






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































BIOLOGY OF THE MAMMAL 617

tension on the actin filaments and when the cross linkages are broken
by the arrival of new supplies of A.T.P. at the sites of the cross union,
the tension on the actin filaments manifests itself by a sliding of the
actin filaments to the centre of the adjacent ‘A’ bands. Now new sites
on the actin filaments are opposite the lateral projections on the myosin
filaments. Further splitting of A.T.P. occurs and cross unions between
the two series of filaments are remade, only to be broken again as new
supplies of A.T.P. reach the region. Thus linkage between actin and
myosin filaments is associated with the splitting of A.T.P. The protcin
myosin is probably itself the enzyme associated with the splitting of
A.T.P.

I A I
~—~ T\
resting
I A I A
H H
contracted stretched

Fig. 268. Diagram showing the changing relationships between thick and thin filaments
during contraction and stretching of muscle. Only one A band and half of two adjacent
I bands is shown. Note that on contraction the thin filaments slide further into the A
band, which results in a narrowing of both I and H bands. In stretching of a muscle
the lhin filaments slide out of the A band causing a widening of both I and H bands.

Relaxation occurs in the presence of free A.T.P. Resting muscle
contains free A.T.P. and is extensible (i.e. it has no cross linkages). The
A.T.P.-ase activity of myosin seems to be inhibited in the relaxed
muscle by a substance present in the sarcoplasm of the fibre called
‘relaxing factor’. The myosin A.T.P.-ase requires the presence of free
calcium ions before splitting of A.T.P. occurs and the relaxing factor
probably operates by binding calcium ions. Activation of the muscle
in contraction is probably due to an influx of free calcium ions.

In the development of contraction of striated muscle a series of events
occurs.

1. The development of the end plate potential due to the liber-
ation of acetyl choline at the motor end plate. The acetyl choline
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increases the permeability of the sarcolemma of the end plate to all
ions, which now move along their diffusion gradients. This flow of
ions ‘short circuits’ the resting transmembrane potential in this region.
If this process is carried far enough the flow of current which is passing
out through neighbouring regions of the sarcolemma initiates a pro-
pagated wave of depolarization of the sarcolemma. This involves an
increase in the permeability of the sarcolemma specific to sodium ions,
which now diffuse inwardsalong their diffusion gradient from the extra-
cellular to intracellular fluid. This mechanism is identical to that which
causes an action potential in a neurone.

2. These events in the sarcolemma are probably linked to the activation
of the contractile mechanism by an influx of calcium ions into the
muscle cell. This is called the ‘coupling’ process.

3. The influx of calcium ions activates the myosin-A.T.P.-ase action.
Splitting of A.T.P. occurs and cross union of myosin and actin filaments
develops, exerting tension upon the actin filaments. These links are
broken as new supplies of A.T.P. reach sites and the sliding process
begins. Sliding of the actin filaments (manifested as contraction) con-
tinues as long as splitting of A.T.P. persists, i.e. as long as myosin
A.T.P.-ase activity continues. Relaxation occurs when the free calcium
ions of the fibre become bound by the relaxing factor.

Smooth muscle. Smooth muscles of mammals show marked differences
in structure and behaviour from striated muscle. The structural unit
of smooth muscle is the single uninucleate cell contrasting with the
multinucleate fibre of skeletal muscle. Although the cytoplasm of the
smooth cell shows fine longitudinally aligned fibrils there is no apparent
periodicity of structure of the fibrils, in contrast to skeletal muscle.
Fundamentally however, the contractile mechanism of smooth muscle
is the same as that of voluntary muscle. Both muscles contain, among
others, the proteins actin and myosin. Both have similar energy
providing mechanisms. The fact that the fibrils of smooth muscle show
no periodicity of structure has led some to doubt the accuracy of the
sliding model of contraction for striated muscle.

SPONTANEOUS ACTIVITY AND MEMBRANE POTENTIAL

Smooth muscles characteristically show slow contraction and relax-
ation and many mammalian smooth muscles show prolonged rhythmi-
cal activity. If one removes a piece of striated muscle from a mammal
so that its nerves have no connection with the central nervous system
then the muscle shows no activity at all unless it is stimulated, either
indirectly by its nerves or directly by electrodes. However if one
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removes a piece of intestine or uterus, containing smooth muscle, and
suspends it in a solution of physiological saline then the piece of organ
shows spontaneous rhythmical activity independent of any stimulation.

Whether or not a muscle fibre shows spontaneous activity depends
upon the transmembrane potential of the cell. This transmembrane
potential is generated by active, energy consuming, processes in the
cell (page 284). Activation of the muscle cell membrane to initiate a
contraction depends upon lowering this transmembrane potential to a
critical level.

The reaction of a muscle fibre to stimulation depends upon the
membrane potential in excess of the critical level. Muscle fibres with
a high membrane potential (e.g. of 90 milli volts) show no spontaneous
activity. Activity reqrires the depolarization of the membrane by
means of lowering the end plate potential, until a critical level is
reached, at which point the propagated wave of depolarization of the
muscle membrane occurs. The muscle membrane of striated muscle
cells thus shows an all or none phenomenon. If it is not depolarized
to a critical level by the end plate potential, no propagated wave of
membrane depolarization occurs and no contraction of the muscle
develops. The first step in the contraction of mammalian striated
muscle is a membrane event, a propagated wave of depolarization of
the sarcolemma initiated by the end plate potential.

In some invertebrate muscles and in some amphibian striated muscles
which contract slowly. the contraction of the muscle fibres is not
initiated by a propagated wave of depolarization in the sarcolemma.
The contraction is initiated directly by the end plate potential itself
without any action of the sarcolemma. The end plate potential can be
graded according to the amount of acetyl choline liberated at the end
plate (which is in turn dependent upon the frequency of nerve stimu-
lation to the muscle), and the muscle response is thereby graded by the
size of the end plate potential. These muscles do not show the ‘all or
none’ phenomenon. In striated muscles which obey the ‘all or none
law’, contractions are graded by varying the number of fibres active,
rater than by altering the strength of contraction of individual fibres.

The membrane potential of many mammalian smooth muscles is
low (e.g. 30-50 m.v.) and is close to the critical level at which a propa-
gated wave of depolarization of the cell membrane occurs. Slow phasic
shifts of the membrane potential occur spontaneously, probably as a
result of changes in the rate of energy liberating processes inside the
cell. These changes are manifested by changes in the rate of extrusion
of sodium ions from the interior of the cell, thus leading to changes in
the transmembrane potential. The phasic shifts in the transmembrane
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potential may reach the critical level at which point a propagated wave
of depolarization of the membrane starts. In smooth muscle there is
little electrical resistance between individual cells and therefore de-
polarization can easily spread from cell to cell and a wave of contrac-
tion will pass along the muscle bundles.

Since the value of the membrane potential shows shifts around the
critical level, the activity of smooth muscles can be controlled in both
directions. Reduction of the level of the membrane potential soon
brings it to the critical level and contraction occurs. If the membrane
potential is increased (i.e. hyperpolarized) this makes the muscle much
less likely to depolarize spontaneously to the critical level and makes it
less susceptible to stimulation i.e. inhibition occurs. Inhibition can
thus be achieved in mammalian smooth muscles by substances which
stimulate the energy providing mechanisms of the cell and thereby
increase the activity of the sodium pump and thus increase the value of
the transmembrane potential. Adrenaline for example causes inhibition
of spontaneous activity of the small intestine by increasing the mem-
brane potential of the smooth muscles cells.

The muscle cells of striated muscle already have a high and stable
membrane potential. These cells can only be regulated in one direction
—by depolarization towards the critical level of firing. Smooth muscles
are innervated by fibres of the autonomic nervous system. The trans-
mitter substances liberated from the terminals of the nerves, (noradren-
aline and adrenaline from sympathetic fibres and acetyl choline from
parasympathetic fibres), regulate the activity of the muscles by controll-
ing the level of the membrane potential. Cells are also sensitive to
other hormones which reach the muscle via the blood e.g. adrenaline
and noradrenaline from the adrenal medulla, vasopressin and oxytocin
from the posterior pituitary gland, and in the case of smooth muscle
cells of the genital tract, androgenic and oestrogenic sex hormones
from the gonads. Thus on the uterus for example adrenaline and the
sex hormone progesterone may produce the same effect by stimulating
the energy liberating mechanisms in the cell, resulting in an increased
activity of the sodium pump and the development of an increased
transmembrane potential, with a resulting fall in the spontaneous
activity of the muscle cells. This action of progesterone is the basis for
the ‘progesterone defence mechanism’ of pregnancy. Because of the
elevated transmembrane potential, spontaneous activity is inhibited and
the foetus is much less likely to be prematurely ejected from the uterus.

Stores of energy rich phosphate bonds. As in all cells the quantity of
A.T.P. at any one time is very small in muscle tissue. In other tissues
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the metabolism is dependent upon a steady production of A.T.P., from
the oxidation of carbohydrates and fats (see Chapter IX). But in
muscle,large amounts of energy are needed at shortnotice and to supply
this need, muscles contain stores of energy rich phosphate bonds in
the form of creatine phosphate (phosphagen). This substance is present
in striated, cardiac and smooth muscle of all vertebrate animals.

NH~P
HN=C creatine phosphate

N.CH:COOH

|
CHs

Invertebrate animals contain a similar store of energy rich phosphate
bonds in the form of arginine phesphate.

During muscular contraction, creatine phosphate is broken down
releasing energy rich phosphate bonds which are used to resynthesize
A.T.P., and creatine accumulates in the tissues.

ATP.
CREATINE PHOSPHATE
AN P
CONTRACTION
ENERGY
CREATINE AD.P.

The creatine is gradually reconverted to creatine phosphate and this
continues after the muscle has ceased contracting until the stores of
phosphagen are built up again. Creatine is converted to creatine
phosphate by the action of A.T.P. produced during the breakdown of
the carbohydrate glycogen within the muscle.

