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PREFACE

To wrnie a book about the endocrine glands 1s to aim at a
moving target between wrting and publication 1t 1s probable that
some part of such a book will become out of date It has not
however been the aim of the writer to achieve a  stop press
effect but rather to present the facts and theories which are at
present engaging the attention of those who are especially inter-
ested m the function of the endocrne glands

The sndividual facts and the reasoming of endocrine physiology
are not difficult to understand The problem which faces the
author 1s one of presentation to make a Iucid statement of that
which 1s known and that which today seems probable At the
same time m the course of systematic description 1t 1s essential
to mdicate the hmits of present day knowledge with the result
that this book has come to contain many references to our mncom
plete understanding of the subject

Perhaps more than any other aspect of physiology the function
of the endocrine glands 1s indebted to the study of discase How
ever thus book 1s wrntten for those pnimanly mterested m physt
ology and while the knowledge gamed from clinical endocrinology
1s freely used lengthy descriptions of diseases have been omutted
Although the book 1s mntended for graduates as well as under

d the 1 of chinical med: has been largely sup
pressed so that those who are unfamiltar with the terminology of
disease will not find themselves at a loss

Apart from the knowledge derived from the study of disease
endocrnine physiology has been constructed on the foundation of
expernment  Many chapters and papers on the subject are based
upon lengthy descriptions of these expenments In the present
volume however the conclusions drawn from many such expen
ments have been mcorporated 1n the text but the current of sys
tematic description has not been nterrupted by detailed accounts
of expenmental procedures In keeping with this policy the
references at the end of each chapter will be found to contam only
certan selected papers no attempt has been made to support each
statement of the text by a senies of references Nevertheless at
the beginning of most of the lists of references will be found the
name of some outstanding monograph or book which gives full
references to the literature of the subject concerned
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Recent progress in the chemistry of endocrinology cannot be
overlooked and to assist in the under ding of this bewildering
aspect of the subject, an introductory chapter dealing with elemen
tary orgamtc chemustry has been wntten This chapter 1s self
contained and the continmty of the book as a whole will not be
lost by those who choose to omut 1t

In recent years the mterrelationship between the central nervous
system and the endocnine glands has occupied the attention of
many workers As a result, a chapter dealing with this aspect of
endocrine phystology has been mcluded Much of the work which
forms the basis of this chapter 1s appeanng m text book form for
the first time perhaps before 1t has received umiversal acceptance

Funally I wish to express my gratitude to those authors who
have allowed me to reproduce illustrations from their books I
am especially mdebted to Professor P O Bishop for the help and
encouragement he has given me and to Dr R A Melck who
has read the book 1n 1ts various stages and lent invaluable assist-
ance by his stimulating cnticssm  Dr R A Eade of the Umver
sity of Technology has generously helped with Chapter I and
Dr R I Cox with Chapter XIV for which I express my gratitude
T also wish to thank Mr Money of Sydney Hospital who has been
responsible for photographing many of the illustrations Finally
throughout the production of this book, I have received every
possible assistance from the publishers

Macquarnie Street Peter F Hall
SYDNEY
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INTRODUCTION

The compleuity attaned by the vertebrate body has brought
with 1t a need for wtegrating mechamsms responsible for the
co-ordinate actvity of its several parts  This need has been
answered by the evolution of two systems—the nervous system
and a constellation of endocrine glands  The nervous system has
made use of filamentous processes by means of which it exerts
its influence upon distant parts The endocrme glands on the
other hand have elaborated certain chemucal structures which
affect the tissues of the body to which they are transported in the
blood

The essential charactenistic of a gland 1s tts capacity to secrete
and an endocrine gland 15 one which delners 1ts secretion mto
the blood stream (endon within hrino 1 separate) The active
components of such endocrine secretions are called hormones
{hormao I arouse)

HORMONES

Although active chemtcal compounds analogous to the hormones
of man exist 1 the blood of imvertebrate ammals little 1s Anown
of therr structure and activity Hormones of the type which form
the basis of this book are confined to vertebrates

CHEMISTRY The hormones of man are steroid amme protein
and ammno acid compounds (see Chapter II)  The steroids are
secreted by cells derived from mesoderm (adrenal cortex testis and
ovary) while amine amuno acid and protein hormones come from
glands which are derived either from ectoderm (adenchypophysts

neurohypophysis and adrenal medulla) or from endoderm (thy

rord parathyroid and pancreas) The chemical structure of steroid
hormones shows little vanation between substances which exert
widely different effects but the remamng hormones show hitle
in common chemically

SYNTHESIS In the final analysts httle 1s known about the syn

thesis of hormones 1 the body Cholesterol appears to be the
essential precursor of the steroid hormones and tyrosme 1s mport

ant m the production of thyroid hormone and of adrenalme Too
Inttle 1s known of the structure of the protein hormones to discuss
the steps by which they are produced within the body
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STORAGE AND RELEASE Hormones are produced withm the
endocrme cells and are generally released from these cells directly
mto the circulation However, m the case of the thyrod and to
some extent the ovary hormones are stored m speeial sacs where
they awart release mto the blood stream Some glands, like the
thyroid are capable of stonng considerable quantities of hormone
for long pertods while others such as the adrenal gland, store very
little hormone It 1s important to bear 1 mund that the hormone
content of an endocrine gland at a given moment 1s the outcome of
two processes—the rate of secretion and the rate of release of the
secretion mto circulation This 1s especially true of those glands
which are capable of storing large quantities of hormones If this
pomt be overlooked erroneous conclusions may be drawn from
certain expentmental data

The activity of glandular structures 1s frequently reflected by
histochemical changes withm the consttuent cells such as the
appearance of intracellular granules In the case of certain endoc-
nne glands (eg the adenohypophysns and the thyroid) these
changes constitute val of actwity,
whereas 1 other cases (eg the adrenal cortex) histochemical
changes within the cells are more difficult to nterpret
TRANSPORT AND INACTIVATION Oestrogens, thyroid hor-
mone and perhaps other hormones are carried 1n the blood bound
to protemn  Although the sigmificance oi this protemn bmdmg re-
mamns unknown 1t has been d that the of
hormones to large protemm molecules may decrease the urmnary
excretion of these compounds by nterfering with their passage 1nto
the glomerular filtrate In this way protemn binding may act as a
factor 1n hormone economy

There 1s some evidence to suggest that certan hormones do not
leave the endocrine cells mn their active form but are carred to
the tissues upon which they will act where they are chemucally
altered and thus rendered potent

Still more obscure i1s the fate of hormones after they have
exerted their specific effects It may be that they can be used
over and over agan lke catalysts Sometumes the parent glands
appear able to inactivate therr own hormones while on other
occasions the organs upon which a hormone acts are responstble
for this mnactivation In the case of the steroid sex hormenes
mactvation takes place 1 the Iiver, by the process of conjugation
(sce page xitt)

A number of hormones when njected into the body over long
penods late an T m the i as a
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result of which further snjections of the hormone sn question prove
wmactne This reactton appears to depend vpon the formation of
antihormones substances which can m some way antagomise the
action of the hormones concerned  Thrs form of wactnation
applies chiefly to crude preparations of myected protein hommones
What part such seactions play under physiological conditions 15
unLnovm but there 35 no reason to behitve thn anthormones
e 1n the normal org;

Ammarmoncs are assocrated with the a globulm fraction of the
surum protemn and they eahiit the immunological behaviour seen
foll the of proten Anuhormones are
speates speaific and munute amounts of these substances have
been recovered from certan untreated anumals
CONIUGATION Certam nssucs (notably the Iiver) are capable

of the between normal body
and certam sub which have resisted the usual
metabolic processes of the body This couphing serves as « defence
agamsl polcnnally hnrmrul substances and enables the body to
such ds o a physwlogcally mernt
state Thss process of coupling 1 cafled conpugation and 13 dus
trated by the unron of certaun amumo acds with toxie substances
for example the umon of glyane with benzore acid which gives
nse to hippunc aod ppune acd 15 relatively non toxie and 15
excreted m the unne

In addition to the removal of touc substances the body makes
use of the process of comjugation in order to mactivate and ehim-
mats cettam snbstances which are not harmful to the body when
prescm m ph For ple a number of

are ted 1 d form and this process pse
vents the accumulauon of an unwanted excess of these substances
C wnclude des and sulph Seme of
these compounds are esters others are ethers

Ths special of the word is freely used 10
the Iiterature of physiology—usually without strict defimtion Such
usage must be clearly distnguished from the use of the word
chemistry where 1t refers to the disposttion of double bonds
EXCRETION Only a small proportwn of an mjected hormone
can be recovered from the vnne and only runnte smounts of hor
mones ate found m wrine under physiologieal conditions ths
apphies to all hormones To what extent unnary concentrations of
hormones and their excretory prodi reflect the
of these harmones sn the blood 15 unknown For chagcal and

it
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some experimental purposes 1t 1s convenient to assume that the
concentration of certamn hormones and thesr metabolites mn urmne
1s a reflection of blood levels but this assumption may not always
be justified Some hormones (e g oestrogens) are excreted
small quantities mn faeces this excretion 1s partly biary and
partly intestinal

ACTION OF HORMONES

Hormones activate the rates of specific processes without con
tributing sigmficant amounts of energy or matter to the tissues
mvolved Their actions fall mto three groups—

1 Morphogenests This type of action includes growth meta
morphosis and sexual development

2 Integrauon of autonomic actnity and mstinctual patterns of
behaviour Ths 15 seen 1n the control of the sexual and maternal
mstuicts and m the responses of the sympathetic nervous system

3 Mamtenance of the mternal environment This function
mcludes the regulation of the disposition of food stuffs electrolytes
and water withm the body Included under this heading are the
responses of the body to stress (page 44) Hormones appear to
be regulatory n their actions and therefore require normal tissues
and enzyme systems before they can exert thewr specific effects

MECHANISM OF ACTION Lattle 1s known of the way in which
hormones produce their effects They may act as catalysts acceler-
ating reactions which would scarcely proceed 1 their absence
Agam 1t has been suggested that they act by ncreastng the local
concentration of certamn enzymes For example parathyrord hor
mone causes an mcrease in the alkaline phosphatase content of
bone Other examples of local changes m enzyme concentration
are known to follow the action of hormones but in some cases
the importance of such changes 1s difficult to assess

SYNERGISM AND ANTAGONISM Sometimes one hormone
may assist the action of another while 1t 15 antagomstic to that
of a third This syrergism may not nvolve every action of a
given hormone For example progesterone assists and extends the
action of oestradiol upon the breast (synergism), while in their
influence upon uterine motility the two hormones are antagonsstic
Such interrelattonships between varous hormones may account
for certain paradoxical effects observed dunng expenimental
studies For example a sudden falf in the concentration of oestro-
gens 1n the blood leads to end: 1al bleeding This bleeding may
be p ted by the 1on of p one
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but the sudden withdrawal of both hormones at the same time will
produce bleeding

