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Preface

to have an understanding and insight into anatomy and
physiology.

The human body is composed of organic and inorganic mole-
cules that are organised at a variety of structural levels; despite this
an individual should be seen and treated in a holistic manner. If the
nurse is to provide appropriate and timely care, it is essential that
they can recognise illness, deliver effective treatment and refer
appropriately with the person at the centre of all they do.

Nurses are required to demonstrate a sound knowledge of
anatomy and physiology with the intention of providing safe
and effective nursing care. This is often assessed as a part of a
programme of study. The overall aim of this concise text is to
provide an overview of anatomy and physiology and the related
biological sciences that can help to develop your practical caring
skills and improve your knowledge with the aim of you becoming
a caring, kind and compassionate nurse. It is anticipated that you
will be able to deliver increasingly complex care for the people
you care for when you understand how the body functions.

This text provides you with the opportunity to apply the content
to the care of people. As you begin to appreciate how people
respond or adapt to pathophysiological changes and stressors you
will be able to understand that people (regardless of age) have
specific biological needs.

In order to care effectively for people (sick or well) the nurse has

r[..‘ \
< |
The integration and application of evidence-based theory to
practice is a key component of effective and safe health care. This
goal cannot be achieved without an understanding of anatomy and
physiology.

Living systems can be expressed from the very smallest level;
the chemical level, atoms, molecules and the chemical bonds
connecting atoms provide the structure upon which living activity
is based. The smallest unit of life is the cell. Tissue is a group of cells
that are alike, performing a common function. Organs are groups
of different types of tissues working together to carry out a specific
activity. Two or more organs working together to carry out a
particular activity is described as a system. Another system that
possesses the characteristics of living things is an organism, with
the capacity to obtain and process energy, the ability to react to
changes in the environment and to reproduce.

Anatomy is associated with the function of a living organism
and as such it is almost always inseparable from physiology.
Physiology is the science dealing with the study of the function of
cells, tissues, organs and organisms; it is the study of life.

This At A Glance provides you with structure and a
comprehensive approach to anatomy and physiology.

Ian Peate
Muralitharan Nair
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Abbreviations

ACTH Adrenocorticotropic hormone HR Heart rate

ADH  Antidiuretic hormone K+ Potassium

ANP  Atrial natriuretic peptide kPa Kilo Pascals

ANS  Autonomic nervous system Mg?  Magnesium

ATP Adenosine triphosphate mmHg Millimetres of mercury

AV Atrioventricular mRNA Messenger ribonucleic acid
BBB  Blood-brain barrier Na* Sodium

BP Blood pressure NH3  Ammonia

Ca**  Calcium o, Oxygen

CCK  Cholecystokinin PCA  Posterior cerebral artery

Cl Chloride PCO, Partial pressure of carbon dioxide
CNS  Central nervous system PO, Partial pressure of oxygen

CRH  Corticotrophin releasing hormones PCT  Proximal convoluted tubule

CSF  Cerebrospinal fluid pH A measure of the acidity or basicity of an agueous
CO,  Carbon dioxide solution

CRC  Cardio-regulatory centre PNS  Parasympathetic nervous system
CSF  Cerebrospinal fluid PRH  Prolactin-releasing hormone
DNA  Deoxyribonucleic acid RBC  Red blood cells

EPO  Erythropoietin RER  Rough endoplasmic reticulum
FSH Follicle-stimulating hormone SER  Smooth endoplasmic reticulum
GH Growth hormone RNA  Ribonucleic acid

GHRIF Growth hormone release-inhibiting factor tRNA  Transfer ribonucleic acid

H+ Hydrogen rRNA  Ribosomal ribonucleic acid

H,0 Water SA Sinoatrial

Hb Haemoglobin SNS  Sympathetic nervous system
HCG  Human chorionic gonadotrophin TSH  Thyroid-stimulating hormone

HCL  Hydrochloric acid WBC  White blood cell
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Genetics

Genetics is a fascinating subject and many diseases are linked to
genes. Genes correspond to regions within DNA, a molecule com-
posed of a chain of four different types of nucleotides - the
sequence of these nucleotides is the genetic information organisms
inherit. DNA naturally occurs in a double stranded form (double
helix), with nucleotides on each strand complementary to each
other (Figure 1.1). Each strand can act as a template for creating a
new partner strand.

DNA makes all the basic units of hereditary material which
control cellular structure and direct cellular activities. The capacity
of the DNA to replicate itself provides the basis of hereditary
transmission.

The double helix of DNA

The double helix is made up of two strands of DNA. They twist
round each other to resemble a spiral ladder (Figure 1.1). Two
strands of alternating phosphate groups and deoxyribose sugars
form the uprights of spiral ladder and the paired bases held
together by hydrogen bonds form the rungs of the ladder.

RNA

RNA differs from DNA. In humans, RNA is single-stranded
(Figure 1.2), the sugar is the pentose sugar and contains the pyrim-
idine base uracil (U) instead of thymine. Cells have three different
RNAs; messenger RNA (mRNA), ribosomal RNA (rRNA) and
transfer RNA (tRNA).

Nucleotides

Nucleotides are biological molecules that form the building blocks
of nucleic acids (DNA and RNA). A nucleic acid is a chain of
repeating monomers called nucleotides. Each nucleotide of DNA
consists of three parts (Figure 1.3):

1 Deoxyribose - five-carbon cyclic sugar.

2 Phosphate - an inorganic molecule.

3 Base - a nitro-carbon ring structure.

Bases

Bases are the building blocks of the DNA double helix, and con-
tribute to the folded structure of both DNA and RNA. There are
four bases in DNA and these are adenine, thymine, guanine and
cytosine. Each base will pair with a particular base as adenine
always pairs with thymine and guanine always pairs with cytosine.

Chromosomes

Chromosomes are thread-like structures of DNA found inside a
nucleus of a cell (Figure 1.4). Chromosomes also contain DNA-
bound proteins, which serve to package the DNA and control its
functions. The unique structure of chromosomes keeps DNA
tightly wrapped around spool-like proteins, called histones.
Without such packaging, DNA molecules would be too long to fit
inside cells. Human body cells have 46 chromosomes, 23 inherited
from each parent. Each chromosome is a long molecule of DNA.

Protein synthesis

All the genetic information for manufacturing proteins is found
in DNA. However, in order to manufacture these proteins, the
genetic information encoded in the DNA has to be translated.

In order for this to happen, first the information needs to be
transcribed (copied) to produce a specific molecule of RNA. Then
the RNA attaches to a ribosome where the information contained
in the RNA is translated into a corresponding sequence of amino
acids to form a new protein molecule.

In transcription, the genetic information contained in the DNA is
transcribed into the RNA. Thus the information in the DNA serves
as a template for copying the information into a complementary
sequence of codons. To do this, the two strands of the DNA are
separated and the bases that are attached to each strand then pair
up with bases that are attached to the strands of the RNA
(Figure 1.5). Transcription of the DNA ends at another special
nucleotide sequence called a terminator, which specifies the end of
the gene.

Once mRNA has copied the genetic information from the DNA
and is ready for translation, it binds to a specific site on a ribosome.
Ribosomes consist of two parts, a large subunit and a small subu-
nit. They contain a binding site for mRNA and two binding sites
for tRNA located in the large ribosomal subunit, a P site and a A
site. The process of translation occurs as each ribosomes move
along the mRNA stand and a new protein is formed.

Gene transference

The process of gene transference can be divided into two stages:
mitosis and meiosis.

Mitosis describes the process by which the nucleus of a cell divides
to create two new nuclei, each containing an identical copy of
DNA. Mitosis can be divided into four stages: prophase, meta-
phase, anaphase and telophase. Before and after the cells have
divided, they enter a stage called interphase. The interphase is
often thought to be the resting period of a cell but the cell is busy
getting ready for replication.

Meiosis is the process by which certain sex cells are created. The
spermatozoa of the male and the ova of the female go through the
process of meiosis. Meiosis can be divided into meiosis I and meio-
sis II. During the interphase that precedes meiosis I, the chromo-
some of the diploid starts to replicate. As a result each chromosome
consists of two identical daughter chromatids. In meiosis II both of
the cells produced in meiosis I further divide again.

Meiosis I can be further subdivided into four stages:
» Prophase I
» Metaphase I
» Anaphase I
 Telophase I.
Meiosis II has also four stages:
 Prophase II
« Metaphase II
« Anaphase II
« Telophase IIL.
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e Homeostatic mechanisms

Figure 2.1 Components of a negative
feedback system
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Figure 2.4 Positive feedback of childbirth
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Figure 2.3 Negative feedback of
raised temperature
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Homeostasis

Homeostasis is the ability of the body or a cell to seek and maintain
a condition of equilibrium within its internal environment when
dealing with external changes. It is a state of equilibrium for the
body. Homeostasis allows the organs of the body to function
effectively in a broad range of conditions. It is an important physi-
ological concept in humans. It was defined by Claude Bernard and
later by Walter Bradford Cannon in 1926.

The internal environment includes the tissue fluid that bathes
the cells; homeostasis involves keeping various cell conditions
within normal limits. Characteristics that are controlled include:

» Temperature - at 36.5°C
« Blood glucose — 4-8 mmol/l
 pH of the blood - at 7.4.

Feedhack mechanisms

Our body regulates the internal system through a multitude of
feedback systems. There are three basic parts to the feedback
system; a receptor, a control centre and an effector (Figure 2.1).
The effector can be a muscle, organs or other structure that receives
the messages that a reaction is needed.

The receptor senses changes in the internal environment and
relays information to the control centre. For example certain nerve
endings in the skin sense temperature change and detect changes
such as a sudden rise or drop in body temperature.

The brain is the control centre. It receives the information from the
receptor and interprets the information and sends information to
the effector. The output could occur as nerve impulses or hor-
mones or other chemical signals.

An effector is a body system such as the skin, blood vessels or the
blood that receives the information from the control centre and
produces a response to the condition. For example, the regulation
of body temperature by our skin (drops well below normal) where
the hypothalamus act as the control centre, which receives input
from the skin. The output from the control centre goes to the skel-
etal muscles via nerves to initiate shivering thus raising body
temperature.

Negative feedback

Most of our body systems work on negative feedback. Negative
feedback ensures that, in any control system, changes are reversed
and returned back to the set level. For example if the right blood
pressure increases, receptors in the carotid arteries detect the

change in blood pressure and send a message to the brain.
The brain will cause the heart to beat slower and thus decrease
the blood pressure. Decreasing heart rate has a negative effect on
blood pressure (Figure 2.2).

Another example of negative feedback is regulation of our body
temperature at a constant 37°C. If we get too hot, blood vessels in
our skin vasodilate and we lose heat and cool down. If we get too
cold, blood vessels in our skin vasoconstrict, we lose less heat and
our body warms up. Thus the negative feedback system ensures the
homeostasis is maintained (Figure 2.3).

When the body is too hot the blood vessels (capillaries) in the skin
dilate (vasodilation occurs). This activity increases blood to flow
to the skin and as this occurs heat is lost through the skin by the
processes of convection and radiation. The hairs of the body lie
flat (pilorelaxation); this avoids the trapping of air that would
otherwise lead to insulation.

Other mechanisms also occur in attempting to further reduce
the body temperature, such as sweating. Sweat is produced by the
sweat glands and is made up of mostly water and salts and it pours
out onto the surface of the skin during increases in temperature.
When this occurs the water evaporates, resulting in removal of
heat from the skin thus cooling the skin down.

If the body is too cold then hairs on the skin are raised as a result
of small muscles making a response, they trap a layer of air near the
skin, this gives the appearance of goose bumps (piloerection).
When the skeletal muscles contract rapidly and involuntarily
shivering occurs. In turn this produces more heat, and during shiv-
ering there is often an increase in the rate of respiration, which also
helps to warm the surrounding tissues.

The rate at which heat is lost will depend on the amount of
blood that is flowing through the skin. When cold, blood is kept
away from the body surface as a result of capillary vasoconstriction
(reduction in the size of the vessels), smaller amounts of blood
flow through these capillaries minimising heat loss from the skin.

Positive feedhack

Positive feedback is the body’s mechanism to enhance an output
needed to maintain homeostasis. Positive feedback mechanisms
push levels out of normal ranges. Even though this process can be
beneficial, it is rarely used by the body because of the risk of the
increased stimuli becoming out of control. An example of positive
feedback is the release of oxytocin to increase and keep the contrac-
tions of childbirth happening as long as needed for the child’s birth.
Contractions of the uterus are stimulated by oxytocin, produced in
the pituitary gland, and the secretion of it is increased by positive
feedback, increasing the strength of the contractions (Figure 2.4).
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€ Fuid compartments

Figure 3.1 Distribution of body water

2/3
Intracellular
fluid (ICF)

Total body fluid

Table 3.1 Fluid intake and losses

Oral liquids
Food

Metabolism

Extracellular
fluid

80%
Interstitial — o
fluid

— Tissue cells

— Blood capillary

1200 - 1500 ml daily
700 - 1000 ml daily
200 - 400 ml daily

Source: Nair, M & Peate | Fundamentals of Applied Pathophysiology (2013)

Urine 1200 - 1700 ml daily
Faeces 100 - 250 ml daily
Perspiration 100 — 150 ml daily

Insensible loss

Skin 350 - 400 ml daily

350 — 400 ml daily
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ater is the universal solvent and is essential for life, and
Wbody fluids are dilute solutions of water and electrolytes.

It is an extraordinary substance with a number of impor-
tant properties.

Total hody water

It is estimated that the total body water in an adult of average build
amounts to about 60% of their body weight. There are, however,
some exceptions to this; for example, in babies and young people
the proportion will be higher, conversely, in those adults who are
below average weight, the proportion will be lower, this also applies
to the elderly and to the obese in all age groups. Total body water
therefore depends upon a number of factors that include sex,
weight, age and relative amount of body fat, as we age total body
water declines and as such the risk of experiencing a fluid imbal-
ance increases with age.

The difference between males and females is due to the fact that
women have a relatively larger amount of body fat as well as a smaller
amount of skeletal muscle. Skeletal muscle is composed of 65% water;
adipose tissue, however, is only about 20% water. Those people with
a greater muscle mass have proportionately more body water, an
obese person can have a relative water content level as low as 45%.

There are two major biochemically distinct fluid compartments
in the body where body fluids are distributed; inside the cells
(intracellular) and outside the cells (extracellular).

Figure 3.1 provides details about the distribution of body water.

Blood is a life maintaining fluid and is the only liquid connec-
tive tissue, comprising 8% of total body weight (and consists of red
blood cells (erythrocytes), plasma, white blood cells (leukocytes)
and platelets (thrombocytes). One key aspect related to the role of
the blood is to help transport gases, nutrients and waste products,
provide a defence against infection and injury, assist in the immune
process and contribute to the regulation of temperature, acid base
balance and fluid exchange.

In order for cells to function effectively this depends on a stable
supply of nutrients, the removal of waste products and also on
homeostasis of the surrounding fluids. Fluctuations in fluids
impacts upon blood volume and cellular function, alterations in
cellular function can be life threatening.

In an adult nearly two thirds of the body’s fluid is intracellular
(ICF) and this is contained within more than 100 trillion cells,
amounting to approximately 28 litres an average 70 kg male. These
vast numbers of cells are not united physically; the intracellular
fluid compartment is in fact a virtual compartment. These are
discontinuous small collections of fluid; however, from a physio-
logical perspective, intracellular fluid is discussed as if it were a
single compartment.

Extracellular fluid (ECF) is the fluid that is found outside of cells
but surrounding them. ECF also declines as we age, ECF is more
readily lost from the body than the ICE. ECF is usually subdivided
into a number of smaller compartments located in the intravascu-
lar and the interstitial compartments or spaces. The intravascular
compartment consists of fluid within the blood vessels (the
plasma volume). In an average adult blood volume amounts to
5-6 litres, of this approximately 3 litres is plasma. The interstitial
fluid is water in the ‘gaps’ between the cells and outside the blood
vessels this also includes lymph fluid (sometimes this is called the
‘third space’). Transcellular fluid is fluid that is contained within
particular cavities of the body, for example, the pleural, synovial,
pericardial fluids and digestive secretions that are separated
by a layer of epithelium from the interstitial compartment.
Transcellular fluid is akin to interstitial fluid and often this is con-
sidered to be a part of interstitial volume. The transcellular fluid
amounts to about 1 litre.

The plasma membrane divides the intracellular and extracellular
compartments and specialised cell layers divide the interstitial and
transcellular compartments. The capillary wall divides the blood
from the interstitial fluid. The capillary wall is a semipermeable
membrane; this is permeable to most molecules in the plasma
except plasma proteins and the red blood cells as these are too large
to move through the capillary wall. This selective permeability
assists in maintaining the unique composition of the compart-
ments and at the same time allowing the transportation of nutrients
from the plasma to the cells and the passage of waste products
from the cells out into the plasma.

Fluid regulation

There is a fine regulation of the balance between water intake and
output and its distribution is essential to the optimal perfor-
mance of every organ system in the body. In a number of illnesses
and during surgery, there may be disturbances that occur to
this fine balance, this must be identified and corrected with the
aim of preventing deterioration, complications and to promote
recovery.

In adults who are healthy, fluid intake usually averages about
2200 ml per day, this can range from 1800 ml per day with similar
fluid loss (see Table 3.1). In normal circumstances there are a
number of bodily mechanisms that ensure that there is a state of
equilibrium between intake and output. The brain triggers the
sensation of thirst when body fluid becomes concentrated, this
then encourages the person to drink. When fluid volume expands
then the kidneys will excrete a proportionate amount of water to
correct, maintain or restore balance.
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Figure 4.1 A typical cell
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Cells

Cells are the basic structural, functional and biological unit of all
known living organisms. We humans are multicellular, compared
to some organisms such as bacteria. Each cell is an amazing
world unto itself: it can take in nutrients, convert these nutrients
into energy, carry out specialised functions, and reproduce as
necessary.

Cell membrane

This membrane serves to separate and protect a cell from its sur-
rounding environment and is made mostly from a double layer of
proteins and lipids, fat-like molecules. Embedded within this
membrane are a variety of other molecules (Figure 4.1) that act
as channels and pumps, moving different molecules into and out of
the cell. The cell membrane can vary from 7.5 nanometres (nm) to
10nm in thickness.

The phospholipid bilayer consists of a polar ‘head’ end which is
hydrophilic (water loving) and fatty acid ‘tails’ which are hydro-
phobic (water hating). The hydrophilic heads are situated on the
outer and inner surface of the cell while the hydrophobic areas
point into the cell membrane (see Figure 4.1) as they are ‘water
hating’ ends. These phospholipid molecules are arranged as a
bilayer with the heads facing outwards. This means that the bilayer
is self-sealing. It is the central part of the cell membrane, consisting
of hydrophobic ‘tails; that makes the cell membrane impermeable
to water-soluble molecules, and so prevents the passage of these
molecules into and out of the cell.

Mitochondria

Mitochondria (Figure 4.2) are the cell's power producers. They
convert energy into forms that are usable by the cell. Located in the
cytoplasm, they are the sites of cellular respiration which ulti-
mately generate fuel for the cell’s activities. Mitochondria are also
involved in other cell processes, such as cell division and growth, as
well as cell death.

Endoplasmic reticulum

The endoplasmic reticulum (ER) (Figure 4.1) is an organelle of
cells that forms an interconnected network of membrane vesi-
cles. According to the structure, the endoplasmic reticulum is
classified into two types, that is, rough endoplasmic reticulum
(RER) and smooth endoplasmic reticulum (SER). The rough
endoplasmic reticulum is studded with ribosomes on the
cytosolic face. These are the sites of protein synthesis. The rough
endoplasmic reticulum is predominantly found in hepatocytes
where protein synthesis occurs actively. The smooth endoplas-
mic reticulum is a smooth network without the ribosomes. The
smooth endoplasmic reticulum is concerned with lipid metabo-
lism, carbohydrate metabolism and detoxification. The smooth
endoplasmic reticulum is abundantly found in mammalian liver
and gonad cells.

Nucleus

The nucleus is a membrane-enclosed organelle (Figure 4.1). It con-
tains most of the cell’s genetic material, organised as multiple long
linear DNA molecules in complex with a large variety of proteins,
such as histones, to form chromosomes. The genes within these
chromosomes are the cell’s nuclear genome. The function of the
nucleus is to maintain the integrity of these genes and to control
the activities of the cell by regulating gene expression — the
nucleus is, therefore, the control centre of the cell.

Gytoplasm

Cytoplasm is basically the substance that fills the cell. It is a
jelly-like material that is 80% water and is usually clear in colour.
It is more like a viscous (thick) gel than a watery substance, but
it liquefies when shaken or stirred. Cytoplasm, which can also be
referred to as cytosol, means cell substance. This name is very
fitting because cytoplasm is the substance of life that serves as
a molecular soup in which all of the cell's organelles are sus-
pended and held together by a fatty membrane. The cytoplasm is
found inside the cell membrane, surrounding the nuclear envelope
and the cytoplasmic organelles (Figure 4.1).

Lipid bilayer

The lipid bilayer is a thin polar membrane made of two layers of
lipid molecules that keeps ions, proteins and other molecules
where they are needed and prevents them from diffusing into areas
where they should not be. The lipid layer is made up of three types
of lipid molecules: phospholipids (75%), cholesterol (20%) and
glycolipids (5%).

The polar heads are hydrophilic (water loving) and in contact
with both the extracellular fluid and the cytosol. While the fatty
acid tails, which are hydrophobic (water fearing), point towards
each other inside the membrane (Figure 4.3).

Membrane proteins

Membrane proteins are categorised as integral or peripheral proteins
(Figure 4.3). Integral proteins extend through the lipid layer into the
cytosol of the cell. Thus some of the small molecules can pass from
the extracellular fluid through to the intracellular fluid.

Peripheral proteins do not go through the lipid layer. They are
more associated with the polar heads of both outer and inner
surfaces of the membrane.

Functions of the plasma membrane

The cell membrane anchors the cytoskeleton (a cellular skeleton’
made of protein and contained in the cytoplasm) and gives shape
to the cell.

It attaches cells to the extracellular matrix and transports mate-
rials in and out of the cells. Some protein molecules in the cell
membrane carry out metabolic reactions near the inner surface of
the cell membrane.
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Figure 5.1 Osmosis
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Figure 5.4 Facilitated diffusion
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Osmosis is the movement of solution from an area of high volume
to an area of low volume through a selective permeable membrane.
Osmosis is essential in biological systems, as biological membranes
are selective permeable (Figure 5.1). Although osmosis does not
utilise energy, it does use kinetic energy. The kinetic energy of an
object is the energy which it possesses due to its movement. The
movement of water driven by osmosis is called osmotic flow.
The greater the initial difference in solute concentrations, the
stronger the osmotic flow.

Solutions of varying solute concentration are described as
isotonic, hypotonic or hypertonic. When a cell is placed in an iso-
tonic solution there is very little net movement of water in or out of
the cell. When placed in a hypotonic solution water will move into
the cell causing it to swell and burst. However, when the cell is
placed in a hypertonic solution, the water will move out of the cell
causing to shrink and die.

Diffusion

Diffusion is the net movement of molecules from an area of high
concentration to an area of low concentration. The difference
between the high and low concentration represents the concentration
gradient. Diffusion occurs in air as well as in water. Although the
process is spontaneous, the rate of diffusion for different substances
is affected by membrane permeability. The rate of diffusion is also
affected by properties of the cell, the diffusing molecule, tempera-
ture of the surrounding solution and the size of the molecule.

Simple passive diffusion occurs when small molecules pass
through the lipid bilayer of a cell membrane, for example
gas exchange in the lungs (Figure 5.2).

Facilitated diffusion

Facilitated diffusion is a type of passive transport that allows
substances to cross membranes with the assistance of special
transport proteins (Figure 5.4). The facilitated diffusion may occur
either across biological membranes or through fluid compart-
ments. The molecule to be transported first binds to a receptor site
on the carrier protein. The shape of the protein then changes and
the molecule is transported into the cell where it is released into
the cytoplasm. Once the transport is complete, the protein returns
to its normal shape.

Active transport

In active transport, the high energy bond in ATP (adeinosin-
etriphosphate) provides the energy needed to move ions or
molecules across the membrane (Figure 5.3). Active transport is
not dependent on the concentration gradient. As a result, cells
can take in or get rid of molecules regardless of the concentration
of the molecules in the intracellular or the extracellular fluid

compartments. It is a good example of a process for which cells
require energy. Examples of active transport include the uptake of
glucose in the intestines. All cells contain carrier proteins called
ion pumps, which actively transport ions such as sodium or potas-
sium across the cell membranes.

Secondary active transport is a form of active transport across a
biological membrane in which a transporter protein couples the
movement of an ion (typically Na* or H*) down its electrochemical
gradient to the uphill movement of another molecule or ion against
a concentration/electrochemical gradient. In secondary active
transport, the free energy needed to perform active transport is
provided by the concentration gradient of the driving ion.

Endocytosis and exocytosis

Endocytosis is an energy-using process by which cells absorb
molecules (such as proteins) by engulfing them. Endocytosis
(Figure 5.5) occurs in three different ways:

i Phagocytosis: Pseudopodia engulf the particle to be imported
to create a food vacuole. Once inside the cell, a lysosyme contain-
ing digestive enzymes will fuse with the food vacuole.

i Pinocytosis: The cell membrane pinches in to engulf a portion
of extracellular fluid containing solutes required by the cell. This
process is non-specific; any solutes in the solution will be engulfed.
iii Receptor-mediated endocytosis: This process allows the intake
of large quantities of molecules that may not be in high concentra-
tion in the extracellular fluid. Proteins on the surface have specific
receptor sites that bind to specific molecules. Receptors then
cluster in coated pits, which are covered on the cytoplasm side with
coat proteins. The coated pit pinches off as a vesicle, taking with it
high concentrations of the specified molecule but also some other
molecules from the extracellular fluid. After the molecules are
delivered to their destination, the receptor proteins are recycled to
the plasma membrane.
Exocytosis is the process in which the cell releases materials to the
outside by discharging them as membrane-bounded vesicles pass-
ing through the cell membrane (Figure 5.6). Exocytosis can be
constitutive (occurring all the time) or regulated.

Many cells in the body use exocytosis to release enzymes or other
proteins that act in other areas of the body or to release molecules
that help cells communicate with one another. For instance,
clusters of a- and p-cells in the islets of Langerhans in the pancreas
secrete the hormones glucagon and insulin, respectively. These
enzymes regulate glucose levels throughout the body. As the level
of glucose rises in the blood, the p-cells are stimulated to produce
and secrete more insulin by exocytosis. When insulin binds to liver
or muscle, it stimulates uptake of glucose by those cells. Exocytosis
from other cells in the pancreas also releases digestive enzymes
into the gut.
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Blood is a fluid connective tissue. Blood consists of formed ele-
ments such red blood cells (RBC), white blood cells (WBC), plate-
lets and a fluid portion called plasma. The volume of blood
between men and women differs as a result of body size. Adult
men have approximately 5-6 litres and adult women have 4-5
litres of blood.

Formation of bhlood cells

The process by which formed elements of blood develop is called
haemopoiesis. Red bone marrow is the primary centre for hae-
mopoiesis in the last three months of birth and throughout life.

RBC

RBCs also known as erythrocytes are the most abundant blood
cells. They are biconcave disks (Figure 6.1) and they contain
oxygen-carrying protein called haemoglobin. The biconcave shape
is maintained by a network of proteins called spectrin. This net-
work of protein will allow the red blood cells to change shape as
they are transported through the blood vessel. Young red blood
cells contain a nucleus; however, the nucleus is absent in a mature
red blood cell which is without any organelles such as mitochondria
thus increasing the oxygen carrying capacity of the red blood cell.