The breakdown of glycogen and the formation of lactic acid

The glycogen of muscle forms a store of carbohydrate. The first
step in the breakdown of glycogen consists in breaking off six-carbon
fragments from the long molecular chain. The presence of phosphoric
acid is necessary and the reaction, which is reversible, is catalysed by
an enzyme phosphorylase. The product of the phosphorylation cf
glycogen is glucose-1-phosphate, which is then converted into glucose-
6-phosphate by an enzyme phosphoglucomutase,
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The reverse path is taken when glucose, brought to the muscle in the
blood, is deposited in the muscle in the form of glycogen.
Glucose-6-phosphate can now enter the pathway of oxidation to
yield pyruvic acid and an increase in energy rich phosphate bonds in
the form of A.T.P.; the pyruvic acid is then incorporated into Krebs’
citric acid cycle to yield further amounts of A.T.P. These pathways
of oxidation have already been described in detail in Chapter IX.
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It will be remembered that during the oxidation of glucose-6-phosphate
to pyruvic acid, D.P.N. (diphosphopyridine nucleotide) becomesreduced
by accepting hydrogen. D.P.N. passes its hydrogen on to a system of
hydrogen carriers and ultimately to oxygen by way of the enzyme
cytochrome oxidase, and so D.P.N. becomes once again available for
the oxidation of more glucose. In the muscle at rest and during
moderate exercise, adequate amounts of A.T.P. are produced by these
means and adequate amounts of oxygen are reaching the muscle to
accept the hydrogen from reduced D.P.N. through the chain of hydro-
gen carriers. But at the onset of exercise, time is needed for the adjust-
ments to be made in the circulation, and the ventilation of the lungs,
in order to provide the increased amount of oxygen required by the
muscles. Even when the circulation and ventilation of the lungs has
become adapted to supply the muscles with increased amounts of
oxygen there may be bursts of severe muscular activity which outstrip
the rate of supply of oxygen to the muscles,
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Fig. 269. The fate of lactic acid produced during the anaerobic respiration of muscle.
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Fig. 270. The metabolism of muscle. The broken lines
indicate pathways used during temporary oxygen lack,
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Now there is only a limited amount of D.P.N. in the muscle tissues
and once this has accepted hydrogen during the oxidation of glucose
it can no longer participate in the oxidation of glucose, unless it is
able to pass on its hydrogen to some hydrogen acceptor. During the
initial phase of muscular activity and during severe exertion the supply
of oxygen to the muscles is inadequate for the respiratory needs. In
these circumstances reduced D.P.N. is able to pass on its hydrogen to
pyruvic acid itself, so producing lactic acid (see fig. 270).

Lactic acid and oxygen debt. We have seen that in the initial phase
of muscular exercise and during severe muscular exercise e.g. a sprint,
the muscles obtain some of their energy by anaerobic means with the
production of lactic acid. This lactic acid does not remain in the
muscles but diffuses out into the tissue fluids and into the blood, and
measurements of blood lactic acid shows that it increases progressively
during severe muscular exertion. After the period of muscular activity

Blood
lactic Lactic
acid acid
Oxygen Oxyeen
uptake
|, S kA —Sign L
Rest Period of exercise Rest
e
Time

Fig. 271. Blood lactic acid and oxygen intake, before, during and after severe
exercise. The shaded area of the oxygen uptake graph represents the amount
of oxygen which must be taken in after exercise has finished in order to meta-
bolize the lactic acid produced during exercise. This amount of oxygen is
called the oxygen debt.
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this lactic acid is, in the mammal, metabolized in the liver. Here the
hydrogen which was accepted from reduced D.P.N. in the muscle is
passed on to D.P.N. in the liver with the aid of an enzyme, lactic acid
dehydrogenase, and the hydrogen is passed, through a system of
hydrogen acceptors to oxygen. The pyruvic acid so produced is then
metabolized, either passing into Krebs’ cycle or being converted into
glucose and perhaps glycogen (see fig. 270).

Thus it is apparent that during the period of rest after severe exercise
increased amounts of oxygen are required in order to accept the
hydrogen from the lactic acid produced during the severe exercise. The
lactic acid is, as it were, acting as a temporary store of hydrogen until
adequate amounts of oxygen are available. The increased amounts of
oxygen needed during the period of rest, over and above the resting
needs of the animal, is termed the oxygen debt. There is a physiological
limit to the degree of oxygen debt that can be incurred and in man this
amounts to about 16 litres of oxygen (see fig. 271).

The sprint versus the marathon. We can now summarize the metabolic
changes that occur in muscles during exercise by comparing the sprint
and the marathon. In the sprint large quantities of energy may be re-
quired over a short period of time. The available A.T.P. and phos-
phagen of the muscle is rapidly used up and the supply of oxygen tc
the muscle becomes inadequate to cope with the reduced D.P.N. which
is being produced at a rapid rate from the breakdown of glucose to
pyruvic acid. Reduced D.P.N. is temporarily relieved of its hydrogen
by some of the pyruvic acid produced, which becomes converted into
lactic acid. This lactic acid is oxidized later in the liver and thus an
oxygen debt is incurred during the sprint which is paid off during the
resting period.

Compared to the fast sprinter, the good marathon runner
does not acquire an oxygen debt. The marathon runner is in
oxygen equilibrium, oxygen uptake being equivalent to oxygen re-
quirement. The energy requirement of the muscle is provided by the
concurrent oxidation of carbohydrates. The increased oxygen required
is made available by an opening up of the vascular bed of the muscle,
by an increased output of the heart, an increased ventilation of the
lungs, and by an increased abstraction of oxygen from the blood by the
muscle tissues which is determined by the altered properties of haemo-
globin in a medium of increased acidity, carbon dioxide tension and a
rise in temperature (see p. 205). The efficiency of the marathon runner
depends upon how well he can utilize all these mechanisms to ensure
sufficient oxygen supply to the muscles, and this in some measure is
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determined by training. The sudden outbursts of severe muscular effort
of the sprinter, or of the herbivorous animal being chased by a carnivore,
occur before these adaptations of the cardiovascular and respiratory
systems have time to develop, and the ability to incur an oxygen debt
is of great adaptive significance. But the marathon runner could not
possibly run the distances he does if he acquired any serious oxygen debt.

Muscle haemoglobin. In certain muscles of the mammal which are
engaged in slow, repeated powerful movements (e.g. the hearts of large
mammals, back muscles) there is a special adaptation which enables the
muscle cells to obtain oxygen during a sustained contraction when the
flow of blood through the contracting muscle is interrupted. This lies
in the presence in these muscles of a haemoglobin (called myoglobin)
with different properties from blood haemoglobin. Myoglobin has a
greater affinity for oxygen than has blood haemoglobin, and it is
saturated with oxygen at the oxygen pressures of venous blood, and
becomes unloaded at lower partial pressures of oxygen.

The muscle fibres containing myoglobin are thick and red in colour
contrasting with the pale, thin, rapidly contracting fibres which do not
contain myoglobin. Although some mammals possess muscles con-
sisting exclusively of one type of fibre, in man the muscles consist of a
mixture of the two types.

THE SKELETAL SYSTEM

The general functions of the skeleton. Unlike invertebrate animals
where the supporting system of the body is external (exo-skeleton) with
inwardly directed projections for the attachment of muscles, the verte-
brate animals possess an internal skeleton (endo-skeleton). This endo-
skeleton serves several functions but basically it is a supporting system,
supporting the weight of the animal, in its various positions, against
the force of gravity. The action of the skeleton is reinforced by the
action of the muscles attached to it in supporting the weight of the
animal. The skeleton is not a rigid structure but is broken into units,
jointed together, to permit movement. The exact form of the skeleton
varies according to the needs of the particular species, depending on
whether the animal is quadrupedal or bipedal, whether it walks and
runs, swims or flies, on whether it is supported by water or is free
living in air.

In addition to serving the function of support and movement the
endoskeleton is also protective. The bony skull houses and protects
the soft tissues of the brain, and the vital sense organs of sight and
smell. The bony vertebral column contains the delicate spinal cord.
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The bony cage of the thorax protects the heart and large blood vessels
and the lungs.

Many of the bones of the body contain the red bone marrow in which
the red blood cells and the white cells of the granulocyte series are being
continually produced. In addition to these more obvious functions the
bones contain vast quantities of calcium, which by the action of the
hormone parathormone (see p. 641) form an easily mobilized store of
calcium on which the body can draw in times of need.

The materials of the skeleton: cartilage and bone
Cartilage. Cartilage, like bone, is a connective tissue in which the cells
secrete a matrix which forms a predominant part of the tissue. The
amount of cartilage in the skeleton varies according to the species of
vertebrate and the age of the animal. In some of the lower vertebrates
e.g. Cyclostome fishes (lamprey etc.), the adult skeleton is composed
entirely of cartilage, but this is regarded as a degenerative condition.
In mammals cartilage plays a more important role in the embryo and
young animal, and in the adult it becomes restricted to a few sites such
as the free ends of long bones, the trachea and bronchi, external ear
and nose, and parts of the ribs.

THE STRUCTURE OF CARTILAGE, HYALINE CARTILAGE. Hyaline car-
tilage may be regarded as having the basic structure of cartilage (fig. 272)
which may be modified in certain regions of the body to serve particular
functions. In the gross it is a semi-transparent, opalescent, elastic
material. It is found in the body in the supporting rings and plates
of the trachea and bronchi, at the joint surfaces of bones, and at the
ventral ends of the ribs where the ribs join the sternum.

