of
the genes in the population that favors survival of the fittest and reproduction in a

particular environment.

Early with life on earth cells developed the ability to react with oxygen and carbon
compounds and use the energy released by these chemical reactions. With complexity
of development cells evolved structure called mitochondria for efficient energy
production. The efficiency of oxidative phosphorylation was maximized in natural
selection of the best. The mitochondria of cells in mammals are same in appearance
and function. Some aspects of human physiology may be rapidly changing on the
evolutionary scale of time. Homosapiens have walked on the earth for perhaps 1.5
million years, but human brain has reached its present size only about 35,000 years
back. The brain capabilities are probably still rapidly evolving as new pressures are
faced. For pain with injury, a warning signal results in sudden withdrawal of the injured
part, protecting it from further injury. But step-by-step sequence of events starts with
the injury and eventually ends with the contraction of group of muscles that flex the
injured limb - stimulus, receptor, electric signals, spinal cord, flexor muscles. There are
links between the nerve and the spinal cord, and the muscle. The circuit that creates
this response is genetically determined and is formed during early development of the
nervous system.

Levels of structural organization: From single cell to organ system cells are the basic

units of living organisms. The number of cells is very large. For example, an adult



person contains approximately 100 trillion cells. Humans have several levels of
structural organizations that are associated with each other. The chemical level includes
all chemicals substances essential for sustaining life. These chemicals are made up of
atoms joined together in various ways. The diverse chemicals, in turn, are put together
to form the next higher level of organization, the cellular level. Cells are the basic
structural and functional units of life and organization. Each cell has a different

structure and each performs a different function.

Muscle tissue is specialized for contraction and generation of tension. The different
types of muscle tissue are functional adaptation of the basic contractile system of actin
and myosin. Skeletal muscles are responsible for movement of the skeleton, cardiac
muscle for the contraction of the heart that causes blood circulation; smooth muscle is
responsible for propelling contents within soft hollow organs, such as the stomach,
intestine, and blood vessels. Smooth muscle is not under voluntary control and has no
striations. Cardiac muscle fibers branch but are separated into individual cell by

continuity of the plasma membrane, the intercalated discs.

Nervous System- Conducting signals

This tissue is specialized for conduction and transmission of electrical impulses and the
organization of these nerve cells or neurons is the most complex of any of the tissue.
The neuron has a cell body that contains the nucleus and the other organelles with very
high metabolic activity (e.g., ribosomes and mitochondria). The neuron is further
specialized for having processes, which contact it through the synapses to other

neurons, making a long chain of conducting tissue linking the various parts of the body.

Epithelial tissue:

It is functionally very diverse. It includes the membranes that cover body surfaces and
line hollow viscera internal organs, forming barrier between the interior of the body and
the environments. Epithelial cells may be modified to function as sensory receptor,
detecting specific stimuli from the environment. Epithelial cells also form the endocrine

glands (pituitary, parathyroids, thyroid, adrenals, ovary, and testis), which secrete



hormones directly into the blood and the exocrine glands secrete substances via ducts

(e.g., salivary glands, pancreas and liver).

Connective Tissue

It is mesodermal in origin and functions in supporting, connecting and transporting. It
covers wide variety of tissues, but having more intercellular materials or matrix, than
cells. It also contains extracellular fibers, which may be tough collagenous fibers or the

resilient elastic fibers.

Life processes: The following are the important life processes of humans:

Metabolism: includes catabolism and anabolism that provides energy and body’s
structural and functional components

Excitability: Ability to sense changes in and around us.

Conductivity: ability to carry the effects of stimulus from part of a cell to another.
Contractility: ability to contract in response to stimulus

Growth

Differentiation

Reproduction

COMPOSITION OF THE BODY

At an average, 60% of the body weight of young adult male is water. The remaining is
composed of minerals, fat and proteins. The human body contains organic compounds
such as lipids, proteins, carbohydrates and nucleic acids. The lipids are important
forms of storage fuel in addition to providing insulation of the body as a whole or
essential component in the structure of plasma membranes, myelin and other
membranes. Carbohydrates serve as a lesser form of fuel storage (400-500 gms).
Proteins serve as the structural basis for all enzymes, contractile muscle proteins,
connective tissue, such as collagen and elastin and in addition as a fuel (about 15%), or
precursor for carbohydrate in the process of gluconeogenesis. Ingested glucose is

converted to glycogen and stored in the liver, muscle and adipose tissue.



Table 1. Elements in the Human Body

Element Body weight %
Hydrogen, H 9.5
Carbon, C 18.5
Nitrogen, N 3.3
Oxygen, O 65.0
Sodium, Na 0.2
Magnesium, Mg 0.1
Phosphorus, P 1.0
Sulfur, S 0.3
Chlorine, ClI 0.2
Potassium 0.4
Calcium 1.5




Table 2. Components of Body System

System
Circulation

Digestive system

Respiratory system
Urinary system
Skeletal system
Muscle system
Integumentary system

Immune system

Nervous system

Endocrine system

Reproductive system

Components

Heart, blood vessels, blood

Mouth, pharynx, esophagus, stomach, small & large
intestine, salivary glands, pancreas liver, and gallbladder
Nose, pharynx, larynx, trachea, bronchi, lungs

Kidneys, ureters, urinary bladder, urethra

Bones, cartilage, joints

Skeletal muscle

Skin, hair, nails
Leukocytes, thymus, bone marrow, tonsils, adenoids,
lymph nodes, spleen, appendix, gut-associated lymphoid
tissue, skin-associated lymphoid tissue muscosa
associated lymphoid tissue

Brain, spinal cord, peripheral nervous system.

Special sense organs

All hormone-secreting tissues including hypothalamus,
pituitary, thyroid, parathyroids, adrenals, endocrine

pancreas, kidney, intestine, heart, thymus, pineal

Male: testis, prostate, seminal vesicles, bulbourethral glands,

associated ducts

Female: ovary, oviduct, uterus, vagina, breast.

HOMEOSTASIS

Homeostasis is a delicately balanced state. Large part of physiology is concerned with
regulation mechanisms that act to maintain the constancy of the internal environment.
Many of these regulatory mechanisms operate on the negative feedback. Homeostasis
is the dynamic steady state of the internal environment. Departures from the steady

state are opposed by negative feedback regulation. The structure and chemical



reactions of living organisms are sensitive to the chemical and physical conditions within
and around cells. Cells must be wet and surrounding fluid must be fresh or salty
seawater. For multicellular organisms, the surrounding fluid is the interstitial fluid: a

component of the extracellular fluid.

The intracellular fluid has a high concentration of potassium and low concentration of
Na® CI', Mg™*, and Ca®. In addition, cells need a ready supply of nutrients, that serve as
structural building molecules, and source of energy as ATP (chemical energy). Body
temperature is very crucial for intracellular physiological processes; enzymatic events
need a very narrow range of temperature, within the physiological range of temperature
compatible with life, cooler temperature favors preservations of cellular structure but
slows the rate of chemical reactions carried out by cells. The higher temperature
enhances chemical reactions, but may also disrupt the structure of the proteins and
other macromolecules within cells. The production of energy for cellular activities
requires oxygen and nutrients reaching the cell interior and carbon dioxide and other
chemical wastes products be transferred to the environment. Extensive exchange
between cells and immediate surroundings, interstitial fluid, occurs by diffusion based
on a concentration gradient. Diffusion causes adequate movement of dissolved
nutrients, gases and metabolic end products to meet the active needs of the cell, if the
distance is short. If the distance increases, the time for diffusion increases too. For the
efficiency of diffusion, the diameter of individual cells is usually not more than a few
tenths of a millimeter. With the evolution of multicellular organisms, body plans include
an internal fluid environment for the cells, called extracellular fluid (ECF). The ECF
includes both the interstitial fluid and the plasma. In the circulatory system, blood
rapidly moves between the respiratory system, where gases are exchanged; the kidney
where wastes and excess of fluid and solutes are excreted; and the digestive system
where nutrients are absorbed. These substances are rapidly transported by blood flow

overcoming the diffusion limit on large body size.

By maintaining a relatively constant internal environment, multicellular organisms are

able to live freely in changing external environment. Cannon called it ‘homeostasis’



(Greek, homeo = same; stasis = staying). Homeostasis of the internal environment
involves control of the chemical composition and volume of ECF; blood pressure and
body temperature, etc. Most control systems use negative feedback (NFB). In NFB the
control system compares a controlled variable with a set point value. Responses tend
to oppose the change and restore the variable to its set point value. All organ systems
have regulatory processes for maintaining a delicate balance in a dynamic steady state.
If external environment stresses are very severe beyond the homeostatic processes,
the balance can be overwhelmed. Prolonged exposure to cold may lead to an
intolerable reduction in the body temperature. Exercise in very hot environment, may
result in fluid depletion and an increase in the core temperature, resulting in heat stroke.
The cells are much adapted to a regulated core temperature that even a few degree of
temperature variations may have fatal consequences. Without clothes and proper
protection humans can tolerate only a narrow differences between body temperature
and environmental temperature.
Many diseases impair homeostasis. Factors homeostatically maintained include:

e Concentration of nutrient molecules

e Concentration of oxygen and carbondioxide

e Concentration of waste products

e pH

e Temperature

e Concentration of water, salt, and other electrolytes

e Volume (fluids), osmolality, and pressure

Homeostasis is essential for survival of cells in that :
e Cells need homeostasis for their own survival and for performing specialized
function essential to survival of the whole body.
e Cells need a constant supply of nutrient and oxygen and ongoing elimination of
acid-forming carbon dioxide, to generate energy needed to power life sustaining
cellular activities as follows:

Food + Oxygen = Carbondioxide + water + Energy



ROLE OF BODY SYSTEM IN MAINTAINING HOMEOSTASIS

Body systems are made up of cells organized according to specialization to maintain
homeostasis.