Haemoglobin is composed of the protein called globin bound to
the iron containing pigments called haem. Each globin molecule
has four polypeptide chains consisting of 2 alpha and 2 beta chains
(Figure 6.2). Each haemoglobin molecule has 4 atoms of iron and
each atom of iron will transport 1 molecule of oxygen, therefore,
1 molecule of haemoglobin will transport 4 molecules of oxygen.
There are approximately 250 million haemoglobin molecules in
one red blood cell and therefore one red blood cell will transport
1 billion molecules of oxygen.

Without a nucleus and other organelles the red blood cell cannot
synthesise new structures to replace the ones that are damaged and
therefore their life span is approximately 3-4 months. The break-
down (haemolysis) of the red blood cell is carried out by
macrophages in the spleen, liver and the bone marrow (Figure 6.3).
The globin is broken down and reused for protein synthesis. Iron
is removed and stored in the muscles and the liver and reused to
manufacture new red blood cells.

WBC

WBC circulates for only a short portion of their life span. They
spend most of their life span migrating through dense and loose
connective tissues throughout the body. All white blood cells
migrate from the blood vessel by a process called emigration. Some
of the white blood cells are capable of phagocytosis and they are
neutrophils, eosinophils and monocytes.

Neotrophils are the most abundant white blood cells and play an
important role in the immune system. They form approximately
60-65% of granulocytes and are phagocytes. A non-active

neutrophil lasts approximately 12 hours while an active neutrophil
could last 1-2 days. Neutrophils are the first immune cells to arrive
at a site of infection, through a process known as chemotaxis. The
nuclei of the neutrophils are multi-lobed (Figure 6.4).

These form approximately 2-4% of granulocytes and have
B-shaped nuclei (Figure 6.4). Like neutrophils, they too migrate
from blood vessels and they are 10-12um in diameter. They are
phagocytes; however, they are not as active as neutrophils. They
contain lysosomal enzymes and peroxidase in their granules,
which is toxic to parasites resulting in the destruction of the
organism.

Basophils are the least abundant and account for approximately 1%
of granulocytes, they contain elongated lobed nuclei (Figure 6.4).
Basophils are 8-10 pm in diameter. In inflamed tissue they become
mast cells and secrete granules containing heparin, histamine and
other proteins that promote inflammation.

Monocytes account for 5% of the agranulocytes and they are
circulating leucocytes (Figure 6.4). Monocytes develop in the bone
marrow and spread through the body in 1-3 days. They are approx-
imately 12-20pum in diameter. The nucleus of the monocyte is
kidney or horseshoe shaped. Macrophages play a vital role in
immunity and inflammation by destroying specific antigens.

Lymphocytes account for 25% of the leucocytes and most are
found in the lymphatic tissue such as the lymph nodes and the
spleen (see Figure 6.4). Small lymphocytes are approximately
6-9pm in diameter while the larger ones are 10-14 pm in diame-
ter. They can leave and re-enter the circulatory system. The life
span of the lymphocytes ranges from a few hours to years.

Platelets

Platelets are small blood cells consisting of some cytoplasm
surrounded by a plasma membrane. They are produced in the
bone marrow from megakaryocytes (Figure 6.5) and fragments of
megakaryocytes break off to form platelets. They are approxi-
mately 2-4 pm in diameter but have no nucleus and their life span
is approximately 5-9 days. Platelets play a vital role in blood loss by
the formation of platelet plugs which seal the holes in the blood
vessels and release chemicals which aid blood clotting.

Blood plasma is a pale yellow coloured fluid and its total volume is
approximately 2.5-3 litres in adults. Plasma is 91% water and 10%
solutes such electrolytes and plasma proteins. Among other roles,
blood plasma proteins maintain blood osmotic pressure, which is
an important factor in fluid exchange.
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Figure 7.1 The cells of the immune system
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Table 7.1 Types of antibodies Figure 7.2 Types of acquired immunity

Adaptive
immunity

Functions

IgG

Found in breast milk, mucous, saliva and
tears prevents antigens from crossing
epithelial membranes and invading the
deeper tissues

Produced by B cells and is displayed on
their surface. Antigens bind to active
B cells here

The last common antibody. Found bound
to tissue cell membranes particularly
eosinophils

The most common and largest antibody.
Attacks various pathogens, crossing the
placenta to protect the foetus

Produced in large quantities, is the
primary response and a powerful activator
of complement

Naturally
acquired
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by injection
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aemostasis and haemostatic mechanisms are responsible for

the clotting of blood once injury or damage occurs to the

skin. This happens through a number of complex mecha-
nisms that culminate in the production of a blood clot and scab
formation, providing protection as damage to the external surfaces
of the body can allow routes of entry for foreign bodies as well as
pathogenic microorganisms.

Immune system

Throughout our lives we depend on the immune system to protect
us from the moment we are born until we die. Almost every dis-
ease, accident or disorder we have has an association with the
immune system. The immune system is concerned with more than
infections.

The body is constantly exposed to a number of foreign sub-
stances, infectious agents as well as abnormal cells, and the immune
system is the key defender in protection.

The immune system is an intricate system of cells, enzymes and
proteins providing protection and rendering us resistant or
immune to infections caused by various microorganisms, for
example, bacteria, viruses and fungi. The immune system is capa-
ble of doing more than fighting infection and protecting us from
infectious diseases, other functions include the removal and
destruction of damaged or dead cells and the identification and
destruction of malignant cells, helping to prevent them from fur-
ther development into tumours.

Types of immunity

There are two types of immunity: the innate and the acquired.

This is acquired at birth. The foetus acquires some immunity via the
placenta, this is called passive immunity and lasts for about 3-6
months; the main antibody which is able to cross the placenta is
immunoglobulin IgG. Although the time period for providing this
passive immunity is limited, it is important at a time when the
immune system is immature. After about 6 months infants are
more prone to respiratory and gastric infections. This is in part due to
the loss of foetal antibodies before the B and T lymphocytes are fully
immunocompetent. A central role of the innate immune responses is
to prevent or restrict the entrance of microorganisms into the body,
so that tissue damage is limited. Inflammation is an example of an
innate immune response (also called non-specific immunity).

Inflammation

When tissue damage occurs this activates a number of proteins
acting as the catalyst for the immune response. This response is
non-specific attacking any and all foreign invaders attempting to
rid the body of microbes, toxins or other foreign matter, aiming to
prevent their spread to other tissues and prepare the site for tissue
repair, restoring tissue homeostasis.

The responsibilities of the cells of the immune system are to
find and destroy any damaged cells and foreign tissues and simul-
taneously recognise and preserve host cells.

There are four phases related to the inflammatory response:

1 redness
2 swelling
3 heat
4 pain.

When injury occurs, almost instantaneously the damaged cells
cause a number of events to happen: vasodilation, release of mes-
senger molecules, initiation of complement, extravasation of vas-
cular components, phagocytosis and pain.

The injured mast cells release histamine, causing arterioles to
dilate and venules to constrict promoting an increase in blood
flow. The main mechanisms associated with vasodilation are: cells
produce bradykinin (a vasodilator, also causes pain), damaged
plasma membranes release arachidonic acid, a fatty acid, a precur-
sor to prostaglandins. Prostaglandins (vasodilators) can increase
pain. The histamine released from the degranulated mast cells
enlarges pore size between the capillary cells permitting proteins
and other micromolecules to move into the interstitial spaces.
Nitric oxide is released by the vascular epithelial cells causing fur-
ther vasodilation; the presence of macrophages releases large
quantities of nitric oxide.

Cells close to the injury release a series of chemical signals radi-
ating from the site of inflammation - chemokines. The concentra-
tion of chemokines is greatest immediately surrounding the
infection, high levels of chemokines provide a signal for the attrac-
tion of phagocytic white blood cells including neutrophils.
Figure 7.1 outlines the cells of the immune system.

As chemokine concentration increases, the phagocytes leave
the capillary and enter the site of infection, macrophages
arrive around 24 hours later. The phagocytes engulf and destroy
the pathogens present recognising this as non-self matter. The key
molecule released is interleukin 1 attracting neutrophils and mac-
rophages to the site of injury and helping to clear away debris from
the injured area.

Also known as specific immunity as it only responds to known,
specific organisms that we have previously encountered (have pre-
viously infected us). Acquired immunity has the ability to remem-
ber when a particular immunological threat has been met and
overcome, remembering how to defeat it and mobilise the immune
system to counter that threat (immunological memory). The
acquired immune system is based upon the lymphocytes that are
closely associated to the lymphatic system.

The primary response (exposure for the first time) generates a
slow and delayed rise in antibody levels. The delay is associated
with activation of the T lymphocyte system that stimulates B lym-
phocyte separation.

The secondary response occurs on subsequent exposure to
the same antigen and the response in this case is much faster as
the memory B lymphocytes generated after the first infection
divide and separate at a much faster rate, antibody production
occurs almost immediately. See Table 7.1 for the five types of
antibody.

Immunity can be acquired naturally or artificially, both forms can
be active or passive (see Figure 7.2).

When active immunity occurs, this means that the person has
made a response to an antigen and this leads to the production of
their own antibodies with activation of the lymphocytes, the mem-
ory cells offer long lasting resistance.

Passive immunity occurs when the person has been given anti-
bodies. This type of immunity is relatively short acting as the anti-
bodies eventually break down.
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hapter 4 explained the physiological environment of the cell.

The basic building blocks of organisms are the cells. Humans

are complex beings and are comprised of many cells, which
are different sizes and shapes and have various functions.

Tissues

Tissues are made up of large numbers of cells and are classified
according to their size, shape and functions (see Figures 8.1, 8.2,
8.3). With each tissue type there are wide variations in their cellu-
lar morphology as well as their function. Generally tissue types are
made up of similar cells carrying out related functions, for exam-
ple, the epidermis of the face and the lining of the mouth are the
same tissue type and have related functions, yet their appearance is
very different when observed by the naked eye. Blood and bone are
the same type of tissue but they look very different. There are four
main types of tissues, each has its own sub divisions and they are:
o epithelial tissue

° nervous tissue

* connective tissue

+ muscle tissue.

Epithelial tissue

Epithelial tissue, also known as epithelia, is located in the covering
of external and internal surfaces of the body, the hollow organs and
tubes, it is also found in the glands. The overall function of the
epithelium is to provide protection and impermeability (or selec-
tive permeability) to the covered structure.

The cells are closely packed and the matrix (the intracellular
substance) is minimal. There is usually a basement membrane on
which the cells lie. The epithelial tissue may be simple (a single
layer of cells) and this is subdivided into squamous epithelium
(forms the lining of the heart, blood vessels, lymph vessels, alveoli
of the lungs, lining of the collecting ducts of the nephrons) or strat-
ified where there are several layers of tissue and this is composed of
several layers of these cells. Keratinised stratified epithelium is
found on those dry surfaces that are exposed to wear and tear; for
example, the skin, hair and nails. Non-keratinised epithelium pro-
tects those moist surfaces that are subjected to wear and tear, this
tissue type prevents surfaces such as the conjunctiva, the linings of
the mouth and the vagina from drying out. The urinary bladder is
lined with transitional epithelium - this permits the bladder to
stretch as it fills.

Nervous tissue

Nervous tissue is made up of neurons and glial cells. The function
of the nervous tissue is to receive and to transmit neural impulses
(reception and transmission of information). There are two types of
tissue found in the nervous system: excitable cells (the neurons -
they initiate, receive, conduct and transmit information) and the
non-excitable cells (the glial cells - these support the neurons).

A neuron (the basic unit of nervous tissue) consists of two
major parts, the cell body containing the neuron’s nucleus, cyto-
plasm and other organelles. The nerve processes are ‘finger-like’
projections arising from the cell body and are able to conduct and
transmit signals. There are two types: the axons that carry signals
away from the cell body and the dendrites carrying signals toward

the cell body. Neurons usually have one axon (this can be
branched). Axons usually terminate at a synapse through which
the signal is sent to the next cell, usually through a dendrite.

Connective tissue

There are a number of varieties of connective tissue, it is the most
abundant type of tissue; the typical function of connective tissue is
to fill empty spaces among other body tissues. This function is
associated with the ability of the cells of the connective tissue to
secrete substances that compose extracellular material, such as col-
lagen and elastic fibres, creating a significant spacing between
these cells. There are other important biological features of the
connective tissues, including substance transportation, protection
of the organism and insulation. Connective tissue (excluding
blood) is found in organs supporting specialised tissues.

The matrix of areolar connective tissue is semi solid, containing
adipocytes, mast cells and macrophages. Where there is a need to
provide elasticity and tensile strength in the body, areola tissue is
present, for example under the skin, between muscles, the alimen-
tary canal. Adipose tissue is found supporting the kidneys, brain
and the eyes and is related to energy intake and expenditure.
Lymphoid tissue contains reticular cells and white blood cells and
is found in lymph tissue in the lymph nodes and all lymphatic
organs. Dense connective tissue, fibrous tissue (made up of closely
packed collagen fibres with little matrix) is found in ligaments,
periosteum, muscle fascia and tendons. Blood is a fluid connective
tissue. Cartilage (firmer than other connective tissue) is found
as hyaline cartilage on the ends of the bones that form joints, the
costal cartilage attaching the ribs to the sternum, forming part of
the trachea, larynx and bronchi. Bone cells (the osteocytes) are
surrounded by a matrix of collagen fibres with added strength
provided by the calcium and phosphate.

Muscle tissue

Muscle tissues are tissues made of cells that permit contractions
and as such generate movement. The function of the muscle tissue
is to pull bones (skeletal striated muscle), to contract and move
viscera and vessels (smooth muscle) as well as making the heart
beat (cardiac striated muscle). Each time we move, our heart beats,
we breathe, ingest food or urinate, muscle is involved. The muscle
cells have internal structures called sarcomeres where there are
myosin and actin molecules that work in creating contraction and
movement. There are three kinds of muscle in the body: skeletal,
cardiac and smooth muscle. Skeletal muscle is also known as stri-
ated muscle, it is a voluntary muscle. Cells within the skeletal mus-
cle are long and thin and have multiple nuclei. Cardiac muscle is
only found in the heart, it is similar to skeletal muscle with the
muscle fibres interlocking with each other ensuring that as one
aspect of the muscle is stimulated all other stimulated fibres con-
tact in unison; in a sequential way. Cardiac muscle is not under
voluntary control; the special cells of the sino-atrial node are
responsible for sending out impulses causing cardiac contraction.
Smooth muscle is involuntary and held together by connective tis-
sue with bands of elastic protein wrapped around them. Smooth
muscle is found in the walls of hollow structures and vessels, for
example, the blood vessels, the ureters, urinary bladder, parts of
the respiratory tract, ducts and glands of the alimentary tract.







The nervous system

Chapters
9 The brain and nerves 20
10  Structures of the brain 22
11  The spinal cord 24
12 The blood supply 26
13 The autonomic nervous system 28
14 Peripheral nervous system 30



0
QO
~
N
—
>
®
>
o
=
<
o
[
w
0
<
(2]
—
[}
3

€©) e brain and nerves

Figure 9.1 The brain

Motor
cortex

Gustatory Premotor
area cortex

Primary somatic
sensory cortex

Axon

Prefrontal collateral

cortex

Parietal
lobe

Impulse

Wernicke’s

area Axon

Primary
Left middle M
cerebral cortex Node of
arte Ranvier
Y Optic
radiation
Broca’s
area Axon
terminal
Primary Brain Cerebellum Synaptic
auditory stem end bulb
cortex

Figure 9.3 Cranial nerves

Anterior

/_'/—\
Cerebrum —— /\

Olfactory Cranial nerves:
bulb Olfactory (I)

Olfactory
tract

Optic (Il)
Oculomotor (1)

Trochlear (IV)

Pituitary
gland

Trigeminal (V)
Abducens (VI)

Facial (VII)
Vestibulocochlear (VIII)

Optic tract
Midbrain

Pons

Glossopharyngeal (IX)

Medulla
oblongata

Vagus (X)

Accessory (XI)

Hypoglossal (XII)
Spinal cord

Cerebellum

Posterior

Source: Peate I, Wild K & Nair M (eds)
Nursing Practice: Knowledge and Care (2014)

Figure 9.2

A Neuron

Axon hillock Cell body Dendrites

Cytoplasm

Nucleus of
Schwann cell

Schwann cell:
Cytoplasm

Myelin sheath

Neurolemma

Source: Peate I, Wild K & Nair M (eds)
Nursing Practice: Knowledge
and Care (2014)

Figure 9.4 The meninges
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Brain

The human brain (Figure 9.1) has been called the most complex
object in the known universe, and in many ways its the final
frontier of science. A hundred billion neurons, and close to a
quadrillion connections between them.

The brain lies in the cranial cavity and weighs between 1450-
1600g. It receives 15% of the cardiac output and has a system of
autoregulation ensuring the blood supply is constant despite posi-
tional changes. Most of the expansion comes from the cerebral
cortex, a convoluted layer of neural tissue that covers the surface of
the forebrain. Especially expanded are the frontal lobes, which are
involved in executive functions such as self-control, planning,
reasoning and abstract thought.

Meninges

Nervous tissue is easily damaged by pressure and therefore needs
to be protected. The hair, skin and bone offer an outer layer of
protection. Adjacent to the nervous tissue are the meninges. The
meninges cover the delicate nervous tissue offering protection. They
also protect the blood vessels that serve nervous tissue and they con-
tain cerebrospinal fluid. The meninges consist of three connective
tissue layers; dura, arachnoid and pia matters (Figure 9.4).

Cerebrospinal fluid

CSF is produced by the choroid plexus in the ventricles of the
brain. There is approximately 150 ml of CSF circulating around the
brain, in the ventricles and around the spinal cord. The CSF is
replaced every 8 hours. The CSF cushions the brain from damage,
maintains a uniform pressure between the brain and spinal cord
and plays a minor role in fluid and waste exchange between brain
and spinal cord.

Neuron

The functional unit of the brain is the neurone or nerve cell
(Figure 9.2). It has many features in common with other cells
including a nucleus and mitochondria but because of its vital role
it is well protected and has some specialist modifications.

Neurones consist of an axon, dendrites and a cell body. Their
function is to transmit nerve impulses. Nerve impulses only ever
travel in one direction: from the receptive area - the dendrites, to
the cell body, and down the length of the axon.

Axon

Each neurone has only one axon, however the axon can branch to
form an axon collateral (Figure 9.2). The axon will also branch at
its terminal into many axon terminals. The axon length can vary
quite significantly from very short to 100 cm long. The axon is con-
siderably thicker and longer than the dendrites of a neuron. Larger
neurons have a markedly expanded region at the initial end of the
axon called the axon hillock. This axon hillock is the site of

summation for incoming information. At any given moment, the
collective influence of all neurons that conduct impulses to a given
neuron will determine whether or not an action potential will be
initiated at the axon hillock and propagated along the axon.

Dendrite

Dendrites are generally very thin appendages that get narrower as
they extend further away from the soma (Figure 9.2). Dendritic
spines are short outgrowths that further increase the receptive sur-
face area of a neuron. The surface of dendrite branches is covered
with junctions that are configured for the reception of incoming
information. Dendrites are the short branching processes that
receive information. Their branching processes provide a large
surface area for this function. In sensory neurones the dendrites
often form the part of the sensory receptors and in motor neurones
they can be part of the synapse between one neurone and the next.

Cell body

The soma (cell body) is the central part of the neuron. It contains
the nucleus of the cell, and therefore is where most protein
synthesis occurs. The nucleus ranges from 3 to 18 micrometers in
diameter. Most of the neurone cell bodies (Figure 9.2) are located
inside the central nervous system and form the grey matter. When
clusters of cell bodies are grouped together in the central nervous
system they are called nuclei. Cell bodies located in the peripheral
nervous system are called ganglia.

Myelin sheath

Oligodendrocytes and Schwann cells form the myelin sheaths that
insulate axons in the central and peripheral nervous systems,
respectively. Peripheral nerve axons and long or large axons are
covered in a myelin sheath (Figure 9.2). Myelin is a fatty material
and its purpose is to protect the neurone and to electrically insulate
it, speeding up impulse transmission. Within the peripheral
nervous system it is Schwann cells wrapped in layers around the
neurone that form the myelin sheath. The outermost part of the
Schwann cell is its plasma membrane and this is called the neuri-
lemma. There is a regular gap (about 1mm) between adjacent
Schwann cells called the Nodes of Ranvier. Collateral axons can
occur at the node. Some nerve fibres are unmyelinated and nerve
impulse transmission is significantly slower.

Cranial nerves

The human body contains 12 pairs of cranial nerves that emerge
from the brain and supply various structures, most of which are
associated with the head and neck (Figure 9.3). The 12 pairs of cra-
nial nerves differ in their functions: some are sensory nerves, that
is contain sensory fibres, some are motor nerves, that is contain
only motor fibres, and some are mixed nerves, that is contain both
sensory and motor nerves.
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Figure 10.1 The cerebrum
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Structures of the brain

The brain can be divided into four anatomical regions, each con-
taining one or more structures (Figure 10.1). They include the cer-
ebrum, diencephalon, brain stem and cerebellum.

Cerebrum

The cerebrum, also known as the telencephalon, is the largest and
most highly developed part of the human brain. It encompasses
about two-thirds of the brain mass and lies over and around most
of the structures of the brain (Figure 10.1). The cerebrum of an
adult is divided into a pair of large hemispheres. The surfaces of
the cerebral hemispheres are highly folded and covered by a super-
ficial layer of grey matter called the cerebral cortex. The functions
of the cerebrum include regulation of muscle contraction, memory
storage and processing, production of speech, interpretation of
taste, sound and memory for storage and processing.

Diencephalon

The diencephalon provides a functional link between the cerebral
hemispheres and the rest of the CNS. It contains three paired
structures; the thalamus, hypothalamus and the epithalamus.

Thalamus

The thalamus acts as a relay station for sensory impulses going to
cerebral cortex for integration and motor impulses entering and
leaving the cerebral hemispheres. It also has a role in memory.

Hypothalamus

The hypothalamus is closely associated with the pituitary gland
and produces two hormones: antidiuretic hormone (ADH) and
oxytocin. It is also the chief autonomic integration centre and is
part of the limbic system, which is the emotional brain.

Epithalamus
The epithalamus structure is linked to the pineal gland which
secretes the hormone melatonin responsible for sleep wake cycles.

Brain stem

The structures that form the brain stem are involved in many
activities that are essential for life. The brain stem is associated
with the cranial nerves. The structures of the brain stem include
the midbrain, pons and the medulla oblongata (Figure 10.1).

Midbrain

The midbrain contains nuclei that process auditory and visual
information and reflexes. It is also maintains consciousness. It pro-
vides a conduction pathway that connects the cerebrum with the
lower brain structures and spinal cord.

Pons

The pons connects and communicates with the cerebellum. The
pons works with the medulla oblongata to control the depth and
rate of respiration and contains nuclei that function in visceral and
somatic motor control.

Medulla oblongata

The medulla oblongata is a relay station for sensory nerves going
to the cerebrum. The medulla contains autonomic centres such as
the cardiac centre, the respiratory centre, the vasomotor centre and

the coughing, sneezing and vomiting centre. The medulla is also
the site of decussation of the pyramidal tracts — this means that the
right side of the body is controlled by the left cerebral hemisphere
and vice versa.

Cerebellum

Partially hidden by the cerebral hemispheres is the second largest
structure of the brain (Figure 10.2). The cerebellum coordinates
voluntary muscle movement, motor learning, cognitive functions
and balance and posture. It ensures that muscle movements are
smooth, coordinated and precise. Motor commands are not initi-
ated in the cerebellum; rather, the cerebellum modifies the motor
commands of the descending pathways to make movements more
adaptive and accurate. Although the cerebellum accounts for
approximately 10% of the brain’s volume, it contains over 50% of
the total number of neurons in the brain.

Limbic system

The limbic system is a complex set of brain structures that lies on
both sides of the thalamus, right under the cerebrum. The limbic
system includes the hippocampus, amygdala, anterior thalamic
nuclei, septum, habenula, limbic cortex and fornix. It supports a
variety of functions, including emotion, behaviour, motivation,
long-term memory, and olfaction. The limbic system acts on the
endocrine and the autonomic nervous systems.

Ventricles of the brain

The ventricles of the brain are a communicating network of cavi-
ties filled with cerebrospinal fluid (CSF) and located within the
brain parenchyma. The ventricular system is composed of two lat-
eral ventricles, the third ventricle, the cerebral aqueduct, and the
fourth ventricle (see the following images). The choroid plexuses
located in the ventricles produce CSE, which fills the ventricles and
subarachnoid space, following a cycle of constant production and
reabsorption.

Cerehrospinal fluid
The ventricles are filled with cerebrospinal fluid (CSF) which
bathes and cushions the brain and spinal cord within their bony
confines. Cerebrospinal fluid is produced by modified ependymal
cells of the choroid plexus found in all components of the ventricu-
lar system except for the cerebral aqueduct and the posterior and
anterior horns of the lateral ventricles. CSF flows from the lateral
ventricle to the third ventricle through the interventricular fora-
men (also called the foramen of Monro). The third ventricle and
fourth ventricle are connected to each other by the cerebral aque-
duct (also called the Aqueduct of Sylvius). CSF then flows into the
subarachnoid space through the foramina of Luschka (there are
two of these) and the foramen of Magendie (only one of these).
There is approximately 150ml of CSF circulating around the
brain, in the ventricles and around the spinal cord. The CSF is
replaced every 8 hours. Absorption of the CSF into the blood
stream takes place in the superior sagittal sinus through structures
called arachnoid villi. When the CSF pressure is greater than the
venous pressure, CSF will flow into the blood stream. However, the
arachnoid villi act as ‘one way valves’: if the CSF pressure is less
than the venous pressure, the arachnoid villi will NOT let blood
pass into the ventricular system.
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(D) The spinal cord

Figure 11.1 The spinal cord and spinal nerves
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Spinal cord

The adult spinal cord is approximately 45 cm in length and 14 mm
in width (Figure 11.1). There are two layers; an outer layer of white
matter and in inner layer made up of grey matter, which surrounds
a small central canal. The spinal cord is enclosed within the verte-
bral canal which forms a protective ring of bone around the cord.
Other protective coverings include the spinal meninges, which are
three layers of connective tissue coverings which extend around
the spinal cord. The spinal meninges consist of pia matter (inner
layer), arachnoid matter (middle layer) and dura matter (the outer-
most layer which consists of a dense, irregular connective tissue).

Pia matter

Pia matter, often referred to as simply the pia, is the delicate inner-
most layer of the meninges, the membranes surrounding the brain
and spinal cord (Figure 11.2). Pia matter is the thin, translucent,
mesh-like meningeal envelope, spanning nearly the entire surface
of the brain. The pia is firmly adhered to the surface of the brain
and loosely connected to the arachnoid layer. The pia matter
functions to cover and protect the CNS, to protect the blood vessels
and enclose the venous sinuses near the CNS, to contain the
cerebrospinal fluid (CSF) and to form partitions with the skull.

Arachnoid matter

The arachnoid matter is the protective membrane that covers the
brain and spinal cord (Figure 11.2). It includes a simple squamous
epithelium called the arachnoid membrane and the arachnoid
trabeculae which is a network of collagen elastic fibres that extend
between the arachnoid membrane and the outer surface of the pia
matter.

Dura matter

The dura matter is a thin membrane that is the outermost of the
three layers of the meninges that surround the brain and spinal
cord (Figure 11.2). The dura matter has several functions and
layers. The dura matter is a sac that envelops the arachnoid matter.
It surrounds and supports the dural sinuses and carries blood from
the brain toward the heart.

Spinal cord sections

The human spinal cord is divided into 31 different segments. At
every segment, right and left pairs of spinal nerves (mixed: sensory
and motor) form. Six to eight motor nerve rootlets branch out of
right and left ventro lateral sulci in a very orderly manner. Nerve
rootlets combine to form nerve roots.

Each segment of the spinal cord is associated with a pair of
ganglia, called dorsal root ganglia, which are situated just outside
of the spinal cord. These ganglia contain cell bodies of sensory
neurons. Axons of these sensory neurons travel into the spinal
cord via the dorsal roots.