Cartilage is covered on its free surface, except where it abuts into the
cavity of joints, by a layer of dense connective tissue, the perichon-
drium. From the perichondrium, fibroblasts differentiate into cartilage
cells or chondroblasts and thus the cartilage grows from its surface.
Cartilage is capable of a degree of internal expansion by division of cells
within its substance. The newly formed chondroblasts undergo mitotic
division several times in rapid succession to form groups of cells. These
then begin to secrete the intercellular substance or matrix. Thus in
mature cartilage groups of cells occur separated by areas of cartila-
ginous matrix. The chondroblasts lie in cavities within the matrix;
in life they completely fill these cavities although in stained sections
they may shrink away from the walls of the cavity or may even fall out,
leaving an empty space in the matrix. Unlike the structure of bone
there are no processes from the chondroblasts which extend into the
matrix.
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The interstitial matrix of hyaline cartilage appears structureless when
seen in ordinary fixed and stained sections under the microscope.
However, by special methods of silver impregnation it has been shown
that there are many fine {ibrils permeating the matrix, which may be
organised into orientated bundles. The matrix stains with basic dyes

Perichondrium

Fibroblast

Matrix Wl
Chondrocyte

Fig. 272. Structure of hyaline cartilage.

because it contains a chondro-mucoid protein; this protein is a glyco-
protein in which the carbohydrate component is a sulphonated poly-
saccharide, chondroitin sulphate, the acidity of which explains the
staining properties of the matrix. The matrix around the chondroblasts
often stain more deeply with basic dyes, presumably because it has a
higher concentration of the glyco-protein. The nutrition of the car-
tilage cells is dependent upon diffusion of substances through the
matrix; unlike bone, cartilage has no blood vessels of its own, except
in the perichondrium.

MODIFICATIONS OF THE BASIC PATTERN. The mechanical properties
of hyaline cartilage are a reflection of its structure. The matrix itself
forms an elastic and somewhat compressible material, but the fluid
material of the chondroblasts enclosed in bundles of fibres confers a
resistance to compression forces. Thus hyaline cartilage can sustain
great weight in its situation at the end of the long bones and at the
same time it permits the smooth movement of one bone upon another.
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Greater flexibility and elasticity of the cartilage is conferred by the
presence of elastic fibres in the matrix. Elastic cartilage which is
yellower in colour and more opaque than hyaline cartilage is found in
the pinna of the ear, in the eustachian tube and the epiglottis.

Greater tensile strength is present in fibro-cartilage in which there
are dense bundles of collagen fibres in the matrix. Fibro-cartilage is
intermediate in structure between hyaline cartilage and connective
tissue. It is present as a resilient pad, the intervertebral disc between
the bodies of the vertebrae, and at the symphysis pubis and as-
sociated with the connective tissues of capsules and ligaments of joints.

Bone. Bone is a hard connective tissue in which the matrix produced
by the bone cells (osteoblasts) is heavily impregnated with salts of
calcium to produce a rigid material. Its architecture, to be described

Thin layer of
compact bone
on head of 4

Fig. 273. Longitudinal section
through the upper end of the femur
showing the distribution of spongy

Spongy bone and compact bone.

Thick layer of
compact bone of
shaft

Central marrow cavity

subsequently, is adapted to withstand compression strains. In spite of
its inert appearance and its low metabolic rate bone is a highly adaptable
material and is able to adapt (mould) to meet changing mechanical
requiraments.

R.OM.—21
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In gross appearance the bones of mammals may appear spongy or
compact. Inbothtypes ofbonethereisthe same fundamental structure.
In spongy bone there is a meshwork of interconnecting bars of bone,
the spaces between the meshes being filled with marrow. In this way
rigidity of structure is attained with minimum weight. Compact bone,
as its name implies, consists of a hard mass in which spaces cannot be
seen macroscopically. This type of structure ensures maximal ability
to withstand compression and is found, for example, in the shaft of
long bones. Most bones contain an admixture of the two types of bone
and infig.273 a long bone is illustrated to show the distribution of these
two types of bone. The shaft of the long bone (diaphysis) consists of
compact bone; the shaft is, however, not solid and contains a wide
marrow cavity, another adaptation to reduce the weight of the bone.
The epiphysis of the bone at the end of the shaft contains spongy bone,
limited externally by a layer of compact bone. In the figure a mature
bone is represented in which the cartilaginous plate, which in the
growing mammal separated the epiphysis from the diaphysis, has been
converted into bone.

HISTOLOGICAL STRUCTURE OF BONE. When a transverse section of
compact bone is examined under the microscope a series of disc shaped
structures is seen (fig. 274) each with a cavity in the centre. Each disc is
the end view of a cylindrical structure called an haversian system. The
canal in the centre is called the haversian canal and contains the blood
vessels which supply the particular haversian system. When examined
closely each disc is seen to consist of a series of concentric plates of
bone or lamellae. Between the lamellae are small cavities or lacunae
which house the osteoblasts, and radiating from the lacunae are many
fine channels, the canaliculi, which interconnect the lacunae and
promote the diffusion of tissue fluids around the osteoblasts.

The haversian systems are not simple cylinders of bony material, but
they are irregularly branched and anastomosing structures which form
a meshwork. Because they are directed mainly in the longitudinal axis
of the bone a transverse section of bone shows them to be disc shaped
structures. In longitudinal section the Haversian canals appear as
long slits.

The disc shaped end views of the haversian systems do not compose
the entire transverse section of the bone. Both on the outer surface of
the bone and also lying around the marrow cavity there are lamellae
which pass circumferentially, the basic or circumferential lamellae.
Penetrating these circumferential lamellae, from the free surface of the
bone or from the marrow cavity are canals containing blood vessels
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which connect with those in the Haversian canals; these vascular
channels are called the canals of Volkmann.

The outer layer of bone is closely covered by a layer of dense con-
nective tissue called the periosteum. A layer of connective tissue also

— Periosteum

Outer circumferential
lamellae

A haversian

Lacuna containing
system

an osteoblast

Inner circumferential
lamellae

Fig. 274. Part of a transverse section of a long bone.

covers the bone facing the marrow cavity. Penetrating the bone from
the periosteum are bundles of collagenous fibres called Sharpey’s fibres.
These ensure a close connection of the periosteum with the underlying
bone, which is of vital importance in regions where tendons are inserted
into the periosteum.

The bone matrix. The hard bone matrix secreted by the osteoblasts
contains two components, an inorganic base amounting to about 65 %,
of the weight of dry bone and an organic base amounting to about 35 %,
of the weight of dry bone.

The inorganic component of bone consists of a lattice of submicro-
scopic crystals of hydroxy-apatite, [Ca3(PO4)z2]3.Ca(OH)2. In addition
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to calcium and phosphorus, bone also contains magnesium, sodium,
carbonate and citrate. The organic component of bone is called ossein
or bone collagen. The collagen fibres are manufactured and aligned by
modified connective tissue cells called osteoblasts. When there is an
adequate concentration of calcium and phosphate in the vicinity of the
fibres these interact at specific sites on the collagen fibres and form
small hydroxyapatite crystals. These small crystals slowly grow and in
this phase the calcium and phosphate of the crystals is freely exchange-
able with the tissue fluids; if the concentration of calcium and phos-
phorus in the tissue fluids fallsthen calcium and phosphate ions can pass
from the crystals into the tissue fluids so maintaining the composition
of the internal environment. As the crystals grow the bone becomes
more compact and fluid is excluded. This solid bone does not release
its ions readily to the internal environment, forming what is called
non-exchangeable bone.

The inorganic and organic components of bone can be demonstrated
relatively easily. The inorganic component of the matrix can be removed
to a great extent by immersing a bone for some time in a dilute mineral
acid, such as hydrochloric acid, when the calcium is gradually removed
from the bone in the form of a soluble salt. When this happens the bone
retains its external form but becomes pliable and rubber-like. The
organic matrix can be removed by igniting the bone when the organic
matrix is burnt away leaving behind the mineral components. The bone
still retains its form but it becomes very brittle.

THE DEVELOPMENT OF BONE. Bone develops by a transformation of
connective tissue. It may arise directly from connective tissue when it
is called membrane bone e.g. the bones of the skull, or it may arise
from a modification of pre-existing cartilage.

The development of bone from pre-existing cartilage (endochondral
ossification). The development of bone from pre-existing cartilaginous
structures has been considered to be a recapitulation, during the
embryonic period (ontogeny), of what has occurred during the history
of vertebrates (phylogeny). This concept arose because of the existence
of present day primitive vertebrates in which the adult skeleton is com-
posed entirely of cartilage (e.g. lamprey). It is now thought that this
condition is a degenerate one and does not represent a stage in the
development of the bony skeleton in phylogeny. The cartilaginous
stage in the development of bones is a vital one, however, and reflects
the need of the skeleton of the young mammal to serve two functions
simultaneously, to function as a skeleton and to grow. The proper
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functioning of the skeleton depends upon the articulation of one bone
with another and upon the attachment of muscles and tendons. Now
bone is a material which can grow only from its surface and if the
skeleton were to grow in this manner then there would be such a dis-
turbance of the relations between jointed ends of bone and a disturbance
of the relations with tendons and muscles that growth would be incom-
patible with function. Cartilage however is capable of internal
expansion and can provide for growth of ‘bones’ without disturbing
their surface relations. The ways in which this occurs will be sub-
sequently described.

pc

cc

Fig. 275 (for legend see opposite).