Nervous System:

Information from the external environment relayed through the nervous system.

Nervous system acts through electrical signals to control rapid responses for higher
functions e.g., concentration, memory, and creativity

Endocrine System:

Acts by means of hormones secreted into the blood to control processes that require
duration rather than speed, e.g., metabolic activity and water and electrolytes balances
Circulatory system:

Transports nutrients, oxygen, carbon dioxide, wastes, electrolytes, and hormones
throughout the body

Respiratory system:

Obtains oxygen from and eliminates carbon dioxide to the external environment; helps
regulate pH by adjusting the rate of removal of acid-forming carbon dioxide

Urinary system:

Important in regulating the volume, electrolyte composition, and pH of the internal
environment; removes waste and excess water, salt, acid, and other electrolytes from
the plasma and eliminates them into the urine.

Digestive system:

Obtains nutrients, water and electrolytes from the external environment and transfers
them into the plasma; eliminates undigested food residues to the external environment
Muscular and Skeletal system:

Supports and protects body parts and allows body movements; heat generated by
muscular contraction are important in temperature regulation; calcium is stored in the
bones Immune system:

Defense against foreign invaders and cancer cells; paves way for tissue repair

Integumentary system:



keeps internal fluids in and foreign materials out serves as a protective barrier between
the external environment and the remainder of the body; the sweat glands and

adjustment in blood flow are important in temperature regulation

Cellular physiology

Cells are the link between molecules and human. They have many molecules in a very
complex organization and have the feature of interaction and represent a living entity.
Cells are the living building blocks for the immense multicellular complicated whole
body. Cells making the body are too small to be seen by the unaided eyes. About 100
average-sized cells placed side by side would be only about 1mm. Many cells share
some common features despite diverse structure and functional specialization. Most
cells have 3 subdivisions: the plasma membrane, the nucleus, and the cytoplasm.
Plasma membrane/cell membrane: It is very thin membrane structure that enclose each
cell, separating the cell’s contents from the surrounding. The fluid contained inside the
cell is ICF, and the fluid outside the cell is extracellular fluid (ECF). The plasma
membrane holds the cell contents, but has the ability in selectively controlling

movement of molecules between the ECF and intracellular fluid (ICF).

The nucleus: This is distinctly oval or spherical shaped central structure surrounded by
a double-layered membrane. Within the nucleus is DNA which directs protein synthesis
and serves as a genetic blueprint during cell replication. DNA gives codes, or
“‘instruction” for directing synthesis of specific structure and enzymes proteins within the
cell. By monitoring these protein synthesis activity, the nucleus indirectly governs most
cellular activities and serves as the cell’'s master. Three types of RNA are involved in
protein synthesis. First, DNA’'s genetic code for a particular protein synthesis. First,
DNA’s genetic code for a particular protein is transcribed into a messenger-RNA, which
leaves nucleus through the nuclear pores of the nuclear membrane. Within the
cytoplasm, m-RNA delivers the coded message to the ribosomal RNA, which “reads”
message/code and translates it into the appropriate amino acids sequence for the
designated protein being synthesized. Finally, transfer-RNA transfers the appropriate

amino acids within the cytoplasm to their designated site in the protein under

10



production. During cell replication, DNA ensures that the cell produces additional cells
just like itself thus continuing the identical types of cell line within the body.
Furthermore, in the sperm and ova, the DNA blueprint serves to pass the genetic

characteristics to future generation- from parents to offsprings.

The Cytoplasm: The cytosol is the material of cell interior not occupied by the nucleus,
containing a number of distinct, highly organized membrane-enclosed structures- the
organelles- dispersed within a complex jelly — like marrow called the ‘cytosol’. All cells
contain six main types of organelles- the endoplasmic reticulum, Golgi complex,
lysosomes, peroxisomes, mitochondria, and vacules. They are similar in all cells, but
with some variations depending on the cell specialization. Each organelle is a separate
compartment, containing different chemically setting for fulfilling a partial or cellular
function. These organelles occupy about half of the total cell volume. The remaining

part of the cytoplasm is cytosol (see fig. 1)
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ORGANELLES

Endoplasmic Reticulum (ER)

The endoplasmic reticulum is a fluid-filed membrane system extensively present
throughout the cytosol. The two different types are smooth endoplasmic reticulum and
the rough ER (See figure 2). The smooth ER is a meshwork of interconnected tubules,
whereas the rough ER projects outwards from the reticulum as stacks of flattened sacs.
Though different in structure and function, they are continuous with each other. The ER

is one continuous organelle with many communicating channels.

The rough Endoplasmic Reticulum:

The outer surface of the rough ER contains dark particles called ribosomes, which are
ribosomal RNA protein complexes that produce protein under the direction of nuclear
DNA. Messenger-RNA carries the genetic message from the nucleus to the ribosomes
“‘workshop” where proteins are synthesized. Some ribosomes are “free” dispersed
throughout the cytosol. The rough ER in association with ribosomes produces and
releases a variety of proteins, into the fluid-filled space enclosed by the membrane.
Some proteins for export as secretory products (hormones or enzymes). Other proteins
are transported to sites within the cell for use in the construction of new plasma

membrane or new organelle membrane.

Cellular membrane contains predominantly fats and proteins. ER membrane also
contains enzymes required for the synthesis of almost all the lipids needed for the
production of new membranes. These lipids enter the ER lumen along with the
proteins. This structure is well developed in cells producing digestive enzymes or in

rapidly growing cells.

Each ribosome is involved in producing only one type of protein. The free ribosomes

synthesize enzyme protein that are used intracellularly within the cytosol.

13



Smooth Endoplasmic Reticulum:

It does not have ribosomes hence looks ‘smooth’. It serves a variety of other functions
that differ in cell types; it does not produce proteins. In most cells, the smooth ER is
sparse and serves packaging and discharge site for protein molecules that are to be
transported from the ER. All new proteins and fats pass from ER to gather in the
smooth ER. Portions of the smooth ER then “bud off/pinch off”, giving rise to ‘transport
vesicles’, they contain the new molecule wrapped in a membrane derived from the
smooth ER membrane. Transport vesicles move to the Golgi complex for further
processing of their cargo. Some specialized cells have an extensive smooth ER, which

has additional functions as follows:

e The smooth ER is well developed in cells specialized in lipid metabolism- cells
that synthesize steroid hormones. The membrane wall of the smooth ER
contains enzymes for synthesis of lipids. This is an additional site for synthesis
in addition for ER to keep pace with demands for hormone secretion.

e In liver cells, the smooth ER contains enzymes involved in detoxifying harmful
endogenous substances produced within the body by metabolism or exogenous
substances entering the body from outside as drugs or other foreign compounds.
The detoxifying enzymes alter toxic substances so that they could be easily
eliminated in the urine. But unfortunately, in some instances the same enzyme
transforms otherwise harmless substance into carcinogens that play a role in
cancer development.

e The smooth ER has a special role in skeletal muscle cells. They have an
elaborate network of smooth ER, which stores ionic calcium and plays a crucial

role in the process of muscle contraction

The Golgi Complex
e The Golgi complex is a refining plant and directs molecular traffic.
e The Golgi complex is elaborately associated with the ER and contains sets of

flattened, curved, membrane- enclosed sacs, or cisternae, stacked in layers.

14



Number of stacks vary in cells; cells specialized for protein secretion have
hundreds of stacks, whereas some have only one
The majority of newly formed molecules budding off from the smooth ER enter a Golgi
complex stacks. It performs the following important functions.

1. Processing the raw material into finished products. In the Golgi complex, the
‘raw” protein from the ER are modified into their final state mainly by adjustment
made in the sugar attached to the protein. This is a very elaborate, precisely
programmed activity, specific for each final product.

2. Sorting and directing finished product to their final destination. According to their
function and destination, different types of products are segregated by the Golgi
complex, i.e., molecules that are destined for secretion to the exterior, molecules
that will eventually become part of the plasma membrane, and the molecules that
will become incorporated into other organelles.

3. The smooth ER of the liver and kidney cells are responsible for the detoxification
and inactivation of drugs. Enzymes within the smooth ER can inactivate or
destroy a variety of chemicals including alcohol, pesticides, and carcinogens.

4. In skeletal muscle cells, a modified form of smooth ER stores Ca*"to be released

for muscle contraction.
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Lysosomes

Lysosomes serve as the intracellular “digestive system”.

Lysosomes are membrane-enclosed sacs containing powerful hydrolytic enzymes
capable of digesting and removing unwanted cellular debris and foreign materials such

as bacteria that have been internalized within the cell.

Lysosomes vary in size and shape, and about 300um in a cell. Surrounding membrane
confines these enzymes, preventing from destroying the cell that houses them.

Extrinsic material to be attacked by lysosomal enzymes is brought into the interior of the
cell through the process of endocytosis. If the fluid is internalized by endocytosis, the

process is called pinocytosis. Endocytosis is also accomplished by phagocytosis.