The spinal cord is supplied with blood by three arteries that run
along its length starting in the brain, and many arteries that
approach it through the sides of the spinal column. The three lon-
gitudinal arteries are called the anterior spinal artery, and the right
and left posterior spinal arteries. These travel in the subarachnoid
space and send branches into the spinal cord.

Functions of the spinal cord

The spinal cord provides a means of communication between the
brain and the peripheral nerves that leave the spinal cord and has
two major functions in maintaining homeostasis:

 The tracts of the white matter of the spinal cord carry sensory
impulses to the brain and motor impulses from the brain to the
skeletal muscles and other effector muscles.

o The grey matter, in the centre of the cord, is shaped like a but-
terfly and consists of cell bodies of interneurons and motor neu-
rons. The grey matter is a site for integration of reflexes, which is a
rapid, involuntary action in relation to a particular stimulus.

Reflex actions

Spinal cord controls some other important functions, such as
reflex actions. For reflex actions, the spinal cord does not take any
assistance from the brain. Reflex actions are automatic, unlearned,
involuntary and inborn responses. Therefore, these actions are
sudden in nature and have a purpose of protecting the individual
from sudden danger.

For example, if someone throws a stone towards you; suddenly
you move your body to avoid the incoming danger of being hurt.
The path through which reflex action is conducted is known as
the ‘reflex arc, which involves (i) receptor, (ii) afferent neuron,
(iii) spinal cord, (iv) inter-neuron, (v) efferent neuron, (vi) muscles
or gland.

Spinal nerves

There are 31 pairs of spinal nerves attached to the spinal cord
within the human body which are named and numbered accord-
ing to the region and level of the vertebral column from which they
emerge. Each nerve innervates a group of muscles (myotome) and
an area of skin (dermatome) and most also innervate some of the
thoracic and abdominal organs.

The spinal nerves provide the paths of communication between
the spinal cord and specific regions of the body as they connect the
CNS to sensory receptors, muscles and glands in all the parts of the
body. A typical spinal nerve has two connections to the spinal
cord: a posterior root and an anterior root which unite to form a
spinal nerve at the intervertebral foramen. A spinal nerve is an
example of a mixed nerve as it contains both sensory (posterior
root) and motor (anterior root) nerves.
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Figure 12.1 Circle of Willis
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Gircle of Willis

The circle of Willis (circulus arteriosus cerebri) is an anastomotic
system of arteries (Figure 12.1) that sits at the base of the brain.
The ‘circle’ was named after Thomas Willis by his student Richard
Lower. Willis was the author of Cerebri Anatome, a book that
described and depicted this vascular ring. Although such a vascu-
lar ring had been described earlier, the name Willis has been epon-
ymously propagated.

The circle of Willis encircles the stalk of the pituitary gland and
provides important communications between the blood supply of
the forebrain and hindbrain. The circle of Willis is formed when
the internal carotid artery enters the cranial cavity bilaterally and
divides into the anterior cerebral artery and middle cerebral artery.

The anterior cerebral arteries are then united by an anterior
communicating artery. These connections form the anterior half
(anterior circulation) of the circle of Willis. Posteriorly, the basilar
artery, formed by the left and right vertebral arteries, branches into
a left and right posterior cerebral artery, forming the posterior
circulation. The PCAs complete the circle of Willis by joining the
internal carotid system anteriorly via the posterior communicating
arteries.

Although in an adult the brain represents only 2% of the total
body weight, it utilises 20% of oxygen and glucose even at rest.
When activities in a certain area of the brain increase, blood flow
to that region also increases. Even a brief slowing of blood flow to
the brain can result in unconsciousness.

Further decrease in blood flow, for a couple of minutes, can lead
to impaired neuronal function. If the blood flow is restricted for
four minutes or more then it could lead to permanent brain dam-
age. As the brain does not store glucose there must be a continuous
supply of glucose to the brain.

Function of the circle of Willis

The circle of Willis provides multiple paths for oxygenated blood
to supply the brain if any of the principal suppliers of oxygenated
blood (i.e. the vertebral and internal carotid arteries) are con-
stricted by physical pressure, occluded by disease, or interrupted

by injury. This redundancy of blood supply is generally termed
collateral circulation.

Blood—hrain barrier (BBB)

The BBB is semi-permeable; that is, it allows some materials to
cross, but prevents others from crossing. In most parts of the body,
the smallest blood vessels, called capillaries, are lined with endo-
thelial cells. Endothelial tissue has small spaces between each
individual cell so substances can move readily between the inside
and the outside of the vessel. However, in the brain, the endothelial
cells fit tightly together and substances cannot pass out of the
bloodstream (Figure 12.2). (Some molecules, such as glucose, are
transported out of the blood by special methods.)

Glial cells (astrocytes) form a layer around brain blood vessels
and may be important in the development of the BBB. Astrocytes
may be also be responsible for transporting ions from the brain to
the blood.

Function of BBB

The existence of BBB protects brain cells from harmful substances
and pathogens by preventing passage of many substances from the
blood into the brain tissue. It also provides a constant environment
for the brain and protects the brain from hormones and neuro-
transmitters in the rest of the body.

A few water soluble substances, such as glucose, cross the BBB
by active transport. Other substances such as urea and most ions
cross the BBB very slowly. Protein and most antibiotics do not
cross the BBB to get into the brain tissue. However, lipid soluble
substances such as oxygen, carbon dioxide, alcohol and most
anaesthetic drugs cross the BBB easily.

The BBB can be broken down by hypertension (high blood pres-
sure): high blood pressure opens the BBB. Exposure to microwaves,
exposure to radiation, infection and injury to the brain such as
trauma, inflammation and ischaemia can all open the BBB. The
BBB is not considered to affect the movement of inflammatory cells
into the CNS; activated lymphocytes can enter the normal CNS.
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Figure 13.1 The sympathetic and parasympathetic nervous system
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ANS

The autonomic nervous system (ANS) plays a major role in the
maintenance of homeostasis by regulating the body’s automatic,
involuntary functions, and in common with the rest of the nervous
system consists of neurones, neuroglia and other connective tissue.
However its structure is quite unique in that it is divided into two,
namely the sympathetic division and the parasympathetic division.
Most autonomic responses cannot be consciously altered or sup-
pressed to any great degree.

Sympathetic nervous system

The sympathetic division includes nerve fibres that arise from the
12 thoracic and first two lumbar segments of the spinal cord, hence
it is also referred to as the thoracicolumbar division. The sympa-
thetic division takes control of many internal organs when a stress-
ful situation occurs. This can take the form of physical stress for
example if undertaking strenuous exercise, or emotional stress
such as at times of anger or anxiety. In emergency situations, the
sympathetic nervous system releases norepinephrine which assists
in the ‘fight or flight’ response.

Like other parts of the nervous system, the sympathetic nervous
system operates through a series of interconnected neurons.
Sympathetic neurons are frequently considered part of the
peripheral nervous system (PNS), although there are many that lie
within the central nervous system (CNS). Sympathetic neurons of
the spinal cord (which is part of the CNS) communicate with
peripheral sympathetic neurons via a series of sympathetic ganglia.
Within the ganglia, spinal cord sympathetic neurons join periph-
eral sympathetic neurons through chemical synapses.

Spinal cord sympathetic neurons are therefore called presynaptic
(or preganglionic) neurons, while peripheral sympathetic neurons
are called postsynaptic (or postganglionic) neurons. At synapses
within the sympathetic ganglia, preganglionic sympathetic neurons
release acetylcholine, a chemical messenger that binds and activates
nicotinic acetylcholine receptors on postganglionic neurons.

Functions

Nerves of the sympathetic division speed up heart rate, dilate
pupils, relax the bladder, increase blood pressure, increase respira-
tion, dilate blood vessels to heart, increase blood flow to muscles,
release epinephrine, release stored energy (glycogen), increase
perspiration, decrease blood to skin and slow down the GI tract.

Parasympathetic nervous system

The parasympathetic division includes fibres that arise from the
lower end of the spinal cord and includes several cranial nerves —
hence it is often referred to as the craniosacral division. The para-
sympathetic division is most active when the body is at rest and
utilises acetylcholine to control all the internal responses associ-
ated with a state of relaxation (Figure 13.1) and therefore has many
opposite effects on the body to the sympathetic nervous system.
In contract to the ‘flight or fight' activities of the sympathetic
division, the parasympathetic division enhances ‘rest and digest. The

parasympathetic responses support body functions that conserve
and restore body energy during times of rest and recovery.

The parasympathetic nervous system is composed of four cra-
nial nerves that originate from the brainstem. The PNS activity
begins in the head in the sacral region, this is why this activity is
called cranio-sacral in nature while the SNS is thoraco-lumbar in
nature. The most involved nerve in a PNS activity is the vagus
nerve. It works by transmitting information between the posterior
hypothalamus, the brainstem of the central nervous system and
vital organs as well as the glands. The sympathetic nervous system
does the fight and flight functions, while the parasympathetic
nervous system performs the rest and digest responses. PNS works
by antagonising the action of SNS by lowering heart rate, decreas-
ing blood pressure, constricting pupils and increasing intestinal
motility. It increases the release of endorphins, a hormone that is
called ‘feel good, so we can recover from the actions from sympa-
thetic nervous system stimulation.

Functions

e decreases HR and BP

« slows breathing

e lubricates mouth, eyes

« stimulates digestion and storing energy
« constricts pupil

« responsible for elimination

Autonomic control by the CNS

The hypothalamus is the major control and integration centre of
the ANS. The hypothalamus receives sensory input related to vis-
ceral function, smell, taste, temperature and osmolality of blood. It
also receives information about the emotional feeling from the
limbic system. The output from the hypothalamus influences the
autonomic centres both in the brain stem (cardiac, respiration,
salivation centres) and the spinal cord (defecation, urination reflex
centres).

Anatomically, the hypothalamus is connected both to the sym-
pathetic and the parasympathetic divisions. For example, stimula-
tion of the sympathetic division increases the heart rate and the
parasympathetic division reduces the heart rate.

Autonomic reflexes

Autonomic reflexes are responses that occur when nerve impulses
pass through an autonomic reflex arc. These play an important
part in regulating controlled conditions in the body, for example
blood pressure regulation takes place by altering heart rate, force of
ventricular contraction and vascular diameter.

The components for an autonomic reflex arc include a receptor
(responds to a stimulus and produces a change that will ultimately
trigger nerve impulses), sensory neuron (conduct nerve impulses
from receptors to the CNS), integrating centre (located in the
hypothalamus and spinal cord), motor neurons (impulses from
CNS along the motor neurone to the effector) and an effector
(smooth muscle, cardiac muscle and glands).
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PNS

The peripheral nervous system includes all the tissues that lie out-
side the CNS. These include cranial nerves, spinal cord, spinal
nerves and autonomic system (see Chapter 13). There are two
types of cells in the peripheral nervous system. These cells carry
information to (sensory nervous cells) and from (motor nervous
cells) the central nervous system (CNS). Cells of the sensory nerv-
ous system send information to the CNS from internal organs or
from external stimuli.

Motor nervous system cells carry information from the CNS to
organs, muscles and glands. The motor nervous system is divided
into the somatic nervous system and the autonomic nervous sys-
tem. The somatic nervous system controls skeletal muscle as well
as external sensory organs such as the skin. This system is said to
be voluntary because the responses can be controlled consciously.
Reflex reactions of skeletal muscle however are an exception.
These are involuntary reactions to external stimuli.

Peripheral nervous system connections

Peripheral nervous system connections with various organs and
structures of the body are established through cranial nerves and
spinal nerves. There are 12 pairs of cranial nerves (see Chapter 9)
in the brain that establish connections in the head and upper body,
while 31 pairs of spinal nerves (see Chapter 11) do the same for the
rest of the body. While some cranial nerves contain only sensory
neurons, most cranial nerves and all spinal nerves contain both
motor and sensory neurons.

Sensory division

The sensory (afferent) division carries sensory signals by way of
afferent nerve fibres from receptors in the central nervous system
(CNS). It can be further subdivided into somatic and visceral
divisions. The somatic sensory division carries signals from recep-
tors in the skin, muscles, bones and joints. The visceral sensory
division carries signals mainly from the viscera of the thoracic and
abdominal cavities.

Somatic
The somatic nervous system (SNS) (Figure 14.1) is the portion of
the nervous system responsible for voluntary body movement and
for sensing external stimuli. All five senses are controlled by this
system. The SNS is a sub-part of the peripheral nervous system.
The SNS enervates all sensory organs, including the eyes, ears,
tongue and skin, as well as all the skeletal muscles, and the muscles
attached to the bone and used for voluntary movement. In move-
ment, the SNS carries impulses from the brain to the muscle to be
moved, while in its sensory capacity, the SNS carries impulses from
the sensory organ to the brain. There are therefore two portions, or
limbs, of the somatic nervous system, the afferent and the efferent.
The afferent, or sensory, neurons carry impulses from sense organs
into the central nervous system, while the efferent, or motor, neu-
rons carry impulses from the central nervous system to the
muscles.

Visceral

The visceral division supplies and receives fibres to and from
smooth muscle, cardiac muscle and glands. The visceral motor
fibres (those supplying smooth muscle, cardiac muscle, and
glands) make up the autonomic nervous system (see Chapter 13).
The ANS has two divisions:

« Parasympathetic division - important for control of ‘normal’
body functions, such as normal operation of digestive system.

« Sympathetic division - also called the ‘fight or flight’ division;
important in helping us cope with stress.

Motor division

The motor (efferent) division carries motor signals by way of
efferent nerve fibres from the CNS to effectors (mainly glands and
muscles) (Figure 14.2). It can be further divided into somatic and
visceral divisions. The somatic motor division carries signals to
the skeletal muscles. The visceral motor division, also known as
the autonomic nervous system, carries signals to glands, cardiac
muscle and smooth muscle. It can be further subdivided into the
sympathetic and parasympathetic divisions (see Chapter 13).
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(D The heart

Figure 15.1 Location of the heart
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Figure 15.2 Walls of the heart Figure 15.4 Chambers of the heart
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Heart

The heart weighs about 250-390¢g in men and 200-275g women
and is a little larger than the owner’s closed fist, being approxi-
mately 12 cm long and 9 cm wide. It is located in the thoracic cavity
(chest) in the mediastinum (between the lungs), behind and to the
left of the sternum (breast bone) (Figure 15.1). The heart rests on
the diaphragm in the thoracic cavity.

Walls of the heart

The heart is surrounded by a membrane called the pericardium
(peri=around), this is often referred to as a single sac surrounding
the heart but is in fact made up of two sacs (the fibrous pericardium
and the serous pericardium) that are closely connected to each
other (Figure 15.2). These two sacs have very different structure.

Fibrous pericardium

A tough, inelastic, layer made up of dense, irregular, connective tis-
sue. The role of this layer is to prevent the overstretching of the heart.
It also provides protection to the heart and anchors it in place.

Parietal pericardium

The serous pericardium is a thinner, more delicate, layer that forms
a double layer around the heart. This outer layer is fused to the
fibrous pericardium. The visceral pericardium (otherwise known
as the epicardium) adheres tightly to the surface of the heart.

The myocardium makes up the majority of the bulk of the heart. It
is a specialised muscle only found within the heart and is special-
ised in its structure and function. The myocardium can be divided
into two categories: the majority specialised to perform mechani-
cal work (contraction); the remainder specialised to the task of
initiating and conducting electrical impulses. The cardiac muscle
cells (myocytes) are held together in interlacing bundles of fibres
that are arranged in a spiral or circular bundles (Figure 15.3).

Myocardial thickness varies between the four chambers. The
ventricles have thicker walls then the atria; however, the left ventri-
cle has the thickest myocardial wall. This is because the left ventri-
cle pumps blood great distances to parts of the body at a higher
pressure and the resistance to blood flow is greater.

The innermost layer made up of endothelium overlaying a thin
layer of connective tissue. The endothelium is continuous with the
endothelial lining of the large vessels of the heart. It also provides a
smooth lining for the blood to flow through the chambers smoothly.

Chambers of the heart

The heart has four chambers, two atria (left and right) and two
ventricles (left and right). On the anterior surface of each atrium is
a wrinkled pouch-like structure called an auricle. The main func-
tion of the auricle is to increase the volume of blood in the atrium.
Between the ventricles is a dividing wall, the intraventricular
septum (Figure 15.4). Thus with the septum between the atria and
the septum between the ventricles there is no mixing of blood
between the two sides.

Valves of the heart

Between the atria and the ventricles are two valves (the atrioven-
tricular valves).

 The tricuspid valve - this is made up of three cusps (leaflets) and
lies between the right atrium and the right ventricle.

o The bicuspid (mitral) valve - this is made up of two cusps
and lies between the left atrium and the left ventricle.

The purpose of the atrioventricular valves is to prevent the
backward flow of blood from the ventricles into the atria.

Blood vessels of the heart

The aorta is the largest blood vessel of the heart. The aorta carries
and distributes oxygen-rich blood to all arteries. The coronary
arteries are the first blood vessels that branch off from the ascend-
ing aorta. The coronary arteries supply oxygenated and nutrient
filled blood to the heart muscle. There are two main coronary
arteries: the right coronary artery and left coronary artery. Other
arteries diverge from these two main arteries and extend to the
bottom portion of the heart.

The pulmonary arteries are unique in that unlike most arteries
which carry oxygenated blood to other parts of the body, the pul-
monary arteries carry de-oxygenated blood to the lungs. After
picking up oxygen, the oxygen-rich blood is returned to the heart
via the pulmonary veins.

There are four pulmonary veins which extend from the left
atrium to the lungs. They are the right superior, right inferior, left
superior and left inferior pulmonary veins.

The venae cavae (superior and inferior) are the two largest
veins in the body. These blood vessels carry de-oxygenated blood
from various regions of the body to the right atrium of the heart.
As the de-oxygenated blood is returned to the heart and continues
to flow through the cardiac cycle, it is transported to the lungs
where it becomes oxygenated. The blood then travels back to the
heart and is pumped out to the rest of the body via the aorta.
Oxygen depleted blood is returned to the heart again via the venae
cavae.
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(D Biood flow through the heart

Figure 16.1 Blood flow through the heart
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Figure 16.3 Posterior view of the coronary veins
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Blood flow

The body’s circulatory system really has three distinct parts: pul-
monary circulation, coronary circulation and systemic circulation,
in other words, the lungs (pulmonary), the heart (coronary) and
the rest of the system (systemic) circulation. Each part must be
working independently in order for them to all work together.

Pulmonary circulation

Pulmonary circulation is a system of blood vessels that forms a
closed circuit between the heart and the lungs.

Blood enters the heart through two large veins, the inferior and
superior vena cava, emptying oxygen-poor blood from the body into
the right atrium. Blood flows from the right atrium into your right
ventricle through the open tricuspid valve. When the ventricles are
full, the tricuspid valve shuts. This prevents blood from flowing
backward into the atria while the ventricles contract (squeeze).

Once blood travels through the pulmonary valve, it enters the
lungs. This is called the pulmonary circulation. From the pulmo-
nary valve, blood travels to the pulmonary artery to tiny capillary
vessels in the lungs. Here, oxygen travels from the tiny air sacs in
the lungs, through the walls of the capillaries, into the blood. At the
same time, carbon dioxide, a waste product of metabolism, passes
from the blood into the air sacs. Carbon dioxide leaves the body
when we exhale. Once the blood is purified and oxygenated, it
travels back to the left atrium through the pulmonary veins
(Figure 16.1).

Systemic circulation

The systemic circulation is the circuit of vessels supplying oxygen-
ated blood to and returning deoxygenated blood from the tissues
of the body. The pulmonary vein empties oxygen-rich blood, from
the lungs into the left atrium.

Blood leaves the heart through the aortic valve, into the aorta
and to the body. This pattern is repeated, causing blood to flow
continuously to the heart, lungs and body (Figure 16.1).

The forceful contraction of the hearts left ventricle forces the
blood into the aorta which then branches into many smaller arteries
which run throughout the body. The inside layer of an artery is very
smooth, allowing the blood to flow quickly. The outside layer of an
artery is very strong, allowing the blood to flow forcefully. The oxy-
gen-rich blood enters the capillaries where the oxygen and nutrients
are released. The waste products are collected and the waste-rich
blood flows into the veins in order to circulate back to the heart where
pulmonary circulation will allow the exchange of gases in the lungs.

Coronary circulation
The heart receives about 5% of the body’s blood supply. Ensuring

that the heart receives a plentiful supply of blood is essential to
ensure the constant supply of oxygen and nutrients and the effi-
cient removal of waste products required by the myocardium.

Nutrients from the blood cannot diffuse quickly from the
chambers to supply the cells of the heart. Only the inner part of the
endocardium (about 2mm in thickness) is supplied with blood
directly from the inside of the heart chambers. The rest of the heart
is supplied by the coronary arteries. The coronary arteries come
directly off the aorta, just after the aortic valve. They continuously
divide into smaller branches, forming a web of blood vessels to
supply the heart muscle (Figure 16.2).

Coronary arteries

Coronary arteries supply blood to the heart muscle. Like all other
tissues in the body, the heart muscle needs oxygen-rich blood to
function, and oxygen-depleted blood must be carried away.

The coronary arteries branch from the ascending aorta and
encircle the heart like a crown. As the coronary arteries are com-
pressed during each heart beat blood does not flow through the
coronary arteries at this time. Thus blood flow to the myocardium
occurs during the relaxation phase, this is the opposite of every
other part of the body.

The left coronary artery divides into the anterior interventricu-
lar, branch, which supplies oxygenated blood to both ventricles,
and the circumflex branch, which distributes oxygenated blood to
the left ventricle and left atrium. The right coronary artery, which
divides into the right posterior descending and acute marginal
arteries, supply oxygenated blood to the right atrium and both the
ventricles, sinoatrial node (cluster of cells in the right atrial wall
that regulates the heart’s rhythmic rate), and atrioventricular node.

Coronary veins

The coronary veins return deoxygenated blood (containing meta-
bolic waste products) from the myocardium to the right atrium.
This blood then flows back to the lungs for reoxygenation and
removal of carbon dioxide.

Coronary veins contain valves preventing back flow; a
Thebesian valve may or may not cover the ostium of the coronary
sinus. Typically cardiac veins are free of atherosclerotic plaques.
The coronary sinus is a collection of veins joined together to form
a large vessel that collects blood from the heart muscle (myocar-
dium) (Figure 16.3). It delivers deoxygenated blood to the right
atrium.

The coronary sinus opens into the right atrium, at the coronary
sinus orifice, between the inferior vena cava and the right atrio-
ventricular orifice. It returns the blood from the substance of the
heart, and is protected by a semi-circular fold of the lining
membrane of the auricle.
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Figure 17.1 Conducting system of the heart
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Figure 17.2 Cardiac cycle
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Cardiac conduction

Cardiac conduction is the rate at which the heart conducts electri-
cal impulses. These impulses cause the heart to contract and then
relax. The constant cycle of heart muscle contraction followed by
relaxation cause blood to be pumped throughout the body. The
conduction pathway is made up of five elements (Figure 17.1):

1 the sino-atrial (SA) node,

2 the atrioventricular (AV) node,

3 the bundle of His,

4 the left and right bundle branches,

5 the Purkinje fibres.

SA node

The SA node is the natural pacemaker of the heart, which is located
in the right atrium (Figure 17.1). The SA node is a spindle-shaped
structure composed of a fibrous tissue matrix with closely packed
cells. The SA node releases electrical stimuli at a regular rate. The
rate is dictated by the needs of the body. Each stimulus passes
through the myocardial cells of the atria creating a wave of con-
traction which spreads rapidly through both atria.

The heart is made up of around half a billion cells. The majority
of the cells make up the ventricular walls. The rapidity of atrial
contraction is such that around 100 million myocardial cells con-
tract in less than one third of a second. So fast, that the contraction
of the atria appears instantaneous.

AV notde

The AV node lies on the right side of the partition that divides the
atria, near the bottom of the right atrium (Figure 17.1). When the
impulses from the SA node reach the AV node they are delayed for
about a tenth of a second. This delay allows the atria to contract
and empty their contents first. The AV node regulates the signals
to the ventricles to prevent rapid conduction (atrial fibrillation), as
well as making sure that the atria are empty and closed before stim-
ulating the ventricles.

The bundle of His is a collection of heart muscle cells specialised
for electrical conduction that transmits the electrical impulses
from the AV node to the point of the apex of the fascicular
branches. This bundle is the only site where action potential can
conduct from the atria to the ventricles.

Left and right bundie branches

This is a segment of the network of specialised conducting fibres
that transmits electrical impulses within the ventricles of the heart.
Bundle branches are a continuation of the atrioventricular (AV)
bundle, which extends from the upper part of the intraventricular
septum. The AV bundle divides into a left and a right branch, each
going to its respective ventricle by passing down the septum and
beneath the endocardium. Within the ventricles the bundle
branches subdivide and terminate in the Purkinje fibres.

Purkinje fibres

These fibres are located in the inner ventricular walls of the heart.
These fibres consist of specialised cardiomyocytes that are able to
conduct cardiac action potentials more quickly and efficiently than
any other cells in the heart (Figure 17.1). Purkinje fibres allow the
heart’s conduction system to create synchronised contractions of
its ventricles, and are therefore essential for maintaining a consist-
ent heart rhythm.

Cardiac cycle

The cardiac cycle is the sequence of events that occurs when the
heart beats (Figure 17.2). There are two phases of the cardiac cycle.
In the diastole phase, the heart ventricles are relaxed and the heart
fills with blood. In the systole phase, the ventricles contract and
pump blood to the arteries. One cardiac cycle is completed when
the heart fills with blood and the blood is pumped out of the heart.

During the diastole phase, the atria and ventricles are relaxed and
the atrioventricular valves are open. Deoxygenated blood from the
superior and inferior vena cavae flows into the right atrium. The
open atrioventricular valves allow blood to pass through to the
ventricles. The SA node contracts, triggering the atria to contract.
The right atrium empties its contents into the right ventricle. The
tricuspid valve prevents the blood from flowing back into the right
atrium.

During the systole phase, the right ventricle receives impulses
from the Purkinje fibres and contracts. The atrioventricular valves
close and the semilunar valves open. The deoxygenated blood is
pumped into the pulmonary artery. The pulmonary valve prevents
the blood from flowing back into the right ventricle. The pulmo-
nary artery carries the blood to the lungs for gas exchange. The
oxygenated blood returns to the left atrium by the pulmonary
veins.

In the next diastole period, the semilunar valves close and the atri-
oventricular valves open. Blood from the pulmonary veins fills the
left atrium. (Blood from the venae cavae are also filling the right
atrium.) The SA node contracts again triggering the atria to con-
tract. The left atrium empties its contents into the left ventricle.
The mitral valve prevents the oxygenated blood from flowing back
into the left atrium.

During the following systole phase, the atrioventricular valves
close and the semilunar valves open. The left ventricle receives
impulses from the Purkinje fibres and contracts. Oxygenated
blood is pumped into the aorta. The aortic valve prevents the oxy-
genated blood from flowing back into the left ventricle. The aorta
branches out to provide oxygenated blood to all parts of the body.
The oxygen depleted blood is returned to the heart via the vena
cavae.
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@ Nerve supply to the heart

Figure 18.1 Cardioregulatory centre
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Autonomic nervous system

Nervous system regulation of the heart originates in the cardioreg-
ulatory centre in the medulla oblongata (Figure 18.1). This region
of the brain stem receives input from a variety of sensory receptors
and from higher brain centres such as the limbic system and the
cerebral cortex.

When activated by a stimulus, such as exercise or stress, the
sympathetic nerve fibres release norepinephrine at their cardiac
endings as a neurotransmitter. This leads to the excitation of the
sinoatrial node and an increase in its production of action poten-
tials and thus an increase in heart rate.