We can now study the endochondral ossification of a long bone to
show how a bone is formed from a pre-existing cartilaginous model
and how the mature histological structure of bone arises. The general
shape of the cartilaginous model follows the future shape of the bone
(fig. 275 (1)). The first change in this structure is in the perichondrium
which surrounds the cartilage. It occurs first in the perichondrium mid-
way along the shaft (the diaphysis) where a layer of membrane bone is
produced. There is a transformation of connective tissue cells of the
perichondrium into osteoblasts which secrete lamellae of osteoid
material which becomes calcified; this is the essential manner of mem-
brane bone formation. This process results in the formation of a ring
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Fig. 275. Diagrams illustrating the development of a long bone. 1. The cartilaginous model,
showing the general shape of the long bone to be. A. High power view of a portion of
cartilage from the shaft showing the longitudinal arrangement of cartilage celﬁ. 2. The
development o fa periosteal cuff of bone (p.c.) in the diaphysis, together with the calcification
of the underlying cartilage (c.c.). B. Shows the calcified cartilage with swollen vesicular
cartilage cells. 3. The invasion ofthe calcified cartilage of the shaft by blood vessels (b.v.)
and connective tissue cells from the periosteal cuff of bone. C. Shows how the invading
blood vessels and connective tissue convert the columns of swollen cartilage cells into
longitudinally aligned tubes separated by remains of cartilage. 4. Centres of ossification
(c.0.) are being laid down at the ends of the bone—the epiphyseal centres (e). The con-
nective tissue which has invaded the shaft has been converted into osteoblasts, producing
bone. D. Shows these osteoblasts (ost.) laying down concentric lamellae (1.) of bone on
the walls o fthe cavities produced by the breakdown of the cartilage cells—producing the
primary haversian systems. Some remnants of calcified cartilage (r.c.c.) are shown between
the haversian systems. 5. The entire cartilaginous model has been converted into bone
except for an area of cartilage between the epiphysis (e.) and diaphysis. This is the site of
growth in length. The cartilage is continually proliferating and as cartilage cells are
pushed away from the active area they become calcified and invaded by blood vessels and
osteoblasts from the diaphysis. Growth in length of the bone ceases when this epiphyseal
plate of cartilage is converted into bone. Cartilage is shown black, calcified cartilage red.
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of bone in the diaphyseal region and it strengthens the shaft so that
subsequent changes in the underlying cartilage do not unduly weaken
the structure.

Whilst this process is going on there are changes in the underlying
cartilage of the diaphysis. The cells of the cartilage swell and the
matrix between them becomes calcified. This calcified cartilage is then
invaded by connective tissue and blood vessels from the band of bone in
the outer layers of the diaphysis (figs. 275 (3), 276). This tissue invades
the cavities containing the swollen cartilage cells, and since the latter tend
to be arranged in columns the opened up capsules of the cartilage cells
eventually become hollow columns containing blood vessels and con-
nective tissue, (the embryonic bone marrow) and surrounded by
calcified cartilage. Connective tissue cells of the embryonic bone
marrow transform into osteoblasts which are bone forming cells and
therefore coat this calcified cartilage with lamellae of bone. This process
extends up the shaft and at the same time there is an extension of the
formation of membrane bone in the perichondrium (now called the
periosteum).

Growth in length of the bone is occurring during this time by the
activity of a layer of proliferating cartilage cells situated at the ends of

Fig. 276. Photomicrograph of an L.S. of developing bone at the epiphysis
showing invasion of columns of cartilage cells by blood vessels and osteoblasts.
The remnants of calcified cartilage are surrounded by osteoblasts. 1. primi-
tive bone marrow. 2. spicule of new bone containing embedded osteocytes.
3. lamella of new bone laid down on remnant of calcified cartilage. 4. rem-
nant of calcified cartilage covered by osteoblasts. 5. column of cartilage
cells invaded at upper end by osteoblasts and blood vessels. (By courtesy of
Dr. S. Bradbury.)
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the shaft, between the shaft and the cartilaginous epiphysis. Later,
centres of ossification develop in the epiphyses so that the entire car-
tilaginous model has become replaced by bone except for an area of
proliferating cartilage between the epiphysis and the diaphysis, which
is the site of growth in length and the site at which the growth hormone
of the anterior pituitary gland exerts its effects. In the mature animal
this zone of proliferating cartilage is transformed into bone and the
possibility of growth in length ceases. The bones increase in width
by the deposition of bone by the periosteum.

Fig. 277. Photomicrograph of a section of developing endochondral bone. The remnants
of calcified cartilage are shown as dark regions in the centre of the spicules of new
bone which also contain embedded osteoblasts. The spicules of bone are separated
by primitive bone marrow. 1. bonc marrow. 2. darkly stained remnant of
calcified cartilage. 3. spicule of new bone containing osteocytes. (By courtesy of
Dr. S. Bradbury.)

Reconstruction of bone. From the earliest period of endochondral ossi-
fication of the cartilaginous model, bone absorption is going on at the
same time as bone formation. Bone absorption, both of matrix and
inorganic elements, is thought to be carried out by certain cells of
bone called osteoclasts. These are always present in large numbers in
any area of bone resorption and disappear when this process ceases,
perhaps becoming transformed into osteoblasts. In areas of bone re-
sorption the osteoclasts may be seen to lie in small pits of bone which
they have eroded, and these are called Howship’s lacunae.

During the early development of the bone, primary haversian
systems were formed by the laying down of bone on the walls of the
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eroded cartilage cells (fig. 275 (D)). Increasing accumulations of bone
reduce the initially wide central cavity into a narrow channel, the pri-
mary haversian canal. These primary haversian systems are broken
down by the action of osteoclasts working from within the central cavity,
and this is followed by the reconstruction of new haversian systems by
the laying down of bone on the inner surfaces of the new cavities pro-
duced. This reconstruction continues throughout life, but at a much
slower rate in the adult animal. Reconstruction also involves the
circumferential lamellae of bone, produced by the periosteum and the
endosteum, and these are replaced by haversian systems as new circum-
ferential lamellae are being formed.

The constant reconstruction of the architecture of the bone is the
basis of the ability of bones to modify their internal architecture
according to the mechanical stresses imposed on them. This is im-
portant in those species in which there is a change in the mode of
progression or weight bearing during development. Following a frac-
ture in which the ends of the bones are in poor anatomical alignment
these remodelling processes may even bring about the reconstruction
of a near normal bone, particularly in the young; this does not apply
to cases in which there is a change in the length of the bone due to
overlapping of the two pieces.

Joints

Joints occur where different bony or cartilaginous elements of the
skeleton are in apposition. Two or more elements of the skeleton
may be closely joined together with little possibility of movement be-
tween them e.g. the bones of the skull, and such a joint is termed a
synarthrosis. The material which binds the elements together may be
cartilage or fibroustissue. Inthe other type of joint the skeletal elements
are capable of movement on each other e.g. the hip joint, and such a
joint is termed a diarthrosis.

Synarthrodial joints. As mentioned above a synarthrosis is a joint in
which the skeletal elements are firmly attached to one another and in
which movement is relatively limited. In the skull the separate bones
are joined by synarthrodial joints in which there is a thin layer of
fibrous tissue between the bones; this fibrous tissue is continuous with
the overlying periosteum of the bones and the underlying dura mater
covering the brain (fig. 278). Virtually no movement occurs between
the bones of the skull and these joints are known as sutures. In some
synarthrodial joints there is a much greater amount of connective
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tissue between the bony elements and some movement is possible e.g.
the inferior tibio-fibular joint in man (fig. 279).

Serrated line of
the suture

Periosteum

Fig. 278. A skull suture. Mcest of
the periosteum has been removed
from the bone to show the joint

Fibrous union
Dura-mater of the two skull
closely attached to  bones

the overlying skull

Lower end
Fibula of:tibia

Fig. 279. The inferior tibio=
fibula joint.

Fibrous tissue
between the two bones

Diarthrodial joints. A diagram of a diarthrodial joint is shown in
fig. 280. This is a highly specialized structure enabling the bones to
move on one another. The exact form of the joint and the range of
movement permitted at the joint varies from one part of the body to
another and according to the species of animal. If in addition to
movement the joint has to take part in weight bearing then other
modifications in structure may appear.
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The ends of the articulating bones are shaped to permit ease of
movement between the two bones, the particular form varying from
joint to joint. Thus in the hip joint of man the rounded head of the
femur is sunk deep into a cup in the innominate bone; this arrangement
permits ease of movement and at the same time the margins of the cup
support the joint, which is weight bearing. At the shoulder joint
stability is sacrificed in order to maintain mobility and the rounded
head of the humerus fits into a shallow cup on the scapula; stability of
the joint is maintained by muscles—but this joint in man is dislocated
with relative ease.

Periosteum
Dense Bone

Spongy Bone

Capsule

Synovial Membrane

Cartilage

giu.

m,ﬂ‘

%

.m/jz‘v::

Fig. 280. Diagram of a diarthrodial joint.

The end of the bone which takes part in the joint consists.of spongy
bone surrounded by a layer of particularly compact bone. That part
of the bone which comes into contact with the other member of the
joint is covered by a layer of hyaline cartilage. This contains no nerves
or blood vessels and is nourished by diffusion of substances from the
thin layer of fluid in the joint cavity and from the synovial membrane.

The joint is strengthened by a strong connective tissue capsule which
extends from the periosteum at one side of the joint, across the joint
cavity to be attached to the periosteum at the other side. There are
usually condensations of particularly dense connective tissue in the
capsule and their disposition varies from joint to joint, relative to the
stresses experienced by the particular joint. There may be projections



640 MUSCLES AND THE SKELETON

of fibrocartilaginous material from the capsule into the cavity of the
joint and these may extend right across the cavity of the joint as a pad
of tissue between the two bones; this forms a resilient pad between the
two bones. In the case of the human knee joint they form crescentic
projections into the joint—the so-called ‘cartilages’ of the knee. The
capsule of the joint is lined by a highly vascular velvety tissue, the
synovial membrane, which is reflected onto the periosteum and reaches
the edge of the hyaline cartilage. This produces a viscous colourless
secretion called synovial fluid, which lubricates the joint surfaces and so
reduces friction between them. It is present in small amounts only and
there is less than 0-5 ml. in the human knee joint.