In pinocytosis, ECF and a large molecule such as protein is engulfed. A specific
molecule may bind to surface receptor, triggering pinocytosis - receptor-mediated
endocytosis. Dynamin, a molecule forms rings wrapping around, severing the vesicle
from the surface membrane in pinocytosis. In phagocytosis, large multimolecular
particles are internalized by endocytosis; this is achieved by only a few specialized
cells- white blood cells that play an important role in the body’s defense mechanism.
When a leukocyte encounters large multimolecular particle, such as bacteria or tissue
debris, it extends projection (pseudopodia) that completely surround or engulf the
particle, forming an internalized vesicle that traps the large multimolecular particle within
it. A lysosome fuses with the membrane of the internalized vesicle and releases its
contents of hydrolytic enzymes into the vesicle. These enzymes safely attack the
microbes or other trapped material within the enclosed confines of the vesicle without

damaging the remainder of the cell.

Lysosomes can take up old organelles such as mitochondria and break down into their
component molecules. Those molecules that can be released are reabsorbed into the
cytosol, and the rest are dumped out of the cell. The process by which worn-out
organelles are digested is called autophagy a human liver cell recycles about half its

content every week.
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In the inherited condition known as lysosomal storage disease (Tay-Sachs disease)

lysosomes are not effective because they lack specific enzymes. As a result, harmful

waste

results

products accumulate disrupting the normal function of cells, often with fatal

Peroxisome

Peroxisome has oxidative enzymes that detoxify various wastes.

Is shorter and smoother than lysosome; several hundreds present in one cell

Is membrane-enclosed sacs containing enzymes

Contains several powerful oxidative enzymes and catalase

Oxidative enzymes need oxygen to remove hydrogen from specific
substance/molecule; such reactions are important in detoxifying various waste
products within the cell or foreign compounds that have entered in, such as
ethanol consumed in alcoholic drinks.

The major product generated is hydrogen peroxide; hydrogen peroxide itself is a
powerful oxidant.

Also contain catalase, and antioxidant enzyme decomposing hydrogen peroxide
into harmless water and oxygen. This reaction is an important safety reaction
that destroys deadly hydrogen peroxide, at the site of production, thereby
preventing possible devastating escape into the cytosol.

Peroximal disordersdisrupt the normal processing of lipids and can severely
disrupt the normal function of the nervous system by altering the structure of the

nerve cell membrane

Mitochondria

Mitoch

ondria are the “power houses” of the cell; they extract energy from nutrients in

food and transform it into to usable form to energize cell activity. Their number varies

with th

e cell, depending on the energy needs of each particular cell type. A single cell

may have few hundreds or thousands. Mitochondria are rod or oval shaped about the

size of a bacterium. Each is enclosed by a double membrane - a smooth outer that

surrounds the mitochondria, and an inner membrane that forms a series of enfolding or
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shelves called cristae, which project into an inner cavity filled with a jelly-like matrix (See
figure 3). These cristae contain proteins that convert much of the energy in food into a
usable form (the electron transport protein). The enfolding increase the surface area
available for keeping these important proteins the matrix contains a mixture of hundreds
of different dissolved enzymes (Citric acid cycle enzymes) that are important in
preparing nutrient molecules for the final extraction of usable energy by the cristae

proteins.

Carbon-hydrogen bonds in ingested food are the source of energy stored in the
chemical forms. Body cell can extract energy from food nutrients and convert it into
energy form that they can use. The high energy phosphate bonds of ATP contain
adenosine with 3 phosphate groups. When high energy phosphate bond is split, a
substantial amount of energy is released. ATP is the universal energy carrier the
common energy “currency” of the body. Cells can “cash in” ATP to pay the energy
“price” for running the cellular machine. To get immediate usable energy cells can split
terminal phosphate bond of ATP, which yields ADP with phosphate group attached -
plus inorganic phosphate (P;) plus energy. (See figure 3)
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Figure 3. Structure of mitochondrion and the metabolic path ways of a cell.

Mitochondria are unusual organelles in two ways:
1. In the matrix they have their own unique DNA called mitochondrial DNA.
2. Mitochondria have the ability to replicate themselves even when the cell to which

they belong is not undergoing cell division
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Cytosol

The cytosol is semi-solid portion of the cytoplasm, surrounding the organelles and
occupies about 5% of the total cell volume. The cytosol is important in intermediary
metabolism, ribosomal protein synthesis, and storage of fat and glycogen. Dispersed
throughout the cytosol is a cytoskeleton that gives shape to the cell, provides a

framework, and is responsible for various cell movements.

Many intracellular chemical reactions involving degradation, synthesis, and
transformation of small organic molecules such as simple sugars, amino acids, and fatty
acids capturing energy for cellular function and for providing raw materials for the
maintenance of the cellular structure and function and for cell growth. Thousands of
enzymes involved in glycolysis and other intermediary biochemical reactions are found

in the cytosol.

Ribosome

Free ribosmes synthesize proteins for use in the cytosol itself. The rough ER ribosomes
synthesize proteins for secretion and for construction of new cellular proteins. Some
free ribosomes are clustered as polyribosomes. Excess nutrient not used for ATP
production are converted in the cytosol into storage form known as ‘inclusions’, the
largest and the most important storage product is fat. In adipose tissue, the tissue
specialized for fat storage, the stored fat molecules occupies almost entire cytosol, as
one large fat droplet. The other storage product is glycogen, cells vary in ability to store
glycogen, the liver and muscle cell having the largest stores. Stored glycogen and fat
provide fuel for the citric acid cycle and electron transport chain, feeding the

mitochondrial energy-producing machinery.

Cytoskeleton

The cytoskeleton is a complex protein network that act as the “bone and muscle” of the
cell. This necessary intracellular scaffoldings supports and organizes cellular
components arrangements and to control their movements; this provides distinct shape,

size to the cell. This network has at least four distinct elements:
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Microtubules
Microfilaments

Intermediate filaments
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Microtubular lattice

The different parts of the cytoskeleton are structures linked and functionally coordinated
to provide integration of the cell. The microtubule is the largest of the group; slender,
long, hollow tubes composed of a globular protein molecule (6 nm diameter) tubulin.
They provide asymmetrical shape to the cell, such as a neuron with cell body and long
axon. They coordinate numerous complex cell movements in transport of secretory
vesicles from region to region of the cell, movements of cilia and flagella, distribution of
chromosomes during cell division, microfilaments are important to cellular contractile
system and as mechanical stiffeners. The microfilaments are the smallest of the
cytoskeleton composed of protein molecule actin having a globular shape similar to

tubulin.

Plasma Membrane

The plasma membrane is extremely thin layer of lipids and proteins forming outermost
boundary of living cell and enclosing the intracellular fluid (ICF). It serves as a
mechanical barrier that traps needed molecules within the cell; plasma membrane plays
an active role in determining the composition of cell by selective permeability of
substances to pass between the cell and its ECF environment. There are some
differences in the composition of plasma membrane between cell types, which permits
the cell to interact in different ways with essentially the same extracellular fluid (ECF)
environment. The plasma membrane is a fluid lipid bilayer embedded with proteins. It
appears as ‘trilaminar’ layer structure having two dark layers separated by a light middle

layer as a result of specific arrangement of the constituent molecules.
All plasma membrane are made up of lipids and proteins plus small amount of

carbohydrate. Phospholipids are most abundant with a lesser amount of cholesterol.

Phospholipids have a polar charged head having a negatively charged phosphate group
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and two non-polar (electrically neutral) fatty acid tails. The polar end is hydrophilic
(water loving) because it can interact with water molecule which is also polar, the non-
polar end is hydrophobic (water fearing) and will not mix with water.

Such two-sided molecule self assemble into a lipid bilayer, a double layer of lipid
molecules when in contact with water. The hydrophobic tails bury themselves in the
center away from the water, while the hydrophilic heads line up on both sides in contact
with water. The water surface of the layer is exposed to ECF, whereas the inner layer is
in contact with the intracellular fluid (ICF). The lipid is fluid in nature, with consistency
like liquid cooking oil. Cholesterol provides to the fluidity as well as the stability;
cholesterol lies in between the phosphate molecules, preventing the fatty acid chain
from packing together and crystallizing that could decrease fluidity of the membrane.
Cholesterol also exerts a regulatory role on some of the membrane proteins. On
account of fluidity of the membrane it gives flexibility to the cell to change its shape;

transport process are also dependent on the fluidity of the lipid bilayer.

The membrane proteins are either attached to or inserted within the lipid bilayer; some
extending through the entire membrane thickness; they have polar region at both ends

joined by a non-polar central portion.

Other proteins are on either the outside or inner surface, anchored by interactions with
proteins that spans the membrane or by attachment to the lipid bilayer. On account of
membrane fluidity many proteins float freely, although the mobility of protein that have
special function in a particular area of the membrane is restricted - this gives ever
changing mosaic pattern of the protein embedded in the lipid layer. Only the outer
surface of the plasma membrane contains a small amount of carbohydrate. Short-chain
carbohydrates are bound primarily to membrane proteins and to a lesser extent to lipids,

forming glycoproteins and glycolipids.
The plasma membrane is actually asymmetrical; the two surfaces are not the same;

carbohydrate is only on the outer surface; different amount of different proteins are on

the outer and inner surfaces and even the lipid structures of the outer and inner half is
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not the same. The plasma membrane is highly complex, dynamic, regional differentiated
structure.  The lipid layer forms the primary barrier to diffusion, whereas proteins
perform most of the specific membrane functions.