The functional state of an endocrime gland may be mfluenced
by that of other glands for example, thyrord hormone stimulates
adrenocortical activity In the presence of prolonged overactivity
of the thyroid gland this stimulating effect of thyroid hormone
upon the adrenal cortex may produce evidence of cortical farlure
although the adrenal cortex 1s i fact overacting In other words
a dispanty may exist between the hormone requitements of the
moment and the capacity of a given endocrine gland to meet these
requirements

CONTROL OF ENDOCRINE ACTIVITY

Some hormones (eg thyroid hormone) appear to act upon
almost every cell of the body Others however select certan tis
sues for the site of their activities  The cells of these tissues are
known as the target cells and the tissues as target organs Some
tumes the target organ 1s an endocrine gland and when the principal
action of a hormone 1s to stimulate another endocrine gland it 1s
referred to as a trophie (or tropic} hormone The trophie hor
mones are secreted by the adenohypophysis 1t 1s this capaaity to

A Adenohypophysis
N Neurohypophysis

H  Hypothalamus

S Splanchmic Nerve

Fig 1 Diagram illustrating the neural control of the endocrine glands The
adenohypophysis 1s shown stimulating the target glands by means of it trophic
hormones The effect of the hormones secreted In response to trophic stimulation
1 exerted upon the nervous system and upon the adenohypophysis The influence
of the hvpathalamus wpon the functions of the adenohypophysis neurchypo

physis and adrenal medulta 13 also illustrated (see Chapter XN} (G W Harrix)



i Introduction

secrete such hormones that gives the adenohypophysts the role of
durector of the endocrne system (Fig 1)

It appears to be the case that the endocrme glands produce a
basal level of activity upon which there 1s superimposed a more
rapid rate of secretion when this 1s requred Sometimes this addi
tional activity represents an emergency mechamsm, brought mto
play to restore the internal equhbrizm of the body (eg the
secretion of adrenaline when the concentration of blood sugar falls
below a certain level) Such changes m activity may on the other
hand evolve gradually and debiberately as mn the secretion of sex
hormones during puberty

It will be seen (page 251) that good evidence supports the view
that the adenohypophysis 1s under the control of the nervous
system This control appears to be mediated throngh the hypothal-
amus In addition however the adenchypophysis 15 controlled by
hormones 1ts trophic secretions stimulate target glands to produce
hormones and these hormones themselves depress the secretion
of the troplic hormone concerned In this way a check 1s hept
upon the prtwtary 1n such a way that the hormones whose
secretion 1t stimulates, set a kit to the rate of their own produc-
tion (Fig 1)

So 1t can be seen that endocrine activity proceeds at various
levels ‘The nervous system, recewving mpulses from withm and
without the body controls the activity of the adenohypophysis
This gland accordingly stimulates the endocrine structures of the
next level by means of 1ts trophic hormones This stimulation calls
forth the production of hormones from the target glands which
themselves serve to depress the rate of secretion of trophic hor-
mones by the pituitary Finally the hormones produced act upon
their target organs and bring about specific changes

The effect of target glands upon the secretion of trophic hor-
mones by the pitmstary 15 rermmscent of the effect of exogenous
hormones It 15 a general rule of endocrine physiology that if a
hormone be admimstered to a normal ammal the endogenous
production of that same hormone 1s depressed For example
jections of testosterone depress the testicular secretron of this
hormone Such interplay between hormones and the glands by
which they are secreted makes for a stability and smooth integra-
tion of their actions which would not otherwise be possible

METHODS OF STUDY

Although 1n recent years new techmques have been mtroduced
into expenmental physiology which have greatly chinged the
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methods by which endocnme function 1s studwd much of our
knowledge of the glands of nternal secretion has been denived
from thrcc d 1 Lines of

1 Remorval of endocrine glands The carhest endocrmological
expeniments consisted of the removal of an endocnine gland and
the subscquent obscrvation of the eflects produced by this pro-
cedure Much has been learnt about the function of the testis the
thyrord and the pitwtary gland in this way For example the
importance of the anterior pitwitary gland 1n growth was first
clearly demonstrated by studying the effect of its removal in pup-
pes the hypophysectormsed ammals failed to reach the adult
proportions attaned by litter mates

2 Imjection of glandular extracts The mformation denved
from studies of amimals deprived of one or more endocrine glands
was strikingly confirmed and greatly elaborated by the use of
active extracts of these structures The capacity of testicular
extracts to reverse the effects of castration and the restitution of
normal health to animals deprived of thyroid tissue followmng the
admunistration of extracts of this gland are among the early ex
peniments which dlustrate the importance of this method of study

3 Study of disease Certain diseases may be looked upon as
ready made physiological expeniments from which much can be
learnt about the function of normal glands For example the
group of diseases called Cushing s syndrome presents the physiolo-
gist with the prcture of excessive adrenocortical actrvity

Since these three methods were first mtroduced into current
physiological practice great refinements have developed Purer
preparations of hormones more precise operative techmques and
more accurate knowledge of disease have contributed to a better
understanding of endocrine function However a great deal more
rematns to be leamt about the function of endocrine glands under

h These three hods of study 1ll
endocrine actvity under abnormal condittons from such expen-
ments only certamn aspects of normal function can be understood
For pl of cortisone affects the dis
tnbution of adipose tissue throughout the body (page 38) Thus
1s seen both during the use of cortisone n the treatment of certamn
diseases and 1 the condition called Cushings syndrome which
represents o morbid excess of this and allied steroid hormones
However the exact role of cortisone mn the normal metabolism of
fat 15 uncertam what effect phystological as opposed to expen
B
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secrete such hormones that gives the adenohypophysis the role of
director of the endocrine system (Fig 1)

It appears to be the case that the endocrine glands produce a
basal level of actiity upon which there 15 supenmposed a more
rapid rate of secretion when this 1s requered Sometimes this add-
tional activity represents an emergency mechanmism brought to
play to restore the mternal equlibnum of the body (eg the
secretion of adrenaline when the concentration of blood sugar falls
below a certau level) Such changes in activity may on the other
hand evolve gradually and dehberately, as in the secretion of sex
hormones during puberty

It will be seen (page 251) that good evidence supports the view
that the adenohypophysis 1s under the control of the nervous
system This control appears to be mediated through the hypothal-
amus In add s the adenohypopt 15 lled by
hormones 1ts trophic secretions stimulate target glands to produce
hormones and these hormones tt lves depress the
of the trophic hormone concerned In this way a check 1s kept
upon the pitutary m such a way that the hormones whose
secretion 1t stumulates set a humit to the rate of thetr own produc-
tion (Fig 1)

So 1t can be seen that endocrine activity proceeds at vanous
levels The nervous system recewing impulses from withn and
without the body controls the activity of the adenohypophysis
This gland accordingly stimulates the endocrine structures of the
next level by means of its trophic hormones This stmulation calls
forth the production of hormones from the target glands which
themselves serve to depress the rate of secretion of trophic hor
mones by the pituitary Finally the hormones produced act upon
their target organs and bring about specific changes

The effect of target glands upon the secretion of trophic hot~
mones by the pituitary 15 remumscent of the effect of exogenous
hormones It 1s a general rule of endocrne physiology that if a
hormone be admumstered to a normal ammal the endogenous
production of that same hormone 1s depressed For example mn-
jections of testosterone depress the testicular secretion of this
hormone Such interplay between hormones and the glands by
which they are secreted makes for a stability and smooth ntegra
tion of therr actions wluch would not otherwise be possible

METHODS OF STUDY

Although m recent years new tech have been
mto expenmental physiology which have greatly changed the




CHAPTER I

THE CHEMISTRY OF HORMONES

Orgame chenustry deals with ch t d:
carbon The pumber of orgamc compounds already known
to exist 15 so vast that ch have d ped an elat system

of nomenclature which enables the structure of a compound to
be indicated by its name Some of these names however are cum
bersome so that many compounds also bear simpler names which
are called tnval names In the case of hormones trvial names are
much more famihar than their systematic counterparts In addibion
to this system of nomenclature there has been evolved a seres
of symbols to ndicate the molecular structure of organic com
pounds The carbon atom has four valencies and the simplest
senies of orgame compounds are the hydrocarbons which contamn
only carbon and hydrogen The first member of this seres 1s
methane —

H

|
HoC® H  or more simply H—C—H

1
H H

Methane CH,

The four available electrons of carbon are associated with the
single available electron of each of four hydrogen atoms The
next compound of the same series 1s ethane —

H H
1
He=C—C—H
Iof
HoH

11 Ethane CyH,
Methane and ethane are fully saturated because all four valen

ctes of the carbon atoms have been used up the suffix ane mdi
cates saturation When a molecule 1s unsaturated unused valencies
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mental concentrations of the hormone exert upon fat metabolism
cannot be determined from such observations alone

Because of the great ad made 1 the c} 1 methods
which form the basts of present day knowledge of hormones 1t
has become destrable to discuss the function of endocrine glands
m terms of the chemustry and action of the hormones which they
secrete  This approach 1s essentially different from that previously
adopted which conststed to a large extent of descniptions of the
three classical methods of investigation—the effect of removing 2
gland the effect of glandular extracts and the study of disease
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In the case of steroid nucler a methyl group attached to the
C atom at the junction of tho nngs may be mdicated sumply by
astrode eg —

CH

d:) may be wntten Ct')

These abbreviations make structural formulae much simpler
and enable minor differences mn the functional groups of a mole-~
cule to be mndicated more clearly An organic compound may be
considered to lose one hydrogen atom and the molecule after
this hypothetical loss 1s referred to as a radical or group Such
a group 1s named by means of the suffix yl eg —

CH; becomes CHy CHy  becomes CHy-
Methane methyl ethane ethyl
Such radicals are free to combine with other organic compounds
Certam groups of atoms may replace one or more of the hydro
gen atoms m a hydrocarbon molecule and the resulting com
pounds will possess dufferent physical and chemtcal properties
from those of the parent molecule Some of the tmportant types
d .

of p from such sut are —

1) Alechols

Alcohols contain the group OH and are named erther by the
suffix -ol or the prefix hydroxy- H H

HoC—C —OH
|

H OB
X Ethanol or hydroxyethane
2) Aldehydes and hetones
Aldehydes and ketones contam the carbonyl group (__é=o)