The metabolism of calcium

Functions of calcium. In addition to forming the important rigid com-
ponent of bone, calcium salts are vital for the normal functioning of all
cell membranes. The membranes of cells control the passage of sub-
stances into and out of the cell. Cells contain less sodium and more
potassium ions than the extracellular fluid. These differences in ionic
constitution of the cells and the fluid around them is determined by the
properties of the cell membrane and by active mechanisms which
extrude sodium from the interior of the cell and retain potassium. In
excitable cells such as neurones and muscle cells, marked changes occur
in the properties of the cell membrane during excitation. Acetyl
choline, liberated at motor end plates on muscle fibres or at synapses
impinging upon neurones, increases the permeability of the cell mem-
brane allowing some or all the ions of the intra- and extra-cellular fluid
to move along their diffusion gradients. Recovery after conduction in
a neurone or recovery after contraction of a muscle fibre is associated
with the re-establishment of the relatively impermeable properties of
the cell membrane and the re-establishment of the ionic differences
between the intra- and extra-cellular fluids. The calcium ion is import-
ant in maintaining the relative impermeability of the resting cell mem-
brane. If neuronesor muscle cellsare bathed in solutions of low calcium
concentration the cell membrane becomes increasingly permeable to
ions so that differences in the ionic constitution of the intra- and extra-
cellular fluids cannot be fully maintained. The potential difference
across the cell membrane falls so that excitation of neurones and con-
traction and relaxation of muscle fibres is disturbed. In solutions of
low calcium content, muscle cells may thus undergo spontaneous
depolarization, without the need of activation by acetyl-choline, so that
spontaneous twitching and spasms of the muscle occur. Because of the
sustained permeability of the cell membrane, relaxation of the muscle
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fibre may not occur and sustained contractions of muscles may develop.
This condition is called tetany.

In addition to this stabilizing influence of the calcium ion on the cell
membrane, calcium ions are also concerned in another aspect of
excitation of muscle cells. When a muscle cell is excited by acetyl choline
there is not only a flux of sodium ions across the cell membrane but
there is also an inward flux of calcium ions into the cell. This inward
flux of calcium ions, by activating the A.T.P. splitting properties of the
muscle protein myosin may be the actual triggering mechanism for
contraction. Calcium ions are also important in the secretory activity
of some types of cell e.g. adrenal medullary cells, secreting adrenaline
and noradrenaline, and the cells in the hypothalamus which secrete
anti-diuretic hormone. In solutions weak in calcium these cells do not
give the normal response of outpouring of their hormones in response
to nerve stimulation. Probably, as in muscle cells, there is an inward
flux of calcium ions into these cells on nerve stimulation which triggers
off the release of hormone.

Calcium ions also form an essential component of the mechanism
which clots blood (p. 216).

The regulation of body calcium. A normal level of calcium ions and a
proper ratio of calcium to phosphate (which is necessary for normal
bone growth) in the circulating blood is maintained in two ways. First,
an adequate dietary intake of these elements is essential. How the body
deals with this dietary intake, that is whether the elements are excreted
or retained by the body, and if retained, whether they are taken up into
the circulating calcium and phosphate of the blood or are incorporated
into bone, depends upon the activities of two hormones, parathormone
and vitamin D. Vitamin D is here regarded as a hormone because it is
produced in an organ, the skin, under the influence of sunlight, from
which it passes into the blood stream to have its effects on distant
organs. The body is dependent upon an external source of this hormone
because of inadequate contact of sunlight with skin.

The parathyroid glands and calcium metabolism. In man the parathyroid
glands consist of two pairs of yellowish-brown structures which are
closely applied to the back of the thyroid gland (fig. 281). In develop-
ment they arise from the third and fourth pharyngeal pouches. The
secretion of these endocrine glands is a hormone called parathormone
which is discharged into the blood vessels of the gland. Parathormone
has now been purified and found to be a protein of rather low molecular
weight (9500) consisting of a chain of 83 amino acids.
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The parathyroid glands unlike many other endocrines is not under
the control of the anterior pituitary gland. The secretory activity of the
gland is controlled directly by the level of calcium ions in the blood
stream, just as the islets of Langerhans of the pancreas are under the

Epiglottis

Thyroid cartilage

Glottis
Fig. 281. Dorsa view of
larynx showing thyroid and
parathyroid glands. )
Cricoid
cartilage Parathyroid

REREx ' glands

C-shaped pieces
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posteriorly

direct control of the level of blood glucose. The parathyroid glands are
stimulated to secrete parathormone when the concentration of cal-
cium in the blood falls. The hormone acts at a variety of sites in the
body, the net result of the actions at these various sites being to return
the concentration of calcium ions in the blood to normal levels. The
actions of the hormone include:
1. An increased absorption of calcium from the intestine.
2. An increased retention of calcium by the renal tubules.
3. An action on bone. When parathormone acts upon bone there is an
appearance of bone destroying cells called osteoclasts. These cells
actively destroy the old non-exchangeable bone and release the stores
of calcium ions into the circulating blood.
4. There is a further effect on the kidney resulting in an excretion of
increased quantities of phosphates. This offsets the rise in phosphate
which would occur from a release of calcium and phosphate from bone.
The effect of persistently high rates of secretion of parathormone is
seen in cases of tumours of the parathyroid gland. In this condition of
hyperparathyroidism thereisa progressive demineralisation of bone and
cystic areas may appear in the bones containing large numbers of
osteoclasts, and bones may fracture spontancously at thesc sites of
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weakness. Because of a persistently high excretion of phosphate and
calcium in the urine, calcium phosphate stones may appear in the
kidneys which predispose to urinary infections.

In the opposite condition of hypoparathyroidism there is an inade-
quate production of parathormone and because the bones can no
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Fig. 282. Diagram indicating the sites of action of parathormone. (From Clegg and Clegg,

‘Hormones, Cells and Organisms’, Heinemann Educational Books Ltd.)
longer act as an easily mobilized source of calcium the plasma calcium
values fall to abnormally low levels. This develops rapidly in the young
animal where the growing bones are taking up calcium avidly. The
nervous system becomes increasingly irritable with the falling blood
calcium and muscular spasms may appear. If untreated, the condition
is eventually fatal. In man the condition of hypoparathyroidism may
appear after removal of the thyroid gland (done for example because
of a goitre or tumour of the gland) since the parathyroid glands are so
closely associated with the thyroid that they may all be removed
accidentally.
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The various effects of parathormoen have been difficult to elucidate
and until recently the changes in bone were regarded as secondary to
the low blood phosphate caused by increased renal excretion of phos-
phate. That the hormone does have a direct effect on bone is shown by
the fact that osteoclasts appear and erosion of bone occurs when the
hormone is added to bone isolated and growing in tissue culture. That
the hormone has a direct renal effect has been demonstrated by in-
jecting the hormone into one renal artery and collecting the urine from
the two kidneys separately for analysis of phosphate. If this is done
then it is found that the kidney receiving an injection of parathormone
into the renal artery produces a urine with a higher phosphate content
than the opposite kidney.

Thyrocalcitonin

It has often seemed remarkable that the fine regulation of the calcium
concentration in blood can be achieved by means of a single hormone,
parathormone. If the amount of calcium is artificially lowered by
injecting a calcium binding agent into the blood of a mammal this is
followed by a gradual return of calcium concentration to normal levels;
this is due to the mobilization of parathormone secretion which frees
calcium from the bones. But there is no temporary overshoot of calcium
concentration above normal levels as one might expect if a single
hormone were involved in the regulation of calcium. This and other
observations gave rise to speculation that there must be some other
factor acting as a hypocalcaemic agent to oppose the hypercalcaemic
action of parathormone. In 1962 a worker called Copp described the
presence of a fast-acting hypocalcaemic factor leaving the parathyroid
glands when these were perfused with blood outside the body. The
blood perfusing the glands was enriched with calcium artificially and
when this blood had perfused the isolated glands and returned to the
experimental animal it caused a rapid fall of the concentration of
calcium in the blood of the animal (fig. 283).

We can visualize the regulation of the calcium content of blood as
being the result of the action of two hormones having opposing effects.
Parathormone can raise the calcium concentration of blood by mobiliz-
ing the ion from bone. Calcitonin reduces the calcium concentration
of blood, probably by increasing the uptake of calcium from the blood
by bones. Which of these two hormones is secreted into the blood
depends on the calcium content of blood.

Because the parathyroid glands are small and do not have a discrete
blood supply distinguishable from that to the thyroid gland Copp
perfused thyroid tissue in which the parathyroid glands were embedded.
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Fig. 283. Diagram representing the technique used by Copp when he demonstrated tha
the parathyroids in addition to producing parathormone also release a fast-acting
hypocalcaemic factor into the circulation (calcitonin). Parathyroid tissue is dissected
from a dog and placed in a warm moist chamber as shown. This tissue is perfused
with blood from the reservoir and the calcium content of the blood can be arti-
ficially increased or decreased. Blood leaving the isolated parathyroid glands is
then passed into the vein of a dog and its effect on the calcium content of the circu-
lating blood of the dog can be measured after taking a blood sample (sampling
illustrated). When the calcium content of blood perfusing the isolated glands was
raised above normal levels then the blood draining the glands caused a fall in the
calcium content of the blood of the recipient dog.



646 MUSCLES AND THE SKELETON

He assumed that the hormone calcitonin arose in the parathyroid glands.
later work has shown that calcitonin comes not from parathyroid
glands but from the thyroid itself. The hormone has thus been renamed
thyrocalcitonin.

Vitamin D and calcium metabolism. The role of vitamin D in the metab-
olism of calcium has already been discussed on p. 417. Summarizing,
the role of the vitamin is to ensure that the total amount of calcium and
phosphate ions in the internal environment is adequate to maintain
bone formation. This it does by increasing the absorption of these
substances from the intestine and reducing the losses by the kidneys.
When the supplies of the vitamin are inadequate there is a progressive
fall in the body content of both calcium and phosphate since there is
a failure to absorb and retain these elements. The falling concentration
of calcium in the blood stimulates the parathyroid gland to produce
more parathormone and the blood levels of calcium are maintained at
the expense of demineralization of bone.