Alternatively when the parasympathetic nervous system is
stimulated this results in the release of acetylcholine at the parasy-
mapathetic cardiac nerve endings, which has the effect of reducing
the rate of action potential generation in the sinoatrial node and
thus reducing heart rate.

Both the sympathetic and parasympathetic nervous systems are
active at all times but the parasympathetic nervous system
normally has the dominant influence. This can be seen if the vagus
nerve (cranial nerve X) is cut, for instance in heart transplant
patients. In these situations the sinoatrial node will normally
produce action potentials at a rate of 100 a minute and therefore
the heart rate increases to 100 beats per minute. The removal of the
influence of the parasympathetic nervous system (by the discon-
nection of the vagus nerves) removes the heart rate reducing effect
of this system.

The right vagus nerve primarily innervates the SA node,
whereas the left vagus innervates the AV node; however, significant
overlap can exist in the anatomical distribution.

Chemical regulation of the heart

Certain chemicals influence the heart rate. Hypoxia, acidosis and
alkalosis all depress cardiac activity.

Epinephrine and norepinephrine from the adrenal gland increase
the heart rate and contractility. Stress, physical activity and excite-
ment stimulate the adrenal gland to secrete more hormones,
increasing the activity of the heart. Thyroid hormones from the
thyroid gland also increase the heart rate and contractility. These
hormones affect cardiac muscle fibres in much the same way as
norepinephrine by the sympathetic nervous system; they increase
both heart rate and contractility.

The difference in the levels of cations between the intracellular and
extracellular fluid are important for the production of action
potentials in all nerve and muscle fibres. For example, the concen-
tration of potassium, sodium and calcium have a large effect on
cardiac function. An elevated level of potassium or sodium can
decrease the heart rate and contractility. An increase in intracellu-
lar calcium levels increases heart rate and strengthens the heart
beat. On the other hand, excess sodium blocks calcium entry into
the cells thus decreasing the force of contraction and excess potas-
sium blocks action potentials.

Baroreceptors

Baroreceptors are specialised mechanical receptors located in the
carotid sinus and the aortic arch. They are sensitive to the amount
of stretch in these blood vessels and have direct outflow via the
autonomic nervous system to the cardiovascular centre in the
medulla oblongata.

The cardiovascular centre of the medulla oblongata is the main
centre for the control of autonomic nervous activity that affects the
heart. The cardiovascular centre is made up of two sub-centres:

This centre directly controls parasymapathetic outflow to the heart
(especially the sinoatrial node), thus increased outflow from this
centre has the effect of reducing heart rate. The neurotransmitter,
acetylcholine, directly stimulates the heart to decrease cardiac out-
put to return the circulatory system to a resting homeostasis after
the end of episodes of increased muscular activity or fight-or-flight
emergencies; this centre plays the more minor role in controlling
cardiac output.

This is further divided into the pressor area and the depressor area.
The pressor area has a relatively constant outflow of action poten-
tials to the heart via the symapathetic nervous system. This has a
direct effect on both heart rate and the force of ventricular contrac-
tion (and therefore stroke volume) as well as effects on the vascu-
lature which subsequently will affect heart function by changing
preload and afterload. Outflow from the pressor area is moderated
by nerves transmitting impulses from the depressor area which
have a directly inhibiting effect on the transmission of impulses
from the pressor area. Thus it can be thought of that the nerve
impulses of the depressor area act like a ‘collar’ or tap; the greater
the number of impulses from the depressor area the tighter the
collar or tap is made, reducing the number of impulses from
the pressor area to the heart and thus the effect on heart rate and
force of contraction.

Other factors in heart regulation

Other factors that can affect heart rate include exercise, gender,
body temperature and age.

Temperature affects several processes inside the body. When
body temperature goes up, blood vessels dilate which increases
heart rate, in order to compensate for drop in blood pressure.
On the other hand, a decrease in temperature can lower the
heart rate but only to some degree. If the temperature gets too
low, the body will actually increase the heart rate, while trying to
warm up.

Dehydration decreases the amount of fluids in the blood which
causes constriction of coronary arteries. At the same time, the
heart begins to beat faster, in order to push the thicker blood
through the blood vessels.
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() structure of the blood vessels

Figure 19.1 Blood vessels
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Figure 19.3 Comparison of an artery, vein and capillary
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Blood vessels

Blood vessels are part of the circulatory system that transports
blood throughout the body. There are three major types of blood
vessels: the arteries, which carry the blood away from the heart; the
capillaries, which enable the actual exchange of water, nutrients
and chemicals between the blood and the tissues; and the veins,
which carry blood from the capillaries back towards the heart
(Figure 19.1). All arteries, with the exception of the pulmonary
and umbilical arteries, carry oxygenated blood, while most veins
carry deoxygenated blood from the tissues back to the heart; with
the exceptions of pulmonary and umbilical veins, both of which
carry oxygenated blood. The capillaries form the microcirculatory
system and it is at this point that nutrients, gases, water and elec-
trolytes are exchanged between the blood and the tissue fluid.
Capillaries are tiny, extremely thin-walled vessels that act as a
bridge between arteries and veins. The thin walls of the capillaries
allow oxygen and nutrients to pass from the blood into tissue fluid
and allow waste products to pass from tissue fluid into the blood.

Structure

The walls of the larger blood vessels consist of three layers: tunica
intima consisting of thin layer of endothelial cells, tunic media
containing smooth muscles and elastic fibres and an outer layer
called tunica externa consisting of fibroblasts, nerves and collagen-
ous tissue (Figure 19.2). The endothelium is an epithelial lining
that is only one-cell-thick. Therefore, the tunica interna is always
very, very thin.

Arteries

Arteries receive blood under high pressure from the ventricles of
the heart. They must therefore be able to stretch each time the
heart beats, without collapsing under the increased pressure. The
walls of arteries consist of three layers, namely an outer layer, a
thick middle layer and an inner layer. The outer layer consists of
white fibrous connective tissue which merges to the outside with
the loose connective tissue in which artery is found (Figure 19.3).
This helps to anchor the arteries because the heart pumps the
blood through the arteries at a great pressure. The thick middle
layer consists of elastic connective tissue and involuntary muscle
tissue. This layer is supplied with two sets of nerves, one stimulat-
ing the muscles to relax so that the artery is allowed to widen, and
the other one causing the circular muscles to contract, making the
artery become narrower. The inner layer of endothelium consists
of flat epithelial cells which are packed closely together and which
is continuous with the endocardium of the heart. The flat cells

make the inside lining of the arteries smooth to limit friction
between the blood and the lining to a minimum.

eins

Since veins carry blood back to the heart, the pressure exerted by
the heart beat on them is much less than in the arteries. The middle
muscular wall of a vein is therefore much thinner than that of an
artery. Veins differ from arteries also in that they have semi-lunar
valves, which prevent the blood from flowing backwards
(Figure 19.3). The vein valves are necessary to keep blood flowing
toward the heart, but they are also necessary to allow blood to flow
against the force of gravity. For example, blood that is returning to
the heart from the foot has to be able to flow up the leg. Generally,
the force of gravity would discourage that from happening. The
vein valves, however, provide footholds for the blood as it flows its
way up. The valves are like gates that only allow traffic to move in
one direction.

Veins receive blood from the capillaries after the exchange of
oxygen and carbon dioxide has taken place. Therefore, the veins
transport carbon dioxide rich blood back to the lungs and heart. It
is important that the carbon dioxide rich blood keeps moving in
the proper direction and not be allowed to flow backward; this is
accomplished by valves that are in the veins.

Capillaries

Capillaries are tiny blood vessels, of approximately 5-20 micro-
metres diameter. There are networks of capillaries (Figure 19.4)
in most of the organs and tissues of the body. Capillary walls are
only one cell thick, which allows exchanges of material between
the contents of the capillary and the surrounding tissue fluid. The
walls of capillaries are composed of only a single layer of cells, the
endothelium (Figure 19.3). This layer is so thin that molecules
such as oxygen, water and lipids can pass through them by diffu-
sion and enter the tissues. Waste products such as carbon dioxide
and urea can diffuse back into the blood to be carried away for
removal from the body. Capillaries are so small the red blood
cells need to change its shapes in order to pass through them in
single file.

The flow of blood in the capillaries is controlled by structures
called precapillary sphincters. These structures are located between
arterioles and capillaries and contain muscle fibres that allow them
to contract. When the sphincters are open, blood flows freely to
the capillary beds of body tissue. When the sphincters are closed,
blood is not allowed to flow through the capillary beds. Fluid
exchange between the capillaries and the body tissues takes place
at the capillary bed.
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@ Blood pressure

Figure 20.1 Baroreceptors
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Figure 20.2 Blood pressure measurement
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What is blood pressure?

Blood pressure is the pressure exerted by blood within the blood
vessel. The pressure is at its greatest nearer the heart but decreases
as the blood moves away from the heart. Three factors regulate
blood pressure and they include: neuronal regulation - through
the autonomic nervous system; hormonal regulation - adrenaline,
noradrenaline, renin and others; and auto-regulation - through
the renin-angiotensin system

Physiological factors

Many factors influence arterial blood pressure, which may be
affected by other factors such as age, gender, hormones, disease
and exercise. The volume of blood that is present in the body
affects blood pressure. An increase in blood volume in the body
increases the rate of blood flow to the heart resulting in increased
cardiac output.

Peripheral resistance is another physiological factor. In the cir-
culatory system, this is the resistance of the blood vessels. The
higher the resistance, the higher the arterial pressure upstream
from the resistance to blood flow. Resistance is related to vessel
radius (the larger the radius, the lower the resistance), vessel length
(the longer the vessel, the higher the resistance), blood viscosity, as
well as the smoothness of the blood vessel walls. An increase in
viscosity of the blood increases blood pressure. The resistance is
provided by plasma proteins and other substances in the blood.

The blood pressure changes in response to changes in cardiac
output. In other words, as the cardiac output increases, so does the
blood pressure. If the cardiac output decreases, so does the blood
pressure. If either the stroke volume or the heart rate increases, so
does the cardiac output and, as a result, the blood pressure rises.
Conversely, if the stroke volume or the heart rate decreases, so do
both the cardiac output and the blood pressure. The volume of
blood pumped out from the ventricle with each contraction is
called the stroke volume and equals about 70 ml for an adult at rest.

Control of blood pressure

This is regulated by many factors, such as baroreceptors, chemo-
receptors, hypothalamus, circulating hormones and the renin-
angiotensin system.

These are situated in the arch of the aorta and the carotid sinus and
they are sensitive to pressure changes within the blood vessel.
When the blood pressure increases, signals are sent to cardio-
regulatory centre (CRC) in the brain stem (medulla oblongata)
(Figure 20.1). The cardio-regulatory centre increases the parasym-
pathetic activity to the heart, reducing heart rate and inhibiting
sympathetic activity to the blood vessels, causing vasodilatation.
This reduces blood pressure. On the other hand, if the blood
pressure falls, the CRC increases the sympathetic activity to the
heart and the blood vessels thus increasing heart rate and vasocon-
striction resulting in increased blood pressure.

Chemoreceptors are found close to the carotid and aortic
baroreceptors in small structures called carotid bodies and
aortic bodies. They are sensitive to any change in the chemical

composition of the blood, such as a decrease in oxygen level and
pH of the blood or an increase in the carbon dioxide level. These
receptors send impulses to the cardiovascular centre which in
turn increase the sympathetic stimulation to the blood vessels
causing an increase in blood pressure. Chemoreceptors also
stimulate the respiratory centres in the brain to increase the rate
of respiration.

Hormones such as anti-diuretic (ADH) and atrial natriuretic pep-
tide (ANP) help to regulate circulating blood volume by fluid and
electrolyte regulation, thus affecting blood pressure. It is released
when the body is dehydrated and causes the kidneys to conserve
water, thus concentrating the urine and reducing its volume. At
high concentrations, it also raises blood pressure by inducing
moderate vasoconstriction.

ANP is a powerful vasodilator, and a protein (polypeptide)
hormone secreted by heart muscle cells. It is released by the atria of
the heart. ANP acts to reduce the water, sodium and adipose levels
in the circulatory system, thereby reducing blood pressure.

This help to maintain blood pressure though its action on
vasoconstriction by generating angiotensin II (Figure 19.2). When
blood volume is low, juxtaglomerular cells in the kidneys secrete
renin directly into circulation. Plasma renin then carries out the
conversion of angiotensinogen released by the liver to angiotensin L.
Angiotensin I is subsequently converted to angiotensin II by the
angiotensin converting enzyme found in the lungs. Angiotensin II
is a potent vaso-active peptide that causes blood vessels to constrict,
resulting in increased blood pressure.

Angiotensin I stimulates the release of the hormone aldosterone
in the adrenal glands, which causes the renal tubules to retain
sodium and water and excrete potassium. Together, angiotensin II
and aldosterone work to raise blood volume, blood pressure and
sodium levels in the blood to restore the balance of sodium,
potassium and fluids. If the renin-angiotensin system becomes
overactive, consistently high blood pressure results.

The hypothalamus responds to stimuli such as emotion, pain and
anger, and stimulates sympathetic nervous activity affecting blood
pressure.

Taking blood pressure

Blood pressure is measured using a sphygmomanometer
(electronic, digital or aneroids) and it is a non-invasive method of
monitoring a patient’s blood pressure (Figure 20.2). It may be used
as a diagnostic test on patients with arterial blood pressure prob-
lems. It can be recorded with the patient sitting comfortably in a
chair or lying in bed. Taking and recording blood pressure is a skill
that all nurses need to be competent in.

Ambulatory blood pressure monitoring is also sometimes
used to check how well medicine used to treat hypertension is
working.
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¢ Lymphatic circulation

Figure 21.1 The lymphatic system
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Figure 21.3 Lymph node
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Lymphatic system

The lymphatic system is a network of tissues and organs that
primarily consists of lymph vessels, lymph nodes and lymph. The
tonsils, adenoids, spleen and thymus are all part of the lymphatic
system (Figure 21.1). There are 600 to 700 lymph nodes in the
human body that filter the lymph before it returns to the circula-
tory system.

The spleen, which is largest lymphatic organ, is located on the
left side of the body just above the kidney. Humans can live with-
out a spleen, although people who have lost their spleen to disease
or injury are more prone to infections.

The thymus, which stores immature lymphocytes and prepares
them to become active T cells, is located in the chest just above the
heart.

Tonsils are large clusters of lymphatic cells found in the phar-
ynx. Although tonsillectomies occur much less frequently today
than they did in the 1950s, it is still among the most common oper-
ations performed and typically follows frequent throat infections.

Lymphatic capillaries (Figure 21.2) differ from blood capillaries in
that they originate as pockets rather than forming continuous vessels,
have larger diameters, thinner walls and have an irregular outline.

What is lymph?
Lymph is a clear fluid found inside the lymphatic capillaries and it
has a similar composition to plasma. Lymph is the ultra-filtrate of
the blood which occurs at the capillary ends of the blood vessels.
This fluid contains white blood cells, known as lymphocytes,
along with a small concentration of red blood cells and proteins. It
circulates freely through the body, bathing cells in needed nutri-
ents and oxygen while it collects harmful materials for disposal.
Lymph may pick up bacteria and bring them to lymph nodes where
they are destroyed.

Lymph nodes

Lymph nodes are bean shaped organs scattered along the lym-
phatic vessels. These nodes are found in the largest concentrations
at the neck, armpit, thorax, abdomen and the groin (Figure 20.3)
and lesser concentrations are found behind the elbows and knees.

Lymph vessels route the fluid through nodes that are located
throughout the body. Lymph nodes are small structures that work
as filters for harmful substances. They contain immune cells that
can attack and destroy germs in the lymph fluid to help fight infec-
tion. Each lymph node filters fluid and substances picked up by the
vessels that lead to it. Lymph fluid from the fingers, for instance,
works its way toward the chest, joining fluid from the arm. This
fluid may filter through lymph nodes at the elbow, or those under
the arm. Fluid from the head, scalp and face flows down through

lymph nodes in the neck. At the end of the circulation useful
substances such as protein and salts are returned to the general
circulation.

Lymphatic organs

The spleen (Figure 21.1) is an organ about the size of a clenched
fist found on the left-hand side of the upper abdomen. Its main
functions are to filter your blood, create new blood cells and store
platelets. It is also a key part of your body’s immune system.

The spleen contains two main types of tissue: white pulp and
red pulp. White pulp is lymphatic tissue (material which is part of
the immune system) mainly made up of white blood cells. Red
pulp is made up of venous sinuses (blood-filled cavities) and
splenic cords. Splenic cords are special tissues which contain dif-
ferent types of red and white blood cells.

Blood flows into the spleen where it enters the white pulp. Here,
white blood cells called B and T cells screen the blood flowing
through. T cells help to recognise invading pathogens (germs - for
example, bacteria and viruses) that might cause illness and then
destroy them. B cells make antibodies that help to stop infections
from spreading.

Blood also enters the red pulp where the damaged red blood
cells are removed and stores platelets. In unborn babies red pulp
produces new red blood cells; however this function stops after
birth.

The thymus (Figure 21.1) is of a pinkish-grey colour, soft and lobu-
lated on its surfaces. At birth it is about 5cm in length, 4cm in
breadth and about 6 mm in thickness. The thymus is an important
part of children’s immune systems. It grows larger until puberty
and then begins to shrink. The thymus gland consists of two lobes
joined by a connective tissue and each lobe is covered by an outer
cortex and an inner portion called the medulla.

The gland produces thymosins, which are hormones that stim-
ulate the development of antibodies. The thymus also produces
T-lymphocytes which are white blood cells that fight infections
and destroy abnormal cells. Once matured, these T lymphocytes,
or T cells, circulate through the bloodstream and collect in the
lymph organs - the spleen and lymph nodes - for future use.

Functions of the lymphatic system

The lymphatic system destroys pathogens and filters waste, dead
blood cells, pathogens, cancer cells and toxins before returning
useful substances to the circulation. It delivers oxygen, nutrients
and hormones from the blood to the cells.
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@ The respiratory tract

Figure 22.1 Respiratory organs Figure 22.2 Detail structures of the respiratory tract
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Figure 22.3 Lower respiratory tract Figure 22.4 Bronchial tree
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Respiratory system

The respiratory system is responsible for gaseous exchange
between the circulatory system and the atmosphere. Air is taken in
via the upper airways (the nasal cavity, pharynx and larynx)
through the lower airways (trachea, primary bronchi and bron-
chial tree) and into the small bronchioles and alveoli within the
lung tissue (Figure 22.1).

Upper respiratory tract

Mouth, nose, nasal cavity and pharynx are the organs of the upper
respiratory tract. The functions of this part of the system are to
warm, filter and moisten the inhaled air. The nasal cavity is divided
into two equal sections by the nasal septum, a structure formed out
of the ethmoid bones and the vomer of the skull. The space where
air enters the nasal cavity just inside the nostrils is referred to as the
vestibule.

The nasal cavities are subdivided into three air passageways, the
meatuses, which are formed by three shelf-like projections called
the superior, middle and inferior conchae or turbinates. The
incoming air bounces off the conchal surface and swirls. Small
particles in the air are then trapped in the mucosa of the nasal
cavity (Figure 22.2).

The pharynx is a chamber shared by the digestive and
respiratory systems. The pharynx connects the nasal and oral
cavity with the larynx. The pharynx is divided into three regions
called the nasopharynx, the oropharynx and the laryngopharynx.
The nasopharynx sits behind the nasal cavity and contains two
openings that lead to the auditory (Eustachian) tubes.

Both the oropharynx and the laryngopharynx are passageways
for food and drink as well as air and they are lined with non-
keratinised stratified squamous epithelium.

Lower respiratory tract

The lower respiratory tract includes the larynx, the trachea, the
right and left primary bronchi and all the constituents of both
lungs (Figure 22.3). The lungs are two coned-shaped organs that
almost fill the thorax. They are protected by a framework of bones,
the thoracic cage, which consists of the ribs, sternum (breast bone)
and vertebrae (spine). The air passages are lined with mucous
membrane composed mainly of ciliated epithelium. Cilia
constantly clean the tract and carry foreign matter upwards for
swallowing or expectoration.

The larynx consists of nine pieces of cartilage tissue, three single
pieces and three pairs. The single pieces of cartilage are the thyroid,
epiglottis and cricoid cartilage. The thyroid cartilage is more com-
monly known as the Adam’s apple and together with the cricoid

cartilage protects the vocal cords. The epiglottis is a leaf-shaped
piece of elastic cartilage attached to the top of the larynx. Its func-
tion is to protect the airway from food and water. On swallowing,
the epiglottis blocks entry to the larynx and food and liquids are
diverted towards the oesophagus, which sits nearby.

The trachea (windpipe) extends from the laryngopharynx at the
level of the cricoid cartilage at the top to the carina (also called the
tracheal bifurcation). The trachea contains 15-20 C-shaped
cartilage rings that reinforce and protect the trachea to prevent it
from collapsing or overexpansion as pressure changes within the
respiratory system. The carina is a ridge-shaped structure at the
level of T6 or T7. The carina possesses sensory nerve endings
which cause coughing if food or water is inhaled accidently.

The human trachea (windpipe) divides into two main bronchi
(also main stem bronchi), the left and the right, at the level of the
sternal angle and of the fifth thoracic vertebra or up to two verte-
brae higher or lower, depending on breathing, at the anatomical
point known as the carina.

The right main bronchus is more vertical, wider and shorter,
and subdivides into three lobar bronchi, the left main bronchus,
which divides into two. The segmental bronchi divide into many
primary bronchioles which divide into terminal bronchioles, each
of which then gives rise to several respiratory bronchioles, which
go on to divide into and terminate in tiny air sacs called alveoli
(Figure 22.4).

The lungs are divided into distinct regions called lobes. There are
three lobes in the right lung and two in the left. Each lung is
surrounded by two thin protective membranes called the parietal
and visceral pleura. The parietal pleura line the wall of the thorax
whereas the visceral pleura line the lungs themselves. The space
between the two pleura, the pleural space, is minute and contains a
thin film of lubricating fluid. This reduces friction between the two
pleura, allowing both layers to slide over one another during
breathing. The fluid also helps the visceral and parietal pleura to
adhere to each other.

Blood supply

The conduction and respiratory regions of the lungs receive blood
from different arteries. The conduction region of the lungs receives
oxygenated blood from capillaries that stem from the bronchial
arteries, which originate from the aorta. Some of the bronchial
arteries are connected to the pulmonary arteries but the majority
of blood returns to the heart via the pulmonary or bronchial veins.
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Figure 23.1 Boyle’s Law
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Breathing

Pulmonary ventilation involves physical movement of air in and
out of lungs. The primary function of pulmonary ventilation is to
maintain adequate alveolar ventilation. This prevents the build-up
of carbon dioxide in the alveoli and achieves a constant supply of
oxygen to the tissues.

Air flows between the atmosphere and the alveoli of the lungs
as a result of pressure difference created by the contraction and
relaxation of the respiratory muscles. The rate of air flow and the
effort needed for breathing is influenced by the alveoli surface
tension and integrity of the lungs.

Inspiration

Breathing is called inhalation. Just before breathing (inhalation)
the pressure in the lungs equals the atmospheric pressure
(760 mmHg or 101.33 kilopascals (kPa)). Thus for air to flow into
the lungs, the pressure inside the alveoli must be lower than the
atmosphere. This is achieved by increasing the volume of the lungs.

During inspiration the thorax expands and intrapulmonary
pressure falls below atmospheric pressure. Because intrapulmo-
nary pressure is now less than atmospheric pressure, air will
naturally enter our lungs until the pressure difference no longer
exists. This phenomenon is explained by Boyle’s Law (Figure 23.1)
and Dalton’s Law. Gases exert pressure and Boyle’s Law states that
the amount of pressure exerted is inversely proportional to the size
of its container.

Dalton’s Law states that in a mixture of gases each gas exerts its
own individual pressure that is proportional to its size. For exam-
ple atmospheric air contains a mixture of gases. Each individual
gas will exert its own pressure dependent upon its quantity.
Nitrogen, for example, will exert the greatest pressure as it is the
most abundant gas. Collectively all the gases in the atmosphere
exert a pressure, atmospheric pressure, which is 101.33 kPa at sea
level. On inhalation the thorax expands and intrapulmonary pres-
sure falls below 101.33 kPa and air enters the lungs.

A range of respiratory muscles are used to achieve thoracic
expansion during inspiration. The major muscles of inspiration are
the diaphragm and external intercostal muscles. The diaphragm is
a dome-shaped skeletal muscle found beneath the lungs at the base
of the thorax. There are 11 external intercostal muscles, which sit
in the intercostal spaces - the spaces between the ribs. During
inspiration the diaphragm contracts downwards, pulling the lungs
with it (Figure 23.2). Simultaneously the external intercostal
muscles pull the rib cage outwards and upwards. The thorax is now
bigger than before and intrapulmonary pressure is reduced below
atmospheric pressure as a result. The most important muscle of
inspiration is the diaphragm, 75% of the air that enters the lungs is
as a result of diaphragmatic contraction.

Exhalation

Breathing out (exhalation) is also as a result of pressure gradient
but it is converse to inhalation, that is the pressure in the lungs
is greater in the lungs than the atmosphere. At rest the normal

exhalation is a passive process as no skeletal muscle are involved in
the process. The process results from elastic recoil of the chest
walls and the lungs (Figure 23.2).

Exhalation increases during certain activities such as exercise.
During exercise, the muscles of exhalation, which are the abdomi-
nals and intercostal muscles, contract thus increasing the
abdominal and the thoracic region.

As the abdominal muscle contracts, the inferior ribs move
downwards and compress the abdominal viscera, and the
diaphragm moves upwards (Figure 23.2).

Factors affecting pulmonary ventilation

Surface tension is provided by the fluid called surfactant, which is
a mixture of phospholipids and lipoproteins. During inhalation
the surface tension must be overcome to expand the lungs and it
also aids in the lungs’ elastic recoil.

The flow of air through the airway passage depends on the
resistance and pressure difference. The walls of the airways offer
some resistance to the flow of air into and out of the lungs. During
inspirations the bronchioles dilate because their walls are pulled in
all directions. The diameter of the airway passage is also depend-
ent on the smooth muscles. Stimulation from the sympathetic
nerve fibres causes the smooth muscles to relax resulting in
bronchodilation and decreased resistance.

Compliance means the effort that is needed for lung and chest
expansion. The higher the compliance the less effort is needed in
chest and lung expansion, and low compliance means that more
effort is needed. In the lungs there are two factors that play a part
in compliance: the surface tension and elasticity.

Normal lungs have a high compliance and expand easily
because the elastic fibres stretch readily and surfactant in the lungs
reduces surface tension. In pulmonary diseases, for example
emphysema, there is decreased compliance due to loss of elastic
fibres of the alveolar walls.

Lung volumes

A healthy adult at rest normally has a respiration rate of 12-18
breaths per minute and with each respiration 500ml of air is
moved in or out of the lungs. The volume of air in one breath is
called tidal volume. By taking a deep breath, you can increase the
tidal volume above 500 ml (inspiratory reserve volume). In adult
males this could be up to 3100ml and in females it is approxi-
mately 1900 ml.
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Figure 24.1 Respiratory centre
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Pneumotaxic area

Another important area of the respiratory centre is the pneumot-
axic area (Figure 24.1). This area is in the pons and is important for
regulating the amount of air one takes in with each breath. Yet, the
inspiratory musculature is controlled by the dorsal respiratory
group. So, this is where the pneumotaxic area comes into play. The
pneumotaxic area alters the bursting pattern of the dorsal respira-
tory group. When we find ourselves needing to breathe faster, the
pneumotaxic area tells the dorsal respiratory group to speed it up.
And when we need to take longer breaths, the pneumotaxic area
tells the dorsal respiratory group to prolong its bursts. All the
information from the body that needs to feed into the control of
our breathing converges in the pneumotaxic area, so that it can
properly adjust our breathing.