Lipid bilayer serves three functions:

Forms the basic structure of the membrane

Its hydrophobic interior/inner side is a barrier to passage of water-soluble substances
between the ICF and ECF; water-soluble cannot dissolve in and pass through lipid
bilayer.

Responsible for the fluidity of the membrane

Membrane Proteins
Membrane proteins are variety of different proteins within the plasma membrane; serve
the following special functions: (see fig. 4)

1. Some form water-filled passage ways or channels, across the lipid bilayer; such
channels allow ions to pass through without coming in direct contact with lipid
interior. The channels are highly selective; they can selectively attract or repel
particular ions. This selectively attracts or repels particular ions. This selectivity
is to specific charged amino acids group. Number and kind of channels vary in
cells. Channels open and close in response to a controlling mechanism.

2. Other proteins serve as carrier molecule that transport specific molecule that
cannot cross on their own. They differ in cells, e.g., thyroid epithelial cell
possesses carriers for iodine.

3. Many proteins on the outer surface serve as ‘receptor sites’ that recognize and
bind with specific molecules in the cell environment. This binding triggers a
series of membrane and intracellular events that alter the activity of the target
cell. In this way hormones influence specific cell, even though every cell is
exposed to the same chemical messenger via its widespread distribution by the
blood

4. Another group of proteins act as membrane-bound enzymes that control specific

chemical reactions on either side of the plasma membrane e.g., outer layer of the
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plasma membrane of skeletal muscle contains enzyme ACh-esterase that
destroys the chemical messenger that triggers contraction.

5. Some proteins are arranged as filaments network/meshwork on the inner side
and are secured to certain internal protein elements of the cytoskeleton. They
maintain cell shape.

6. Other proteins function as cell adhesion molecules (CAMs). These molecules
protrude from the membrane surface that grip each other and grip the connective
tissue fibers that interlace between cells.

7. Some proteins, especially in conjunction with carbohydrate are important in the

cell’s ability to recognize ‘self and in cell-to-cell interactions.

CAM of
another cell

i ﬁfﬁ(?)ﬁm it i
Nk N BN

Receptor Enzyme 0 Gate Cell-adhesion
Channel Cell-identity molecule
marker
Motor molecule

Figure 4. Different types of membrane proteins
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Membrane Carbohydrate
Short-chain carbohydrate on the outer membrane surface serves as self-identity marker
enabling cells to identify and interact with each other in the following ways:

e Recognition of “self” and cell-to-cell interactions. Cells recognize each other and
form tissues; complex carbohydrates act as a “trademark” of a particular cell
type, for recognition.

e Carbohydrate-containing surface markers are important in growth. Cells do not
overgrow their own territory. Abnormal surface markers present in tumor cells,
and abnormality may underline uncontrolled growth.

e Some CAMS have carbohydrate, on the outermost tip where they participate in

cell adhesion activity.

Membrane Transport

Lipid-soluble substances and small ions can passively diffuse through the plasma
membrane down their electro-chemical gradients. The plasma membrane is selectively
permeable. Highly lipid-soluble particles are able to dissolve in the lipid bilayer and
pass through the membrane. Uncharged/non-polar molecules oxygen, carbon dioxide
and fatty acids are highly lipid-soluble and readily permeate the membrane. Charged
particle sodium/potassium ions and polar molecules such as glucose and proteins have
low lipid solubility, but are very soluble in water. For water-soluble ions of less than 0.8
nm diameter, protein channels serve as an alternate route for passage. lons for which
specific channels are available can permeate the plasma membrane. Particles with low
lipid-permeability and too large for channels, cannot permeate the membrane on their
own.

Some force is needed to produce movement across the plasma membrane.

Two forces are involved:
1. Forces that do not require the cell to expend energy for movement - passive
force
2. Forces requiring energy (as ATP) to be expended to transport across the

membrane - active force
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Diffusion down a concentration gradient
All molecules in liquid and gases are in continuous random motion as they have more
room to move before colliding with another. Each molecule moves separately and
randomly in any direction. As a result of this haphazard movement, the molecules
frequently collide bouncing off each other in different directions. The greater the
concentration, the greater the likelihood of collision. Such a difference in concentration
in molecules between two adjacent areas is chemical /concentration gradient. The net
movement of the molecule by diffusion will be from the higher area of concentration to
the area of lower concentration. Certain factors in addition to the concentration gradient
influence the rate of net diffusion across a membrane. These include the:

1. magnitude of the concentration gradient
permeability of the membrane to the substance
surface area of the membrane to the substance

molecular weight of the substance: lighter diffuse rapidly

P . Y

distance through which diffusion must take place

Increasing all the factors increases rate of net diffusion, except distance - thickness, that
if increased, decreases the rate of diffusion; and molecular weight if increased,

decreases rate of diffusion.

Movement along electrical gradient

Movement of charged particles is also affected by their electrical gradient. Like charges
repel each other, whereas opposite charges attract each other. If a relative difference in
charges exist between two adjacent areas, the cations tend to move towards more
negatively charged area, whereas the anions tend to move toward the more positively
charged areas. The simultaneous existence of an electrical and concentration

(chemical) gradient for a particular ion is referred to as an electro-chemical gradient.
Osmosis

Osmosis is the net diffusion of water down its own concentration gradient. Water can

readily permeate the plasma membrane. The driving force for diffusion of water is its
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concentration gradient from area of higher water concentration (low solute) to the area
of lower water (high solute) concentration. This net diffusion of water is known as
osmosis. Special mechanisms are used to transport selected molecules unable to cross

the plasma membrane on their own.

Carrier- Mediated Transport

All carrier proteins span the thickness of the plasma membrane and are able to undergo
reversible changes in shape so that specific binding site can alternately be exposed at
either side of the membrane. As the molecule to be transported attaches to a binding
site on the carrier on one side of the membrane, it triggers a change in the carrier shape
that causes the same site to be exposed to the other side of the membrane. Their
having movement in this way, the bound molecule detaches from the carrier. This
transport displays three characteristics:

1. Specificity: Each cell possesses protein specified to transport a specific
substance or few closely-related chemical compounds amino acid cannot bind to
glucose carrier, but similar amino acids may use the same carrier. Type of
carriers vary in cells. A number of inherited disorders involve defects in transport
system for a particular substance.

2. Saturation: In a given time only a limited amount of a substance can be
transported via a carrier; limited number of carrier site are available within a
particular plasma membrane for a specific molecule. This limit is known as
transport maximum (T,). The substance’s rate of transport across the membrane
are directly related to its concentration. When the T, is reached, the carrier is
saturated, and the rate of transport is maximum. Further increase in the
substance concentration is not accompanied by corresponding increase in the
rate of transport. Saturation of carrier is a critical rate-limiting factor to the
transport of selected substances across the plasma membrane in kidney and the
intestine. There is a mechanism to increase the number of carriers in the plasma
membrane.

3. Competition: Several closely related compounds may compete for ride across

the plasma membrane on the same carrier.
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Figure 5. Primary active transport process

Facilitated Diffusion

Facilitated diffusion uses a carrier protein to facilitate the transfer of a particular
substance across the membrane “downhill” from higher to lower concentration. This
process is passive and does not require energy because movement occurs naturally
down a concentration gradient. Active transport, on the other hand, requires the carrier
to expend energy to transfer its passenger “uphill” against a concentration gradient from
an area of lower concentration to an area of higher concentration. Active transport
requires protein carrier to transfer a specific substance across the membrane,
transporting against concentration gradient. Carrier phophorylation increases the affinity
for its passenger. The carrier has ATPase activity splitting high-energy phosphate from
an ATP to yield ADP plus a free P;. This phosphate group gets bound to the carrier.
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(see fig. 5). Phosphorylation and binding of particle on the low concentration side
induces a conformational change in the carrier protein so that passenger is now
exposed to the high concentration side of the membrane. This change in carrier shape
is accompanied by dephosphorylation. Removal of phosphate reduces the affinity of
the binding site for the passenger, so the passenger is released on the high
concentration side. The carrier then returns to the original conformation. This active
transport mechanisms are often called ‘pumps’, analogous to lift water by pump that
need energy to lift water against the downward pull of gravity; Hydrogen-pump, Na-K-

ATPase pump (Na-K-Pump).

Na*-K*-pump plays three important roles

1. It establishes sodium and potassium concentration gradients across the plasma
membrane of all cells; these gradients are important in the nerve and muscle to
generate electrical signals.

2. It helps regulate cell volume by controlling the concentration of solutes inside the
cell and thus minimizing osmotic effects that would induce swelling or shrinking
of the cell.

3. The energy used to run the pump also indirectly serves as the energy source for
the co-transport of glucose and amino acids across the membrane (intestine and

kidney cell).

Vesicular Transport

The special cell membrane transport system selectively transports ions and small polar
molecules. But large polar molecules and even multimolecular material may leave or
enter the cell, such as hormone secretion or ingestion of invading microbe by
leukocytes. These materials cannot cross the plasma membrane but are to be
transferred between the ICF and ECF not by usual crossing but by wrapped in
membrane. This process of transport into or out of the cell in a membrane-enclosed
vesicle is - vesicular transport. Transport into the cell is termed endocytosis, whereas
transport out of the cell is called exocytosis. In endocytosis, the transported material is

wrapped in a piece of the plasma membrane, thus gaining entrance to the interior of the
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cell. Endocytosis of fluid is called pinocytosis cell (drinking), whereas endocytosis of

large multimolecular particle is known as phagocytosis (cell eating).