H
Aldehydes (except formaldehyde) have the structure _é_é=°
and ketones 1

The oxygen uses up two of the valencies of carbon while the
two remainng valencies are used up by two other atoms one of
which 1s always hydrogen i the case of aldehydes both of which
are carbon 1n the case of ketones eg —
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are shared and this 1s indicated by a double bond (C = C)eg —
H

]
H—C=Ci
11§ Ethere CyH,

The suffix -ene refers to the unsaturated nature of a compound
diene and tnene indicate the presence of two and three double
bonds respectively The position of a double bond 1s indicated by
the lower number of the two carbon atoms so jowed, two double
bonds are indicated by the two numbers, with the smaller first
cg —

H H H H H H H H H HH
| I | | | Ll
H—(I:_(I:_‘I:—‘I:_H H—C—C—C—(':—H H—C=C~—C=C—H
! R
H H H H H H
IV Butane V 1 Butene VI 13 Butadiene

Unsaturated compounds are usually very reactive because of the
readiness with which the unused valencies can be taken up by
the ntroduction of other atoms or groups into the molecule

Such hydrocarbons as those mentioned above are said to
possess an open chamn structure the carbon atoms being limked
together m a strmght chamn Hydrocarbons can occur however
with their carbon atoms n cyclic or g form ¢ g cyclohexane —

"
H HHHHEH N
[ H-g ‘I'-"‘
H—=C—C—C—C—C—C—H
AR =G CH
H HHHHAH \?/
H
VII Hexane VIII Cyclohexane

Five membered and six membered nings are common examples
of such cyclic compounds In wnting the formulae of ring com-
pounds 1t 1s convenient to omit the C atom at each angle of the
nng and hydrogen atoms attached to these carbon atoms are not
usually mdicated unless they are especially important to the struc
ture of the molecule eg —

H
|
-CIC\ -H H—CIC\
H T f may be written O and i ,‘f’“ as O
H-C ¢-H H=C  G-H
\e/ Ne/
4

VI Cyclohexane IX Benzene
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the product 1s called an amide  Like amines, amides are of three
types—pnimary secondary and tertiary —

-

'
O -C- o~

o W
cLn! fiave N
\ N
H .?
Pnmary amide Secondary amude Tertiary anude

In the case of orgamic compounds whose molecules contam
functional groups the carbon atom next to that which bears the
active group 1s referred to as the a carbon atom and that next to
an o carbon atom as the 8 carbon atom, eg —

N
H %
L i

CHy~CH;-C =0 o \c: [

In the second example the functional group s a ketone and the
a and 8 carbon atoms are joined by a double bond Ths state of
affairs gives nse 1o important functional changes in the molecule
and s referred to as o8 unsaturation

TRANSMETHYLATION The reaction of transmethylation -
volves the donation of a methyl group (CHs~) from the molecules
of one compound to those of another The amino acid methionine
1s the chief donor 1n such transmethylations bemg transformed
mto homocysteine 1n the process —
(-CHJl
CH,~5~CH, ~ CH, - CH~ COOH ~— HS§-CH -CH,-CH - COOH
NH, NH,
Methionine Homocystemne
Transmethylation enables the body to add a CH,- group to a
compound without the need for synthesising such a group The
methylation of nor adrenaline which gives rise to adrenaline 1s an
example of ths reaction (page 182)

CHEMISTRY OF HORMONES
The known hormones are either sterords protems amno acids
peptides or amunes The steroids include all the known hormones
of the adrepal cortex and of the gomads The protem hor~
mones mclude all the hormones of the adenohypophysts the
hosmone of the parathyroid glands and msulin  The hormones of
the ypoph are polypeptides while those of the adrenal
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g i
CH =C=0 CH—Cw=0

XI Acetone or propanone XII Acetaldehyde or ethanal
Ketones are named by applying the suffix -one aldchydes by
-al The presence of a hydrogen atom attached to the C = O group
of aldehydes and 1ts absence 1n the case of hetones accounts for
some of the differences between these two groups of compound

3) Acds

<]
Organic acids contain the carboxyl group —c%om or as it 1s

o
often wntten COOH eg — _c'—oou cH-cH-cZoH

XII Acetic acid X1V Propionic acid
1) Esters
The reaction of an alcohol with an orgamic acid to give an
ester and water 1s reminiscent of the morganic reaction of alkal
and acid to give a salt and water Esters are named 1n much the
same way as morganic salts,e g —

i "R
H—(l:—(l:—OH + H—-tlz——c{-on e
H #A H
Ethy) alcohol Acetc acid Ethy! acetate

In certan hormones the reaction between an OH group and
an organic acd may produce an ester which shows certain destr
able properties e g testosterone propronate

5) Anunes
Amines may be regarded as substituted ammomias  They are
dwisible mto primary secondary and tertiary amunes accordmg
to the number of carbon atoms attached directly to the nitrogen
atom of the amine group —
1 1

H —c— ~¢-
! '
_é—..N\ -] g
! H H 2e-
T
Primary amune Secondary amine Tertiary amine

6) Anmdes 0
When the OH of the acid radical ~cZow 15 replaced by NH
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T
CH
t

HO'
XX Pregnan 3-01

If more than one such substituent 15 present 1t 1 usual to desig
nate that attached to the lowest carbon atom number first e g
pregnan 3 ol 16 17 dione  The final e of the parent compound
1s dropped 1f the adjacent suffix begins with a vowel 1e pregnan
3-ol pregnane 3a 17a 20a triol

Double bonds ‘The cxustence of a double bond 1s indicated by
the symbol A and its posttion by a superscript which denotes
the lower number of the two carbon atoms so jommed eg A*
means a double bond between C, and C, If a single number be
ambiguous {eg A° could mean C, = C; or C; = Cy,) both
numbers are given thus — AS®  The presence of more than
one double bond as opposed to the 1 of one
double bond will be made evident by the accompanying suffix
-ene diene trene etc

Isomenism of carbon atoms common to 2 rings \When saturated
nngs are fused (1e have two C atoms in commton) two 1somers
are possible depending upon whether the two hydrogen atoms
attached at the junctions of the nings are on the same or opposite
sides of the plane of the nings concerned eg —

H H
o, =~
Cis Trans
H H
Both H atoms above the One H atom above and one below
plane of the paper the plane of the paper

This type of isomensm among naturally occurrmg steroids
occurs only at the junction of nings A and B and hence only car
bon atoms S and 10 are mvolved When the two substituents are
on the same side of the plane of the nucleus(cts) the compound
15 named without any add: 1 prefix (eg preg )  When
the two substituents are on opposite sides (trans) the prefix allo
isused e g allopregnane
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medulla are amines Thyroid function ts concerned with certan
amuno acids peptides and protemns

STEROIDS A steroid may be defined as an organic compound
which yields methy P } t dehyd

P hrente on ydrog
tton with selenmum  This 1s a more precise way of saymng that
steroids possess a common ring system ——

XV Fundamental ring system of steroids XVI Phenanthrene

Thus 1s called a perhydrocyclopentanophenanthrene nucleus and
consists of 3 six membered nings as m phenanthrene to which
1s attached a five membered nng {cyclopentane) The carbon
atoms are numbered 1n the way illustrated in XV and the rmgs are
referredtoas A B Cand D

The steroid hormones mclude the sex hormones and the hor
mones of the adrenal cortex They are dvisible nto three groups
each derived from a parent hydrocarbon structure—oestrane
androstane and pregnane ——

w CH
= ch
CcH CH CH
cH CH
XVII Oestrane XVIHI Androstane XIX Pregnane

The carbon atoms of side chains are numbered as shown in the
case of pregnane (XIX)

Nomenclature of steroid hormones When a hydrogen atom
attached to a carbon atom 1s substituted by another atom or group
of atoms the number of that carbon atom 1s placed before the
prefix or suffix which designates the nature of the substrtuent
eg pregnan 3 ol means that a hydrogen atom attached to C, of
pregnane has been replaced by an OH group Some authors place
the number after the substituent —pregnanol 3
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adjacent to a functional group Whether these symbols ndrcate
a structural configuration or the carbon atoms adjacent to a re-
active group, will be clear from the context i which they are used

Ep: The prefix epi- refers to ssomers which differ enly 1n the
stereic arrangement of the groups about one carbon atom  Some
workers use the prefix 1s0- mnstead of epr  but the latter 15 pre
ferred  because 1t as more speaic eg androsterone and
eplandrosterone —

[+]

H
wo o "

XXV Androsterone XXVI Epandrosterone

SEX HORMONES

OESTROGENS The natural oestrogens are dermvatives of
oestrane  Three are hnown (nestronc oes(radnol and oestnol)
and all three are n
volves three double bonds 1n the A nng which rhexcupon becomes
a benzene type (benzenord) ring —

To accommodate this unsaturation the methyl group at C,

must disappear and so lhe natural ocestrogens are denved from
oestratniene —

XXVII Oestratriene
‘They are as follows —

0
HO"
XXVHI Oestrone or oestratrien 3-ol 17-one
H

HO
XXIX Qestradiol or oestratriene 3 17-diol
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C;‘l CH
CH CLI
'
H H
XX Pregnane XXI1 Allopregnane

The methyl groups attached to Cio and C,s are on the same
side of the nuclear plane mn the case of all naturally occurnng
steroids and they are sumply designated by sohd lmes (CH, bemg
omitted) because 1t 15 convenient to assume that thev he above the
nuclear plane rather than below

Etio The prefix etio- refers to the sunplest compound that can
be obtained by degradation of a parent substance which sl re

h 1

tamns the ning system and fund 1 char 1stics of
the parent substance e g —
H H
XXII Cholane XXIV Etiocholane

a and B config It s ry to regard the
two methyl groups attached to Cy, and C,y s bemng in a plane
above that of the nucleus 1e mn the structural formula these
groups are considered to lie above the plane of the paper Sub-
stituents at C; Ci; or C;; may be on the same or opposite side
of the nucleus mn relation to the Cy, and C,, methyl groups Sub
stituents on the same stde as these two methyl groups are said to
possess a f configuration which 1s indicated by a solid Iine joming
the substituent to the nucleus  substituents on the opposite side
are attached by a broken line and possess an o configuration In
nanting such compounds o or # 1s wrtten 1 brackets after the
carbon atom mmvolved The symbols « and # are more precise
than the terms cis for (8) and trans for (o) because these pre
fixes are used 1 other contexts

1t should be noticed that this use of the symbols « and g to
ndicate the structural configuration of organic compounds 1s
quite distinct from the use of the same symbols encountered on
page 5 where they arc used to designate the carbon atoms
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Dehyds of eptand at C, and C, produces
dehydmcpmndms!emnc —_—
CH o
P>
CH
HO'
KAXIV Dehy 1e A'and 3(f)-ol 17-one