Apneustic area

Another part of the brain that coordinates transition between
inhalation and exhalation is the apneustic area. This is situated in
the lower pons (Figure 24.1). This area sends signals to the inspira-
tory area that activate and prolong inhalation, resulting in long,
deep inhalation. When the pneumotaxic area is active, it overrides
the signals from the apneustic area.

Medullary rhythmicity area

The function of this area is to control the respiratory rhythm.
There are inspiratory and expiratory areas within the medullary
rhythmicity area (Figure 23.1). During quiet breathing, the inhala-
tion is about 2 seconds while the expiration is 3 seconds. Impulses
from the inspiratory area maintain this rhythm. When the inspira-
tory area is active, the expiratory area is inactive.

However, during forceful breathing the expiratory area is
stimulated by nerves from inspiratory area. Stimulation by the expir-
atory area causes the intercostal and abdominal to contract, which
causes a decrease in the thoracic cavity and forceful exhalation.

Gentral chemoreceptors

These areas are found in the brain stem, and contain neurons
within them, central chemoreceptors, that detect changes in the
carbon dioxide levels. The way they do this is somewhat indirect.
When the carbon dioxide levels rise, that means that the respiration
rate has to increase, getting rid of the carbon dioxide and taking in
more oxygen. Carbon dioxide does not tend to remain CO, gas in
water. Instead, it changes into a bicarbonate ion, producing hydro-
gen ions as a by-product of this conversion.

In blood, when carbon dioxide is converted into bicarbonate
ions, the hydrogen ions are not a problem because they immedi-
ately associate with haemoglobin (the globin act to buffer the
hydrogen ions). However, in the brain, in the chemosensitive areas,
there is no haemoglobin. The cerebrospinal fluid of the brain does
not have proteins to buffer the hydrogen ions. So when levels of
CO, in the brain begin to increase, much of it is converted into
bicarbonate ions and hydrogen ions. The central chemoreceptors
are sensitive to hydrogen ion levels. So they indirectly recognise
the increase in carbon dioxide levels.

However, a change in plasma pH alone will not stimulate cen-
tral chemoreceptors as H+are not be able to diffuse across the
blood-brain barrier into the CSE. Only CO, levels affect this as it
can diffuse across, reacting with H,O to form carbonic acid and
thus decrease pH. Central chemoreception remains, in this way,
distinct from peripheral chemoreceptors.

Peripheral chemoreceptors

These are not quite as important as the central chemoreceptors.
Where the common carotid artery branches into the internal and
external carotid arteries, there is a small swelling (Figure 24.2).
This swelling is the carotid sinus, and it contains regions called
carotid bodies within it. The aorta contains regions called aortic
bodies within it. These regions contain our peripheral chemore-
ceptors, which detect oxygen levels directly. Exactly how these
neurons can be sensitive to oxygen isn’t the issue here, but instead,
it is interesting to note that these neurons can only detect large
decreases in oxygen levels; so they are only activated when oxygen
levels drop to very low, life-threatening situations.

Each carotid body is a few millimetres in size and has the
distinction of having the highest blood flow per tissue weight of
any organ in the body. Afferent nerve fibres join with the sinus
nerve before entering the glossopharyngeal nerve. A decrease
in carotid body blood flow results in cellular hypoxia, hyper-
capnia and decreased pH that lead to an increase in receptor
stimulation.

Inflation reflex

This reflex, like most, is a type of negative feedback. As the lungs
expand, there are sensory neurons that detect lung stretching;
stretch receptors, but they are not at all like the stretch receptors in
muscle. These neurons are sensory neurons that detect stretch.
The more these neurons are active, the more they send signals into
the pneumotaxic area and tell it to end this round of inspiration.
That prevents the lungs from ever overinflating.

Other influences on respiration

Can increase rate and depth of ventilation in times of stress
through inspiratory area stimulation.

An increase or decrease in body temperature can increase or
decrease the respiration rate, for example fever and hypothermia,
respectively.

A sudden severe pain can cause a brief period of apnoea while a
prolonged somatic pain increases the respiration rate.

Cessation of breathing can result from physical or chemical irrita-
tion of the pharynx. This is followed by coughing and sneezing.
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External respiration

External respiration (pulmonary gas exchange) is the diffusion of
oxygen from the alveolar sac to the lung capillaries and the diffu-
sion of carbon dioxide from the lung capillaries to the alveolar sac
to be exhaled. External respiration converts the oxygenated blood
in the lungs to oxygenated blood before the blood returns to the
left side of the heart.

External respiration only occurs beyond the respiratory bron-
chioles. For this reason the end portion of the bronchial tree is
called the respiratory zone. The remainder of the bronchial tree
from the trachea down to the terminal bronchioles is the conduct-
ing zone. External respiration is the diffusion of oxygen from the
alveoli into pulmonary circulation (blood flow through the lungs)
and the diffusion of carbon dioxide in the opposite direction
(Figure 25.1). Diffusion occurs because gas molecules always move
from areas of high concentration to low concentration.

Exchange of gases in the lungs

Exchange of gases in the lungs takes place between alveolar air and
the blood flowing through the lung capillaries (Figure 25.2). Before
oxygen can enter the internal environment and before carbon
dioxide can leave the internal environment they must cross the
capillary and alveolar membranes. Oxygen enters the blood from
the alveolar sac because the PO, of alveolar air is greater than the
PO, of incoming blood. Simultaneously, carbon dioxide molecules
leave the blood by diffusing down the carbon dioxide pressure gra-
dient out into the alveolar sac. The PCO, of venous blood is much
higher than the PCO, of alveolar air.

Fick's Law

Fick’s Law is a principle that describes the movement of gases
(oxygen and carbon dioxide) across the respiratory membrane of
the alveoli. This is explained by the following formula:

J=(S/wt_ )x AxAC/t

J=Rate of diffusion
S/wt__ = Solubility/molecular weight
A =Surface area

AC=Concentration difference

t=Membrane thickness

It takes approximately 0.25 seconds for an oxygen molecule to dif-
fuse from the alveoli into pulmonary circulation. However there
are various influencing factors that determine the rate by which
oxygen and carbon dioxide diffuse between alveoli and pulmonary
circulation. Thus it could be said that the diffusion of gases is more
efficient if the surface area is large, if the thickness of the mem-
brane is small, the solubility of gas if high and the partial pressure
gradient is high.

Internal respiration

Internal respiration describes the exchange of oxygen and carbon
dioxide between blood and tissue cells (Figure 25.3); a phenome-
non governed by the same principles as external respiration. Cells
utilise oxygen when manufacturing the cells’ prime energy source,
adenosine tri-phosphate (ATP). In addition to ATP the cells also

produce water and carbon dioxide. Because cells are continually
using oxygen, its concentration within tissues is always lower than
within blood. Likewise the continual use of oxygen ensures that
the level of carbon dioxide within a tissue is always higher than
within blood. As blood flows through the capillaries, oxygen and
carbon dioxide follow their pressure gradients and continually
diffuse between blood and tissue. The concentration of oxygen in
blood flowing away from the tissues, back towards the heart is
described as being deoxygenated. In reality if measured, the oxygen
saturation of venous blood would probably be around 75%. This
means that only around 25% of oxygen content (CaO,) leaves the
bloodstream, leaving a plentiful supply.

Factors affecting pulmonary and systemic
gas exchange

Alveolar PO, has got to be greater than the blood PO, for oxygen
to diffuse out from the alveolar sac into the lung capillaries. Certain
factors, such as exercise and drugs, can affect the rate of diffusion.
Morphine slows the rate of ventilation thus affecting gas exchange
in the lungs.

A pulmonary disorder can affect gas exchange. Conditions such as
emphysema and carcinoma of the lungs can result in poor ventila-
tion. In emphysema, alveolar walls are destroyed and there are few
functional alveolar sacs available for gas exchange.

Normally, gas exchange within the lungs occurs without any prob-
lem as the alveolar and lung capillaries are in close proximity.
Gases move in and out readily; however, when the person suffers
from conditions such pulmonary oedema, the gas exchange is
affected. Fluid fills in the alveolar sac making the distance greater
and thus slowing down the gas exchange.

Oxygen has a lower molecular weight compared to carbon dioxide
and thus diffuses at a greater rate. However, carbon dioxide is
much more soluble in fluid then oxygen, thus the net movement
of carbon dioxide is far greater than the net inward movement of
oxygen.

Transport of gases

Both oxygen (O,) and carbon dioxide are transported from the
lungs to the body tissues in blood. Both gases travel in blood
plasma and haemoglobin, which is found within erythrocytes (red
blood cells). Each erythrocyte contains approximately 280 million
haemoglobin molecules and each haemoglobin has the potential
to carry four O, molecules. The delivery of oxygen, therefore, is
also reliant upon the presence of an adequate supply of erythro-
cytes and haemoglobin (Hb).

Just like oxygen, a small amount of carbon dioxide (CO,),
around 10%, is transported in plasma. Carbon dioxide is also
transported attached to haemoglobin (Hb), although only around
30% is transported that way.
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@ The upper gastrointestinal tract
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The mouth (oral cavity)

The mouth or oral cavity is where the process of digestion begins
(Figure 26.1). The oral cavity consists of several different structures.
The lips and cheeks are muscular and connective tissue structures,
lined with mucus-secreting, stratified squamous epithelial cells
which provide protection against abrasion caused by wear and tear.

Lips and cheeks

The lips and cheeks help to move and hold food in the mouth
while the teeth tear and grind the food. This process is called
mastication (chewing). The lips and cheeks are also involved in
speech and facial expression.

Tongue

The tongue is a muscular organ in the mouth. The tongue is
covered with moist, pink tissue called mucosa. Tiny bumps called
papillae give the tongue its rough texture. Thousands of taste buds
cover the surfaces of the papillae. Taste buds are collections of
nerve-like cells that connect to nerves running into the brain. The
tongue is anchored to the mouth by webs of tough tissue and
mucosa. The tether holding down the front of the tongue is called
the frenum (Figure 26.2). In the back of the mouth, the tongue is
anchored into the hyoid bone. The tongue is vital for chewing and
swallowing food, as well as for speech.

Palate

The palate forms the roof of the mouth and consists of two parts:
the hard palate and the soft palate. The hard palate is located
anteriorly and is bony. The soft palate lies posteriorly and consists
of skeletal muscle and connective tissue. The palate plays a part in
swallowing. The palatine tonsils lie laterally and are lymphoid
tissue. The uvula is a fold of tissue that hangs down from the centre
of the soft palate.

Salivary glands

Saliva is produced in and secreted from salivary glands. The basic
secretory units of salivary glands are clusters of cells called acini.
These cells secrete a fluid that contains water, electrolytes, mucus
and enzymes, all of which flow out of the acinus into collecting
ducts.

Within the ducts, the composition of the secretion is altered.
Much of the sodium is actively reabsorbed, potassium is secreted,
and large quantities of bicarbonate ion are secreted. Bicarbonate is
important because it, along with phosphate, provides a critical
buffer that neutralizes the massive quantities of acid produced in
the stomach.

When food exits the oropharynx it enters the oesophagus. The
oesophagus extends from the laryngopharynx to the stomach. It is
a thick walled structure and measures about 25cm in length and

lies in the thoracic cavity, posterior to the trachea. The function of
the oesophagus is to transport substances (the food bolus) from
the mouth to the stomach. Thick mucous is secreted by the mucosa
of the oesophagus and this aids the passage of the food bolus and
protects the oesophagus from abrasion.

The upper oesophageal sphincter regulates the movement of
substances into the oesophagus and the lower oesophageal sphinc-
ter (also known as the cardiac sphincter) regulates the movement
of substances from the oesophagus to the stomach. The muscle
layer of the oesophagus differs from the rest of the digestive tract
as the superior portion consists of skeletal (voluntary) muscle and
the inferior portion consists of smooth (involuntary) muscle.
Breathing and swallowing cannot occur at the same time.

Swallowing (deglutition)

Swallowing occurs in three phases: the voluntary phase is where
food is moved to the oropharynx by the voluntary muscle. Next is
the pharyngeal phase which is under the involuntary neuromuscu-
lar control. Once the food bolus encroaches on the palatoglossal
folds, or anterior tonsilar pillars, the pharyngeal phase of swallow-
ing reflexively begins.

The third phase is the oesophageal phase. Like the pharyngeal
phase of swallowing, the oesophageal phase of swallowing is under
involuntary neuromuscular control. The outer fibres of the upper
zone are arranged longitudinally while the inner fibres have a
circular configuration (Figure 26.3).

Stomach

The stomach is a muscular organ located on the left side of the
upper abdomen. The stomach receives food from the oesophagus.
As food reaches the end of the oesophagus, it enters the stomach
through a muscular valve called the lower oesophageal sphincter
(Figure 26.4).

The stomach is supplied with arterial blood from a branch of
the celiac artery and venous blood leaves the stomach via the
hepatic vein. The vagus nerve innervates the stomach with para-
sympathetic fibres that stimulate gastric motility and the secretion
of gastric juice. Sympathetic fibres from the celiac plexus reduce
gastric activity.

The stomach has the same four layers of tissue as the digestive
tract but with some differences. The muscularis contains three lay-
ers of smooth muscle instead of two. It has longitudinal, circular
and oblique muscle fibres. The extra muscle layer facilitates the
churning, mixing and mechanical breakdown of food that occurs
within the stomach as well as supporting the onward journey of the
food by peristalsis.

The stomach secretes acid and enzymes that digest food. Ridges
of muscle tissue called rugae line the stomach. The stomach mus-
cles contract periodically, churning food to enhance digestion. The
pyloric sphincter is a muscular valve that opens to allow food to
pass from the stomach to the duodenum.
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@ The lower gastrointestinal tract

Figure 27.1 Small intestine
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Figure 27.2 Large intestine
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Small intestine

The small intestine is the part of the gastrointestinal tract following
the stomach, and is where much of the digestion and absorption of
food takes place. The small intestine consists of three sections. The
first portion, called the duodenum, connects to the stomach. The
middle portion is the jejunum. The final section, called the ileum,
attaches to the large intestine (Figure 27.1).

The small intestine is innervated with both parasympathetic
(from the vagus nerve) and parasympathetic (from the thoracic
splanchnic nerve) systems. It receives its arterial blood supply
from the superior mesenteric artery and nutrient-rich venous
blood drains into the superior mesenteric vein and eventually into
the hepatic portal vein toward the liver.

Duodenum

The duodenum is a short portion of the small intestine connecting
it to the stomach (Figure 27.1). It is approximately 25cm long,
while the entire small intestine measures about 6.5 metres. This
structure begins with the duodenal bulb, bordered by the pyloric
sphincter that marks the lower end of the stomach, and is con-
nected by the ligament of Treitz to the diaphragm before leading
into the next portion of the small intestine, the jejunum.

The duodenum is largely responsible for the breakdown of food
in the small intestine, using enzymes. The villi of the duodenum
have a leafy-looking appearance, a histologically identifiable struc-
ture. Brunner’s glands, which secrete mucus, are found in the duo-
denum. The duodenum wall is composed of a very thin layer of
cells that form the muscularis mucosae.

The duodenum also regulates the rate of emptying of the stom-
ach. Secretin and cholecystokinin are released from cells in the
duodenal epithelium in response to acidic and fatty stimuli present
there when the pylorus opens and releases gastric chyme into the
duodenum for further digestion. These cause the liver and gall
bladder to release bile, and the pancreas to release bicarbonate and
digestive enzymes such as trypsin, lipase and amylase into the duo-
denum as they are needed.

Jejunum

The section of the small intestine that comprises the first two-fifths
beyond the duodenum; it is larger, thicker-walled, and more
vascular and has more circular folds than the ileum.

The inner surface of the jejunum, its mucous membrane, is cov-
ered in projections called villi, which increase the surface area of
tissue available to absorb nutrients from the gut contents. The epi-
thelial cells which line these villi possess even larger numbers of
microvilli. The transport of nutrients across epithelial cells through
the jejunum and ileum includes the passive transport of sugar
fructose and the active transport of amino acids, small peptides,

vitamins and most glucose. The villi in the jejunum are much
longer than in the duodenum or ileum.

The jejunum contains very few Brunner’s glands (found in the
duodenum) or Peyer’s patches (found in the ileum). However,
there are a few jejunal lymph nodes suspended in its mesentery.
The jejunum has many large circular folds in its submucosa called
plicae circulares, which increase the surface area for nutrient
absorption.

lleum

The ileum is the final and longest segment of the small intestine. It
is specifically responsible for the absorption of vitamin B , and the
reabsorption of conjugated bile salts. The ileum is about 4 metres
long and extends from the jejunum (the middle section of the
small intestine) to the ileocecal valve, which empties into the colon
(large intestine). The ileum is suspended from the abdominal wall
by the mesentery, a fold of serous membrane.

The smooth muscle of the ileum is thinner than the walls of
other parts of the intestine, and its peristaltic contractions are
slower. The ileum’s lining is also less permeable than that of the
upper small intestine. Small collections of lymphatic tissue (Peyer
patches) are embedded in the ileal wall, and specific receptors for
bile salts and vitamin B , are contained exclusively in its lining;
about 90% of the conjugated bile salts in the intestinal contents is
absorbed by the ileum.

Large intestine (colon)

The large intestine, the posterior section of the intestine, consists
of four regions: the cecum, colon, rectum and anus (Figure 27.2).
The term colon is sometimes used to refer to the entire large
intestine. The large intestine is wider and shorter than the small
intestine (approximately 1.5 metres in length) and has a smooth
inner wall. In the upper half of the large intestine, enzymes from
the small intestine complete the digestive process, and bacteria
produce B vitamins (B ,, thiamin and riboflavin).

The large intestine mucosa contains large numbers of goblet
cells that secrete mucus to ease the passage of faeces and protect
the walls of the colon. The simple columnar epithelium changes to
stratified squamous epithelium at the anal canal. Anal sinuses
secrete mucus in response to faecal compression. This protects the
anal canal from the abrasion associated with emptying.

The food residue from the ileum is fluid when in enters the
caecum and contains very few nutrients. The small intestine is
responsible for some of the absorption of water but the primary
function of the large intestine is to absorb water and turn the food
residue into semi solid faeces. The large intestine also absorbs
some vitamins, minerals, electrolytes and drugs.
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€2) The liver, gallbladder and biliary tree

Figure 28.1 The liver, gallbladder and pancreas Figure 28.2 Liver lobules
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Figure 28.3 Bile production and secretion
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Liver

The liver is the largest solid organ in the body. In adults, the liver
can weigh up to 1.5 kilograms (kg). It is in the upper-right abdo-
men, just under the rib cage and below the diaphragm (the thin
muscle below the lungs and heart that separates the chest cavity
from the abdomen.

Two major types of cells populate the liver lobes: karat paren-
chymal and non-parenchymal cells: 80% of the liver volume is
occupied by parenchymal cells commonly referred to as hepato-
cytes. Non-parenchymal cells constitute 40% of the total number
of liver cells but only 6.5% of its volume.

Segments of the liver

The liver is divided into segments (Figure 28.1). Each segment of
the liver is further divided into lobules. Lobules are usually repre-
sented as discrete hexagonal aggregations of hepatocytes. The
hepatocytes assemble as plates which radiate from a central vein.
Lobules are served by arterial, venous and biliary vessels at their
periphery. Human lung lobules have little connective tissue sepa-
rating one lobule from another. The paucity of connective tissue
makes it more difficult to identify the portal triads and the bound-
aries of individual lobules. Central veins are easier to identify due
to their large lumen and because they lack connective tissue that
invests the portal triad vessels.

Ligaments of the liver

The coronary ligament attaches the liver (from the diaphragmatic
surface) to the diaphragm. It is an irregular fold of peritoneum. It
surrounds the triangular base of the diaphragmatic surface. It is con-
tinuous with outer most layer of the caudal vena cava. The falciform
ligament is ventral to the coronary ligament. It is located cranial to
the umbilicus and is a vestige of the umbilical vein. The triangular
ligament is on the right and left sides of the coronary ligament.

Blood supply

The liver gets a dual blood supply both from the hepatic portal
vein and hepatic arteries. The hepatic portal vein supplies 75% of
the blood supply. This venous blood is drained from the spleen,
gastrointestinal tract and other organs. The hepatic arteries supply
arterial blood to the liver, accounting for the remainder of its blood
flow. Oxygen is provided from both vessels; approximately half of
the liver’s oxygen demand is met by the hepatic portal vein and half
by the hepatic arteries.

The hepatic artery comes off the celiac trunk which in turn
comes from the aorta. The venous blood from the digestive tract is
collected by the portal vein, which then supplies blood to liver. The
hepatic veins drain blood from liver into the inferior vena cava.
Branches of the hepatic artery and vein and the bile duct flow into
the liver. Collectively, these three vessels are termed the portal triad
and they are located at the corners of the liver lobules (Figure 28.2).

Liver functions

Nearly all the blood circulated around the abdomen flows back
through the portal vein to the liver where it comes in contact
with the liver cells, ensuring the products of digestion are
presented to the hepatic cells before entering the general circula-
tion. Other functions include production of bile, carbohydrate
metabolism, glycogenesis, glyconeolysis, gluconeogenesis and
the breakdown of insulin and other hormones. Protein metabo-
lism produces soluble mediators of the clotting cascade, albu-
min and hormone transporting globulins. The liver is also
involved in lipid metabolism, lipogenesis and the synthesis of
cholesterol.

It also has a role in immunoregulation via Kupfer cells and the
complement synthesis and metabolism. The liver is important
in storage of water-soluble vitamins, fat-soluble vitamins, iron,
triglyceride and glycogen.

The liver breaks down haemoglobin and toxic substances
through drug metabolism. It converts ammonia to urea and regu-
lates the management of wastes of metabolism, such as haem and
ammonia (amino acids).

Gallbladder

The gallbladder is a small green muscular sac that lies posterior to
the liver (Figure 28.2). It functions as a reservoir for bile until it is
needed for digestion. It also concentrates bile by absorbing water.
The mucosa of the gallbladder, like the rugae of the stomach,
contain folds that allow the gallbladder to stretch in order to
accommodate varying volumes of bile. When the smooth muscle
walls of the gallbladder contract, bile is expelled into the cystic
duct and down into the common bile duct before entering the
duodenum via the hepatopancreatic ampulla.

Function of bile

When food containing fat enters the digestive tract, it stimulates
the secretion of cholecystokinin (CCK). In response to CCK, the
adult human gallbladder, which stores approximately 50 millilitres
of bile, releases the bile into the duodenum. The bile emulsifies
fats in partly digested food. During storage in the gallbladder, bile
becomes more concentrated which increases its potency and
intensifies its effect on fats (Figure 28.3).

Biliary tree (tract)

The biliary tract (or biliary tree) is the term for the path by which
bile is secreted by the liver then transported to the first part of the
small intestine, also known as the duodenum. It is referred to as a
tree because it begins with many small branches which end in the
common bile duct, sometimes referred to as the trunk of the biliary
tree (Figure 28.3).
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@ Pancreas and spleen

Figure 29.1 The pancreas
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Pancreas

The pancreas is approximately 12-15cm long and 2.5 cm thick. It
is situated across the back of the abdomen, behind the stomach.
The head of the pancreas is on the right side of the abdomen and it
is connected to the duodenum (the first section of the small intes-
tine) through a small tube called the pancreatic duct. The narrow
end of the pancreas, called the tail, extends to the left side of the
body (Figure 29.1).

The pancreatic juices are secreted by exocrine cells into small
ducts that unite to form larger ducts. The duct of Wirsung is the
larger of the two ducts and in most people this duct joins the com-
mon bile duct and enters the duodenum as a dilated common duct
called the hepatopancreatic ampulla. In most people there is a
second smaller (minor or accessory) papilla, situated about 2cm
above the main papilla, and slightly to its right. This is the exit
place for Santorini’s duct. The minor papilla occasionally takes
over when the main papilla is not able to function correctly and
becomes the main site of drainage for pancreatic juices.

The cells of the pancreas are responsible for making the endo-
crine and exocrine products. The islet cells of the islets of
Langerhans produce the endocrine hormones insulin and gluca-
gon. These hormones control carbohydrate metabolism.

Composition of pancreatic juice

Two hormones regulate the secretion of pancreatic juice. Secretin,
produced in response to the presence of hydrochloric acid in the
duodenum, promotes the secretion of bicarbonate ions.
Cholecystokinin, secreted in response to the intake of protein and
fat, promotes the secretion of the enzymes present in pancreatic
juice. Parasympathetic vagus nerve stimulation also promotes the
release of pancreatic juice.

The acini glands of the exocrine pancreas produce 1.2-1.51 of
pancreatic juice daily. Pancreatic juice is a clear colourless fluid
consisting of water, mineral salts, the enzymes amylase and lipase
and the inactive enzyme precursors trypsinogen, chymotrypsino-
gen and procarboxypeptidase. Pancreatic juice travels from the
pancreas via the pancreatic duct into the duodenum at the hepato-
pancreatic ampulla.

The cells of the pancreatic ducts secrete bicarbonate ions which
make pancreatic juice slightly alkaline pH (pH 7.1-8.2). This helps
to neutralise acidic chyme from the stomach, thus protecting the
small intestine from damage by the acidity, and stops the action of
pepsin from the stomach. This provides a proper pH environment
for the action of enzymes in the small intestine.

Functions of pancreatic juice

Functions include digestion of proteins: enteropeptidase con-
verts trypsinogen and chymotrypsinogen into the active proteo-
lytic enzymes trypsin and chymotrypsin. These activated

enzymes convert polypeptides to tripeptides, dipeptides and
amino acids.It also plays a role in digestion of carbohydrates:
pancreatic amylase helps in the conversion of digestible polysac-
charides (starch) not acted upon by salivary amylase to disaccha-
rides.Bile salts help lipase in conversion of fats to fatty acids and
glycerol. They do so by decreasing the size of the globules resulting
in increased surface area.

Spleen

The spleen is an organ shaped like a shoe that lies relative to the 9th
and 11th ribs and is located in the left hypochondrium and partly
in the epigastrium. Thus, the spleen is situated between the fundus
of the stomach and the diaphragm. The spleen is very vascular and
reddish purple in colour; its size and weight vary.

The spleen contains two main types of tissue — white pulp and
red pulp. White pulp is lymphatic tissue (material which is part of
the immune system) mainly made up of white blood cells. Red
pulp is made up of venous sinuses (blood-filled cavities) and
splenic cords. Splenic cords are special tissues which contain dif-
ferent types of red and white blood cells.

The spleen has two coats; an external serous and an internal
fibroelastic coat. The external or serous coat (tunica serosa) is
derived from the peritoneumy; it is thin, smooth, and in the human
subject intimately adherent to the fibroelastic coat. It invests the
entire organ, except at the hilum and along the lines of reflection of
the phrenicolienal and gastrolienal ligaments.

Function of the spleen
Blood flows into the spleen where it enters the white pulp. Here,
white blood cells called B and T cells screen the blood flowing
through. T cells help to recognise invading pathogens (for exam-
ple, bacteria and viruses) that might cause illness and then attack
them. B-cells make antibodies that help to stop infections from
occurring.

Blood also enters red pulp. Red pulp has three main functions.
(i) It removes old and damaged red blood cells. Red blood cells
have a lifespan of about 120 days. After this time they stop carrying
oxygen effectively. Special cells called macrophages break down
these old red blood cells. Haemoglobin (carries oxygen) found
within the cells is also broken down and then recycled. (ii) Red
pulp also stores up to one third of the body’s supply of platelets.
Platelets are fragments of cells circulating in the bloodstream that
help to stop bleeding when the blood vessel is cut. These extra
stored platelets can be released from the spleen if severe bleeding
occurs. (iii) In foetuses red pulp can also aid in the production of
new red blood cells.

The spleen is not essential to life. Other organs such as the liver
and bone marrow are able to take over many of its functions.
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Figure 30.1 Digestion and absorption
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food into smaller components, to a form that can be absorbed,

for instance, into a blood stream. Digestion is a form of catab-
olism; a breakdown of macro food molecules to smaller ones
(Figure 30.1).