In the normal animal parathormone and vitamin D act together in
homeostasis on the important e¢lement calcium.
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Chorion, 545
Christmas factor, 216, 219
Chromatin, 26
Chromophile substance, 25
Chromophores, 318
Chromosomes,
abnormal, in man, 45
abnormality in Down’s syndrome,
54
Barr bodies, 52
composition, and cancer, 57
crossing over, 41
deletion, 55
DNA of, 138
homologous, 32
Kleinfelter’s syndrome, 48

149,
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Chromosomes— continued
mongolism, 53
non-disjunction, 46
number, conservation, 35
sex, 42

Chyme, 387

Chymotrypsinogen, 389

Ciliary body, 313

Ciliary ganglion, 309

Ciliary muscles, 324

Circulation at cellular level, 198
in foetus, 556

Circulatory system, 197-240
adaptation, 231

to stress, 233

Citric acid cycle, 429

Citrulline, 516

Clonal selection theory, 571

Cobalt, 366

Cochlea, 333, 336

Coenzymes, 154, 429

Collagen,
fibres, 185
of bone, 632

Collecting ducts, in kidney, 498

Colloids, 4
diffusion rate, 4
lyophilic, 11
properties, 6-9

Colon, 397

Colostrum, and antibodies, 559

Colour vision, 321
biochemical basis, 318

Conduction, in nerves, 287

Cones, in retina, 316

Conjunctiva, 312

Connecting neurone, 278

Connective tissue, 183189
areolar, 183, 185

functions, 187
classification, 188
skeletal, 189
vascular, 188

Consanguinity, 70

Convoluted tubule, 497

Cooley’s anaemia, 77

Copper, dietary, 366

Cornea, 314

Corona radiata, 528

Corpora quadrigemina, 303

Corpus callosum, 295

Corpus luteum, 539

Corpus striatum, and instinct, 299

Cortisol, 254
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Cortisone, 254
action on DNA, 271
and blood sugar regulation, 263
mechanism of action, 267
Countercurrent multiplication, in
kidney, 500
Cowpox, 586
Creatine, 621
Creatine phosphate, 621
Cretinism, 249
endemic, 367
Crista acoustica, 338
Crossing over in meiosis, 41
Crura cerebri, 304
Crystalloids, diffusion rate, 4
Curare, 609
Cushing’s disease, 260
Cyanocobalamin, 412
Cytochromes, 437
Cytoplasm, 3

Defaecation, 397
Defence mechanisms, 561
Dendrites, 180
Dentine, 369
Dentition, 369
in dog, 374
in rabbit, 375
in sheep, 372
variations in, 371
Deoxyribonucleic acid, 68, 121
action of cortisone on, 271
activation, 142
protein synthesis control by, 125
secondary structure, 122
Depolarization of membranes, 289
Dermis, 191
Development, of fertilized egg, 544
Dextrin, 93
Diabetes mellitus, 266
Diaphragm, 476
Diarthrodial joints, 638
Dicoumarin and blood clotting, 216
Diencephalon, 301
Diet, 348-368
Diet, calorific value, 348, 351
Di-George’s syndrome, 576
Differentiation
and multicellular organization, 162
cellular, 136
Diffusion,
electrical gradients and, 22
of respiratory gases, 474
through membranes, 19-22
Digestion, principle of, 376

INDEX

Diphosphopyridine nucleotide, 622
Diphtheria, 592
Disaccharides, 80, 88-91
Disease,

genetically determined, prevention

and treatment, 72
inherited, 60
treatment, 74

Displacement activity, 300
Diuresis, 502
Diving mammals and respiration, 483
DNA, see Deoxyribonucleic acid.
Dog, dentition, 374
Dorsal root, of nerve, 272
Douglas bag, 456
Down’s syndrome, see Mongolism.
Drugs, inherited susceptibility to, 75
Ductus arteriosus, 557
Duodenum, 388
Dura mater, of brain, 291

Ear, 333-341
basilar membrane, 338
cochlea, 333, 336
incus, 335
inner, 336
labyrinth, 336
malleus, 335
middle, 335
ossicles, 335
scala vestibuli, 336
semicircular canals, 338
stapes, 335
Ecology, 345
Ectoderm, 545
Elastic fibres, 184
Electrochemical gradients and dif-
fusion, 22
Electrolytes, 8
control, and aldosterone, 504
Electron microscope, 12, 13
Electron transfer system, 429, 436
Embryology, 544
Emulsions, 98
Enamel, tooth, 368
Endochondral ossification, 633
Endocrine system, 241-273
Endoderm, 545
Endolymph, 337
Endopeptidases, 386, 389
Endoplasmic reticulum, 16
Endothelia, 168
Energy
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Energy—continued
exchange, 445-468
regulation of, 460
expenditure during activity, 458
forms, 445
free, decrease of, 145
regulation and exchange, 460
release from fat, 442
sources, 421, 435, 445
transformation, 445
Energy-rich bonds, 423
Enterogastrone, 387
Enterokinase, 389
Entropy, 145
Environment, constancy of, 238
and reproduction, 542
Enzymes, 143-157
activating proteins, 130
activity, effect of high tempera-
tures, 151
apo- and co-enzymes, |54
carbohydrate-digesting, 391
classification, 154
comparison with catalysts,
154
deficiency, inherited, 43
definition, 154
fat-digesting, 391
gene activity regulation by, 139
induction and repression, 139
pancreatic, 389
protein digesting, 389
specificity, 153, 155
Epidermis, 190
Epididymis, 519, 521
Epithelia, 165-172
origin, 167
simple, 168
Erepsin, 391
Erythrocytes, 201
carriage of oxygen, 202
Eugenics, 72
Eustachian tube, 334
Excretion, 486
Exercise, effect on muscle, 625
Exopeptidases, 390
Extrapyramidal tract, 298
Eye, 312-318
accommodation, 324
defects, 330
herbivore, 326
nocturnal, 329
passage of light through, 314
retina, 313, 315

149,
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Eye—continued
size and visual acuity, 325
structure, 312
tapetum, 330

Faeces, water loss in, 357
Fallopian tube, 526
Far sight, 330
Fats, 96
absorption, 393
cells, 187
dietary, 354
energy release from, 442
metabolism, 402
relationship to carbohydrate
metabolism, 443
oxidation, estimation of, 449
role, 98
test for, 98
Fatty acids, fat stores and blood
content, 463
Fehling’s test, 80
Fenestra rotunda and ovalis, 335
Fertilization, 35
Fertilized egg, and development, 544
Fibres,
collagen, 185
elastic, 184
reticular, 185
Fibrin, 564
Fibrinogen, 564
Fibroblasts, 186, 627
Fibrosis, cystic, 60
Fixator, 602

Flying in aircraft, physiological
aspects, 482
Foetus,
circulation, and modifications at
birth, 556

physiology, 553-559
respiration, 554
Folic acid, 413

Follicle-stimulating hormone, 534,
7
Food,
absorption from alimentary canal,
392
chains, 345

intake, regulation, 461464

oxidation, 424, 428

protein content, 351
Foramen ovale, 556
Fore-brain, 295
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Fovea, 318
Fructose, 85, 430

INDEX

Galactosaemia, 74
Gall bladder, 392
Gametes, 35
Gametogenesis, 527
Gamma globulins, 579
Gastric
glands, 380
juice, 384
secretion, 3&4
Gastrin, 386
Gels, 7
Genes, 33
activity, effect of histones, 137
effect of hormones, 139
regulation, 137
combinations, 34
dominant and recessive, 33
diseases due to, 60
regulator, 140
Genetic code for messenger RNA,
126
Genetic counselling, 72, 75, 78
Gestation period, 552
Gland,
adrenal, 226
gastric, 382
mammary, 529
parathyroid, 590
pituitary, 242
prostate, 494
salivary, 379
scent, 170
thyroid, 246
Globulins, 102
anti-haemophilic, 216
gamma, 579
Glomerulus, 488
Glucocorticoid hormones, 254
regulation of blood sugar, 264
Gluconeogenesis, 262
Glucose, 86
absorption, 395
blood concentration during fasting,
463
oxidation, 428
reabsorption by kidney, 496
Glucose-6-phosphate, 622
Glucose-6-phosphate dehydrogenase
deficiency, 44
Glycine, 102
Glycogen, 94
breakdown in muscle, 621

Glycolysis, 428, 429
Goitre, 149, 151

simple, 367
Golgi apparatus, 25
Gonadotrophic hormones, 533
Gonadotrophin, chorionic, 555
Gonads,

female, 524

male, 519
Graafian follicle, 525, 527
Granulocytes,

acidophil, 213

basophil, 213

nuetrophil, 213
Gubernaculum, 519
Gut, structure of, 377

Haemoglobin, 203
abnormal, 63
and carriage of carbon dioxide,
220
and carriage of oxygen, 203
muscle, 626
Haemophilia, 216
Haversian system of bone, 630
Hearing apparatus,
structure of, 334
mechanism of, 333
Heart,
A-V node, 228
beat, regulation, 226
muscle, 178
output, and cardiac muscle, 232
pace-maker, 226
Purkinje fibres, 228
rate, regulation, 231
S-A node, 226
structure, 226
Heat loss, 465
Helicotrema, 336
Helix, double, 122
Henderson-Hasselbach equation, 511
Henle, loop of, 489
Heparin
Herbivore,
alimentary tract in, 397
eyein, 326
Hering-Breuer reflex, 478
Hexokinase, 430
Hexoses, 85
Hind-brain, 304
Histones, role in regulation of gene
activity, 137
Homoiothermy, 192
Hormones, 241 ; see /sounder names
of individual hormones.