17 Retosterords  Among the end products of the metaboltsm
of adrenal and testicular androgens are a number of steroid com
pounds which bear a ketone group at C,; {called 17 ketosterotds)
One way m wihich the adrenal and testicular components of the
uninary 17 ketosterowds may be differentinted depends upon the
fact that the OH group attached to Cs may exhibit either an
ora f configuration and so there are two fractions {(a and 8) of
urmary 17 hetosterords and these can be distingwished by chemical
means It 1s believed lhal the B !mctmn 1s chiefly derrved from
adrenal and; Det P 1s the most important
constituent of the g fraction

PROGESTLRONE Progesterone and 1ts metabolites are named
as denvatives of pregnane Proesterone 1s the tnvial name for
4 pregnene 3 20 dione —

XXXV Progesterone

Among the metabolites of progesterone which appear n the
urme 15 pregnanediol or pregnane 3a 20a diol —
cH

1
cH CH-OH
cH

HO
H

XXXVI Pregnanediol

Another 1s pregnan 3« 0l 20 one  These two metabolites
together constitute the pregnanediol complex (page 115)
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o5

XXX Oeslnol or oestratricne 3 16(8) 17(=) triol

It will be seen that the OH group attached to Cs n these three
molecules can occur only in the same plane as that occupied by the
A ring (because of the double bonds m that nng) and hence
« and 8 1somers do not exist

ANDROGENS Androgens may be named as dernatives of
androstane  Testosterone 1s the trvial name of the testicular
hormone —

CH  on

X XXI Testosterone

The systemauc name of this compound 1s A* androsten 178 ol
3 one

Methyl testosterone 1s active when taken by mouth and has a

methyl group attached to C,  The most important metabolute of
testosterone 1s androsterone —

Kol

XXXII Andro tan 3(:)4)] 17-one (Androsterone)

Another mmportant androgen 1s epiandrosterone which differs
from androsterone only i that the OH group at C, occupies the
B position

1e androstan-3(8) ol 17 one cH

A5

KXXIIL Epmndrostcmne
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All active adrenocortical steroids (except the sex hormoncs)
haye two structural features 1 common —

D}

)
04@‘ C, bears a hetone group and a double bond exsts between
the o and 8 carbon atoms (a 8 unsaturated ketone)
2
CHON CcHOH
‘}:o ~a
" Y\ -oH
@ @ The side chamn attached to Cir contams an
aleohol and a ketone groupmg This side chain Like the OH at G,
lways occupies the (B) position It therefore follows that m 17-
hydroxy pounds the 17 OH pies the {a) posiion since
two substituents attached to one carbon atom cannot possess the
same spatial configuration

DERIVATIVES OF STEROID HORMONES Some denivatives
of sterord hormones are widely used n clinieal practice —

Ethinyl oestradiol 'The ethinyl radical may be represented
thus — H-C=C-

Ho
XXXVIIL Ethiny! oestradiol
This steroid 15 a potent oestrogen of low toxicity
Testosterone Proponate 1 the OH at Cir of testosterone

combines with propiomc acid (CH; CH COOH), testosterone
Propionate results —

i
] Q-C=CH —CH
[+

XXXIX Testosterone propionate
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ADRENOCORTICAL STEROIDS
The active adrenocortical sterouds, other than the sex hormones
should Iogically be named as derivatives of pregnane However,
corticosterone 15 the trivial name given to one such steroid and
the remamnder are named as denvatives of this compound —

CHOH
HQ CH é =0
CH

o
XXXVII Corticosterone

Deoxy (desoxy) compounds are those which possess one oxygen
atom less than the refi b (1e the p d from
whose structure a group of substances 1s named) Thus deoxycor-
ticosterone  differs from corticosterone by the absence of the
oxypen atom at Cy, —

Hag 0'!)>
XEX "
Corticosterone Deoxycorticosterone

The hydrogen atoms shown m brackets would not normally
appear 1n the usual structural formulae

Dehydro compounds are those which possess two hydrogen
atoms less than the reference substance Usually this mvolves the
loss of two hydrogen atoms from an alcohol to give the corres-
ponding ketone g dehydrocorticosterone differs i this way
from corticosterone —

CH CH

Ho, oy
H
Dehydrocorticosterone

Corticosterone

Dehydrogenation may however mvolve the loss of one hydro~
gen atom from each of two adjacent carbon atoms to give a double
bond eg epandrosterone and dehydroeprandrosterone  (see

page 11)
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possess more carboxyl than amimno groups and basic mmine acds
possess more amino than carboxyl groups In cach of these types
the amuno actds may be aliphatic, where R 1s an open cham com
ponent or aromatic when R possesses a benzene nng ¢ g —

lilH TH'
Aliphatre CH —?—COOH Aromatic ”°_O'CH'_C|_°°°H
H H
XLI Atamine or XLII Tyrosine or
a aad £ [p-hydrovyp A} propronic said

Most amino acids are known by trivial names (alanme tyrosme
etc) but they also bear systematic names mn which the term
a amno precedes the name of the acid from which they arc de

nved {eg in XLI and XLII above CH, CH, COOH propionic
acid)

Optical Actrvity of Amuno Acds  In the general formula
NH,

R"‘L"CQQH 1t will be seen that except 1n the case of glycme

H

(where R 1s hydrogen) the a-carbon atom wall bear four sub-
sttuents each of which 1s different from the other three In this
way the o-carbon atom 1s a centre of asymmetry and so all
naturally occurring amuno acids (except glycine) are optically
active that 1s they cause rotation of the planc of plane polarised
Iight when this 1s passed through solutions of these ammno acids
The d of rotation 15 ind d by (d) or (+) on the one
hand and (/) or (-) on the other These symbols should be dis
tinguished from the letters D and L which are used to indicate the
configurational relationships existing between similar compounds
eg L alammne 1s d y butp the same
tion as L glyceraldehyde

Ammo Acids as Electrolytes  Since all amno acids contam at
least one carboxyl and one amno group they behave as weak
acids and as weak bases A stmple molecule such as glycme 1s
1omized m such a way that it possesses an equal number of positive
and negative rons —

+H;N - CH, - COO-
In this condition the molecule can be regarded as electrically
neutral The pH at which such a dipolar 10n does not migrate n an
electric field 1s called the 1soelectnic pomnt At this pH 1f solutes
c
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TABLE |
Meaning of suffixes and prefixes used in naming organic compounds
Suffix Meaning

ane Saturated hydrocarbon

ene Unsaturated ttydrocarbon 1e possessing double bonds

ol Alcohol ar OH group

one Ketone or C = O group

Prefix Meaning

hydroxy OH group (alteraative to of)

oxo Ketone or C = O groy,

allo Other—refers to one of two 1somers

s The arrangement of two groups on the same side of 2
molecule

trans The arrangement of two groups on opposite sides of 2
molecule

eto Refers to the final degradation product of 2 more complex
molecufe which still retains the essential character of
the origimal molecule

iso Refers to one of two isomers

epl Refers to one of two isomers which differ from each other
only i the spatial arrangements of groups about one
carbon atom

deoxy An oxygen atom lost

dehydro- Two hydrogen atoms lost

AMINO ACIDS The mportant amino acids of the body consist
of orgamc acids m which a hydrogen atom attached to the carbon
atom next to that which bears the acid group (e carbon atom) s
replaced by an amune group (NH,) eg ~—
H H
! /o
H—C—C—C—OH
H NH
XL Alanine or « amnopropionic acid
o amit1o acids may be represented by the general formula
NH
i
R—~C —COOH
|

H
where R 1s the component which distngushes one such amino
acid from another The usual classification of ammo acids de
pends upon the relative number of acidic and basic groups present
in the molecule Neutral amimo acids contain an equal number of
ammo (NH,) and carboxyl (COOH) groups acidic amimno acids
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The system of numbenng the carbon atoms m the thyroune
nu~leus should be noticed —

H

PEPTIDES Peptides may be defined as polyamides of low mole
cular werght which yield two or more ammo acids on hydrolysis
The constituent armino acids are hinked by a reaction between the
NH, and COOH groups of adjacent amino acids —

NH o
4 _h 7
CH—-C-—C—0OR &+ }N—CN -C—0H
] Hi
H e — = -
oy
CH—(I‘.—ﬁ—N—CH—COOH + HQ
H O

1
This ——?—N lLinkage s called the peptide or amude linkage
[}
Peptides are built up through a senes of such linkages and the
terms di tn and tetrapeptides indicate the number of amuino
acids which go to make up a gmven peptide molecule 1t 13 usual
to refer to peptides contaming three or mor¢ amuno acids as
polypeptides
Peptides are named by listing the constituent amno acids each

ammo acid taking the suffix yI except that which bears the
unsubstituted acid eg —

T —
NH O o

o
L] ]
CH --CH -C—NH~CH —C—NH —CH —C— NH—CH—COOH

CH CH

| !
o I

| COOH

OoH

Alanylglycyltyrosylglutamue acid
It 1s common practice to wndicate the nature of a polypeptide by
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other than water and other 10ns be absent the number of cations
will equal the number of antons the pH at which this state of
affairs exsts 1s called the 1soromc pomt Vanations i the solete
and the presence of other 1ons will cause the value of the 1soelectrc
pomnt and that of the 1soi0nmc pomt to differ one from the other

If hydrogen 10ns be added to a solution of glycine the ionization
of the acid radical will be suppressed and the molecule as a whole
will acquire a positive charge —

*HN-CH - COO- 4 H* 2 +H,N - CH - COOH

The opposite state of affairs will result from addition of base
In this way 1t becomes evident that an amino acid at the 1soelectric
pomnt 1s to be regarded as a salt which 1s fully 1omzed and mntern
ally neutralised by 1ts own acidic and bastc groups The ssoelectric
point 1s an mmportant property of amuno acids and of proteins
since many physical and chemical properties of these substances
change as the pH moves one way or the other from that of the
1soelectric point

The followmg ammo acids are mmportant n the secretions of
endocrine glands —

(I) Iodotyrosmes eg —

1 NH
1
HO—¢ Y= CH = cC=
- 1= é-coom
A H
XLIIL 3 5-duodotyrostne
(1I) lodothyromnes, eg —

I l NIH
o= y—o—Y—cn—c—coom

1 |'I|

XLTv 353 truodothyronine
In Chapter III 1t will be shown that trnodothyronine may be
formed from the umon of one molecule of monolodotyrosine
with one molecule of duodotyrosme This union mvolves the

loss of one side cham —

'_._..___.. —_————

NH

O_Q—CH —c COOH + H o-@—cn <'f —cooH

H

| NH
|
HO—@—Q—@—CH ~C—COoH
h H
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simply wnting the sequence of its constituent amino acids eg —