An engulfed vesicle has two possible fates inside the cell:
1. In most cases, lysosomes fuse with the vesicle to degrade and release its
contents into the ICF
2. In some cells, endocytic vesicle bypasses the lysosome and travels to the
opposite side of the cell, where it releases its contents by exocytosis. This way
intact particle shuttle through the cell. Some materials are transferred through

the thin capillary walls cells, between the blood and surrounding tissue fluid.

Exocytosis is the reverse of endocytosis, in which a membrane- enclosed vesicle
formed within the cell fuses with the plasma membrane, then opens up and releases its
contents to the exterior. Such materials are packaged for export by the endoplasmic

reticulum and Golgi complex.

Exocytosis serves two different purposes:

1. It is a mechanism for secreting large polar molecules, such as protein molecules
and enzymes that cannot cross the plasma membrane. The Vesicular contents
are highly specific and are released only upon receipt of appropriate signals.

2. It enables the cell to add specific components to the plasma membrane, such as

carrier, channels, or receptors depending on the cell’s need

The rate of endocytosis and exocytosis is maintained in balance to maintain a constant

membrane surface area and cell volume.

More than 100% of the plasma membrane may be used in an hour to wrap internalized
vesicles in a cell actively involved in endocytosis, needing rapid replacement of surface
membrane by exocytosis. Both exocytosis and endocytosis require energy and are
active mechanisms. In some cases of endocytosis, receptor sites on the surface

membrane recognize and bind with specific molecule in the environment of the cell.
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This combination triggers selected trapping of the bound material. Antibodies attach to
the bacteria forming a coat that can be recognized by the specific receptor sites in the
plasma membrane of the phagocytic leukocyte. Such “marked” or opsonized bacteria
are quickly engulfed and destroyed. Exocytosis too is a triggered event. A specific
neural or hormonal stimuli initiates opening of calcium channels in the membranes of
secretory cell. Calcium influx increases cytosolic calcium levels triggering fusion of the
exocytic vescicle with plasma membrane and subsequent release of its secretory

products.
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Figure 6. The process of exocytosis
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Caveolae
Role in membrane transport and signal transduction: the outer surface of the plasma
membrane is not smooth; it has tiny, cave-like indentations known as caveolae (tiny
caves). These are small flask-shaped pits. In 1990S, it was suggested that they have
the following role:

1. Provide a new route for transport into cell, and

2. Serve as “switch board” for relaying signals from many ECF chemical

messengers into the cell interior.

INTERCELLULAR COMMUNICATION AND SIGNAL TRANSDUCTION

Communication is critical for the survival of cells that collectively compose the body.
Coordination of diverse activities to maintain homeostasis requires the cells to
communicate with each other. There are three types of communications “between

cells”.

1. The most intimate communication is through gap junctions, which are minute
tunnels that bridge the cytoplasm of nearby cells. Small particles and ions are
directly exchanged, between interacting cells without ever entering the ECF.
Gaps are important in permitting spread of electrical signals from one cell to the
next in cardiac and smooth muscle.

2. The presence of signaling molecules on the surface membrane of some cells
gives them ability to directly link up and interact with certain other cells in a
special way. Thus phagocytic cells recognize and selectively destroy only
undesirable cell, such as invading microbes while sparing the body’s own cell.

3. Intercellular chemical messenger is the commonest means by which cells
communicate with each other. These chemicals messengers are paracrines,
neurotransmitters, hormones, and neurohormones. On appropriate signals these
molecules are released into the ECF, where these signaling agents act on target

cell. These messengers have different sources.
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Signal Transduction
Binding on chemical messenger to membrane receptors brings about a wide range of

responses in different cells through only a few similar pathways used.

Dispersed within the outer surface on the plasma membrane of cell (muscle/ nerve/
gland) are specialized protein receptors that bind with the selected chemical messenger
- neurotransmitter, hormone, or neuro-hormone, that are delivered by the blood or a

neurotransmitter released from the neuron.

The chemical messenger binds with receptor triggering a sequence of intracellular
events that ultimately influence/control a particular cellular activity important in the
maintenance of homeostasis, such as membrane transport, secretion, metabolism, or
contraction. There are wide ranging responses, but there are mainly two ways by which
binding of the receptor with extracellular chemical messenger bring about the desired

effects.

1. By opening or closing of specific channels in the membrane regulating a
particular ion to move in or move out of the cell, or

2. By transferring the signal to an intracellular chemical messenger (the second
messenger), which is turn triggers a preprogrammed series of biochemical

events within the cell. Post-receptor events are fairly common.
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Activation of Second Messenger System at Extracelluar space (first)

Chemical Messenger: Many extracellular chemical messengers cannot actually enter
their target cells to initiate the desired intracellular response/effects. The first chemical
messenger binds with receptor on the surface membrane and then issue their orders -
‘pass it on “process. The first messenger binds to a membrane receptor, that
combination serves as a signal for activation of an intracellular second messenger that
ultimately relays the order through a series of biochemical intermediaries to specific
intracellular proteins that carry out the dictated response, such as changes in cellular
metabolism or secretary activities. This mechanism utilized is similar the variability in

response depends on the specialization of the cell.

Second Messenger Pathways: There are two major second messenger pathways, one
using adenosine monophosphate, cyclic- AMP or C-AMP, as a second messenger, and
the other employs ionic calcium in this role ( see fig. 10&11 ).
e The two pathways have much in common
e The chemical messenger binds with membrane —associated receptor leading to a
series of biochemical steps, to activate an enzyme system on the inner side of
the plasma membrane
e This enzyme, in turn activates intracellular second messenger that diffuses
throughout the cell to trigger the appropriate cellular responses.
¢ In both pathways, the cellular response is achieved by altering the structure and
function of a particular cell proteins - a particular enzyme activity is either

increased or decreased.
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PLC = Phospholipase C enzyme
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Figure 12. The phosphatidylinositol second messenger system

HOMEOSTATIC CONTROL

The human body is a self-controlling unit. Biological control systems have their own
complexities and the enormous range and time scale over which they operate. The
physiology of the various body systems is inseparable from homeostatic control
mechanisms. Many step intracellular chemical events that amplifies a single irritating
event is amplified thousands of times. In nervous system, millions of neurons may be
involved in as simple act as walking up stairs. Some intracellular regulatory processes
operate at the size scale of individual molecules or ions. On the other hand, of the time
and size, the development plan of the human body by the endocrine system involves

billions of cells, fulfilled on a time scale of decades.
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Some terms Used in Control System

A “System” is a set of components related in such a way as to work as a unit.
A “control System” is so arranged as to regulate itself or another system
Some terms used in control systems

A”system” is a set of components related is such a way as to work as a unit.

A “control system” is so arranged as to regulate itself or another system
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An “input” is the stimulus applied to a control system from a source outside the system
so a

to produce a specified response from the control system.

An “output” is the actual response of a control system.

An “open loop” control system is one in which the control action depends on (is a
function of) output.

A “negative feedback” system is one in which the control action is a function of output
in such a way that the output inhibits the control system

A “positive feedback system” is a closed loop control system in which the output

accelerates the control system.

All negative feedback system has a controlled variable that is the factor (in the case of

homeostasis functions) that the system is designed to maintain.

All feedback systems, negative or positive, have a sensor element capable of detecting
the concentration of the controlled variable; information gained by the sensor is used to

determine the output of the controlling system.

Therefore, in a feedback system, there is a sensor element, which detects the
concentration of the controlled variable; there is a reference input, which defines the
proper control level; and there is an error signal, which is a function of the difference
between what the sensor senses the controlled variable and what the reference input
determines it should be. The magnitude of the error signal and the direction of its
deviations (negative or positive) determine the output of the system. The reference

point can be considered the “set point” of the system.

Feedback Mechanisms

General Properties of Negative Feedback: Homeostasis demands that important
physiological parameters, such as pH, body temperature, body fluids volume and
composition, and blood pressure must be maintained with an appropriate limits/range.

(See Figure 13). When a controlled variable departs from its appropriate value, negative
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feedback provides the means for opposing the deviations. The ideal level of a
controlled variable (parameter) is defined as its ‘set- point’. The controlled variable is
monitored by specific sensors/receptors that transmit information to an integrator
(control center), which compares the sensor’s input with the set-point value. Any
deviations from the acceptable value/range gives rise to an’ error signal’ when there is a
difference between the set point and the value indicated by sensor/receptor. An error
signal results in activation of effectors that opposes the deviation from the set point.
The term ‘negative’ is used because the effector’s response opposes the departure from
the set point. The effector’'s response completes a feedback loop that runs from the
controlled variable through the sensor to the integrator and back to the controlled
variable by way of the effectors. All such systems are called ‘closed loop systems’.
(See figure14, 15 &16).