INDEX

Hormones—continued
and reproduction in female, 536
and reproduction in male, 533
and stress, 255
gene activity modulated by, 137
mode of action, 267
role in temperature
468
Humour, aqueous, 312
vitreous, 312
Huntington’s chorea, 61
Hyaline cartilage, 627
Hydrochloric acid, gastric secretion
of, 385
Hydrogen ion concentration, 509
Hydrogen ions, effects of intro-
duction into blood, 513
Hypersensitivity, delayed, 582
Hypothalamus, 195, 303
and feeding, 461
and osmoreceptors, 503
and temperature regulation, 195

regulation,

lleum, 388
Immune reactions, nature of, 575
Immunity, 561-598

active, 581

cell mediated, 582

instructive theory, 571

passive, 581

role of thymus, 569
Immunization, 584-598

schedules, 596
Immunoglobulins, 579
Implantation of zygote, 544
Impulse, nerve, 277-289

conduction of, 284

and membrane potential, 285
Incus, 335
Inflammation, 562

cause, 565
Inheritance, sex linked, 42
Insertion, of muscles, 600
Instinct, and corpus striatum, 299
Insulin, 108, 111

action on fat and protein meta-

bolism, 266

and cell membrane, 267

regulation of blood sugar, 264
Intelligence, 299
Interphase, 31, 38
Intersexuality, 50
Interstitial tissue, 521
Intestine, large, structure and func-

tions, 395
polyposis, 61
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Intestine—continued
small, 387
digestive secretions, 391
movements, 395
Intrinsic factor, 384, 412
Inulin, 95, 494
Iodine, 367
Todopsin, 319
Iron requirements, 364
Islets of Langerhans, 265
Isomerism, 81
Isometric contraction, 600
Isotonic contraction, 600
Isotropic (I) band, 614

Jaundice, acholuric, 61
Jejunum, 388
Jenner, Edward, and vaccination,
585
Joints, 637
diarthrodial, 638
synarthrodial, 637

Juxtaglomerular apparatus, 506

Karyotype, 46
Keratin, 166
Ketoses, 85
Kidney,
and acid-base balance, 508
excretion by, 487
function, investigation of, 493
glomerulus, 488
hilum, 487
nephron, 488
solute reabsorption in, 494
structure, 487
tubules, and homeostasis, 492
and urine formation, 492
water regulation, 497
Klinefelter’s syndrome, 48, 53
Knee jerk reflex, 278, 610
Krebs’ cycle, 429, 435
Kupfer cells, 401
Kymograph, 606

Labyrinth, membranous, 336
Lactation, 559
Lactic acid
and oxygen debt, 624
formation, 621
Lactogenic hormone, 559
Lamellae, of bone, 630
Langhans cells, 550
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Lanoline, 100
Larynx, 471
Lecithin, 100
Leiberkuhn, crypts of, 385
Lens, 312
Leucine, 349, 105
Leucocytes, 213
polymorphonuclear, 23
Leukaemia, 58
Leydig cell, 534
Light, effect on chromophore, 320
Lipase, pancreatic, 391
Lipids, 96-101
metabolism in foetus, 555
Liver,
and detoxification, 402
function, 401
histology, 399
reticulo-endothelial system, 402
structure, 399
Long sight, 331
Loop of Henlé, 498
Lungs, 472-474
alveoli, 473
bronchi, 472
capacity, 477
in diving mammals, 484
Luteinizing hormone, 534, 537
Lymph, 234
nodes, 235, 571
Lymphatic system, 234-238
and drainage of tissue fluid, 200
Lymphocytes, 211, 236, 572, 577
and cell-mediated immunity, 582
Lyon hypothesis, 52
Lysine, 349 105
Lysins, 579
Lysosomes, 26
Lysozyme, 562

Macrophages, 23, 186, 562

Macula densa, 508

Macula, of utricle, 339

Magnesium, sources and

ments, 363

Malleus, 335

Malonic acid, 150

Malpighian corpuscle, 488
layer, 190

Maltose, 89

Mammals, evolution, 238

Mammary glands, 559

Mannitol, 494

Marathon running, and muscle meta-

bolism, 625

require-

INDEX

Marey’s law of the heart, 232, 233
Margarine, 97
Marriage, consanguineous, 70
Mass action, law of, 147, 511
Mast cells, 186
Mastication, 380
Mating season, 512
Medulla oblongata, 304
Megakaryocyte, 213
Meiosis, 35

crossing over, 41

in gametogenesis, 497

stages, 36
Meissner’s corpuscle, 192
Melanin, 187
Membranes,

active transport across, 22

diffusion, 19-22

potential, and muscle action, 618
Membranous labyrinth, 336
Menstrual cycle, 536, 537, 541
Menstruation, 541
Mesencephalon, 303
Mesenchyme cells, 186
Mesoderm, 545
Mesothelia, 168
Metabolic rate,

basal, 446

factors affecting, 453
Metaphase, 29, 38
Metencephalon, 304
Microscope, 12, 13
Microsomes, 17
Microvilli, 550
Micturition, 488
Mid-brain, 303
Milk, secretion, 559
Millon’s test for protein, 118
Mineral salts, dietary requirements,
359

Mineralocorticoid hormones, 256
Mitochondria, 16, 25

and oxidation, 439
Mitosis, 27-32
Molecules, activation, 145
Mongolism, 53, 71

translocation, 57
Mongols, characteristics, 53, 54
Monocytes, 211, 564
Monosaccharides, 80--88

role, 88

. Morula, 544

Motor end plate, 176, 608
Motor neurones, 612
Motor unit, 606
Mountain sickness, 481
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Mouse, gestation period, 552
Mouth, 379
Muscle,

action, 599-606

activity, and membrane potential,

spontaneous, 618
attachments, 599
cardiac, 178, 228, 229
ciliary, 324
contraction, isometric, 600
isotonic, 600
molecular basis, 613
twitch, 606
effect of exercise on, 625
group action, 604
haemoglobin, 626
innervation, 604
mechanical response to nervous
stimulation, 606
metabolism, 613
phosphate bonds in, 620
reflexes, 609
smooth, 175, 618
spindle, 612
striated, 172
contraction, 617
summation, 608
tetanus, 608
tissue, 172-179
Muscular dystrophy, 76
Mutagens, 63

chemical, 68
Mutations, 63

effect of environmental agents, 66
Myelin, 181
Myofibril, 174, 614
Myoglobin, 484
Myometrium, 526
Myosin, 615
Myotomes, 277
Myxoedema, 249

Nephron, 488

Nerves, sensory, 612

Nervous system, 274-341
and temperature regulation, 467
autonomic, 275, 303, 305-312
brain, parts of, 293-305
central, 275, 291-305
impulse, 277, 283, 287
motor system, 275
node of Ranvier and conduction,

289

parasympathetic, 309
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Nervous system—continued
receptor cells, 277, 281
reflex arc, 276-291
spinal cord, 291
sympathetic, 307
synapse, 277, 289
visceral efferent system, 275
Nervous tissue, 179-182
Neural tube, development of, 322
Neurilemma, 180
Neuroglia, 180
Neuromuscular transmission, 608
Neurone, 180
damage to, 182
motor, 180, 279, 612
regeneration, 182
sensory, 277
Nicotinamide, 410
Nicotinamide-adenine dinucleotide,
429, 430
Nicotinic acid, 410
Night blindness
deficiency, 405
Nissl granules, 180
Nitrogen balance, 353
Noradrenaline, 252
role in thermoregulation, 468
Nucleic acids, types, 121
DNA, 121-122
and cellular differentiation, 136
and genetic code, 126-129
and nucleohistones, 138
and nucleoprotamines, 138
effect of hormones on, 139
evidence for control of protein
synthesis, 125
secondary structure of (Watson
Crick model), 123
translation process, 130, 132
RNA, 121-122
messenger, 122
polymerase, 141
transfer, 131
Nucleohistones, role in regulation of
gene activity, 137
Nucleoproteins, 118-142
Nucleotides, 119
Nucleus, 4, 26-32
influence on cell size, 164
Nutrition, 345-420

and vitamin A

Oesophagus, 379, 380
Oestradiol, 524, 537
Oestrogen, 256, 555
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Oestrous cycle, 536, 537
and pregnancy, 541
follicular phase, 539
luteal phase, 539
secretory phase, 540
Oestrus, 536
Omasum, 398
Oocytes, 527
Oogenesis, 527
Oogonium, 528
Opsonins, 565
Optic cup, development of, 323
Optical activity, investigation, 83
Organ of Corti, 338
Orientation,
mechanism for, 338
role of body contact, 341
role of eyes, 340
Ornithine cycle, 516
Osazones, 90
Osmoreceptors, 502
Ossein, 632
Ossicles, 335
Ossification, endochondrial, 632
Osteoblasts, 629
Osteoclasts, 629
Osteomalacia, 420
Otolith organs, 339
Ovary, 524
Oviduct, 526
Oxidation,
and electron transfer, 429
biological, 424
glucose, 428
Oxygen,
carriage by erythrocytes, 202
debt, 624
dissociation curve of haemoglobin,
203
lack, effects, 481
partial pressure in lungs, 477
Oxyhaemoglobin, 203
Oxyntic cells, 382
Oxytocin, 559

Pancreas,
enzymes, 389
fibrocystic disease, 60
secretion, 388
structure, 388
Pancreozymin, 388
Pantothenic acid, 411
Paramoecium, 161
Parasympathetic
309

nervous system,

INDEX

Parathyroid gland,
actions, 642
and calcium metabolism, 641
Parathyroid hormone, 642
Paratyphoid fever, 591
Parturition, 559
Pasteur,
and immunization, 587
rabies vaccine, 588
Pavlov, Ivan, 280
Pellagra, 410
Penis, 524
Pentoses, 84
Pepsin, 386
Peptide link, 104
Perichondrium, 627, 633
Perimysium, 599
Periodontal membrane, 369
Periosteum, 635
Peristalsis, 395
pH value, 509
Phagocytosis, 23, 564
Pharynx, 471
Phenylalanine, 61
Phenylketonuria, 60
Phosphate,
bonds, energy-rich, in muscle, 620
buffer, 514
Phospholipids, 99
Phosphorylase, action of adrenaline
on, 270
Pia mater, 292
Pigmein*,
bile, 392, 402
cells, 187
respiratory, 206
Pinna, 335
Pinocytosis, 23
Pituitary gland, 242-246
anterior lobe, 243
posterior lobe, 246
Placenta, 240, 543
and foetal metabolism, 553
endocrine function, 555
types, 548-552
types of union with uterine wall,
548