=f
alamne glycine tyrosing glutamlc) aeid, or simply — Al Gly
Tyr Glu x bemg used to denote the site of the free amno group
Such systematic names ar¢ so cumbersome that most polypeptides
of biological importance are commonly known by trvial names,

€ g oxytoan vasopressit etc
The important polypeptide hormones of the body are oxytocn
and vasopressin (ADH), cach of which contamns eight ammno
acids of wiuch six are common to both (Fig 2)  Each hor-
mone yelds three molecules of on hydrolysis because
aspartic and glutammc acids occur mn these molecules n the form of
their amudes asparagine and plutamine tespectively while the ter
minal glycine of each peptide 1s present as glycmamde te these
hormones are octapeptide amudes  Oxytocm has the following

structure ~—

Lecystemnyl L tyrosyl L 1soleucyl L gl yl L asp yi L-
y yl L-profyl L leucylgt: d
Vasop can be rep d as follows —

Y
L cysterny! L-tyrosy] L phenylalany! L glutammyl L asparaginyl
-L~cysteinyl L prolyl L-arginylglycinannde
PROTEINS Proteins are complex orgamc compounds which
yield o amino acids on hydrolysis  Protems conssst of larger
and more complex molecules than peptides, but both consist
essentially of amno acids which have been jomed by peptide
lnhages Synthesis of protemns 1s an undertaking at present beyond
the resources of chemsts and proten chemistey consists largely
m the exampation of the wmdwidual patts of the molecule thewr
arrangs and the [ and physical properties of the
whole molecule  Therefore instead of meetmng problems of
and of structural formulae such as
those encountered in steroid chemustry we are here concemed
with physical and chemical properties of the protein molecules
and g of the arr of their p parts
In general protems contain 45 to 5S per cent carbon 6 to 8
per cent hydrogen 19 to 25 per cent oxygen and 14 to 20 per
cent mtrogen  They consist of very large molecules with mole
cular weights from about 10 000 to many mifhons  Like their
constituent ammo acids they are dipolar 10ns capable of combin
g with both acids and bases In addition_protemns are very labule
and are greatly altered by changes m pH by heat and by the
presence of organic solvents
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1t 15 believed that peptide chains are folded mnto precisc patterns
which are maintamed by such hydrogen bonds as those shown in
MLV These considerations supgest that the shape of proten

lecules 15 highly ch 1stic and m the role they
play 1n amimal physiology

The protein hormones of the body melude the hormones of the
adenohypophysis of the slets of Langerhans and of the para
thyroid glands

ADENOHYPOPHYSIS

GROWTH HORMONE Growth hormone s a protein and has
been obtained m crystalline form It has a molecular weight of
49 000 and an 1soelectric pont at pH 6 85 This protemn appears
to be homogeneous when subjcted to electrophoretic and other
studies It 1s relatively stable m alkalme media but 1s rapidly
mactivated by heat acid or proteolytic enzymes

The biological activity of growth hormone appears to depend
upon the integnty of certain e amuno groups such as that of lysine
but not upon that of the a amino groups of this and other amino
acids in the molecule

H

5y
En-em & _&n, "k _coon
M NH,

Lysine (a dramino acid)

The tendency shown by growth hormone to become assocated
with proten mxtures and to be removed from these only with
difficulty s rermumscent of the behaviour of haemin when added
to such muxtures but there 1s no evidence to suggest any similanty
10 the structure of these two compounds®
THYROID STIMULATING HORMONE Chemically pure
thyrotd siumulating hormone has not so far been prepared A
purified thyrotrophic fraction from beef pitwitary has been studied
and found ta show the properties of a protem  This substance has
a molecular weight of approumately 10 000 and gives a positive
Molisch reaction ndcating the presence of carbohydrate within
the molecule The protem nature of the substance 1s confirmed by
the destructive action of proteolytic enzymes mn vitro and there 15
further Iistochemical evidence that it 1s a glycoprotern  (see
Page 140)

ACTH ACTH which has been 1solated 1n a hugh degree of purity
from several species 1s a protem of molecular weight 20 000
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Finally, protemns are very reactive and specific mn ther be
haviour owing chiefly to the active groups and side chans of the
component amino acids

Classification Protemns 1re classified as (1) simple protemns
which yield only amino acids on hydrowysis and (1) conmjugated
protemns which yle]d m addmon other groups called prosthetic
groups E: of d protemns are nucleor which
on hydrolysts give nucleic acid, glycoprotemns which give carbo
hydrate and phosphoprotemns Whlch give phosphoric acid

Properties 1 Like ammo acids protemns are amphoteric and
mugrate 1 an electrical field The durection of migration 1s deter
muned by the nett charge of the molecule A protetn molecule does
not migrate at 1ts 1soelectric pont

2 As acuds or bases protemns can bind 10ns protetn anons can
bind with cations protein cations with antons

3 The electrophoretic behaviour of a given protein 1s charac
tenstic and 1s useful 1n separating muxtures of protemns

4 The solubility of protems 1s highly charactenstic and 1s m
fluenced among other factors by pH In general, solubility 1s at a
mmymum at the 1soelectric pont  The solubility of a protem 1s an
extremely sensitive mdex of its punty

5 The determumation of the molecular weight of a protemn can
be achieved by a number of methods and the result 1s an import
ant charactenstic n the identification of a given protein A num
ber of protemns have been shown to consist of mxtures of mole
cules having different molecular weights

6 Shape of protem molecules Most protems contain more
than one peptide chamn and therefore cross linkages involving
bonds other than peptide hnks must occur It 1s known that the
S S bond of cysteme s one such method of bonding  Another
type of bond 1s that resulting from the attraction between peptide
bonds of adjacent peptide chamns eg —

\ 4
anc? CHR RHC
=0 nn’ \cso
F£=0 - \ /
H—N C—0-~=~-H~N
\ s 1y
cHR RHC, cHR
’ N\ 7
& © ©
XLV

where (a) (b} and (c) represent parts of three adjacent peptide
chams
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glycoprotewn, but the chemustry of the LH 1solated from swine
pittary and that from the sheep differ to a sigmficant degree
The proten solated from sheep hypophyses has a molecular
weight of 40 000 and an 1soelectric point at pH 4 6

PROLACTIN  Prolactn was the first of the adenohypophysal
hormones to be isolated in a highly punfied state It has been
obtained m crystallme form and has the properties charactenstic
of a protein with a molecular werght of 32 000 and an isoelectric
pomt at pH 57 The molecule does not appear to contam carbo-
hydrate and partial hydrolysis has not succeeded mn producing
biologically active peptide fractions which suggests that us endoc-
nne actvity 15 dependent upon the protein molecule as a2 whole

PANCREAS

INSULIN Insulin can be obtaned 1n highly punfied crystalline
form and has been more fully studied chemucally than other pro
temn hormones As a result of these studies the enormous task of
dentifying the sequence of amino acids which go to make up the
two component peptide chans of the molecule (referred to as
Chamn A containmg 21 amuno acids and Chain B contamng 30
amino acids) has been achreved

Insulin has a molecular weight of 12 000 and s 1soelectric at
PH 54 ‘The hormone 1s an example of a protein in which acidic
groups predominate over basic groups with the result that msulin
readdy combines with certam basic protemns such as protarmnes
and globin The resulting products have certam useful prop=rties
which have been exploited 1 using the hormone 1n the treatment
of the disease diabetes mellitus

PARATHYROID GLANDS

PARATHYROID HORMONE The results of attempts to punfy
parathyroid hormone have so far been unsatisfactory However
1t would appear that the active component 1s a proteimn or 18 very
closely associated with a proten The extraction and purification
of the hormone as far as they have gone mvolve methods approprt
ate for protemns The best preparations are heterogencous and
show an 1soelectric pomnt at pH 5 0 to 6 0 and a molecular werght
of the order of 650 000 Brological activity disappears when these
preparations are subjected to actd or alkalme hydrolysis or to the
action of proteolytic enzymes

REFERENCE
1 Red EJ  Endocrinol 8 50 1952
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and 1soelectric pomt at pH 4 6 At first ACTH appeared to be
when “, d to the usual physico-chemcal
(clectrop , ultracentnfugal and  solubility
behavnour) More ( rent distribution
and chromatography), together with studies of partial hydrolyss
mdxcatc thm the ongimal ACTH pmtem conslsts of several
which are pep of lar weights
from 1200 to 5 000 some of these peptides are capable of stimu
lating the adrenal cortex
These and other mvestiyations have suggested that the protemn
fraction ongmally 1solated 15 a carner of the actwe praciple In
fact 1t has been suggested that there exist two corticotrophins one
capable of sumulating adrenal weight (AWF) and the other of
depleung the ascorbic acid content of the cortex (AAF) The
action of AWF may be part of the action of growth hormone or of
some factor closely assoctated with this hormone It 15 impossible
at present to give a final answer to the exact nature of cortico-
trophim but the efforts to 1solate purer compounds have resu ted
1n three principal fractions—
1 A larger proten molecule cafled crude corticotrophin This
15 the preparation used climeally and called USP ACTH
2 Corticotrophin A prepared from glamal acetic aad ex
tracts of pituntary tissue
3 Corklcotrophm B preputcd by peptic hydrolysis of crude
pln A and B are straight chain poly-
peptides cach consisting of 39 ammno acids

FOLLICLE STIMULATING HORMONF  Folicle stimulating
hormone has been 1solated 1n fughly punfied form The substance
18 a protemn of molecular weight of app tely 6 700 and an
1soelectnic pont at pH 45 On hydrolysis FSH yields not only
ammno acids, but some carbohydrate (hexo ¢ and hexosamne),

d that st 1s a glycor a fact confirmed by its stamning
reactions (see page 140)

It 1s interesting to notice that while trypsin hydrolysis destroys
the biological activity of ¥SH pepsin leaves a potent follicle
stmulatmg residue m the dialysable fraction of the hydrolysate
Thus observation has prompted attempts to prepare smaller peptide
fractions of such hormones as FSH which mught extubit bio-
logical actnity smce the task of synthesising the whole protein
molecule 1s beyond present resources
LUTEJINIZING HORMONE Lutemizing hormone has also been
ssolated 1 a tugh degree of punty It shows the properties of a
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The adrenal cortex 15 essentat to hife and when all corticat
ussue 15 remosed from an experimental animal 1t enters a physical
decline a few days after operaton and dies wathin two wechs
Among the changes seen dunng this period anorexia vomuting
diarthoea loss of weight and a fall 1 blood pressure are prom
nent At the same tme such adrenalectomised amimals are ex
tremely susceptible to noxious stimu 1 (heat cold trauma injec
tion etc) Certain biochemucal changes are also evident before
death Serum sodim and chlonide Tevels fall and serum potassium
nses  Haemo-concentration and evidence of renal fadure also
appear while excess of water proves toxic to the adrenalectomised
ammal These changes are alleviated by feeding the ammal with
large doses of salt and water