Digestion is the mechanical and chemical breaking down of

Mechanical

Mechanical digestion is simply the aspects of digestion achieved
through a mechanism or movement. There are two basic types of
mechanical digestion.

Mastication

The first step when it comes to digestion actually begins as soon as
food enters the mouth. Mastication (chewing) begins the process
of breaking down food into nutrients. As a type of mechanical
digestion, chewing our food is an important part of the digestive
process because smaller pieces are more readily digested through
chemical digestion.

Peristalsis

Mechanical digestion also involves the process known as peristal-
sis. Peristalsis is simply the involuntary contractions responsible
for the movement of food through the oesophagus and intestinal
tracts.

In the stomach, there are three layers of muscle. It has longitu-
dinal, circular and oblique muscle which together contract and
relax to form the churning motion which mixes food around. This
aids in digestion as it slightly breaks up the food and also increases
the contact the food has with enzymes and acids in the gastric
juice. Bile salts also act to emulsify large fat globules into smaller
fat droplets.

Chemical

Chemical digestion is achieved with the addition of chemicals to
the food. Digestive enzymes and water are responsible for the
breakdown of complex molecules such as fats, proteins and carbo-
hydrates into smaller molecules. These smaller molecules can then
be absorbed for use by cells.

The presence of these digestive enzymes accelerates the
digestion process, where absence of these enzymes slows overall
reaction speed. Digestive enzymes mainly responsible for chemical
digestion include:

Protease: Any of various enzymes, including the proteinases
and peptidases that catalyse the hydrolytic breakdown of proteins.
Proteolytic enzymes are very important in digestion as they break-
down the peptide bonds in the protein foods to liberate the amino
acids needed by the body.

Collagenase: Are enzymes that break the peptide bonds in
collagen. Collagens are the major fibrous component of animal
extracellular connective tissue.

Lipase: Lipids are one of the three major food groups needed
for proper nutrition. Lipase is the digestive enzyme needed to
digest fat. Lipase is an enzyme that hydrolyses lipids, the ester
bonds in triglycerides, to form fatty acids and glycerol.

Fats require special digestive action before absorption because
the end products must be carried in a water medium (blood and
lymph) in which fats are not soluble. Lipase is the primary enzyme
used to split fats into fatty acids and glycerol. Although little actual
fat digestion occurs in the stomach, gastric lipase does digest
already emulsified fats such as in egg yolk and cream.

Amylase: Any of a group of enzymes that catalyse the hydroly-
sis of starch to sugar to produce carbohydrate derivatives. Amylase
is present in saliva, where it begins the mechanical process of
digestion. Foods that contain much starch but little sugar, such as
rice and potato, taste slightly sweet as they are chewed because
amylase turns some of their starch into sugar in the mouth. The
pancreas also makes amylase (alpha amylase) to hydrolyse dietary
starch into disaccharides and trisaccharides which are converted
by other enzymes to glucose to supply the body with energy.

Trypsin: A proteolytic digestive enzyme produced by the
exocrine pancreas. It speeds up the chemical reaction, in the small
intestine, of the breakdown of dietary proteins to peptones, peptides
and amino acids. When the pancreas is stimulated by cholecysto-
kinin, it is then secreted into the first part of the small intestine (the
duodenum) via the pancreatic duct. Once in the small intestine, the
enzyme enteropeptidase activates it into trypsin.

Chymotrypsin: A proteolytic enzyme produced by the pancreas
that catalyses the hydrolysis of casein and gelatin. Chymotrypsin is
a serine endopeptidase produced by the acinar cells of the
pancreas.

Digestion and ahsorption

Carbohydrate: Monosaccharides, such as glucose, galactose and
fructose, are produced by the breakdown of polysaccharides and
are transported to the intestinal epithelium by facilitated diffusion
or active transport. Facilitated diffusion moves the sugars to the
bloodstream.

Protein: Proteins are broken down to peptide fragments by
pepsin in the stomach, and by pancreatic trypsin and chemot-
rypsin in the small intestine. The fragments are then digested to
free amino acids by carboxypeptidase from the pancreas and
aminopeptidase from the intestinal epithelium. Free amino acids
enter the epithelium by secondary active transport and leave it by
facilitated diffusion. Small amounts of intact proteins can enter
interstitial fluid by endo- and exocytosis.

Fat: Fat digestion occurs by pancreatic lipase in the small
intestine. Large lipid droplets are first broken down into smaller
droplets by a process called emulsification. Pancreatic colipase
binds the water-soluble lipase to the lipid substrate.

Vitamins: Fat-soluble vitamins are absorbed and stored along
with fats. Most water-soluble vitamins are absorbed by diffusion or
mediated transport. Vitamin B,,, because of its large size and
charged nature, first binds to a protein, called intrinsic factor,
which is secreted by the stomach epithelium, and is then absorbed
by endocytosis.

Water: Most of the material absorbed from the cavity of the
small intestine is water in which salt is dissolved. The salt and
water come from the food and liquid we swallow and the juices
secreted by the many digestive glands.
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€) The kidney: microscopic

Figure 31.1 A nephron
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Figure 31.2 Bowman’s capsule
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These are small structures and they form the functional units of
the kidney. The nephron consists of a glomerulus and a renal
tubule (Figure 31.1). The renal tubule can be further divided into
Bowman’s capsule, proximal convoluted tubule, loop of Henle,
distal convoluted tubule and the collecting ducts. There are
approximately over one million nephrons per kidney and it is in
these structures that urine is formed. Its main function is to
regulate water and electrolytes by filtering the blood, reabsorbing
what is needed and excreting the rest as urine. A nephron
eliminates wastes from the body, regulates blood volume and
blood pressure, controls levels of electrolytes and metabolites and
regulates blood pH.

Also known as glomerular capsule (Figure 31.2), this is a cup-
like sac and is the first portion of the nephron. A Bowman’s
capsule is part of the filtration system in the kidneys. When
blood reaches the kidneys for filtration, it enters the Bowman’s
capsule first, with the capsule separating the blood into two
components: a filtrated blood product and a filtrate which is
moved through the nephron, another structure in the kidneys.
The glomerular capsule consists of visceral and parietal layers.
The visceral layer is lined by epithelial cells called podocytes
while the parietal layer is lined with simple squamous epithe-
lium, and it is in the Bowman’s capsule that the network of
capillaries called the glomerulus is found.

The glomerulus consists of a tight network of capillaries surrounded
by podocytes. Podocytes have narrow cell processes that in turn
give secondary extensions called pedicles (Figure 31.2). Podocytes
completely surround the capillary network. As blood flows though
the glomerulus, water and metabolic wastes are filtered through
the capillary walls by the surrounding podocytes. Water and wastes
pass into the Bowman’s capsule.

From the Bowman’s capsule, the filtrate drains into the proximal
convoluted tubule (Figure 31.1). The surface of the epithelial cells
of this segment of the nephron is covered with densely packed
microvilli. The microvilli increase the surface area of the cells thus
facilitating their resorptive function. The in-folded membranes
forming the microvilli are the site of numerous sodium pumps.
Reabsorption of salt, water and glucose from the glomeru-
lar filtrate occurs in this section of the tubule; at the same time
certain substances, including uric acid and drug metabolites,
are actively transferred from the blood capillaries into the tubule
for excretion.

In the kidney, the loop of Henle is the portion of a nephron that
leads from the proximal convoluted tubule to the distal convoluted
tubule. It can be divided into two sections; the descending and the
ascending loops (Figure 31.1). The thin descending limb has low
permeability to ions and urea, while being highly permeable to
water. The loop has a sharp bend in the renal medulla going from
descending to ascending thin limb.

The thin ascending loop is impermeable to water, but it is
permeable to ions. Sodium (Na*), potassium (K*) and chloride
(CI') ions are reabsorbed from the urine by secondary active trans-
port by a Na-K-Cl cotransporter. The electrical and concentration
gradient drives more reabsorption of Na*, as well as other cations
such as magnesium (Mg?*) and calcium (Ca*").

The loop of Henle is supplied by blood in a series of straight
capillaries descending from the cortical efferent arterioles. These
capillaries (vasa recta) also have a counter-current multiplier
mechanism that prevents washout of solutes from the medulla,
thereby maintaining the medullary concentration. As water is
osmotically moved from the descending limb into the interstitium,
it readily enters the vasa recta. The low blood flow through the
vasa recta allows time for osmotic equilibration, and can be altered
by changing the resistance of the vessels’ efferent arterioles.

A distal convoluted tubule is a twisted, tube-like structure of the
nephron (Figure 31.1). The distal convoluted tubule is the section
farthest away from the renal corpuscle, and the cells that line it are
able to actively pump potentially harmful substances, such as
ammonia, urea and certain drugs, out of the blood and into the
urine. From the distal convoluted tubule, useful substances are
returned to the blood, while waste products and toxins are added to
the filtrate. Hydrogen ions are also pumped in, making the urine
pH more acidic. The distal convoluted tubule walls do not normally
allow water to pass through, but the hormone ADH can open chan-
nels which allow water to move out, concentrating the urine.

From the distal convoluted tubule, filtrate drains into what are
known as collecting ducts (Figure 31.1). These are tubes which
receive filtrate from the distal convoluted tubules of many
nephrons. Inside these collecting ducts, water can be absorbed to
regulate the final concentration of urine produced by the kidneys.
On leaving the collecting ducts, urine enters a space known as the
renal pelvis, from where it passes into the bladder and is expelled
from the body during urination.

The collecting duct system is under the control of ADH. In the
absence of ADH, water in the renal filtrate is allowed to enter the
urine, promoting diuresis. When ADH is present, aquaporins aid
reabsorption of water, thereby inhibiting diuresis.
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Figure 32.1 External layers of the kidney
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There are two kidneys, one on each side of the spinal column. They
are approximately 11 cm long, 5-6 cm wide and 3-4 cm thick. They
are said to be bean-shaped organs where the outer border is con-
vex; the inner border is known as the hilum (also known as hilus),
and it is here that the renal arteries, renal veins, nerves and the
ureters enter and leave the kidneys (Figure 32.1). The renal artery
carries blood to the kidneys and once the blood is filtered the renal
vein takes the blood away from the kidney. The right kidney is in
contact with the liver’s large right lobe and hence the right kidney
is approximately 2—4 cm lower than the left kidney.

Each kidney is covered by three layers; the renal facia, adipose
tissue and renal capsule. The real fascia is the outer layer and it con-
sists of a thin layer of connective tissue that anchors the kidneys to
the abdominal wall and the surrounding tissues. The middle layer is
called the adipose tissue which surrounds the capsule. It cushions
the kidneys from trauma. The inner layer is called the renal capsule.
It consists of a layer of smooth connective tissue which is continu-
ous of the outer layer of the ureter. The renal capsule protects the
kidneys from trauma and maintains the shape of the kidneys.

The renal cortex is the outer portion of the kidney between the
renal capsule and the renal medulla. In the adult, it forms a con-
tinuous smooth outer zone with a number of projections (cortical
columns) that extend down between the pyramids. It contains the
renal corpuscles and the renal tubules except for parts of the loop
of Henle which descend into the renal medulla. It also contains
blood vessels and cortical collecting ducts.

The renal medulla is a term used for the innermost portion of the
kidney. The medulla is lighter in colour and has an abundance of
blood vessels and tubules of the nephron. The renal medulla (pyra-
mid) is composed of conical masses of tissue called renal pyramids,
whose bases are directed toward the convex surface of the kidney, and
which apex to form the renal papillae. The renal cortex forms a shell
around the medulla. Its tissues dip into the medulla between adjacent
renal pyramids to form renal columns. The granular appearance of
the cortex is due to the random arrangement of tiny tubules associ-
ated with nephrons, the functional units of the kidney.

The renal pelvis forms the expanded upper portion of the ureter,
which is funnel shaped, and it is the region where two or three
calyces converge. These are cavities in which urine collects before

it flows on into the urinary bladder. The renal pelvis is lined with
a moist mucous-membrane layer that is only a few cells thick; the
membrane is attached to a thicker coating of smooth muscle
fibres, which, in turn, is surrounded by a layer of connective tis-
sue. The mucous membrane of the pelvis is somewhat folded so
that there is some room for tissue expansion when urine distends
the pelvis.

The muscle fibres are arranged in a longitudinal and a circular
layer. Contractions of the muscle layers occur in periodic waves
known as peristaltic movements. The peristaltic waves help to
push urine from the pelvis into the ureter and bladder. The lining
of the pelvis and of the ureter is impermeable to the normal sub-
stances found in urine; thus, the walls of these structures do not
absorb fluids.

The renal artery enters into the kidney at the level of first lumbar
vertebra just below the superior mesenteric artery. The renal circula-
tion receives approximately 20-25% of the cardiac output. It
branches from the abdominal aorta and returns blood to the ascend-
ing vena cava. Each renal artery branches into segmental arteries,
dividing further into interlobar arteries which penetrate the renal
capsule and extend through the renal columns between the renal
pyramids. The interlobar arteries then supply blood to the arcuate
arteries that run through the boundary of the cortex and the
medulla. Each arcuate artery supplies several interlobular arteries
that feed into the afferent arterioles that supply the glomeruli
(Figure 32.2).

From here, efferent arterioles leave the glomerulus and divide
into peritubular capillaries, which drain into the interlobular veins
and then into the arcuate vein and then into the interlobar vein,
which runs into lobar vein, which opens into the segmental vein
and which drains into the renal vein, and then from it blood moves
into the inferior vena cava.

The kidney and nervous system communicate via the renal
plexus, whose fibres course along the renal arteries to reach each
kidney. Input from the sympathetic nervous system triggers
vasoconstriction in the kidney, thereby reducing renal blood
flow. The kidney also receives input from the parasympathetic
nervous system, by way of the renal branches of the Vagus nerve
(Cranial nerve X). Sensory input from the kidney travels to the
T10-11 levels of the spinal cord and is sensed in the correspond-
ing dermatome.
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Figure 33.1 Blood supply of the ureter Figure 33.4 Female urethra
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The ureters transport urine from the pelvis of the kidney to the
bladder. The flow of urine is as a result of peristaltic contraction of
the muscular walls of the ureter. Approximately 1-5 peristaltic
waves form every minute depending on the formation of urine.

The ureter is roughly 25-30cm long in adults and courses down
the retroperitoneum in an S curve. At the proximal end of the ure-
ter is the renal pelvis; at the distal end is the bladder. The ureter
begins at the level of the renal artery and vein posterior to these
structures.

The ureter enters the pelvis, where it crosses anteriorly to the iliac
vessels, which usually occurs at the bifurcation of the common
iliac artery into the internal and external iliac arteries. Here, the
ureters are within 5cm of one another before they diverge
laterally.

The vascular supply and venous drainage of the ureter is derived
from varied and numerous vessels. In the abdominal ureter, the
arterial supply is located on the medial aspect of the ureter, whereas
in the pelvis, the lateral aspect is the area for the blood supply
(Figure 33.1).

The urinary bladder is a hollow muscular organ and is located in
the pelvic cavity posterior to the symphysis pubis. In the male the
bladder lies anterior to the rectum and in the female it lies anterior
to the vagina and inferior to the uterus; it is a smooth muscular sac
which stores urine. When the bladder is empty, the inner section of
the bladder forms folds but as the bladder fills up with urine the
walls of the bladder become smoother (Figure 33.2). The bladder
normally distends and holds approximately 300-350ml of urine.
In females the bladder is slightly smaller because the uterus occu-
pies the space above the bladder.

The bladder is composed of three layers. The serous coat (tunica
serosa) is a partial one, and is derived from the peritoneum. The
muscular coat (tunica muscularis) consists of three layers of
unstriped muscular fibres: an external layer composed of fibres
having for the most part a longitudinal arrangement; a middle
layer, in which the fibres are arranged, more or less, in a circular
manner; and an internal layer, in which the fibres have a general
longitudinal arrangement. The mucous coat (tunica mucosa) is
thin, smooth and of a pale rose colour. It is continuous above

through the ureters with the lining membrane of the renal tubules,
and below with that of the urethra.

The arteries supplying the bladder are the superior, middle and
inferior vesical, derived from the anterior trunk of the hypogastric.
The obturator and inferior gluteal arteries also supply small
visceral branches to the bladder, and in the female additional
branches are derived from the uterine and vaginal arteries.

The nerves of the bladder are (i) fine medullated fibres from the
third and fourth sacral nerves, and (ii) non-medullated fibres from
the hypogastric plexus.

The urethra is a muscular tube that drains urine from the bladder
and conveys it out of the body. It contains three coats and they are
muscular, erectile and mucous, the muscular is the continuation of
the bladder muscle layer. The urethra is encompassed by two
separate urethral sphincter muscles. The internal urethral sphinc-
ter muscle is formed by involuntary smooth muscles while the
lower voluntary muscles make up the external sphincter muscles.
The internal sphincter is created by the detrusor muscle. Sphincters
keep the urethra closed when urine is not being passed. The
internal urethral sphincter is under involuntary control and lies at
the bladder-urethra junction. The external urethral sphincter is
under voluntary control.

In the male, the urethra not only excretes fluid wastes but is also
part of the reproductive system. Rather than the straight tube
found in the female body, the male urethra is shaped like a ‘S’ to
follow the line of the penis. It is approximately 20 centimetres long
(Figure 33.3). The male urethra passes through three regions: pro-
static, membranous (shortest and least distensible portion of the
urethra) and the penile urethra (is the region that spans the corpus
spongiosum of the penis).

The prostatic portion is only about 2.5cm long and passes
along the neck of the urinary bladder through the prostate gland.
This section is designed to accept the drainage from the tiny ducts
within the prostate and is equipped with two ejaculatory tubes.

The female urethra is bound to the anterior vaginal wall. The
external opening of the urethra is anterior to the vagina and poste-
rior to the clitoris. In the female, the urethra is approximately 4
centimetres long and leads out of the body via urethral orifice. In
the female, the urethral orifice is located in the vestibule in the
labia minora. This can be found located in between the clitoris and
the vaginal orifice (Figure 33.4). In the female body the urethra’s
only function is to transport urine out of the body.
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hree processes are involved in the formation of urine and they
are filtration, selective reabsorption and secretion.

Urine formation begins with the process of filtration of the blood,
which goes on continually in the renal corpuscles. As blood passes
through the glomeruli, much of its fluid, containing both useful
chemicals and dissolved waste materials, flows out of the blood
through the membranes (by osmosis and diffusion) where it is
filtered and then flows into the Bowman’s capsule. This process is
called glomerular filtration (Figure 34.1). The water, waste
products, salt, glucose and other chemicals that have been filtered
out of the blood are known collectively as glomerular filtrate. The
glomerular filtrate consists primarily of water, excess salts (sodium
and potassium), glucose, and a waste product of the body called
urea. Urea is formed in the body to eliminate the very toxic
ammonia products that are formed in the liver from amino acids.
Since humans cannot excrete ammonia, it is converted to the less
dangerous urea and then filtered out of the blood. Urea is the most
abundant of the waste products that must be excreted by the
kidneys.

The PCT has a microvilli cell border to increase the surface area
for absorption from filtrate. There are also a large number of
mitochondria which produce the extra ATP required for active
transport. Substances reabsorbed back into the blood stream are
water, glucose and other nutrients, and sodium (Na*) and other
ions. Reabsorption begins in the proximal convoluted tubules
and continues in the loop of Henle, distal convoluted tubules,
and collecting tubules. Only 1% of the glomerular filtrate actually
leaves the body and 99% is reabsorbed back into the blood
stream.

Blood glucose is entirely reabsorbed back into the blood from
the proximal tubules. In fact, it is actively transported out of the
tubules and into the peritubular capillary blood. None of this valu-
able nutrient is wasted by being lost in the urine.

Other components, such as ammonia and urea, are secreted
rather than absorbed, while certain ions, including potassium, can
be both secreted and absorbed by the tubules according to the
overall ionic balance throughout the body.

Any substances not removed through filtration are secreted into
the renal tubules from the peritubular capillaries of the nephron,
these include drugs and hydrogen ions. Tubular secretion mainly
takes place by active transport system. Active transport is a process
by which substances are moved across biological membrane.
Tubular secretion occurs from epithelial cells lining the renal
tubules and the collecting ducts.

Substances secreted are hydrogen ions (H*), potassium ions
(K*), ammonia (NH,) and certain drugs. Kidney tubule secretion
plays a crucial role in maintaining the body’s acid-base balance,

another example of an important body function that the kidney
participates in.

Four hormones play a role in the regulation of fluid and electro-
lytes and they are ADH, angiotensin, aldosterone and atrial natriu-
retic peptide.

ADH is produced by the hypothalamus gland and is stored by the
posterior pituitary gland. This hormone increases the permeability
of the cells in the distal convoluted tubule and the collecting ducts.
In the presence of ADH more water is reabsorbed from the renal
tubules and therefore the patient will pass less urine. In the absence
of ADH less water is reabsorbed and the patient will pass more
urine. Thus ADH plays a major role in the regulation of fluid bal-
ance in the body.

Renin-angiotensin is a hormone system that regulates blood pres-
sure and water (fluid) balance. When blood volume is low, juxtaglo-
merular cells in the kidneys secrete renin directly into circulation.
Plasma renin then carries out the conversion of angiotensinogen
released by the liver to angiotensin I. Angiotensin I is subsequently
converted to angiotensin II by the angiotensin converting enzyme
found in the lungs. Angiotensin II is a potent vaso-active peptide
that causes blood vessels to constrict, resulting in increased blood
pressure. Angiotensin II also stimulates the secretion of the hor-
mone aldosterone from the adrenal cortex. Aldosterone causes the
tubules of the kidneys to increase the reabsorption of sodium and
water into the blood. This increases the volume of fluid in the body,
which also increases blood pressure (Figure 34.2).

A steroid hormone secreted by the adrenal glands. Aldosterone
serves as the principal regulator of the salt and water balance of the
body and thus is categorised as a mineralocorticoid. It also has a
small effect on the metabolism of fats, carbohydrates and
proteins.

Several things will stimulate aldosterone secretion: when the
potassium levels go too high, if there is less blood flow to the kid-
neys, or if the blood pressure falls. The converse is aldosterone
secretion will decrease if the potassium levels fall, the blood flow in
the kidneys increases, blood volume increases or if one consumes
too much salt.

This is a peptide hormone secreted by myocytes of the cardiac atria
that promotes salt and water excretion and lowers blood pressure.
ANP acts to reduce the water, sodium and adipose loads on the
circulatory system, thereby reducing blood pressure. ANP has
exactly the opposite function of the aldosterone secreted by the
zona glomerulosa. Synthesis of ANP also takes place in the ventri-
cles, brain, suprarenal glands and renal glands. It is released in
response to atrial stretch.
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nlike the female reproductive system the male reproductive

system is more evident as the majority of the organs of the male

reproductive system are located externally (see Figure 35.1
and 35.2). The prostate gland is discussed in Chapter 36.

The male reproductive system works with other body systems,
producing hormones essential for biological development, sexual
behaviour and sexual performance. Other body systems include
the neuroendocrine system and the musculoskeletal system. The
male reproductive system is also central to the function of the uri-
nary system.

The male reproductive system includes the scrotum, testes,
spermatic ducts, sex glands and the penis. Working together these
organs produce sperm, the male gamete and the other components
of semen. These organs also work together to deliver semen out of
the body and into the vagina where it can fertilise egg cells in order
to reproduce.

The key functions of the male reproductive system are to:

» Produce, maintain and transport the male reproductive cells
(sperm) as well as the fluid semen.

« To ejaculate semen from the penis.

« To produce and secrete the male sex hormones.

The testes

The reproductive glands of the male are the testes, these are the
male equivalent to the ovaries.

Developmentally the testes are located in the abdominal cavity
of the foetus, descending down through the inguinal canal into the
scrotal sac, suspended on either side of the penis, it is usual for one
to hang lower than the other. The testes are external to the body.
For sperm to be sustainable it must be produced at a temperature
lower than core body temperature, this is why the testes are located
in the scrotal sac external to the body.

The testes are oval shaped organs approximately the size of
very large olives lying in the scrotal sac, secured and suspendered
at either end of the spermatic cord. There are usually two testes.
Three layers of serous fibrous tissue, the tunica vaginalis, the
tunica albuginea and the tunica vasculosa surround them.

The testes are responsible for producing testosterone, the
primary male sex hormone, they also generate sperm. Within the
testes are coiled masses of tubes — seminiferous tubules. These are
responsible for producing the sperm cells through spermatogene-
sis. There are spaces between the tubules comprising a cluster of
cells - Leydig cells that have the responsibility to manufacture and
secrete testosterone and other androgens.

Spermatogenesis

Spermatogenesis occurs in the seminiferous tubules of the testes
and usually begins around puberty. Starting at puberty, a male will
produce millions of sperm every single day for the rest of his life.
The seminiferous tubules contain diploid cells - spermatogonium
that mature to become sperm. Spermatogenesis turns each one of

the diploid spermatogonium into four haploid sperm cells,
quadrupling is accomplished through the meiotic cell division.

During interphase before meiosis I, the spermatogonium’s 46
single chromosomes are duplicated to form 46 pairs of sister
chromatids, these exchange genetic material through synapsis
before the first meiotic division. In meiosis II, the two daughter
cells divide again producing four cells containing a unique set of 23
single chromosomes that eventually develop into four sperm cells.
The sperm are released from the Sertoli cells entering the lumen of
the seminiferous tubules and are pushed along the various ducts
within the testes.

The penis

The penis is the male organ for sexual intercourse. It has three
parts: the root, attached to the wall of the abdomen; the body, or
shaft and the glans at the end of the penis. The glans, (when
present), is covered with a loose layer of skin, the foreskin. The
opening of the urethra transports semen and urine, at the tip of
the glans penis. The penis contains a number of sensitive nerve
endings and is highly vascular.

The body is cylindrical consisting of three internal chambers,
they are made up of special, sponge-like erectile tissue, containing
thousands of large spaces that fill with blood when sexually
aroused (see Figure 35.3). As it fills with blood, it becomes rigid
and erect, allowing for sexual penetration. Penile skin is loose and
elastic accommodating changes in penis size during an erection.
When the penile compartments fill with blood, parasympathetic
nervous system arteriolar vasodilation takes occurs. The erection
reflex is prompted by sight, sound, smell, touch, pressure or visual
stimulation. After ejaculation vasoconstriction of the arterioles
occurs and the penis become flaccid

The epididymis

The epididymis is a long, coiled tube that rests on the backside of
each testicle, transporting and storing sperm cells produced in the
testes. The epididymis brings sperm to maturity, as sperm leaving
the testes are immature, and are unable to fertilise the egg.

The vas deferens, ejaculatory ducts
and spermatic cord

The vas deferens is a long, muscular tube travelling from the
epididymis into the pelvic cavity behind the bladder, transporting
mature sperm to the urethra ready for ejaculation. The ejaculatory
ducts formed by the fusion of the vas deferens and the seminal
vesicles empty into the urethra. In the male the urethra carries
urine from the bladder to outside of the body and expels semen
during orgasm. The seminal vesicles are sac-like pouches attached
to the vas deferens near the base of the bladder producing a
fructose-rich fluid providing sperm with a source of energy and
assisting with motility.
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Figure 36.1 The zones of the prostate gland
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stood; the prostate is an exocrine gland and part of the male

Not all of the functions of the prostate gland are well under-
reproductive system

The gland

The prostate is covered in a layer of fibrous tissue called the pros-
tatic capsule. There is a thin layer of connective tissue that separates
the prostate and seminal vesicles from the rectum posteriorly.

The prostate gland is made up of different types of cells:

« gland cells that produce the fluid portion of semen

« muscle cells that control urine flow and ejaculation

« fibrous cells that provide the supportive structure of the gland
The prostate gland is firm, it is partly glandular and has a partly
muscular body, located immediately below the internal urethral
orifice and around the beginning of the urethra. It is found in the
pelvic cavity, below the lower part of the symphysis pubis, above
the superior fascia of the urogenital diaphragm and in front of the
rectum. It is about the size of a chestnut and somewhat conical in
shape with three zones (see Figure 36.1).