The set point in physiological system may be changed from time-to-time. For example,
body temperature is regulated at lower value during sleep and at a higher level during
fever. In women, body temperature also varies predictably during the menstrual cycle.
The error signal is proportional to the difference between the set point and the value of
controlled variable. Thus, the body’s effectors are usually capable of making larger or

smaller efforts, depending on the magnitude of the error signal.
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Figure 14. Schematic diagram of a negative feedback control —
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Open Loop system

Open loop system don’t have negative feed back character. Open loop system can
result from disease or damage to some part of the feedback loop. For example,
damage to parts of the motor control system of the basal ganglia may result in
uncontrolled body movements, as in Parkinson’s disease. In some physiological
systems, open loop systems are part of normal function. Body movements that must
occur very rapidly, such as eye movement to follow an object when the head moves, or
the boxer’s quick punch in fighting, must be carried out according to a learned pattern

because they must be completed before feedback could be effective. The skill attained
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Figure 15. shows negative feedback pathways for pituitary hormones
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46



Positive Feedback

Negative feedback stabilizes variables near their set point because the effectors

response minimizes the error signal. Positive Feedback:

A change in the controlled variables causes the effectors to drive it further away
from the initial value of the variable/parameter
Systems are highly unstable
Effect is like that of a spark igniting an explosion.
Is an undesirable trait in physiological systems
Often occurs in disease, where it results in very rapid deterioration of
homeostasis, e.g. in certain heart disease, the heart becomes overloaded,
cannot pump out all the blood returning to it - the volume of the heart increases
and this volume further increases - diminishes the ability of the heart to pump
blood; the end result - is the unstable positive feedback loop with dangerous
consequences for the patient
Positive feedback is not always abnormal. It is put in use for specific purpose,
such as:
- Depolarization phase of action potential. (See Figure 17).
-Mid-cycle surge of LH and FSH initiated by increased estrogen levels
-Response of immune system to virus and bacteria
-Important in expulsive processes: uterine contraction during child birth,

micturition * and defecation. (See Figure 18).
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Levels of Physiological Regulation: Three Levels

e Regulation at the level of single cells - Intracellular regulation
e Local Regulation - Intrinsic Regulation or autoregulation

e Extrinsic Regulation - control by hormones and/or nerves

Intracellular Regulation

It almost always means changes in the rates of enzyme-catalytic reaction. One set of
enzyme serves a synthetic path, while the other serves a degradable pathway. This
kind of regulation affects the balance between net synthetic and degradation within
cells, and the relative flow through the two branches is controlled by both substrate and
end-products levels. Sometimes intracellular control involves inhibition or stimulation of
messenger —RNA synthesis or translation of m-RNA into protein. This regulates the

synthesis of specific proteins - structural proteins and enzymes.

Control by Local Chemical Factors

Metabolic auto-regulation of blood flow: Increased blood flow in a vascular bed in
response to increased metabolic activity by release of a number of vasoactive
vasodilator substances - local factors that increase in blood flow - increased potassium,
prostaglandins, increased carbon dioxide tension, lactic acid, bradykinin, osmolality and
temperature increase. The negative feedback loop is closed when the increased blood
flow increases oxygen/nutrient delivery to the active tissue and increase the rate at
which the local vasodilator factors are flushed out. For any steady level of tissue
activity, there is a corresponding set point for blood flow autoregulation. In this the error
signal are carbon dioxide (a metabolic product) and the effector is the arteriolar smooth

muscles.

Prostaglandins
Prostaglandins produced from arachidonic acid are implicated in many local regulatory
functions, including inflammation and blood clotting, ovulation, menstruation, labor and

secretion of gastric acid.
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Intrinsic Autoregulation

The contractile elements of striated cardiac muscles have actin and myosin filaments,
which on stretch of the cardiac cell increase the strength of contraction while excessive
stretch decreases the strength of contraction. This is an example of intrinsic
homeostasis. In almost all cases, intrinsic regulation is supplemented by extrinsic

homeostatic processes via hormones and nerves or both.

Extrinsic Regulation: Reflex Category
Reflex arc or loops are circuits that link a detection system to a response system.
A reflex must have:

e An afferent, or sensory component that detects variation in external or internal
variables, and relays information about the variable using neural or chemical
signals.

e An integrator/integrating center: a collection of association neurons when present
in the central nervous system, that determines the magnitude of the response
that is appropriate; and

e An efferent, or motor component that sends neural or hormonal signals from the

integrator to the effector organs (muscle, nerve, or glandular tissue)

These reflexes provide negative feedback, such as baroreceptor reflex (blood
pressure), chemoreceptor reflex (oxygen, carbondioxide), vago-vagal reflex (excitatory

or inhibitory: secretions and motility in the digestive system).

Neural and Endocrine Reflexes: In some reflex loop, nerves synthesize and release a
substance that acts as hormone. These are neurosecretory or neuroendocrine cells.
Endocrines are a line of communication between the nervous system and effector if
their hormonal secretion are controlled by nervous inputs. In some cases, endocrine
gland combines the function of sensor and integrator and respond to changes in the
controlled variable by increasing or decreasing their rate of secretion - such a loop is

hormonal/ endocrine reflex.
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Reflexes are divided into three classes

1 Somatic motor reflex, that control skeletal muscle, e.g. withdrawal reflex

2. Autonomic reflexes that modulates the activity of smooth muscle exocrine glands,

and the ™ heart muscle

3. Endocrine Reflex in which the feedback loop may or may not involve the nervous

system

Somatic Motor Control by Reflexes

Somatic motor reflexes preserve constancy of body position with respect to the
surrounding

Protect the body from dangerous stimuli

Voluntary movement of the body have enough reflexive components afferent
input to the CNS reaches the spinal cord by way of nerve fibers from special
sensor, organs, muscle, and joints. Skeletal muscles are controlled by efferent
motor neurons. The pathway of information from sensory nerve to motor nerve,
almost always contains interneurons (IN); they make specific connections that
determines the reflex responses. These connections are established during
development, so that sensory information results in effectors that make an
appropriate response. This increases the possibilities for precise control and

modification of the response.

Stretch reflexes are important in the maintenance of posture because their negative

feedback loop tends to return limbs to their original position. Interneurons in the spinal

cord connect the motor neuron of antagonist in such a way that activation of a muscle is

automatically accompanied by deactivation of its antagonists.

Autonomic Reflexes

Sensory nerve signals are evaluated by integrating center within the CNS. Commands

are sent out over efferent neurons and may stimulate or relax vascular smooth muscle,

cause glandular secretion or alter intracellular metabolism. These nerve signals correct

deviations from the set points programmed within the CNS. The visceral and somatic
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reflexes have only anatomical differences in the pathways between the CNS, visceral

and somatic system.

Endocrine Reflexes: Hormones as Chemical Messengers
Hormones are the major types of chemical messengers in the body. There are two
important aspects about the mechanism of hormonal information transfer.

e Although the chemical messenger travels throughout the body, it is only received
by target cells. Hormone binds with the receptor - this complex causes changes
in the specific activities of the target cell.

e The response of the target cell to the hormone depends on the capabilities of that
target cell. Same hormone may increase secretion in one cell and cause

contraction of the smooth muscle.

CELLULAR ADAPTATION

Cells may adapt by undergoing change in size, number, and type to alterations in
internal environment. Cells face insult by either dying or complete recovery. Between
these two extremes there is a range of cellular responses where the cell adapts to
insult.  These reactions include atrophy, hypoplasia, hypertrophy, hyperplasia,
metaplasia, dysplasia and the accumulation within the cell of a variety of materials that
may be endogenous (lipofuscin) or exogenous in origin. Normal adaptive changes
occur in response to need and appropriateness. Atrophy presents as: loss of cell
substance, shrinkage in cell size, cells have lowered functional ability, decrease in the
number and size of its organelles, decrease in cell volume, and loss of more specific

functions.

Hypertrophy

Stimulation of the parenchymal cells of an organ by increasing functional demand or by
hormones, result in an increase in the total mass of the cells. This may be by
hypertrophy such as in skeletal muscle or by an increase in number - hyperplasia. In

most organs both contribute to growth. It is usually more common in cardiac and
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skeletal muscle as in athletes and laborers in which individual muscle fibers increase in

thickness and not in number.

Effects of Endurance Training: Aerobic Training

Increase in the size and number of mitochondria

Increase in capillary / muscle ratio

Increase in capacity to oxidize fat

Increase in level of myoglobin

The cardiovascular effects are:- increase in cardiac muscle mass and
contractility; increased cardiac output at a lower heart rate; increased capillary in
the myocardium; decreased peripheral resistance at rest

In skeletal muscle, hypertrophy by increase in microfilaments, increase in cell
enzymes and ATP synthesis; hypertrophy is influenced by blood flow

There is increase in oxygen delivery and increase in oxidative capacity of skeletal

muscle

Effects of Training on organs and organ system

Oxygen transporting system: improves endurance for work; large heart volume,
increased weight, enhanced vascularization of the heart muscle, increased
capillary density, slow resting heart rate, increased centrogenic vagal cholinergic
discharge/ drive, stroke volume increase, increased cardiac out put, increased
arterio-venous oxygen difference increased at maximal work, increased maximal
oxygen uptake

Locomotion organs: increase in strength of bones and ligaments, thickness of
articular cartilage and muscle mass; increased muscle strength, myoglobin,
increased capillary density in muscle, and arterial collaterals

Body density increases, serum cholesterol can decrease

Acclimatization to reduced oxygen pressure in the inspired air

All adaptive changes are reversible
As the oxygen content of blood increase, the maximal cardiac output apparently

reduces
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¢ Increase in ventilation is by hypoxic drive via peripheral chemoreceptors; greater
diffusing capacity; a greater alveolar area and an increased capillary volume
would facilitate gas diffusion in the lungs; increase in pulmonary ventilation
followed by significant reduction in ventilation; gradual adaptation to
chemoreceptor.

e Morphological and functional changes in the tissue: increased capillarization,
increased myoglobin content, modifiers enzyme activity, increase in
mitochondria, increase in tissue content of cytochrome oxidase,

e Alkalosis is gradually compensated in an acclimatized person

e Other changes include: increased erythropoietin production; increased
hemoglobin concentration; increase in the 2,3 - DPG levels enhancing the
unloading of oxygen to the tissues; increased hematocrit (in 7 days); increased
viscosity 2-7 days; hemoglobin above 19 g/dl

The net effect of acclimatization to high altitude: gradual improvement in the physical
performance in endurance events or prolonged work. An increased oxygen availability

to the working muscles

Physiological Atrophy

Physiologic atrophy is a normal phenomenon of aging in many tissues such as
involution of thymus gland after adolescence, the reduction in endometrial cellularity
after the menopause. Lack of hormonal stimulation causes the atrophic changes in the
ovary, uterus, vagina, and fallopian tubes during menopause. Prostate, seminal
vesicles, and bulbo-urelthral glands and the brain commonly atrophy in old age. In
atrophy there is accumulation of Ripofuscin, a yellowish brown pigment inside the

cytosol.