Fmbryology

The cortex n common with the gonads 1s derved from meso-
derm situated between the urogenital fold and the dorsal mesentery
In the human embryo of 5 weeks probferation of cells near the
root of the mesentery 1s evident and eventually prominent vascular
masses project between the ) and the y
(Fig 3)

Fig 3 Urogenital folds of the human embryo of six wecks seen from the
veatral surface after temoving the overlymz bedy wall and viscera {Arey
Developmental Anatomy  Saunders }



CHAPTER II

THE ADRENAL CORTEX

Intreduetion

The adrenal or sup t glands are P m
mammals nd represent the fusion of two separate glands—the
adrenal medolla and the adrenal cortex In elasmobranch fish
these two structures are quite separate while in reptiles the two
comy are ndiser mixed—slets of cortex and
medulta beng scattered throughout the gland The close anatoms
cal relavonship between these two structures appears to be so
deliberate as to suggest some funchional umty It may be that the
worh of Selye dealmg with the reactions of the body to conditions
of stress may provide some foundation for thns suggestion Stress
elietts a response from both the cortex and the meduflh a fact
whtch may have some beanng upon their proximity one to the
other  Apart from the role played by the adrenal cortex mn the
responses of the body to conditions of stress 1t 18 also concerned
with the metabolism of minerals water and glucose  In addinon
the gland produces sex hormones

In recent years a great deal has been learnt about the function
of the cortex from perfusion studies Such expeniments are per-
formed upon the solated gland The perfusing flmd 1 fed into
the artensal supply of the gland and changes i its composimon are
studied 1 samples taken from the adrenaf vein The importance
of this method Lies m the fact that the cortex stores very httle
hormone  producing 1ts secretions to meet the needs of the
moment Jt 15 for tiys reason that extracts of cortical hssue
coatam a number of hormone precursors and the distinction be
tween an active hormone and a chemically sumlar precursor 18
only possible when the chemustry of cortical estracts 1s interpreted
1n the Tight of studies of adrenal vem blood At feast 29 distinet
chemmcal substances can be isolated from the cortex but only a
few of these appear in the blood of the adrenal ven  The remam
ing substances ate thought to be precursors formed dunng the
synthesis of the final hormones although m some nstances they

are physiologically active
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anywhere within the abdomen Such adrenal rests are sometimes
mmportant when the adrenal glands are the site of discase and
tumours occurring 1 cctopic cortical tissue are not unhnown

""J;, \*&f 3 Capaute

e g

ey 3, %éﬁ 2 glomerutosa
g \}3;.,,::)5 R

;i ;-'R\’; 5%

Z fascicutata

TR
A
Tl
>,
3R
5%

Z reticularis

— Madyifa —

= (wvw‘
AR
ﬁ*ﬁ.:;n’,f’

e

AavEpd
TR

Fig 4 The histology of the adrenal cortex (Maximow and Bloom)
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Duning the third month of ntrautenine life the cortex reaches
its greatest refative size exceeding that of the kadney At this
stage the bull of the cottex consists of sheets of large eosmophil
celis which do not show the staiming reactions of hipoids this mass
of cells 15 called the X zone

At bieth a thin layer of lipord staing cells 1s seen where the
zona glomerulosa will eventually develop and the whole gland 15
about one quarter of the weight of the Xidney In adult lfe, one
adrenal 1s about one thirtieth of the weight of one hidney

Beginning shortly before birth the X zone undergoes an extra
ordinary process of degeneration which causes the foetal cortex
to shrnk  The debns resuiting from tius process 1s replaced by
loose connective tissue while at the same ume a fayer of lipoid
staining cells becomes more promunent This process of degenera
tion becomes more intense just after birth the significance of these
changes ts not understood

Histology

The cortex 1s deep yellow 1m colour and oceupses three-quarters
of the width of the whole adrenal gland on cross sechon  The
component cells of the cortex are arranged in three layers named
from without 1 —Zona glomerulosa Zona fasaculata wnd Zona
reticulans (Fig 4)

The zona glomerulosa s the narrowest of these zanes and is
cells appear w ] defined clusters  The zona fascicu atz 15 the
broadest of the three and sts cells are arranged m parallel bands
The zona reticulans s probably derned from the X zone of the
foetal cortex its cells possess fine hpowd droplets together wath
pigment granules

Actessory Adrenal Tissue

The occurrence of accessory cortical and medulfary tissue
together or the occurrence of one or both adrenal glands mn an
gctopic postion  although not uncommon m certam anmnls 15
of great Tanty m man On the other hand accessory cortical tissue
by ttself 13 not so rare and 11 smail amounts may be found 1n as
many as 5O per cent of newborn human infants Usually this acces
sory tissue undergoes atrophy but m some cases it may persist
Typical sites m W hich such accessory tissue may be found include
the penrenal fat the kidaey, the lner and along the path of
descent of the gonads However cortical tissue may occur almast
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Chemustry of Adrenocortienl Iormoncs
1 SEX HORMONTIS

(a) Androgens  Adrenocortical extracts contun at least six
androgens which of these are secreted into the adrenal ven 1
uncertain  Five of these androgens belong to the series of mine
teen carbon atom steroids while the sixth 1s a dernative of preg
nane and therefore has 21 carbon atoms  The chemical names of
these compounds are as follows—

(1) A* Androstene 3 11 17 trione (called adrenosterone)

(1) A® Androsten 38 ol 17 one (called dehydrocpiandrosterone
or dehydrorsoandrosterone)

(1) A* Androstene 3 17 dione (called androstenedione )
(1v) Androstane 34 118 diol 17 one

(v) a* Androstene 118 ol 3 17 dione

(1) 17a hydroxyprogesterone

It seems lkely that 17« hydroxyprogesteronc 15 a precursor of
corticosterord hormones while the € compounds represent the

mmportant cortical and 17a hydroxyy was ong
mally called 178 hydmxypmncsxemne but most worhers now
agree that the p the o 101

(b) Oestrogens Oes(rone has been 1dentified in extracts of
cortical tissue but its sigmificance remains to be determined

(c) Progesterone itself 15 found in the adrenal cortex ind 1s an
important intermediary mn the synthesis of corticosterords

2 CORTICOSTEROIDS Seven of the sterords so far isolated
from cortical extracts are known to exert important effects upon
the metabolism of glucose munerals and water
These hormones are —
CHOH CHOH CHOH
-0 too io

11-d 11-deh

Cor
{Compound B} {Compound A)
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Function

The function of the adrenal cortex 15 to scerete the followsmg
hormones
1 Sex hormones (a) Androgens
{b) Oestrogens
{¢) Progesterone
2 Corticosterords (a) Glucocorticords
(b) Mneratocorticords

These hormones are all sterotds and so far as is known the
adrenal cortex has no function other than the secretion of these
steroids More than 29 crystallne steroids have been ssolated from
adrenocostival tissue extracts  In addiion to these hormones
extracts of adrenocortical tissue contain two groups of compounds,
one of which 15 called the amorphous fraction because 1t contamns

hysiol fly active sut of unknown composttion  The
second group of compounds s called the mert fraction It 15
thought that these two fractions consist of precursors or degrada
tion products of acttve hormones ‘The term glucocorticord was
used by Selve to refer to 1 group of adrenal sterotds which exert
a marked effect upon the metabolism of carbohvdrates Mineralo
cotticoids are complementary to glucocorticoids and exert their
effects upon the regulation of mineral metabolism It 15 conventent
to refer to glucocorticords and munerlocorticords together as
corticosterords However the terms glucozorticoid and mumeralo
corticord are mot entirelv specific 1n that certamn members of each
group show some of the actions charactenistic of the other group
Turthermore the use of the word corticosteroid 1 this sense 1S
not umvessal and sometimes it 15 loosely applied to any steroid
secreted by the adrenal cortex It will be shown later that gluco
corticoid and mineralocorticord molecules share certamn structural
charactenistics which make the term corticosterosd a convement
way of referring to them both as a group

The role played by the adrenal cortex n regulating mineral and
¢arbohydrite metaboll has so far overshadowed the part which
the gland plavs 1 the function of reproduction that discussions
of cortical phiysiology are apt to centre about the former to the
exclusion of the latter Some writers for example have supeested
that hydsocortisone 15 the only cortical hormone The importance
of the adrenal sex hormones however has become mcreasingly
evident m recent years and they ment fuller treatment than they

vsually receive
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because 1t also possesses glucocorticord properties and 15 oxy-
gcnatcd atCp

was the first pound of this group to be iden

hﬂcd but its physiological activity 1s weak
11-deoxycorticosterone 15 an active mncralocoricord which
was synthesssed relatinely easily 1t therefore became of great

chinreal tmportance It 15 chiefly concerned with the metabolism of
minerals and water

114 15 bered as the I d
used to pmduce cortisone 1n 1948 *
17 hydroxy 11-deoxycor 1s of little physiological import

ance while 17 hydroxy-]1-dehydrocorticosterone 15 better known
as cortisone or compound E

17 hydroxycorticosterone may eventually prove to be the truc
corticosterord secreted by the human cortex S Jts physiological
actions are qualitatively sdentical with those of cortisone and it 1s
generally known as hydrocortisone compound F or cortisol

Synthesis of Adrenocortical Steroids

1 SEX HORMONLS Very Iittle 1s known about the synthesis
of the adrenal and and of while pr 18
thought to be formed duning the synthesis of cort:cosleroxds It

has been suggested that the ﬁrst step 1n the synthesis of androgens
mvolves the of 1 to deh:

(Fig 6) "

2 CORTICOSTEROQIDS 1t 1s generally believed that choles
terol and its esters are the source from which the glucocorticords
and mineralocorticords are derived  This concept 15 based upon
experniments 1o which the 1solated gland 1s perfused with solutions
contammng various sterord precursors® and upon the observation
that ACTH causes a sharp fall 1n the Ievel of serum cholesterol
while at the same time causing the cortex to produce corticos
teroids 1n greater quantity It has been further shown as the result
of elaborate perfusion studies that progesterone 1s the key inter

mediary between chol 1 and the cor ds It s pi ly
formed as follows — ‘|3”
c=0 _o
S0 b
HO w HO £ st 1d
—_—
Txe 4t
Cholesterol Pregnenolone Progesterone
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cHOoR cHoH cHon
=0 Lo ~0
° =
> OH oH H oH
o
17 hydrovy 17 hydrovy 17 hydroxycorticosterone
11 deaxy t{-dehydi (Compound F}
(C S) (C B Hydrocortisone
Cortisone
CH aN CHOH
o_cﬂ !t o cnot =0
HO
—
==
O
Aldosteron,