Arterial supply to the prostate is derived from branches of the
internal iliac artery, venous blood collects in the periprostatic
venous plexus where it is returned to the internal iliac vein by the
inferior vesical vein.

Lymphatics from the prostate typically travel to internal iliac
nodes, including the more anterior group of obturator nodes.

The prostate receives autonomic nerve supply from the inferior
hypogastric plexus, which lies along the internal iliac artery.

The zones of the prostate gland

The peripheral zone

The peripheral zone is the area of the prostate that is closest to the
rectum. It is the largest zone of the prostate gland and accounts for
70% of the total gland.

The transition zone

The transition zone is the middle area of the prostate, located
between the peripheral and central zones. It surrounds the urethra
as it passes through the prostate. Up until the age of 40 years this
zone makes up approximately 20% of the prostate gland. As a man
ages, the transition zone begins to enlarge, until it becomes the
largest area of the prostate. As the transition zone enlarges, it then
pushes the peripheral zone of the prostate toward the rectum.

Central zone
The central zone is in front of the transition zone. This zone is
farthest from the rectum and contains approximately 1/3 of the
ducts that secrete fluid that helps create semen.

The gland has a number of surfaces: a base, an apex, an anterior,
a posterior and two lateral surfaces.

The surfaces of the prostate gland

The base

The base on palpation is directed upwards and inferior to the sur-
face of the bladder. The urethra penetrates it closer to its anterior
border than its posterior border.

The apex
The apex is small and is directed downwards and in contact with
the urogenital diaphragm. The urethra exits through the apex.

The anterior, inferolateral and posterior surfaces

The anterior surface is narrow and is connected with the pubopro-
static ligament. The paired inferolateral surfaces, which are sepa-
rated from the levatores ani by the prostatic venous plexus, curve
inwards both anteriorly and inferiorly. The posterior surface is
broad, narrows inferiorly and can be defined by a shallow longitu-
dinal depression into the right and left sides. The ejaculatory ducts
join the prostate near the superior extent of this ridge.

The function of the prostate gland

Prostatic fluid

The key function of the prostate gland (which is regulated by the
hormone testosterone) is to produce the fluid aspect of semen, this
assists with motility and survival by providing a protective and
fluid medium for the passage of semen through the vagina for fer-
tilisation, this is an alkaline fluid. The gland cells within the pros-
tate produce a thin fluid that is rich in proteins and minerals that
maintain and nourish the sperm. This fluid is continually pro-
duced but when the man is sexually aroused, the prostate produces
larger amounts of prostatic fluid. It then mixes with sperm and this
is then ejaculated as semen.

The prostate also controls the flow of urine. The muscle fibres
of the gland are wrapped around the urethra under involuntary
nervous system control. These fibres contract to slow and stop the
flow of urine.

Some structures around the prostate

« Seminal vesicles — These glands produce semen and are located
on both sides of the prostate.

 Vas deferens — These tubes carry sperm from the testicles to the
seminal vesicles.

 Nerve bundles — These nerves control bladder and erectile func-
tion and are found on both sides of the prostate.

o Muscles — These muscles control urination.

Prostate-specific antigen (PSA)

This is a fluid that is produced in the prostate playing a key role in
enabling sperm to travel into the uterus by preserving the semen in
liquid form. PSA is produced exclusively by epithelial prostatic
cells. It counteracts the clotting enzyme in the seminal vesicle
fluid, which principally glues the semen to the cervix, located next
to the uterine entrance inside the vagina. PSA dissolves this
enzyme with its own enzyme in order to permit the sperm to enter
the uterus and impregnate an egg.
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@ Spermatogenesis

Figure 37.1 Spermatogenesis
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Figure 37.2 Primary and secondary sex characteristics
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he process by which the spermatogonia (the male primordial

germ cell) undergo meiosis producing a number of sperma-

tozoa is called spermatogenesis. This process commences at
puberty, continuing for as long as the man lives, as opposed to
oogenesis (the production of the primordial ova), which occurs
only during foetal life.

Spermatogenesis

The process by which male primary sperm cells undergo meiosis is
called spermatogenesis and results in the production of a number
of cells termed spermatogonia, from which the primary spermato-
cytes are derived. Each primary spermatocyte divides into two
secondary spermatocytes; and each secondary spermatocyte into
two spermatids or young spermatozoa. These develop into mature
spermatozoa, also known as sperm cells. The primary spermato-
cyte gives rise to two cells, the secondary spermatocytes; and the
two secondary spermatocytes, by their subdivision, produce four
spermatozoa.

Spermatogenesis occurs in the seminiferous tubules of the
testes (see Figure 37.1). Diploid (46 chromosome) germ cells
known as spermatogonia line the basement membrane of each
seminiferous tubule. The spermatogonia move away from the
basement membrane as meiosis occurs, as they mature they
become primary spermatocytes. Meiosis occurs again and this
produces two haploid (23 chromosome) cells called secondary
spermatocytes. Four spermatids are the result of the two secondary
spermatocytes undergoing meiosis.

For spermatids to develop into sperm this is dependent on the
Sertoli cells that are present in the seminiferous tubules. Attaching
themselves to the Sertoli cells the spermatids receive the nourish-
ment needed and the hormonal signals required to develop into
sperm.

It has been estimated to take approximately 70 to 80 days for
spermatogenesis to occur — from meiotic division of spermatogo-
nium to the maturation of a mature spermatid. The mature sperm
travel from the seminiferous tubules to the epididymis, their
capacity for fertilisation continues to occur. Whilst the sperm are
fully matured by the time they are ejaculated they do not become
motile until they are activated by the action of biochemicals in the
semen and in the female reproductive tract.

Semen is a white or grey liquid that is discharged from the
urethra on ejaculation. Usually, each millilitre of semen contains
millions of spermatozoa, but the majority of the volume is made up
of secretions of the glands in the male reproductive organs.

Sperm will only survive in warm environments, as the sperm
leave the body the sperm’s survival is reduced and this may cause
the cell to die, this decreases the quality of the sperm. There are
two types of sperm cells ‘male’ and ‘female’ Those sperm cells that
give rise to female (XX) offspring after fertilization differ in so far
as they carry an X chromosome, while sperm cells that give rise to
male (XY) offspring only carry a Y chromosome.

The sperm cell is made up of a head, a midpiece and a tail. The
head contains the nucleus containing densely coiled chromatin
fibres, surrounded anteriorly by an acrosome, which contains
enzymes that are used for penetrating the female egg. The mid-
piece has a central filamentous core with a number of mitochon-
dria spiralled around it, used for adenosine triphosphate (ATP)
production required for the journey through the female cervix,

uterus and uterine tubes. The tail or ‘flagellum’ performs the
lashing movements that are needed to propel the spermatocyte.

Male sex hormones

The major female and male hormones can be classified as oestro-
gens or androgens. Both classes of male and female hormones are
present in both males and females alike, however they differ vastly
in their amounts. Testosterone is the primary male sex hormone; it
is a steroid that regulates growth and development.

Testosterone production increases exponentially (approxi-
mately 18-fold) during puberty. It is usual after puberty for the
interstitial cells to produce testosterone continually. Approximately
6 mg of testosterone is produced each day. Testosterone production
may be disrupted for a number of reasons. Once a man reaches 40
years of age testosterone production declines, on average men
experience a 1% per year drop in testosterone production once
they reach this age.

Testosterone functions to develop a man’s primary and second-
ary sex characteristics (see Figure 37.2). Primary sex characteris-
tics include size of penis and testes size in adult men - testosterone
is responsible for developing the male genitals, spermatogenesis,
and regulating the libido. Erectile function is influenced by testos-
terone as this increases the activity of nitric oxide synthase which
regulates the movement of smooth muscles in the penis. Increased
nitric oxide synthase activity increases relaxation of smooth mus-
cles in the penis improving the ability to achieve and maintain an
erection.

Secondary sex characteristics include the growth of hair (pubic,
body and facial hair), a deep voice and heavier bones. Greater
quantities of testosterone cause men to have a greater proportion
oflean body mass and lower proportion of fat compared to women.

When the male reaches puberty there is an increase in the secre-
tion of gonadtrophin-releasing hormone (GnRH) from the hypo-
thalamus. GnRH then stimulates the anterior aspect of the pituitary
gland to increase secretion of luteinising hormone (LH) and follicle
stimulating hormone (FSH), this negative feedback mechanism
controls secretion of testosterone and spermatogenesis.

The Leydig cells (located between seminiferous tubules) are
stimulated by LH to secrete testosterone, testosterone is synthe-
sised from cholesterol in the testes. The Leydig cells produce 95%
of a man’s testosterone. Through negative feedback the secretion of
LH is suppressed by the anterior pituitary as well as suppressed
secretion of GnRH by the hypothalamus. Testosterone in some
target cells, for example in the prostate gland, is converted to
dihydrotestosterone (DHT).

FSH indirectly acts to stimulate spermatogenesis with FSH and
testosterone acting synergistically on the Sertoli cells to stimulate
discharge of androgen-binding protein (ABP) into the lumen of
the seminiferous tubules as well as the interstitial fluid surround-
ing the spermatogenic cells. ABP attaches to testosterone keeping
the concentration high. Testosterone is responsible for stimulating
the final steps of spermatogenesis in the seminiferous tubules.

Sertoli cells release inhibin once the degree of spermatogenesis
required for male reproduction functions has been achieved, inhi-
bin (a hormone) inhibits FSH secretion by the anterior pituitary
gland, less inhibin is released when spermatogenesis is happening
too slowly and as such more FHS is produced, resulting in an
increased rate of spermatogenesis.
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@ Female internal reproductive organs

Figure 38.1 The female internal reproductive organs

Right fallopian tube Left fallopian tube

Right ovary Left ovary

Endometrium

Uterus

Cervix
Myometrium

Vagina Perimetrium

Table 38.1 The layers of the uterus

Comments

A serous membrane that envelopes the uterus, the outer layer; provides support to the uterus located
within the pelvis. Also known as the parietal peritoneum.

The middle layer made up of smooth muscle. Throughout pregnancy and childbirth the uterus has to stretch
The myometrium and the muscular layer permits this to occur. The muscle will contact during labour and post natally this
muscular layer contracts forcefully to force out the placenta.

The inner layer of the uterus with a mucus lining. The exterior is continuous with the vagina and the fallopian
tubes. During menstruation the layers of the endometrium are shed, sloughing away from the inner layer, this
is the menstrual period occurring as a result of hormonal changes taking place. The endometrium thickens
during the menstrual period becoming rich with blood vessels and glandular tissue until the next period
occurs and the cycle begins again.
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r oocytes) essential for reproduction and the female sex
hormones that maintain the reproductive cycle. This system is
both a reproductive system as well as containing the female sex organs.

T\e female reproduction system produces the female egg cells (ova
o

The internal female reproductive organs

The female internal sex organs consist of the ovaries, the fallopian
tubes, the uterus and the vagina (see Figure 38.1).

The ovaries

The ovaries are the primary reproductive organs as well as produc-
ing female sex hormones; they are paired glands, in the adult
woman they are flat, almond-shaped structures situated on each
side of the uterus beneath the ends of the fallopian tubes. Ligaments
hold them in position attaching them to the uterus; they are also
attached to the broad ligament, this ligament attaches them to the
pelvic wall. The ovaries provide a space for storage of the female
germ cells and also produce the female hormones oestrogen and
progesterone. A woman’s total number of ova is present at her
birth, when a girl reaches puberty she usually ovulates each month.

The ovary contains a number of small structures, these are called
ovarian follicles. Each follicle contains an immature ovum, (an
oocyte). Follicles are stimulated each month by two hormones - the
follicle-stimulating hormone (FSH) and luteinising hormone
(LH) - these stimulate the follicles to mature. The developing folli-
cles are enclosed in layers of follicle cells, mature follicles are called
graafian follicles.

The ovarian cortex

This lies deep and close to the tunica albuginea containing the
ovarian follicles surrounded by dense irregular connective tissue.
These follicles contain oocytes in different stages of development
and a number of cells that feed the developing oocyte, as the folli-
cle grows it secretes oestrogen.

Graafian follicles

The graafian follicles manufacture oestrogen, stimulating the
growth of endometrium. Each month in the woman who is
menstruating, one or two of the mature follicles (the graafian
follicles) release an oocyte in what is known as ovulation. The large
ruptured follicle becomes a new structure - the corpus luteum, the
remnants of a mature follicle.

Corpus luteum

The corpus luteum produces oestrogen and progesterone to sup-
port the endometrium until conception or the cycle begins again.
The corpus luteum gradually disintegrates; a scar is left on the out-
side of the ovary (the corpus albicans). The outer ovary is enveloped
in a fibrous capsule called the tunica albuginea, this is composed of
cuboidal epithelium. The inner ovary is divided into parts.

The ovarian medulla
The ovarian medulla contains blood vessels, nerves and lymphatic
tissues surrounded by loose connective tissue.

Oogenesis

This relates to the development of relatively undifferentiated germ
cells - oogonia — which are fixed to between 2 to 4 million diploid
(2n) stem cells during foetal development. All ova are ultimately

derived from these clones as they develop into larger primary
oocytes, the meiotic phase is not completed until puberty.

Every month after puberty until menopause, FSH and LH are
released by the anterior pituitary gland stimulating primordial fol-
licles, only one usually reaches the maturity needed for ovulation.

Female sex hormones
The ovaries produce oestrogens, progesterone and androgens
recurrently.

Oestrogens are essential for the development and mainte-
nance of secondary sex characteristics working with a number of
other hormones, stimulating the female reproductive organ to
prepare for the growth of a foetus, playing a key role in the usual
structure of the skin and blood vessels. They help reduce the rate
of bone resorption, enhance increased high-density lipoproteins,
decrease cholesterol levels and increase blood clotting.

The uterus

A hollow muscular organ in the pelvic cavity posterior and superior
to the urinary bladder, anterior to the rectum, approximately
7.5cm long. The fundus is a thick muscular region above the
fallopian tubes; the body is joined to the cervix by the isthmus. The
uterus also has three layers; the uterine wall has three distinct
layers (see Table 38.1).

The fallopian tubes

The paired fallopian tubes are delicate, thin cylindrical struc-
tures approximately 8-14 cm long, affixed to the uterus on one
end supported by the broad ligaments. The lateral ends of the
fallopian tubes are open and made of projections called fimbriae
draped over the ovary. The fimbriae pick up the ovum after dis-
charge from the ovary; they are composed of smooth muscle
lined with ciliated mucous-producing epithelial cells, transport-
ing the ovum along the tubes towards the uterus. Fertilisation of
the ovum usually occurs in the outer portion of the fallopian
tubes.

The vagina

A tubular, fibromuscular structure approximately 8 to 10cm in
length, it is the receptacle for the penis during sexual intercourse,
an organ of sexual response, the canal allows the menstrual flow to
leave the body and is the passage for the birth of the child. It is situ-
ated posterior to the urinary bladder and urethra, anterior to the
rectum. The upper element houses the uterine cervix. Vaginal
walls are made of membranous folds of rugae, composed of
mucous-secreting stratified squamous epithelial cells.

Usually the vaginal walls are moist with a pH ranging from 3.8
to 4.2. Oestrogen causes the growth of vaginal mucosal cells, thick-
ening and developing them, increasing glycogen content resulting
in a slight acidifying of the vaginal fluid.

The cervix

The cervix forms a pathway between the uterus and the vagina.
The uterine opening of the cervix is the internal os and the vaginal
opening the external os. The space between these openings, the
endocervical canal, acts as a conduit for the discharge of menstrual

fluid, the opening for sperm and delivery of the infant during
birth.
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Figure 39.1 The female external genitalia
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vulva. They include the mons pubis, the labia, the clitoris, the
vaginal and urethral openings, and glands (see Figure 39.1).
The external genitalia have three key functions:
1 Enabling sperm to enter the body.
2 Protecting the internal genital organs
organisms.
3 The provision of sexual pleasure.

The external female genitalia are known collectively as the

from infectious

The mons veneris

The mons veneris is Latin for ‘hill of Venus’ (Venus was the Roman
Goddess of love); it is the pad of elevated fatty tissue covering the
pubic bone this is situated inferior (below) the abdomen and supe-
rior (above) to the labia. The amount of fat increases during
puberty and after the menopause it decreases. The mons acts in
such a way as to protect the pubic bone (the symphysis pubis is the
name given to where two bones meet at the front of the pelvis)
from the impact of sexual intercourse. During puberty the mons is
covered with coarse pubic hair, after puberty this decreases.

Labia majora

These are the outer lips of the vulva and they are made of two
symmetrical pads of fatty tissue that wrap around the vulva extend-
ing from the mons to the perineum. They provide protection for
the urethral and vaginal openings. It is usual for these labia to be
covered with pubic hair, they contain a number of sweat and oil
glands, the scent (pheromones), from these glands may have a role
to play in sexual arousal.

Labia minora

The inner lips of the vulva are known as the labia minora, com-
posed of thin stretches of tissue within the labia majora, folding
and protecting the vagina, urethra and the clitoris. They are thin,
delicate folds of fat free hairless skin located between the labia
majora. The labia minora contain a core of spongy tissue and
within this there are many small blood vessels but no fat. The
appearance of the labia minora varies from woman to woman,
from tiny lips that are hidden between the labia majora to larger
lips that can protrude. Internally the surface consists of thin skin
and has a pink colour associated with mucous membranes. It con-
tains a number of sensory nerve endings. Both the inner and outer
labia are very sensitive to touch and pressure.

Clitoris

The clitoris is a small white aspect of oval tissue that is located at
the top of the labia minora and the clitoral hood. The clitoris is a
small body of spongy tissue and is highly sexually sensitive.
Externally it is only the tip or glans of the clitoris that is visible, the
organ itself is elongated and then branches into two forks, the
crura, this then extends downwards along the edge of the vaginal
opening toward the perineum. On average the clitoris is approxi-
mately 3 cm in length. The external tip of the clitoris or the clitoral
glans is protected by the prepuce, (also called the clitoral hood), a
covering of tissue that is analogous to the foreskin of the male
penis. The clitoris can extend and the hood retracts to make the
clitoral glans more accessible during sexual excitement, the clitoris

is an erectile organ and is usually hidden by the labia when flaccid.
The clitoris will, like the penis, enlarge upon tactile stimulation; it
does not however lengthen significantly. It is highly sensitive and
very important in the sexual arousal of a female. There are
variations in size with some women and the clitoral glans may be
very small in other women they may have a large clitoris and the
hood may not completely cover it. The clitoris is suspended by a
suspensory ligament.

The urethra

The external urethral orifice is located 2 to 3 cm posterior to the
clitoris and immediately anterior to the vaginal orifice. The open-
ings of the ducts of the paraurethral glands (also called Skene’s
glands) are located on each side of the vaginal orifice. These glands
are said to be homologous to the male prostate gland. The urethra
is not related to sex or reproduction, it is where urine is excreted
when it passed from the urinary bladder.

Hymen

The hymen is pinkish; it is often shaped like a crescent, though
there may be many other forms. It is a thin membrane found at the
lower end of the vagina. In nearly all young women, there is a
large gap in the membrane. In other words, it does not block off the
vagina completely. This is important, because the hole in the
hymen allows the menstrual blood to come through when the girl
starts having periods. The hymen is the traditional symbol of vir-
ginity; as it is a very thin membrane, it can be torn by vigorous
exercise, the insertion of a tampon, masturbation or the use of sex
toys such as dildos.

Blood supply

Arterial supply of the female external genitalia

The rich arterial supply to the vulva comes from two external
pudendal arteries as well as one internal pudendal artery located
on either side. The internal pudendal artery supplies the skin, sex
organs and the perineal muscles. The labial arteries are branches of
the internal pudendal artery, and this is the same for the dorsal and
deep arteries of the clitoris.

Venous drainage of the female external genitalia
The labial veins are offshoots of the internal pudendal veins and
venae comitantes of the internal pudendal artery.

Lymph drainage

Within the vulva there are a number of very rich networks of
lymphatic channels. The majority of lymph vessels pass to the
superficial inguinal lymph nodes and deep inguinal nodes.

Nerve supply

The nerves that supply the vulva are branches of:

1 The ilioinguinal nerve.

2 The genital branch of the genitofemoral nerve.

3 The perineal branch of the femoral cutaneous nerve.
4 The perineal nerve.
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Figure 40.1 The breast Figure 40.2 The breast and surrounding structures
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Figure 40.3 Lobules and ducts
Figure 40.5 Axillary lymph nodes
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Women and men both have breasts, however women have

The breast is a part of the female external reproductive system.
more breast tissue than men.

The breast

Function

The key function of the breast is to produce, store and release milk
to feed a baby. Milk is produced in lobules that are located through-
out the breast after they have been stimulated by hormones
produced in the woman’s body after she has given birth. The milk
is carried to the nipple by the ducts and from the nipple to the baby
during breast-feeding.

Structure

The structure of the female breast is complex, within it there is
fat and connective tissue, as well as lobes, lobules, ducts and
lymph nodes (see Figure 40.1). The breast lies over a muscle of
the chest known as the pectoral muscle. The female breast covers
a large area; it extends from just below the collarbone (clavicle),
to the armpit (axilla) and across to the breastbone (sternum)
(see Figure 40.2). The breast is a mass of glandular, fatty and
connective tissue.

Lobules and ducts

Each breast contains a number of lobules (sections) that branch
out from the nipple, the lobules are the glands that produce milk.
A lobule holds tiny, hollow alveoli linked by a network of thin
ducts (see Figure 40.3). During breast-feeding, the ducts carry
milk from the alveoli toward the breast areola (the dark area of skin
in the centre of the breast). From the areola, the ducts join together
into larger ducts that terminate at the nipple. The areola (pink or
brown in colour) is the circular area around the nipple, this con-
tains small sweat glands which secrete moisture, this acts as a
lubricant during breast-feeding. The nipple is the area found at the
centre of the areola where the milk emerges

Fat, ligaments and connective tissue

The spaces around the lobules and ducts are filled with fat,
ligaments and connective tissue. The amount of fat in the breast
determines their size; the fat gives shape to the breast. In all women
the actual milk-producing structures are nearly the same. Cyclic
changes in hormone levels have an impact on breast tissue. In
younger women it is usual for them to have denser and less fatty
breast tissue than older women who have gone through the meno-
pause. Ligaments provide support to the breast. They run from the
skin through the breast attaching themselves to muscles on the
chest.

Nerve supply

There are a number of major nerves in the breast area, these
include nerves in the chest and arm. There are also sensory nerves
in the skin of the chest and axilla. Branches from the 4th, 5th and
6th thoracic nerves supply the breasts.

Arteries and capillaries

Arterial blood supply to the breast comes from the thoracic
branches of the axillary arteries and the internal mammary and
intercostal arteries. Venous drainage of the breast is primarily

accomplished by the axillary vein. The subclavian, intercostal and
internal thoracic veins also aid in returning blood to the heart.

Lymph nodes and lymph ducts

The lymphatic system is a network of lymph nodes and lymph ducts
that help to fight infection (see Figure 40.4). Axillary lymph nodes are
located above the clavicle, behind the sternum as well as in other
parts of the body. Lymph circulates throughout body tissues picking
up fats, bacteria and other unwanted materials and filtering them out
through the lymphatic system. Breast lymph nodes include, supracla-
vicular nodes — above the clavical; infraclavicular (or subclavicular)
nodes - below the clavicle; axillary nodes - in the axilla and internal
mammary nodes — inside the chest around the sternum.

There are about 30-50 lymph nodes in the axilla. This number
varies from woman to woman. The axillary lymph nodes are
divided into three levels depending on how close they are to the
pectoral muscle on the chest (see Figure 40.5):

« Level I (low axilla) - in the lower or bottom aspect of the axilla,
along the outside border of the pectoral muscle.

« Level IT (mid axilla) - in the middle part of the axilla, under the
pectoral muscle.

o Level III (high axilla) - below and near the centre of the clavicle,
above the breast area and along the inside border of the pectoral
muscle.

Breast development

At different times during a woman’s life breast tissue changes.
Changes occur during puberty, during the menstrual cycle, during
pregnancy and after menopause. Female breasts do not begin
growing until puberty, at this time the breasts respond to hormo-
nal changes, predominantly increases in oestrogen and progester-
one and they begin to develop. During puberty, breast ducts and
milk glands grow. The breast skin stretches as the breasts grow,
creating a rounded appearance. Young women tend to have more
glandular tissue than older women. Most of the glandular and
ductal tissue in older women is replaced with fatty tissue and
breasts become less dense. Ligaments lose their elasticity as the
woman ages, causing the breasts to sag. Size and shape of women’s
breasts vary considerably. A woman’s breasts are rarely the same
size; one breast is often slightly larger or smaller, higher or lower or
shaped differently than the other.

Hormones and the breast

The main female hormone is oestrogen, it affects female sexual
characteristics, such as breast development, and it is necessary for
reproduction. The ovaries make up most of the oestrogen in a
woman’s body; a small amount is made by the adrenal glands.
Progesterone (the other female sex hormone) is made in the ova-
ries. Progesterone prepares the uterus for pregnancy and the
breasts for producing milk for breast-feeding (lactation). Each
month breast tissues are exposed to cycles of oestrogen and pro-
gesterone throughout a woman’s childbearing years. In the first
part of the menstrual cycle, oestrogen stimulates the growth of the
milk ducts. Progesterone takes over in the second part stimulating
the lobules. Post menopause, the monthly cycle ends. The adrenal
glands however, continue to produce oestrogen and a woman
keeps her sexual characteristics.
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m The menstrual cycle

Figure 41.1 Hormonal regulation of the changes in the ovary and uterus
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Figure 41.2 Changes in the concentration of anterior pituitary and ovarian hormones
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The reproductive cycle

The menstrual cycle is the series of changes that a woman’s body
goes through to prepare for a pregnancy. The key participants in
the female reproductive cycle are the pituitary gland, the ovaries
and the uterus and the activities of each are very closely
coordinated.

The reproductive cycle encompasses a series of events that
occur regularly every 26 to 30 days throughout the child-bearing
period. Each month one of the ovaries releases a single egg: this is
called ovulation. This occurs as a result of a complex set of
interactions.

There are three sets of hormones that control the menstrual
cycle:

1 Gonadotrophin-releasing hormones - luteinising hormone-
releasing hormone (LHRH) and follicle-stimulating hormone-
releasing hormone (FSHRH).

2 Gonadotrophins - luteinising hormone (LH) and follicle-
stimulating hormone (FSH).

3 Ovarian hormones - oestrogen and progesterone.

Figure 41.1 provides an overview of the hormonal regulation of the
changes in the ovary and uterus. Figure 41.2 describes the changes
in the concentration of anterior pituitary and ovarian hormones.

The pituitary gland

The hypothalamus controls the actions of the pituitary gland; the
menstrual cycle begins when the nerve cells in the hypothalamus
trigger the secretion of the follicle stimulating hormone (FSH) and
luteinising hormone (LH). The gonadotrophin hormone-releasing
factors from the hypothalamus control the release of the pituitary
hormones (the gonadotrophins) - FSH and LH. They are pro-
duced by the anterior pituitary gland and control the ovarian hor-
mones oestrogen and progesterone.

The follicular phase

Also known as the proliferative phase, this is considered the first
phase of the menstrual cycle that leads to ovulation: it is when the
ovary prepares to release an egg. The cycle usually lasts for 28 days
and the follicular phase is the first 14 days of the cycle. During the
follicular phase there is a rise in FSH from the pituitary gland that
stimulates the development of several follicles on the surface of the
ovary, the follicles contain an egg. As the FSH level decreases, only
one of the follicles continues to develop. This follicle also produces
oestrogen. The endometrium prepares itself for the egg. In the
early follicular phase, when menstrual flow has ended, the lining
of the uterus is at its most thinest and levels of oestrogen and
progesterone are at their lowest. Further on in the follicular phase,
proliferation (or thickening) of the uterine lining happens.