Plasma,
cells, 186
membrane, 18
Platelets, blood, 213
Pleura, 474
Poikilothermy, 192
Poisons, detoxification by liver, 402
Polarimeter, 83
Polymorphs, 564
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Polyps, intestinal, hereditary, 61
Polysaccharides, 80, 91-95
Porphyria, 61
Post-ganglionic fibre, 307-8
Potassium,
distribution and functions, 362
regulation by aldosterone, 504
Precipitins, 578
Pre-ganglionic fibre, 307-8
Pregnancy, 541
Progesterone, 539, 540, 555
Prophase, 27, 36
Proprioceptors, 609-613
Prostate gland, 524
Protein, 101-142
absorption, 395
and genes, 129
chain, primary structure, 107
structure, determination, 109-118
content of common foodstuffs,
351
denaturation, 117
dietary, 349
Proteins, enzymes activating, 130
metabolism, 401
estimation of, 447
in foetus, 555
relationship to carbohydrate
metabolism, 441
role, 118
structure, quaternary, 117
secondary, 113
tertiary, 115
synthesis, 103, 124
transfer process, 132
tests for, 118
translation process, 130
Prothrombin, 215
conversion to thrombin, 216
Protoplasm, 3
colloidal nature, 10
composition, 11
microscopic examination, 12
ultramicroscopic structure, 15
Pteroylglutamic acid, 413
Ptyalin, 93, 379
Purkinje fibres, 228
Puromycin, 139
Pyloric stenosis, congenital, 74
Pyramidal tract, 304
Pyramidines, 120
Pyridoxine, 411
Pyruvic acid, and glycolysis, 432
and Krebs’ cycle, 435
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Rabbit, dentition, 375
Rabies vaccine, 588
Radiation, effect on mutation, 66
Ramped retina, 298
Ramus communicans, 307
Reaction,
activation of, 144
rate, catalysis and, 147
effect of temperature, 147
factors affecting, 146
Receptor cells, 277, 281
Rectum, 397
Red blood cells, 201
Reflex,
arc, 276-291
conditioned, 280
Hering-Breuer, 478
knee-jerk, 278
muscular, 609
stretch, 609
Refractory period, 289
Reissner’s membrane, 337
Renin, 508
Rennin, 387
Reproduction, 519-560
and hormones, 533, 536
and the environment, 542
physiology of, 533-543
Reproductive system,
female, 524-526
male, 519-524
Respiration, 469-485
breathing, 469
chemical control, 479
in diving mammals, 483
in foetus, 554
in mammals, 470
mechanism of, 474
movements, control of, 477
regulation, 440
tissue (internal), 421-444
Respiratory centre, 478
Respiratory quotient, 450
Respiratory system, structure in
man, 470
Respiratory tract, upper, 470
Respirometer, Max Planck, 456
Reticular fibres, 185
Reticulo-endothelial system in liver,
402
Reticulum, 398
endoplasmic, 16, 614
Retina, 313, 315
inverted, 321
rods and cones, 315, 316
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Rhesus factor, 209
Rhodopsin, 319
Rib, 475
Riboflavin, 409
Ribonucleic acid, 121
messenger, genetic code for, 126
transfer, 131
Ribosomes, 17, 26, 132
Rickets, 417, 419
RNA, see Ribonucleic acid.
Rubella, immunization against, 597
Rumen, 398

Sacculus, 334
Saliva, 379
Salivary glands, 379
Sarcolemma, 613
Sarcoplasm, 173
Scala media, 336
Scala tympani, 336
Scala vestibuli, 336
Sclera, 313
Scrotum, 519
Scurvy, 415
Seals, breathing in, 484
Secretin, 388
Semen, 524
Semicircular canals, 338
Seminiferous tubules, 520, 521
Sensory function of cerebral cortex,
297
Sensory neurone, 277
Sertoli cells, 523
Sex,
chromatin, 52
chromosomes, 42
anomalies, 48
cycles, 537
determination, 42
hormones, 256
linked inheritance, 42
Sharpey’s fibres, 631
Sheep, dentition, 372
Short sightedness, 331
Sign stimulus, 300
Skeletal system, 626-646
Skeleton,
general functions, 626
structure, 627
Skin,
function, 191
structure, 190
Slimming and diets, 353
Small intestine, 387
and adsorption, 392-5
secretions of, 391
structure, 388

INDEX

Smallpox vaccination, 585
Sodium,
functions and distribution, 361
pump, 284, 498
reabsorption by kidney, 496
regulation by aldosterone, 504
requirements and sources, 362
Sols, 7
Spermatogenesis, 530
Spermatogonium, 530
Spermatozoa, 523, 530
Spherocytosis, hereditary, 61
Spike potential, 286
Spinal cord, 291
Spirometer, 449
Squamous cell, 170
Stapes, 335
Starch, 91
Stem-cells, 571
Stereoisomers, 82
Sterols, 100
Stimulus, 281
Stomach, 381
digestion in, 386
histology, 382
movements and emptying, 387
secretion, 384
Stretch reflex, 609
Stress,
action: of hormones in, 255
circulatory adaption to, 233
Subarachnoid space, 292
Sucrose, 89
Sugar level in blood, control, 262
Swallowing, 380
Sweat, 466
Sweating, 194
Sympathetic nervous system, 307
coeliac ganglion, 309
ganglia, 308
Synapse, 277, 289
Synarthrodial joints, 637
Synergist, 604

T.A.B. vaccine, 591
Tapetum, 330
Tectorial membrane, 336
Tectum, 302
Teeth,
and food, 368
cement, 369
development, 369
structure, 368
Telencephalon, 295
Telophase, 31, 38
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Temperature, see also Body tem-
perature.
environmental, effect on
metabolic rate, 455
regulation, 192
Tendon, insertion in bone, 600
Testes, 519, 520
Testosterone, 534
Tetanus, 230, 592
immunization, 593
of muscle, 608
Thalamencephalon, 301
Thalamus, 302
Thalassaemia, 77
Thiamine, 406
Thiamine hydrochloride, 406, 408
Thoracic sympathetic ganglia, 309
Thorax, wall of, 475

basal

Threshold stimulus and receptor
cell, 281

Thrombin, prothrombin conversion
to, 216

Thromboplastins, 216
Thymus and immunity, 569
Thyrocalcitonin, 644
Thyroid gland, 246-252
cretinism, 249
myxoedema, 249
simple goitre, 251
thyrotoxicosis, 249
Thyroxine, 247
role in thermoregulation, 468
Tissue, 161-196
connective, 183-189
epithelial, 165-172
fluid, circulation, 199
formation and composition, 198
muscular, 172-179
nervous, 179-182
respiration, 421-444
Tongue, 380
Tooth, 368
Toxins and toxoids as vaccines, 592
Toxoids, 594
Trace elements in food, 363
Trachea, 472
Tricarboxylic acid cycle, 435
Tri-iodothyronin, 251
Triplet code, 127
Trophoblast, 544, 550
Trypsin, 389
Trypsinogen, 389
Tryptophane, 105, 350
Tubocurare, 608
Tubules,
kidney, 488
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Tubules—continued
seminiferous, 519

Tunica albuginea, 520

Turner’s syndrome, 49, 53

Tympanum, 335

Typhoid fever, 590

Tyrosine, 105, 350

Umbilical blood vessels, 556
Umbilicus, 556
Uracil, 125
Urea, 516
and ornithine cycle, 516
Ureter, 487
Urethra, 523
Uric acid, 517
Urine,
concentration, mechanism of, 498
constituents and their origin, 516
formation of, 490-501
water loss in, 357
Uterus, 526
Utricle, 338
Utriculus, 334

Vaccination, 584
Vaccines from filtrates, 592
Vagina, 526
Valine, 105, 350
Variolation, 585
Vas deferens, 523
Vasoconstriction, 194, 232
Vasodilatation, 194, 222, 232
Vasomotor centre, 232
Veins, 224
Ventral root, of nerve, 278
Ventricle, of heart, 226
Villi, of alimentary canal, 395
Visceral nerves, 275
Vision,

acuity, 325

colour, 318

defects, 330

mechanism of, 318-333

nocturnal, 329
Vitamins, 403-420

A, 404

aneurine, 406

B,, 406

B,, 409
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Vitamins—continued
Bg, 411
B,., 412
C, 415
classification, 403
cyanocobalamin, 412
D, 417
and calcium metabolism, 646
E, 420
fat-soluble, 403
folic acid, 413
K, 215, 420
metabolism, 402
nicotinic acid, 410
pantothenic acid, 411
pyridoxine, 411
riboflavin, 409"
thiamine, 406, 408
water-soluble, 403
Vocal cords, 472
Volkmann, canals of, 631

INDEX

Woater,
balance, regulation, 357
body losses, 356
requirements, 355
Waxes, 100
Whales, breathing in, 483
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This is a physiology book with a difference, designed to fill
the gap between ‘O’ level G.C.E. and the medical treatise.

In describing how mammals work, reference is made both to
man and many other mammals, and function is carefully
explained in simple physico-chemical terms wherever possible.
Biological principles are stressed and the fields of bio-
chemistry, anatomy, histology, cytology, genetics, chemistry,
physics, and medicine are drawn upon to give a complete
picture of the mammal as an adaptable, highly tuned organism.

The book describes all the organ systems of the mammal and
also gives details of such topics as vitamins, defence, protoplasm,
enzymes, and tissue respiration. The book is illustrated by many
line drawings and functional diagrams, all of which have been
specially drawn,

The needs of the students who have to work without a
specialist teacher have been considered and the book should
take them through G.C.E. ‘A’ level and ‘S’ level and beyond

in this part of the syltabus. It is eminently suitabie for the early
stages of University Degree Courses in Zoology, Physiology,
Pharmacy, Veterinary Surgery, Dentistry, and Medicine and
for college students who intend to teach Biology or Physical
Education.

The last edition was an extensive revision which allowed the
incorporation of some molecular biology and some applied
biology, particularly in the field of energy exchange. The new
edition has continued this trend towards the application of
biological science to human situations, by introducing more
human genetics into chapter 1, coiour vision into chapter 7 and
by an entirely new chapter on immunity.
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