The TEMUNNG 17 sterords are either incompletely identified
ly but are pt 1 lly active (amorphous {raction)

or they axe mert (inest fraction)
The seven corticosteroids pos<ess hwo structural charactenstics
n common The first 1s the o 8 unsaturated ketone group at C,

1e —
e
Bv this 15 meant that m addition to a ketone group at C,
{C = O) there exists a double bond (unsaturation) between the
C, and C atoms whuch occupy posiions in relation to the ketone
grovp which are referred to as « and 8 respectively The second
charactenistic concerns the side chain attached to C;; Tius cham
contains a ketone {C = O) at C, and a hydroxyl group (OH) at
C, 'These two charactenstics are essential for corticosterod
actevity
In additton to these charactenstics wiuch distinguish the corti-
costeronds, 1t may be ponted out that glucocorticoids are oxygen-
ated at C;; and are sometimes referred to as 11-oxysteroids
Mineralocorticords on the other hand do not bear an oxygen atom
at Cy; and may be referred to as 11 deoxyeortrosterords The
xmpcr!:mt glucocorticords are cortisone and hydrocortisone 11
and are the 1mportant mineralo-
1 this respect

deoxycor
corticords Al s 24
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When progesterone 1s perfused through the isolated gland 17
hydroxycorticosterone 15 produced (Fig 5) This requires three
steps — 17 hydroxylation 21 hydroxylation and 11 hydroxy
lation It has been shown that once C bears a hydroxyl (OH)
group 1t 15 no longer possible to add a hydroxyl group at Cy
Therefore in the conversion of progesterone to 17 hydroxycor
trcosterontie  esther 17 hydroxylation occurs first folfowed by 11
hydroxylation or 11-hydroxylatton occurs before 17 hydroxy
lation If progesterone undergoes 21 hydroxylation deoxycorticos
terone 1s formed and this can undergo 11 hydroxylation to give
corticosterone (Fig 3)  Fmally 17 hydroxycorticosterone and
corticosterone can each undergo 11 oxidation with the produc
tion of 17 hydroxy 11 dehydrocorticosterone (cortisone) and
11-dehydrocorticosterone respectively (Fig 5)

These reactions are thought to be controlled by enzyme systers
(11 hydroxylase 21 hydroxylase 17 hydroxylase and 11-oxidase)
It seems hkely that competition for these enzymes may take place
and that the resulting chenucal equilibrium may determune the pre
dominant activity of the gland at any given time For example
compound S and DOC will compete for 11 hydroxylase (Fig 5)
and upon the outcome of this competition will depend the propor
tion of hydrocortisone to corticosterone produced

This conception of enzyme competition may eventually help to
explamn the response of the cortex fo the needs of the moment
terms of gl ticord or locorticord prod It may
also explan the one sided bormone production encountered it
certain disease states

In addition to cholesterol ascorbic actd 1s present in the cortex
in physiological quantities The role of ascorbic actd m sterord
synth remains but its e 1§ led by the
fall 1n cortical ascorbic acid which follows njections of ACTH
This effect of ACTH 1s used as a means of quantitative estumation
of this hormone 1 blood

Mistology of the Cortex n Relatton to Function

The stuking arrangement of the cortical cells mto well defined
zones has suggested two theores concerning the functional sig
nificance of these layers Some workers’® believe that the zona
glomerulosa consists of mmature cells which gradually mature
and m domng so sink deeper mto the cortex so that the cells of
the outer part of the zona fasciculata contamn the precursors of the
cortical steroids  The mner layers of the zona fascicu ata are re
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sponsible for the synthesis of the hormones which are finally dis-
charged from the cells of the zona reticulars  In other words, the
arrangement of the cells of the cortex 15 based upon a cycle of
maturation and degeneration cells being continually replaced from
the zona glomerulosa (Fig 4)

The second theory postulates that each zone is responsible for
secreting different hormones 1n the following manner —

Zona glomerulosa —— muneralocorticords

Zona fasciculata and zona reticulanis —— glucocorticords.

X zone or mmer part of zona reticulans —» androgens

Each of these theones 1s supported by expenimental evidence
and so far the question has not been decided in favour of either
Action of Adrenocortical Hormones

Although 1t has been possible to learn a great deal about
adrenocortical physiology from the study of diseases mvolving
the gland and from the clinical and expenimental use of pure hor
mone preparations much still remams obscure Certam effects
observed n disease or dunng esperiments may not accurately
reflect the behaviour of the gland under physiologtcal conditions
For example large doses of cortisone may alter the distnbution
of body fat causing the face and trunk to bear an excess of adt
pose tissue while the limbs reman thin  This same pattern of
obesity 1s seen i certamn diseases of the adrenal cortex but the
exact role played by the cortex i controlling the distuibution of
body fat in normal indviduals 1s unknown

1 SEX HORMONES

(a) OESTROGENS AND PROGESITERONE There 15 no
reason to suppose that the actton of oestrone and progesterone
secreted by the cortex differs m any way to the action of these
hormones secreted clsewhere The significance of cestrone and
progesterone sn the male 1s at present obscure and no further ref
erence to their actions will be made i this chapter

(b) ANDROGENS TIn the male the effect of adrenal andro
gens 15 ob d by the p of hormones  The
action of adrenal androgens has therefore been studied 1n eunuchs

m women and 1 patients suffermg from diseases of the adremal
cortex

1 Pubic and Axillary Hawr  The appearance of some pubic hair
and axillary hair in untreated eunuchs (the pubic hair showing a
distribution charactenistic of the female) 1s generally taken to
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ndicate that adrenal androgens play some part tn the distribution
of body hair and may be largely responsible for the develor
of pubic hair 1n the female
2 Gemtal Organs It seems likely that adrenal androgens are
ponsible for the develof of the chtorts and the labm
majora  When adrenocortical hyperplasia affects females before
buth hypertrophy of the chtons, together with deformities
of the urethra and distal portion of the vagina are scen What
part adrenal androgens play in the embryology of the female
gental tract under physiological conditions 1s unknown

3 Libido Adrenal tumours 1 women may cause a vanety of
changes n the direction of the sexual mstinct from complete sup
pression of libido to overt homosexuality Small boys sumilarly
affected show the sexual behaviour of adult mer It 1s worth
mentioning that the somatic precocity seen n these diseases 1s fre
quently accompanted by a striking matunty of speech and manner
However 1nteresting as the study of these phenomena may be 1t
1s not possible to say how far the changes observed are related
to cortical function in normal subjects

4 Epiphysial Closure  Adrenal androgens play some part m
skeletal maturation but the numerous factors involved in bringing
about epiphysial closure are too complex to permut of an exact
statement of the parts played by the various hormones concerned

S Muscular Strength Like testicular androgens those derved
from the cortex are protem anabolic and cause nitrogen retention

lev and preternatural strength may
be encountered 1n the presence of excess adrenal androgens

2 CORTICOSTEROIDS

A GLUCOCORTICOIDS Of all the adrenocortical hormones
the glucocorticoids have the most important actions It 1s the
lack of glucocorticords which eventually causes adrenalectomsed
animals to perish and cortisone by itself appears to serve as
adequate substitution therapy 1 patients deprived of all cortical
tissues It may be that hydrocortisone 1s not only the chief gluco
cortrcord of the human cortex but that under physmloglcal con
ditions 1t 1s also partly resp ble for the ticord
activity of the gland

1 Carbohydrate Metabolism The action of glucocorticoids

upon carbohydrate metabohsm s fourfold
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(1) Glucocorticards depress the reabsorption of glucose from the
tenal tubules and therefore promote glycosum
(u) They bring about an increase m the destruction of protemn
and tn 1is comversion 1o catbohydrate or rather 1t may be that
they disert ammo acids towards carbohydrate metabolism at the
expense of protein synthesis
(1) Glacocorticoids also cause an mcrease m the deposinon of
glycozen 1n the hver This action forms the basis of one method
of the ¢ of gl ticoids 1 blood or
unne At the same time no ncrease i muscle glycogen restlts
from the action of glucocoricords which mdicates that there 13
1o mncrease 1n the use of carbohydrate
(v} Glucocorticoids mterfere with the utibzation of sugar by the
body The mechanism of this action 15 uncertan but 1t 1s probable
that hydrocortisone mhibits hexokmase an enzyme which nor-
mally accelerates the phosphorylation of glucose This effect of
hydrocortisone 15 opposed to the action of msulin which 15 to
promote the activity of hexohmnase This failure of phosphory-
lation means that an mmportant source of energy 1s left unused by
the tissue cells and m thus way hydrocortisone can tmpede cell
mitosis

The overall effect of glucocortiomds when present in excess s to
produce hyperglycaerma (and glycosuria) of a type which 1s resist
ant to the action of insulin In additton glucocorticords play some
part 1n the absorption of carbohydrate from the abmentary tract
smee i their absence absorption 1 delayed.

2 Protein Metabolism  Glucocorticoids are protemn catabolic

an effect which brings about widsspread changes m the body
tssues ?