Endocrine Atrophy

In damage to the anterior pituitary gland there is diminution of the trophic hormone
resulting in involution and atrophy of adrenal cortex and gonads. In endocrine
hypofuncrion there may be significant atrophy of the hormone- dependent tissues e.g.,

the skin, hair follicles and sebaceous glands in hypothyroidism.
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Neuropathic Atrophy

A denervated muscle undergoes atrophy when there is any destruction of somatic nerve
(lower motor neuron) or their axon. After denervation, the muscle may lose half of their
mass. Though synthetic activity lasts for sometime at a normal rate but catabolism is
greatly enhanced. The denervated muscle shows acetylcholine hypersensitivity,

fasciculations, fibillations and EMG recording and complete recovery is impossible.

Disuse Atrophy

In a muscle tissue, Cell size is related to work load. As the workload of a cell decreases,
there is decline in oxygen consumption and protein synthesis and the cell conserves
energy by decreasing the number and size of organelles. In general, reduced cell
activity is associated with reduced catabolism, which in turn has a negative feedback.
An anaphy is observed in the muscles of extremities that have been cast in plaster or
weightlessness in case of astronauts. This leads to wasting of both muscles and bones;

reversible with function recovery.

Nutritional Atrophy

General atrophy occurs in prolonged starvation. Emaciation of starvation is mainly due
to excessive utilization of the subcutaneous fat, but there is also wasting of lean mass
muscles and even some organs such as liver. The term ‘cachexia’ means the
combination of muscle wasting, organ shrinking, anemia and weakness, and is found in
severely sick patients in whom there is loss of appetite, general gastrointestinal
dysfunction associated with terminal stage of malignant tumor. The metabolic events of
starvation permit life to continue for months without calorie intake, depending on the
prestarvation stage. The daily weight loss, can range from one pound to several pounds
on the stage of starvation. Protein loss ensues, with substantial weight loss, the most
easily recognized sign of starvation. The weight loss is caused by loss of lean body

mass and fat tissue.

Biochemical changes that occur in starvation:

e glycogenolysis (hepatic) continues for about 16 hours
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e hepatic gluconeogenesis takes place using amino acids (especially muscle
protein, there is increased urea excretion)

e as brain and other tissues use ketone bodies, glucose need is reduced. Ketone
bodies also reduce glucose use by muscles, gluconeogenesis, protein
catabolism and urine concentration decreases

e glutamine is used by the kidney for gluconeogenesis

e Proteins are spared to permit maximal starvation; survival requires of at least %
of muscle proteins. Total body proteins is 9 -11 Kg; muscle protein is reduced -
20 g/day.

Other Types of Atrophies

Increased catabolism in prolonged fever or as result of severe trauma may cause
skeletal muscle atrophy. Tumors and cysts of an organ may cause pressure atrophy
due to interference with blood flow or function of the tissue, e.g., damage to the nasal
fibers by pituitary adenoma resulting in bitemporal hemianopia. Irradiation atrophy is

due to chromosomal damage, which interferes with mitosis.

Hypoplasia

Hypoplasia is a state of failure of the tissue to reach normal size during development. It
can have various causes: achondroplasia, an inherited cause. The affected individuals
have short limbs, trunk relatively normal length, the head large with bulging forehead
and scooped out nose. In some type of dwarfism, the cause may be the reduced
production of growth hormone as in Lorain type dwarfism in which growth hormone
receptors are defective in some instances cell loss may be due to infection or poisoning.
Maternal rubella infection in first trimester may damage the fetal heart and a variety of
embryonic defects related to development arrest involving all germ layers. Delayed and
disturbed organ genesis produces structural defects of eye, brain, heart, and large

arteries.
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Hyperplasia

Hyperplasia without hypertrophy is unusual and one of the few example affects the red
blood cells. In hypoxic environment with low oxygen tension, there is compensatory
hyperplasia of red cells precursors and increased number of circulating red blood cells
is an example of compensatory hyperplasia. Hyperplasia is usually found in tissues that
have the capability for mitosis, such as epidermis. An example of physiological
hyperplasia is the enlargement of the breast in pregnancy in response to hormonal
stimulation of target; an abnormal hormonal stimulation of target cell; an abnormally

thick endometrium with excessive estrogen; such endometrium may bleed frequently.

Metaplsia

Metaplasia implies change of one cell type to another that allows the new cells to
tolerate environmental stress. In metaplasia there is transformation of one type of
differentiated tissue into another. It occurs in chronic irritation and inflammation and it is
reversible. In heavy smokers the surface epithelium of the bronchi changes from normal
ciliated pseudo stratified columnar epithelium to stratified squamous. In this example
chronic irritation or injury result in adaptive changes in the surface epithelium to a type

resistant to smoke.

STUDY QUESTIONS
1. What makes the internal environment, indicate some important variables, to be
" maintained within normal range?
2. What are the functions of cellular organelles? Rough and smooth ER and Golgi
complex * apparatus?
. Describe the chemical nature of plasma membrane and its characteristics.
. Discuss the modes of transport across the plasma membrane.

. Explain the functions of membrane proteins.

. How does the first chemical messenger induce cellular transduction?

3
4
5
6. What is the significance of physiological signaling?
7
8. Define dynamic state of homeostasis.

9

. Discuss the features of homeostatic controls.
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e open loop and closed loop system

e negative and positive feed back controls
10. Elaborate reflex mechanism

e autonomic reflex

e somatic reflex

e endocrine reflex

11.Discuss adaptation to: Exercise; Hypoxia

Suggested reading

1. Adolph EF. Origin of physiologic regulation

2. Jones RW. Principles of biological regulation: An introduction to feedback systems.
New ° York: Academic Press, 1973.

3. Yamamoto WS and JB Brobeck. Eds. Physiological controls and regulations.
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CHAPTER TWO
EXCITABLE TISSUES: NERVE AND MUSCLE

Learning Objectives

After completeing this chapter, the student is expected to know the following:
e Understand the mechanisms nerve and muscle excitation
e Know how graded potentials and action potentials are induced
e Define action potentials
e Understand how neurotransmitter carry the signal across a synapse
e Know the composition of striated muscle, smooth and cardiac muscles
¢ Know the actions of Calcium in excitation contraction of muscle.

o Define the 2 types of muscle contractions: isotonic and isometric.

INTRODUCTION

All cells of the body possess a membrane potential related to the nonuniform
distribution and varying permeability to Na* and K* and large intracellular anions. Nerve
and muscle cells are excitable tissues developed a specialized use for the membrane
potential. Nerve and muscle cells are capable of producing electrical signals when
excited. Action potentials are brief reversals of membrane potential brought about by
rapid changes in membrane permeability. Once started, action potentials are

propagated throughtout an excitable cell.

Membrane Potential

All plasma membranes are polarized electrically. It means separation of electric charges
across the membrane, or to a difference in the relative number of cations and anions in
the intracellular fluid and extracellular fluid. A separation of charges across the
membrane is referred to as membrane potential. It is primarily due to differences in the
distribution and membrane permeability of sodium, potassium and large intracellular
anions. All living cells have a slightly excess of positive charges outside and a

corresponding slight excess of negative charges on the inside of its membrane.
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Table 3: Concentration and permeability of ions responsible for membrane potential in

a resting nerve cell

Conc Conc Relative
lon (mmol/L) (mmol/L) permeability
Extracellular | Intracellular
Sodium 150 15 1
Potassium | 5 150 50-100
Anion (A) |0 65 0
Table 4: Concentration and electrical gradients
lon Condition Gradient Direction of
Gradient
K" K Concentration Outward
gradient
(-90 mv) Electrical gradient Inward
Na® Na* Concentration Inward
gradient
(+60 mv) Electrical gradient inward
K* Resting Concentration Outward
potential gradient
(-70 mv) Electrical gradient Inward
Na® Resting Concentration Inward
potential gradient
(-70 mv) Electrical gradient Inward

Effect of sodium-potassium pump on membrane potential

About 20% of membrane potential is contributed by the Na® - K'pump. This pump
generates unequal transport for both positive ions, that creates a membrane potential
with the outside becoming more positive than the inside. This active transport

mechanism pumps three sodium ions out for two potassium ions pumped in. However,
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most of the potential (80%) is caused by passive diffusion of potassium and sodium ions

down their gradients.