The ovulatory phase

Ovulation is the key event of the menstrual cycle. During each
cycle, only one egg/ovule is released from the dominant ovarian
follicle as it responds to a surge in LH and can only be fertilised for
up to 48 hours.

This phase of the cycle occurs when there is a surge in pituitary
LH secretion and concludes with the extrusion of the mature ovum
through the capsule of the ovary

The LH peaks mid-cycle, this then triggers the release of the
ovum (this is ovulation), this usually happens 16 to 32 hours after
the surge of LH begins. A couple of days later the levels of LH fall.
The oestrogen level from the ovaries increases gradually towards
ovulation and peaks during the LH surge, this is key to ovulation.

The levels of progesterone starts to rise towards follicle release,
this prepares the endometrial lining of the uterus for implantation.

The luteal phase

During post-ovulation, known as the luteal phase or the
premenstrual phase, the levels of LH and FSH decrease. The rup-
tured follicle closes (before doing this it releases the ovum) and
forms a corpus luteum; the corpus luteum produces large amounts
of progesterone. These large amounts of progesterone prevent oes-
trogen from stimulating another surge of LH from the pituitary
gland. If the ovum is fertilised, the progesterone levels are main-
tained by the corpus luteum and the endometrium is maintained.
If the egg is fertilised by sperm and then implants in (or attaches
to) the endometrium, a pregnancy begins. This pregnancy is dated
from Day 1 of this menstrual cycle. If the fertilisation of the egg does
not occur the corpus luteum starts to degenerate and progesterone
and oestrogen levels begin to fall. The endometrial blood vessels
constrict and the endometrial lining breaks down and is shed.

The menstrual cycle
The first day of the cycle is counted as the first day of the bleed —
Day 1. The cycle runs from the first day of menstruation to the
next first day; 28 days is the average cycle length, it is however
normal to have a cycle that is shorter or longer. A teenager’s cycles
may be long (up to 45 days), becoming shorter over several years.
Between 25 and 35 years, most women’s cycles are regular and they
generally last 21 to 35 days. At about 40 to 42, cycles tend to be the
shortest and most regular. This is followed by 8 to 10 years of
longer, less predictable cycles until menopause occurs.
Menstruation is largely an endometrial event and is prompted
by the loss of progesterone provided by the corpus luteum that
occurs in non-conception cycles. In the endometrium there are
extraordinary structural changes that occur during menstruation,
some of these changes are understood, however others are not.
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@ The endocrine system

Figure 42.1 The major endocrine glands
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Figure 42.2 The pituitary gland and surrounding structures
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Table 42.1 Hormones released by the hypothalamus and anterior pituitary gland

Hypothalamus Anterior pituitary gland _ Action

Growth hormone releasing factor (GHRF) Growth hormone (GH) Various (particularly bone) ~ Stimulates the growth of body cell
Growth hormone release inhibiting factor (GHRIF) ~ Growth hormone (inhibits release) Various

Thyroid releasing hormone (TRH) Thyroid stimulating hormone (TSH) Thyroid gland Stimulates thyroid hormone release
Corticotrophin releasing hormones (CRH) Adrenocorticotropic hormone (ACTH)  Adrenal cortex Stimulates the release of corticosteroid
Prolactin releasing hormone (PRH) Prolactin Breasts Stimulates the production of milk
Prolactin inhibiting hormone Prolactin (inhibits release) Breasts

Follicle stimulating hormone

Luteinising hormone Gonads

Gonadotropin releasing hormone (GRH)

Numerous reproductive functions
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There are ten major endocrine glands (see Figure 42.1).

The endocrine glands

The endocrine system is not as closely linked as other systems,
for example the circulatory system. Endocrine glands are groups
of secretory cells that are surrounded by a large network of
capillaries, this rich blood supply permits diffusion of hormones
(see Table 42.1). In general, endocrine glands are ductless, vascular
and most of them usually contain intracellular vacuoles or gran-
ules that store hormones. Exocrine glands however, for example
the salivary glands, the mammary glands, sweat glands and those
glands located within the gastrointestinal tract (for example,
mucus glands), are usually much less vascular with a duct or lumen
to a membrane surface.

The pituitary gland and the hypothalamus

The hypothalamus is an aspect of the brain that has a number of
functions; it is one of the most important parts of the nervous
system. The pituitary gland is approximately 1cm in diameter (the
size of a pea) and is cone shaped (Figure 42.2). It rests in the
hypophyseal fossa, a depression in the sphenoid bone under
the hypothalamus. The gland is connected to the hypothalamus by
a slender stalk called the infundibulum. The pituitary gland and the
hypothalamus act as a unit, controlling most of the other endocrine
glands. Within the gland there are two distinct areas: the anterior
lobe (adenohypophysis) composed of glandular epithelium and the
posterior lobe (neurohypophysis) made of a down growth of nerv-
ous tissue from the brain. Arterial blood supply is from the internal
carotid artery with venous drainage (containing hormones) leaving
the gland via short veins that enter the venous sinuses between the
layers in the dura mater. The activity of the adenohypophysis is
controlled by the release of hormones from the hypothalamus. The
neurohypophysis is controlled by nerve stimulation.

The pineal gland

The pineal gland secretes the hormone melatonin when sleeping,
this influences circadian rhythm (this is roughly a 24 hour cycle in
the physiological processes of humans), the pinealocytes synthe-
sise melatonin directly into the cerebrospinal fluid, which then
takes it into the blood. Secretion of the hormone is controlled by
daylight with levels fluctuating throughout the day and seasons.

The anterior pituitary lohe

The anterior pituitary lobe (influenced by the hypothalamus) is
supplied by arterial blood that has passed through the hypothala-
mus; blood is transported away from the gland via the pituitary
portal system. The anterior pituitary lobe secretes a number of
hormones. The anterior pituitary lobe is larger than the posterior
lobe, and is made up of three parts; this partially surrounds the
posterior lobe and infundibulum. This lobe is made up of glandular
tissue producing and releasing hormones. There are no direct
nerve connections with theanterior pituitary and the hypothalamus.

Control of the anterior pituitary occurs when releasing and
inhibiting factors in the form of hormones are released by the
hypothalamus.

Growth hormone (GH) stimulates the growth of bones, muscles
and other organs by promoting protein synthesis. This hormone
significantly affects the appearance of an individual as GH influ-
ences height.

Thyroid-stimulating hormone (TSH) causes the glandular cells
of the thyroid to secrete thyroid hormone. If there is a hyper secre-
tion of thyroid-stimulating hormone, the thyroid gland enlarges
secreting excessive amounts of thyroid hormone.

Adrenocorticotropic hormone (ACTH) reacts with receptor
sites located in the cortex of the adrenal gland stimulating the
secretion of cortical hormones.

Gonadotropic hormones react with receptor sites in the gonads,
regulating the development, growth and function of the testes or
ovaries.

Prolactin hormone encourages the development of glandular
tissue in the female breast during pregnancy and stimulates the
production of milk after the birth of the child.

The posterior pituitary lohe

The posterior pituitary is primarily composed of nerve fibres
(nerve bundle) that originate in hypothalamus; the supporting
nerve cells are called pituicytes. The hypothalamic-hypophyseal
tract links the posterior pituitary and the hypothalamus (this is the
nerve bundle). The posterior pituitary releases two hormones,
these hormones arrive directly from the hypothalamus:

1 oxytocin

2 antidiuretic hormone (ADH).

Oxytocin causes contraction of the smooth muscle in the wall of
the uterus. It also stimulates the discharge of milk from the
lactating breast; this is called the ‘let down’ response and occurs in
response to suckling when milk is released. The role of this
hormone in males and non-lactating females is unclear; however,
oxytocin in men and women is thought to play a role in sexual
arousal and orgasm.

The key role of ADH (vasopressin) is to reduce urinary output.
ADH promotes the reabsorption of water by acting on the distal
convoluted tubules and collecting ducts of the nephrons of the
kidneys causing an increasing permeability to water. The result is
that less water is lost as urine as reabsorption of water from the
glomerular filtrate is increased. The amount of ADH that is
secreted is controlled by the osmotic pressure of circulating blood
to the osmoreceptors located in the hypothalamus. This mechanism
conserves water for the body. Insufficient amounts of ADH cause
excessive water loss in the urine. ADH secretion is stimulated by:
e increased plasma osmolality
o decreased extracellular volume
« pain and other stress conditions
- response to some drugs
When there is a high concentration of ADH, for example after
excessive blood loss or severe dehydration, smooth muscle con-
tracts and vasoconstriction in small arteries occurs. This results in
the pressor effect where systemic blood pressure is elevated.
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(D) The thyroid and adrenal glands

Figure 43.1 The thyroid and parathyroid glands

D
= Parathyroid glands

Table 43.1 Some effects associated with an abnormal secretion of thyroid hormones

Increased secretion of T3 and T4 (hyperthyroidism)

Increased basal metabolic rate

Weight loss (despite good/increased appetite)

Tachycardia, palpitations, arrhythmia
Excitability, nervousness, irritability
Tremor

Hair loss

Changes in menstruation patterns
Goitre

Diarrhoea

Exophthalmos

Decreased basal metabolic rate
Weight gain (despite anorexia)
Bradycardia

Tiredness, depression
Numbness in the hands
Lifeless hair

Irregular menstrual periods
Deep voice

Constipation

Feeling cold

Figure 43.2 Control of thyroid hormone production - negative feedback
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The thyroid gland

The thyroid gland is located in the neck, anterior to the larynx and
the trachea, situated at the level of the 5th, 6th and 7th cervical
vertebrae and the Ist thoracic vertebra. This is a butterfly shaped
gland (Figure 43.1) with two lobes comprised on either side of the
thyroid cartilage and the upper incomplete cartilaginous rings of
the trachea of a fibrous capsule weighing approximately 25g. The
gland is brownish red in colour. Lying in front of the trachea is
the narrow isthmus joining the left and right lobes. Each lobe is
cone shaped, measuring approximately 5cm long and 3 cm wide.
The upper aspects of the lobe are known as the upper poles and
lower ends the lower poles. The lobes are compromised of hollow
spherical shaped follicles surrounded by capillaries.

The blood supply to this gland is extensive (it is said to be a
highly vascular gland). The arterial blood supply comes from the
superior and inferior thyroid arteries. Venous return is by the
thyroid veins draining into the internal jugular vein.

Principal innervation originates from the autonomic nervous
system. Parasympathetic fibres come from the vagus nerves;
sympathetic fibres are distributed from the superior, middle and
inferior ganglia of the sympathetic trunk. These small nerves enter
the gland accompanied by the blood vessels. Autonomic nervous
regulation of the glandular secretion is not fully understood.

Lying against the posterior surfaces of each lobe are the para-
thyroid glands embedded in the thyroid tissues. The recurrent
laryngeal nerve passes upwards and close to the lobes of the gland.

A single layer of epithelial cells comprise the follicles, these
form a cavity containing thyroglobulin molecules that are attached
to iodine molecules, the thyroid hormones are formed by these
molecules. This gland releases two types of thyroid hormone,
thyroxine (T,) and triiodothyronine (T,)

Iodine is essential for the synthesis of these hormones. Dietary
iodine is concentrated by the thyroid gland, in the follicle cells it is
changed into iodine. Thyroid stimulating hormone (TSH) simu-
lates thyroid hormone production. The primary hormone released
by the thyroid gland is T,, this is converted into T, by the target
cells. Thyroid hormones are required for normal growth and
development. When there is deficiency of iodine, TSH is secreted
in excess causing proliferation of thyroid gland cells accompanied
by an enlargement of the gland. Table 43.1 outlines common effects
associated with abnormal thyroid hormone secretion. Most of the
cells in the body are affected by thyroid hormone, there is an
increase in basal metabolic rate and production of heat.

The regulation of thyroid hormone secretion is via a negative
feedback mechanism involving the amount of circulating hormone,
hypothalamus and adenohypophysis (see Figure 43.2).

The parafollicular cells of the thyroid gland secrete calcitonin.
Calcitonin combats the action of the parathyroid glands by
reducing the levels of calcium in the blood. If blood calcium
becomes too high, calcitonin is secreted until calcium ion levels
decrease to normal.

Parathyroid glands

Four small masses of epithelial tissue embedded in the connective
tissue capsule on the posterior surface of the thyroid glands are
the parathyroid glands (Figure 43.1). They are responsible for the

creation and secretion of parathyroid hormone, and are arranged
in nests or cords around a dense capillary network. Parathyroid
hormone is the most important regulator of blood calcium level.
The key target cells are those in the bones and the kidneys, the
hormone increases intestinal calcium absorption, stimulation of
renal calcium absorption and the stimulation of osteoclast activity
and as such the reabsorption of calcium from the bones. The
hormone is secreted in response to low blood calcium levels and its
effect is to increase those levels.

Hypoparathyroidism, or inadequate secretion of parathyroid
hormone, leads to increased nerve excitability. The low blood
calcium levels trigger spontaneous and continuous nerve impulses,
which then stimulate muscle contraction. Calcium is also required
for the creation of clotting factors in the blood which is monitored
by cells in the gland. When there is a reduction in blood calcium
levels this leads to an increase in the formation and secretion of
parathyroid hormone.

The adrenal glands

The adrenal glands are located one each near the upper portion of
each kidney. Each gland has an outer cortex and an inner medulla.
The cortex and medulla, like the anterior and posterior lobes of the
pituitary, secrete different hormones. The adrenal cortex is essen-
tial to life; the medulla may be removed with no life-threatening
effects.

The hypothalamus influences both aspects of the adrenal gland
but uses different mechanisms. The adrenal cortex is regulated by
negative feedback involving the hypothalamus and adrenocortico-
tropic hormone; the medulla is regulated by nerve impulses from
the hypothalamus.

The adrenal cortex consists of three different regions; each region
produces a different group or type of hormone. All the cortical
hormones are steroid.

The outermost region of the adrenal cortex secretes minerala-
corticoids, aldosterone is the chief mineralocorticoid, conserving
sodium ions and water in the body. The middle region of the
adrenal cortex secretes glucocorticoids. The key glucocorticoid is
cortisol, increasing levels of blood glucose.

The third group of steroids is the gonadocorticoids (sex
hormones), secreted by the innermost region. Male hormones —
androgens, and female hormones - oestrogens, are secreted in
minimal amounts in both sexes by the adrenal cortex, their effect
is often masked by hormones from the testes and ovaries. In
females, the masculinisation effect of androgen secretion can
become evident after menopause as levels of oestrogen from the
ovaries decrease.

The adrenal medulla secretes two hormones, epinephrine and
norepinephrine, in response to stimulation by sympathetic
nerves, predominantly during stressful situations. A lack of
hormones from the adrenal medulla will have no significant
effects. Hypersecretion causes prolonged or continual sympa-
thetic responses.
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Figure 44.1 The pancreas
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Figure 44.2 Insulin and glucagon effects on blood glucose
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Table 44.1 Other endocrine glands

Stomach

Description
Thymosin, a hormone produced by the thymus gland, has an important role in the development of the immune system

The lining of the stomach, the gastric mucosa, produces gastrin, when food is present in the stomach. This stimulates
the production of hydrochloric acid and the enzyme pepsin, used in the digestion of food

The mucosa of the small intestine secretes secretin and cholecystokinin when secreted promotes the pancreas to produce
a fluid that neutralises the stomach acid. Cholecystokinin stimulates contraction of the gallbladder, releasing bile and
stimulates the pancreas to secrete digestive enzyme

The heart also acts as an endocrine organ as well as pumping blood. Special cells in the wall of the atria produce atrial

Heart . . . .
natriuretic hormone, or atriopeptin

The placenta develops as a source of nourishment and gas exchange for the developing foetus. It also serves as a
temporary endocrine gland. One hormone it secretes is human chorionic gonadotropin which signals the woman’s ovaries
to secrete hormones to maintain the uterine lining so that it does not degenerate and slough off in menstruation
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The pancreas

The pancreas is located in the epigastric and left hypochondriac
regions of the abdomen, the head of the pancreas lies close to the
first part of the small intestine — the duodenum and the body
behind the stomach, the tail extends out towards the spleen. It is
about 12 to 15cm in length and weighs approximately 60g, the
pancreas is a pale grey elongated gland (Figure 44.1).

Blood supply to the pancreas comes from the splenic and
mesenteric arteries. The splenic and mesenteric arteries drain
the pancreas where this drainage joins and forms the portal vein.
The pancreas is innervated by the parasympathetic and sympa-
thetic nervous systems. The secretion of insulin and glucagon is
stimulated by the nervous system.

This gland has both endocrine and exocrine functions. Most of
the tissue within the pancreas is made up of exocrine tissue and the
associated ducts.

The exocrine aspect of the gland is made up of a number of lobules
composed of acini secreting digestive enzymes that are carried
through a duct to the duodenum. The function of the exocrine
element is to produce pancreatic juice that is rich in enzymes
whose responsibility is to digest carbohydrates, protein and fats.

The endocrine portion scattered throughout the exocrine tissue
consists of the pancreatic islets (the islets of Langerhans). The islets
are the endocrine cells of the pancreas, which secrete insulin and
glucagon, the islets have no ducts; the hormones are diffused
directly into the blood. The islets have three key cell types produc-
ing a different hormone:

1 Alpha cells secreting glucagon.

2 Beta cells secreting insulin - these are the most abundant of the
three cell types.

3 Delta cells secrete somatostatin.

All three cell types are specifically placed within the islets’ beta
cells and are located in the central aspect of the islet surrounded by
the alpha and delta cells. As the islets are highly vascularised this
enables the transportation of the hormones into the blood to occur
at speed.

This hormone is responsible for a number of things (including its
effect on protein and mineral and lipid metabolism); one of the
most well known responsibilities is its ability to reduce blood
glucose levels. Insulin facilitates the movement of glucose into
muscle, adipose and other tissues (the brain and the liver do not
require insulin for the uptake of glucose). Insulin stimulates the
liver to store glucose as glycogen.

Insulin synthesis is in response (principally) to a rise in blood
glucose levels and increases in blood, amino acids and fatty acids
also have a stimulating effect. When blood glucose levels drop
there is a matching drop in insulin production and secretion,
glycogen synthesis in the liver is reduced and enzymes responsible
for the breakdown of glycogen are activated.

This hormone is also responsible for the maintenance of normal
blood glucose. Glucagon has the opposite effects on blood glucose
to insulin (see Figure 44.2). Glucagon increases blood glucose levels
by simulating the conversion of glycogen to glucose in the liver and
skeletal muscles. Low blood sugar levels, exercise and decreased
somatostatin and insulin stimulate the secretion of glucagon.

This inhibits the release of insulin and glycogen; when this hor-
mone is released it has effects locally. The exact way this hormone
functions is unknown.

The gonads

The gonads are the primary reproductive organs: the testes in the
male and the ovaries in the female. These organs are responsible
for producing the sperm and ova and also secrete hormones and as
such are considered endocrine glands.

Chapters 38 and 39 discuss the functions of the female reproduc-
tive system in detail.

The ovaries produce two groups of female sex hormones which
are the oestrogens and progesterone. These are steroid hormones
and contribute to the development and function of the female
reproductive organs and sex characteristics. At the onset of puberty,
oestrogens promote breast development, fat distribution and matu-
ration of reproductive organs such as the uterus and vagina.

Progesterone causes the uterine lining to thicken in preparation
for pregnancy. Progesterone and oestrogens are responsible for the
changes occurring in the uterus during the female menstrual cycle.

Chapter 35 discusses the functions of the male reproductive system
in detail.

Male sex hormones are called androgens. The main androgen is
testosterone, secreted by the testes; the adrenal cortex also produces
a small amount. Testosterone production starts during foetal
development, continuing for a short time after birth, almost ceases
during childhood and then at puberty resumes. This hormone is
responsible for the growth and development of the male reproduc-
tive structures, increased skeletal and muscular growth, enlarge-
ment of the larynx accompanied by voice changes, growth and
distribution of body hair and increased male sexual drive.

The secretion of testosterone is regulated by a negative feedback
system involving the release of hormones from the hypothalamus
and gonadotropins from the anterior pituitary.

Other endocrine glands

In addition to the major endocrine glands discussed in this chapter,
other organs have some hormonal activity as part of their function.
These include the thymus, stomach, small intestines, heart and
placenta (see Table 44.1).
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() Bone structure

Figure 45.1 Bone remodelling
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Figure 45.2 Bone growth
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one is living material, made up of minerals, consisting of

living tissue and non-living substances. Bone is a dynamic

tissue that continues to be built, broken down and rebuilt in a
process called bone remodelling.

Bone structure can be compared to reinforced concrete used to
make a building or a bridge. When the building or bridge is first
assembled, an initial frame is put in place containing long steel
rods. Cement is then poured around the rods. The rods and the
cement form a close-fitting union, creating a structure that is
strong and resilient enough to survive a rocking motion whilst also
maintaining strength. If the steel rods were not present, then the
cement would be brittle and liable to fracture even when only
minor movements are made. Without the cement the steel rods
would have insufficient support, they would bend.

The same organisation is true of bone. The steel rods are the col-
lagen rods in bone. The cement surrounding and supporting the
rods are formed by minerals (calcium and phosphorous) from
the blood that crystallise and surround the rods. Minerals provide
the bones with strength and collagen rods flexibility.

Bone remodelling and modelling

The skeleton changes as we age, throughout childhood bone for-
mation and growth occur with a gradual loss of bone density
beginning in early adulthood and increasing significantly in older
adults. During the process of ossification calcium is used to create
bone as the child grows and matures. Gradually bone becomes
hard and strong.

The density of bone is controlled by a group of cells including
osteoclasts, these multi nucleated cells resorb bone. Osteoblasts
refill the cavities created by osteoclasts.

Bone resorbtion and formation is known as remodelling. Bone
modelling occurs when there is an increase in bone mass. Bone
modelling promotes the growth of bones and is important for
maintaining bone strength. Remodelling also plays an important
part in bone growth by improving the growing structure (see
Figure 45.1).

People over 30 years experience a gradual loss in bone mass as
there is a decrease in the activity in osteoblasts compared with
osteoclasts. A number of factors play a part in the decrease in bone
mass; for example, the use of glucocorticoids enhances the activity
of the osteoclasts, reducing bone formation. Loss of bone mass
reduces strength and increases risk of fracture.

In the foetus, most of the skeleton is made up of cartilage, a
tough, flexible connective tissue with no minerals or salts. As the
foetus grows, osteoblasts and osteoclasts slowly replace cartilage
cells, and ossification begins (see Figure 45.2).

Ossification

Ossification is the formation of bone by the activity of osteoblasts
and osteoclasts and the addition of minerals and salts. Calcium
compounds must be present for ossification to occur. Osteoblasts
do not make these minerals, but take them from the blood and
deposit them in bone. At birth, many of the bones have been at
least partly ossified.

Within the bone are blood vessels, nerves, collagen and living
cells including:
* osteoclasts
* osteoblasts

Osteoclasts

Bone tissue is continually broken down and resorbed by multi
nuclear cells called osteoclasts, derived from monocytes which
originate within bone marrow. Osteoclasts have an important role
to play in liberating minerals and other molecules stored within
the bone matrix.

Bone tissue serves as an important source of essential minerals
including calcium and phosphate and other biological molecules
such as growth factors. When calcium is released from the bone
this plays a role in maintaining homeostasis.

Osteoclasts are regulated by different signalling pathways and
molecules. Increased osteoclast activity leads to increased
resorption of bone.

Osteoblasts
Osteoblasts are the cells responsible for building new bone tissue.
These are derived from cells thought to be associated with blood
vessels. When activation occurs they begin the production of the
organic components of bone - osteoid this is predominantly made
of collagen. Minerals begin to crystallise around the collagen
scaffold forming the major inorganic constituent of bone which
contains calcium phosphate.

As osteoblasts form, new bone tissue may become imbedded
within the matrix differentiating into osteocytes.

The structures and processes occurring within bone allow it to
serve concurrently as a calcium reservoir whilst also providing
structural support for the vital organs and movement.

The skeleton

The skeleton provides the body with shape and physical support
for the systems contained within. The skeleton forms part of the
musculoskeletal system enabling us to move.

The interior of bone is composed of bone marrow, surrounded
by:

o Cortical bone (the hard outer shell of bone).

« Trabecular bone (the spongy looking centre).

The amount of cortical of trabecular tissue is dependent upon the
function of the bone. The osteon is the basic unit of structure of
compact bone, comprising a Haversian canal and its concentrically
arranged lamellae (see Figure 45.3).

Osteocytes are distributed within the lamellae, forming a
network that maintains the viability and structural integrity of
bone.

The Haversian canal is located at the centre of the osteons,
containing blood vessels and nerves; blood vessels facilitate the
exchange between osteocytes and blood. The vascular network
provides structural support, nutrition and a waste removal system
within this space.

Trabecular bone is present in the interior of some bones and
resists compression; within the structure there are osteocytes,
playing an important part in sensing local changes in strain.

In the interior of bones is the bone marrow. Bone marrow is
a site for haematopoiesis, the process by which the cellular
components of blood are formed.
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@ Bone types

Figure 46.1 The skeleton: axial and appendicular

Division of the skeleton Structure Number Division of the skeleton
of bones
Axial skeleton Appendicular skeleton
e Skull
— Cranium 8
- Face 14
* Hyoid
 Auditory ossicles 6
 Vertebral column 26
e Thorax
— Sternum 1
— Ribs 24
Number of bones 80

Source: Peate I, Wild K & Nair M (eds) Nursing Practice: Knowledge and Care (2014)

Figure 46.2 Compact bone (long bone): Figure 46.3 Short bone
found in the toes, legs, fingers
and arms

Hamate
Pisiform

Trapezium Triquetrum

Scaphoid Lunate
Femur Figure 46.5 Irregular bone

(

A

A
Thoracic '
vertebra \'J

S\

Structure Number
of bones
¢ Pectoral (shoulder) girdles
- Clavicle 2
— Scapula 2
e Upper limbs
— Humerus 2
—Ulna 2
- Radius 2
- Carpals 16
— Metacarpals 10
— Phalanges 28
* Pelvic (hip) girdle
— Hip, pelvic, or coxal bone 2
e Lower limbs
- Femur 2
- Patella 2
- Fibula 2
- Tibia 2
- Tarsals 14
— Metatarsals 10
- Phalanges 28
Number of bones 126

Figure 46.4 Flat bone

Scapula

Figure 46.6 Sesamoid bone

Patella
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the time the person reaches adulthood this number has

diminished to 206. As we age smaller bones join together to
make bigger bones - they fuse. The bones give the body its shape.
The main job of the skeleton is to provide support for the body.
Without the skeleton the body would collapse into a pile. The skel-
eton is strong but light. See Figure 46.1 - the skeleton.

The skeleton also helps to protect the internal organs as well as
the fragile body tissues. The skeleton protects the brain, eyes,
heart, lungs and spinal cord. The cranium (the skull) offers protec-
tion to the brain and eyes, whilst the ribs protect the heart and
lungs and the vertebrae the (spine, backbones) protect the spinal
cord. Bones provide the structure for muscles to attach so that we
are able to move. Tendons are tough inelastic bands that hold
and attach muscle to bone. Red bone marrow makes blood cells
and yellow marrow stores fat.

The study of bones is known as osteology.

The human skeleton contains around 300 bones at birth, and by

Skeleton divisions

The bones are a major component of the skeletal system and are
divided into two groups; these are the axial skeletal bones and
appendicular skeletal bones. In an adult human skeleton there are
206 bones, 80 of which are from the axial skeleton and 126 from
the appendicular skeleton.

The axial skeleton

The axial skeleton comprises the skull — includes bones of the
cranium, face and ears (auditory ossicles). 