Concurrent potassium and sodium effects on membrane potential

As potassium is more permeable at rest, it influences the resting membrane potential to
a greater extent than does sodium. The resting membrane potential (RMP) of a typical
nerve is -70 mV. It is slightly less than potassium equilibrium potential because of the
weak influx of sodium. (See Figure 19). Nerve and muscle use the membrane potential
for their specialized advantages. They are capable of rapidly and transiently alter the
permeability of these ions in response to appropriate stimulation, thereby bringing about

fluctuations in membrane potential.
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Figure 19. Shows resting membrane potential.

62



Hu

+ '1" '+ o+ + F Xt foree N+
HEH Y S T
S 2 T YUy ey
Charges o sifber side of
So4-, Pog, Proteins the cecmnbrams
(non — diffusible)
Seletive permeability of The

+_ marobrame e K*
t%&@&&&l&{f& %i {50 - LG L ME" }

= NOQPUMPFOR CL

Coosmanely o ¢heooe| K* leak
chammels M

The teembrime potential depemds upo
K" Leak channels
K" gradient across the membrane

Figure 20. Shows ionic bases of resting membrane potential.

NEURONS
The nervous system consists of cells that are called neurons varying enormously in
size, and shape than any other cell. The neuronal cell contains a body and processes

that are arranged to the cell to receive, conduct and transmit stimuli to other cells.

Glial cells: the neurons gain efficiency through special glial cells. These surround the
neuron, adhering to their surface and helping to remove problem of resistance to the
conduction of excitation.

Interneurons: Neural connections are established between the segment by means of
interneurons. The interneurons may act as amplifier (excitatory) by enhancing or as
attenuator (inhibitory) by putting a damper on an incoming signal or it may act as a

polarity signal switch transforming a positive signal into negative one or vice versa.
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Components of the nervous system

The cells typical of the nervous tissue are the neurons and glial cells.

Neurons: The original neuron is "nerve cell"- cells best equipped to sense and react to
the chemical and physical change occurring in their surrounding environment. They are
present in the entire human body and communicate with each other regarding their
conditions and reactions. Primary neural functions include reception, conduction and
transmission. To detect, conduct and transmit stimuli to another cell or cells. Nerve cells

grow 2 types of processes from their cell bodies - axons and dendrites.

Dendrites: are those processes that are concerned with reception of stimuli from

environment.

Axons: are those processes that are concerned with conduction and transmission of
the stimuli-signal to another cell or cells. The axon gives out collateral branches when

the target consists of many cells.

Glial cells or Neuroglial cells
The various functions of glial cells are:
e Mechanical supportive elements of neurons
e Insulator of neuron
e Phagocytic defense mechanism
e Secretory
e Modifiers of electrical activity in neuron
e Regulation of metabolism in neuron
¢ Development assistance in neuronal circuitry
e Producers of myelin sheath

Glial cells retain the ability to divide throughout life.

64



Endings or terminals in peripheral nervous system (PNS): Sensory endings

The sensory endings pick up a stimulus either directly from the environment as simple
receptors or indirectly through specialized cells, as encapsulated receptors organs. A
receptor is a biologic transducer which picks up one form of energy or stimulus and
transforms it into another form of energy. All peripheral sensory endings are receptors

either directly or indirectly.

Motor endings are neural endings that transmit impulses to the effector cells. Effectors
are cells in organs that respond to impulses from the NS. Muscles and glands are

effectors.

Classification of sensory endings or receptors:
1. Exteroreceptors: Localized in the body surface; recieve information from the
external environment
e Sight, hearing, smell
e Pick up distant stimuli (teleoreceptors)
e Touch, pressure, temperature
e Stimulation by contact
2. Propioreceptors
Localized in the locomotion apparatus (muscles, tendons, joints). Recieve information
regarding posture, movements
3. Interoreceptors (visceroreceptors)
Visceral activity (digestion, excretion, circulation)
Located in Viscera and blood vessels
Free nerve endings: Most free nerve endings arborize between the tissue cells; other
surround the hair follicles.
Nerve fibers: The axons are covered by glial cells. Only the sites of synapses are free
from the glial lining. The axons in the CNS are covered by glial cells and the PNS by
Shawn cells. An axons with its glial covering is called nerve fiber. Depending on the

presence or absence of myelin, the fibers are classified as myelinated or
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nonmyelinated. The unnmyelinated fibers in the CNS are covered by astrocytes. A

certain relation exists between speed of the impulse and fiber caliber.

Table 5: Fiber diameter and speed of signal conduction.

Fiber type, Diameter Cond. Blocking agent Functions
(Mm) velocity
(m/s)

Aa (I) 12-20 70-120 Pressure Proprioception
AB 1) 5-12 30-70 Pressure Touch, pressure

Ay 3-6 15-30 Pressure Motor supply to muscle

spindle

AS (III) 2-5 12-30 Pressure Pain, cold, touch

B 1-3 3-15 Hypoxia Preganglionic autonomic
C (IV) 0.3-1.3 0.5-2.3 Local Pain, touch, pressure

anesthetics

Peripheral nerve: A bundle of fibers wrapped in a connective tissue sheath is a
peripheral nerve. Within each bundle, between the fibers, collagen fibers and a few

fibroblasts are situated. This is called endoneurium.

Electric signal in nerve: nerve cells or neurons make up the nervous system (NS), one
of the control systems of the body. The nervous system controls body's muscular and
glandular activities that are mostly directed towards maintaining homeostasis. Neurons
act rapidly for electrical and chemical signaling for communication. Through chemical
means neurons pass messages to muscles and glands through intricate pathways from

neuron to neuron.

Electric signal: Nerve and muscle are excitable tissues. They are able to develop rapid

and transient change in their membrane potentials. These fluctuations serve as signal /
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impulse in 2 forms. 1. Graded potentials- serving as short distance signals, and 2.

Action potentials- which serve as a long distance signals without any change.

Graded potentials: Graded potentials die out over short distances. These are local
membrane potentials. Changes occur in varying grades of magnitude or strength. For
example, RMP of -70 mV may become -60 mV or -50 mV. This magnitude is related to
the magnitude of the triggering event, i.e. the stronger the triggering event, the larger

the graded potential.

The triggering event may be one of the following.
e Stimulus - such as light stimulating photoreceptors on the retina
e Interaction of chemical with a receptor on a nerve or muscle cell membrane
(neurotransmitter).

e Spontaneous change of potential caused by imbalance in the leak-pump cycle.

Characteristics of Graded potential

e Graded potential change: magnitude varies with the magnitude of triggering
event

e Decremental conduction: magnitude diminishes with distance from initial site

e Passive spread to nearby inactive areas of membrane

e No refractory period

e Can be summed (temporal and spatial)

e Can be depolarized or hyperpolarized

e Triggered by stimulus, by combination of neurotransmitter with receptor or by
spontaneous shift in leak-pump cycle.

e Ocecurs in specialized regions of membrane designed to respond to triggering
event: egs: end plate potential, receptor/ generator potential, excitatory

postsynaptic potentials, inhibitory postsynaptic potentials
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THE ACTION POTENTIAL
Characteristics:
e All or none membrane response, magnitude of the triggering event coded in
frequency rather than amplitude of action potential
e Propagated through out membrane in undiminished fashion
e Self-generation in nearby inactive areas of membrane
e Refractory period present
e Summation impossible
e Always depolaraization to threshold through spread of graded potential
e Occurs in regions of membrane with abundance of voltage-gated sodium

channels

Initiation of the Action Potential

Action potential is generated when an axon is stimulated by sufficient strength electric
current so that the membrane is suddenly depolarized from -80 to -60 mV, the critical
drop initiating further change in potential. As soon as the critical level of depolarized, the
threshold is reached, any further increase in the strength of the applied current do not
affect size of the potential. It is all- or- none response. The action potential crosses the
zero line it is moving from -80 to +30 mV inside the membrane. The action potential is
propagated along the whole length of the fiber membrane with a constant speed and

amplitude.

Monophasic and diphasic action potential.

When one electrode is kept inside and the other is outside, potential changes across the
membrane can be measured and if properly amplified and electrodes connected to a
cathode ray oscilloscope, they can be recorded as the monophasic action potentials.
Using 2 surface electrodes on the nerve or muscle, a diphasic action potential can be

seen on the screen and recorded (see figure 21)
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Phases of the action potential:

Resting membrane potential (RMP): Voltage difference between inside and
outside of cell in absence of excitatory or inhibitory stimulation.

Threshold potential: Membrane potential to which excitable membrane must be
depolarized to incite an action potential

Upstroke or rising phase: This is a very rapid period of change, when the cell is
losing its negative resting potential, and becomes depolarized (zero potential)
and shows reversal of the membrane potential so that the inside of the
membrane is transiently positive.

Overshoot: The short positive phase is known as overshoot and is usually

of about +30 mV- +40 mV in amplitude.

Repolarization phase: The down stroke of the potential change is the
repolarization, a slower process than the initial phase of depolarization.

After potentials

Depolarization after potentials: The membrane potential for a brief period
becomes more positive than the resting membrane potential and the cell,
therefore, is slightly more excitable than normal.

Hyperpolarization after potentials: some cells reflect a fall in the membrane
potential below the RMP for a brief period following the action potential. During

this time, the cell is less excitable than normal.
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