(1) GI ticoids bring about d d of protem
and the amuno acids thereby released are w2 part conserted to
carbahydrate
(u) A the aof protemn there
o°curs a negatnve mitrogen balance and mcreased unnary excretion
of creatine and uric aad
(m) This catabolism of protem mvolves the tissues themsehes
vath the following results —

a wasting of skeletal muscles

b thinning of the epidermis

¢ dmmshed cellulanty of connective tissue with breakdown

of the nterceliular structures and of the epithehal cells




38 Tunctions of the Endocrine Glands

d delay n wound healing and suppression of the fundamen
tal changes of mﬂammallon (1¢ the appecarance of fibro-

blasts polymorp cells and lymphocytes),
¢ osteoporosis due to loss of protem from the matnx
of bone

3 Fat Metabolism Glucocorticoids cause a fise m the concen
tration of serum fat (tnglyceride) and n large doses may lead to
the appearance of adiposity, sh g a ch 1Stc
in which the face cervical regton :.\nd abdomen are affected but
the imbs are spared

4 Electrolyte and Water Metabolism The action of glucocor
ticoids upon the body metabolism of electrolytes and water 1s vart
able but in man they appear to cause retention of sodium and
chlonde while stimulating the excretion of potassrum  This action
although qualnatively the same as that of muneralocorticoids IS
much less powerful than in the case of the latter hormones

5 Membrane Permeability Glucocomcmds depress the pcrd

meablity of vanous b cg sy 1

oppose the ding achon of hy d. Hyal dase 15
thought to re’ease hyalurontc z\cld fmm such membranes and
thereby their permeab ticoids oppose the

action of hyaluromdase

6 Blood Cells Cortisone causes lymphopaema and depression
of Iympoid tissue 1t also causes a fall in the number of circulating
eosinophils This last effect 15 used climically in testing adrenocorti
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cal function and may result from lysis of eosinophuls or morc
probably, the cells are sequestercd 1 some reticulo-endothehial
tissue

7 Allergic Response Glucocorticoids suppress the exaggerated
nflammatory reaction which 15 charactenstic of the allergie re-
sponse Pickening®® believes that there are two distinct vaneties of
allergie reacttons (Fig 7)—the immediate response which 1
valves the umion of antigen and antibody on the cell surface with
the immeduate release of histamine and the delayed response which
wnvolves intracellular union of antigen and antibody with the sub-
sequent release of an enzyme Immediate responses are prevented
by antitistammne drugs whereas delayed responses (seen 1n
asthma dermattis rheumatord arthnius etc ) are prevented by
cortisone

8 Mental Changes Cortisone 1s capable of producing a feeling
of elation and n large doses 1t may bring about an exaggeration
of personality trends leading eventually to msamty Changes seen
m electroencephalograms of patients receiving cortisone include
disturbances of alpha actvity and the appearance of bursts of
slow waves

9 Gastric Actnity  Glucocorticoids stimulate the secretion of
hydrochlone acid and pepsin by the stomach

10 Glucocorticoids assist the body to rmove a water load This
property 1s used as a means of testng the capacity of the cortex
to secrete glucocorticoids (the so-called Robinson Repler Power
test) The mechanism of thts action upon water excretion remaims
obscure It may result from an increase 1n renal blood flow or by

of the of d hormone or by increase

1n the rate at which the tissues of the body nactivate this hormone
B MINERALOCORTICOIDS Deoxycorticosterone — causes
marked retention of sodum chlorrde and water at the same tine
1t increases the urmary output of potasstum and phosphorus by
the direct action of the steroid upon the distal part of the renal
tubules The activity of d ticosterone 1s largely confined to
the regulation of body electrolytes since it exerts no effect upon
carbohydrate metaboltsm and shares none of the other actions of
glucocorticords  Whether the prnimary effect of the hormone 1s
upon sodum excretion—the other effects being secondary to this
or whether 1t exerts some direct action on the metabolsm of
Ppotassium and water remans doubtful

It had long been known that the amorphous fraction (see page
28) extubited a powerful mmeralocorticord action but 1t was not
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unul 1952 that this was shown to be due to the presence of aldos
terone, formerly nown as electracortsn smce obtamed m crystal
line form and identified chemyeally »* The salt retamihg properties
of aldosterone are many times stronger than those of depxycort:
costerone In addtion to sts mineralocorhcoid propesties aldoster
one 15 capable of protecting expenmental ammals agamnst stress,
shows some glucocorticoid action and will bring about eosino-
paema™ 2% What part aldosterone and deoxycorticosterone
play separately or together, in the function of the adrenal cortex
under physiological conditions 1s uncertam  Some authors beheve
they are both important others hold that aldosterone 15 the true
munerafocorticod of the cortex and that deoxycortticosterone 15
stmply an mtermediary compound formed dunng the synthesis of
other sterowds

2

——> Sodium

=== Hydrogen 1on

— = ~3 Potassium

Fig 8 The renal excretion of sodwm and potassum The site of action of

auneralocorticotds is mdicated by 1 and 2 At 1 the hormones nfluence the

exchange of sodium and hydrogen 1on while at 2 they control the exchange

of sodium and potasswsm and possibly the exchange of sodum and hydrogen
ons

Recent expeniments have served to extend our knowledge of
the hanism by which locotticords regulate the
of sodum and potassium  The potasssum of the glomerular fil
trate 35 entirely reabsorbed i the proximal part of the tubule
while the potassium of the urine 15 denved exclusively from the
cells of the distal part of the tubule This distal secretion of potis
swum nvolves exchange with sodum, which 1s reabsorbed *
Sodium 15 a0 reabsorbed from the proxmal convoluted tubule
and there 1s good evidence to show that reabsorption of sodium
i exchange for hydnon also takes place 1n the ascending himb
of the Joop of Henle (Fig 8) It has been suggested as the result
of experiments using 1sotopically labelled potassium that the action
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of locorticoids n the reat of sodwum 1s
exerted at the site of sodium hydnion exchangc tn the as~ending
limb of the loop and at the site of sodium potassium exchange n
the distal convoluted tubule (Fig 8) These remarks imply that
all the potassium secreted by the tubules is exchanged for sodium
absorbed from the tubular flud * Tt can thercfore be seen
that the tubular secretion of potassium 1s hmited by the Availability
of sodium at the site of this cation-cxchange This conception helps
to explam the mfluence of sodism excretion upon that of potas
swum
In contrast to glucocorticords mmeralocorticord hormones have
becn shown to exert a prophloglsuc action that 1s to say thesc
the i ve reactivity or nflammatory
potential of connective ussuc The significance of this action s
unknown

Synthetic Adrenocortical Hormones

Certain changes in the chermistry of adrenal steroids have been
shown to alter therr physiologscal properties 1 a remarkable way
1 Hnlagenalmn The admisston of chlonne or fluonne into the
of or hy tisone at C, has been shown
to enhance therr mmeralocorticord activity without loss of gluco-
corticold properties Such halogenated glucocorticoids are many
times stronger than deoxycorticosterone i their effects upon
mneral metabolism

2 Pred (Metacortandralone) and Pred. (Meta

d ) These ds are hetie crystalline sterouds
which possess hormonal acuvny Predmsolone 1s identical with
hydrocortisone exccpt for a double bond between C, and C, 1n

the A nng and 15 10 ! with except for
the same changc These compounds are effective by mouth and
show great ant1 rh and anti infl y properties while

at the same time they are less apt to induce salt retentson than
hydrocortisone and cortisone

CHOH CHOH
1
c-0 _o
HO. OH H OH
© o
‘Hydrocortisone

Prednisolone
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3 2 Methylcorticosteroids  ‘The 2 methyl denvatives of corti
sonie and hydrocortisone show considerable activity 1 tests of
sodwm retention 1n fact 2 methyl 9a finorohydrocortisone 1s more
active mn this respect than aldosterone

Amphenone In 1950 a substituted deoxybenzom was synthe
sised and named amphenone This compound which s mot a
steroid depresses the cortical prod of steroids probabl,

a direct action upon the gland rendening 1t less responsive to the
stimulating effect of ACTH

Adrenl Cortex and Renal Function? #

It has been suggested that the fundamental action of the adrenal
cortex upon mumneral and water metabohsm 1s due to a diect
action upon the tubules of the kudney This theory s however
very difficult to confirm The results obtamed by the applicatron
of the orthodox methods of studying the vanous phases of renal
function m the presence of abnormal cortical activity have not
gven uniform results In anmmals suby d to total adrenal
and kept alive by means of cortisore studies of renal function
have been made during the admnstration of cortisone and agan
after the drug has been withheld These mvestigations have sug
gested that the followmng changes occur after adrenalectomy —

1 Renal blood flow It 1s sometunes possible to demonstrate
a fall m renal blood flow followmg adrenalectomy

2 Glomerular filtration Probably as the result of a fall
renal blood flow adrenalectomy produces a fall in the glomerular
filtration rate

3 Tubular function In ammals there appears to be an 1
creased tubular excretion of sodium and a fall in potassium
excretion

Miscellaneous Functions of the Adrenal Cortex

The adrenal cortex 15 concerned 1n some way with the produc-
tion of the pigment melamn It has been suggested that corticos
teroids mhibit the secretion of melanocyte stmulating hormone
by the pitmtary In addion glucocorticoids depress the pro-
duction of compounds contaming the sulphydryl ( SH) group
The latter compounds i turn miibit the production of melanm
The first of these observations may explamn the occurrence of
excessive pigmentation of the skin 1o diseases which involve lack
of adrenocortical function
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1t 15 known that the cortex plays some part in the growth
of young ammals 1 the regulation of blood pressure and n the
capacity of skeletal muscle to contract efficiently These muscel
fancous effccts appear to result indirectly from other actions of the
gland Finally ewidunce has recently been produced for the exist
ence of a sodium Josing hormone secreted by the cortex * This
evidence has been derned largely from studtes of patients suffering
from abnormal cortical function and 1s at present inconclusive

The Control of Adrenorortieal Actiaty

The 1solated adrenal gland 1s capable of some secretory activity
However, under physio ogical conditrons within the body the re-
quirements of adrenocortical sterords vary so much from hour
to hour and even from mmute to minute that elaborate mechan
15ms extst which enable the gland to meet these vanations

1 SEX HORMONES The control of the secretion of sex
hormones has not been studied as fully as that of corticosterods
However ACTH can certainly stmulate the production of cor
tical androgens The details of this action are not understood but
a hypothetical scheme to explam the relatronship between the
synthesis of androgens and of corticosterods 1s shown mn Figure 6

It has been d that ACTH stimul. the conversion of
s to dehydroer and 1n this way promotes
the synthesis of adrenal androgens While this attractive hypothesis
1s 1 harmony with the effe t of ACTH upon the production
of cortrcosteroids (see below) 1t remams unproven (Fig 6)

2 CORTICOSTEROQIDS  Adenohypophysis  ‘The antenor
pitwitary gland influences the cortex by secreting the adreno
corticotrophic hormone (ACTH or costicotrophin)  Admims
tration of ACTH to man and amimals brings about hypertrophy
of the adrenal cortex an increase 1n the concentration of cortical
hormones m the adcenal vern and a fall 1n the cortical content of
sterord precutsors (cholesterol) and of ascorbie actd The funda
meatal action of ACTH appears to be concerned with the conver
sion of cholesterol to pregnenclone and 1t may be that the rate

of this conversion sets the pace and direction of adrenocortical
activity *

ACTH undoubtedly mncreases the production of glucocort
coids In the case of mineralocortivoids there appears 1o be some
difference from one species to another and 1t remams uncertam to
what extent (f any) ACTH can stumulate the production of

B,
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deaxycor and ald: m man Certanly aldosterone
has been found in the adrenal vew blood of hypophysectomused
dogs and can therefore be secreted 1 the absence of ACTH

STRESS  Stress has been defined as any condition which in
creases the metabolic demands of the whole body or of some of
sts organs It 15 effect a term apphied to such novous stumuli
as cold heat trauma sfection anaesthesia anoxia texms and
psychological stress It 1s known that exposure to such sttmuh
evokes 2 well marked response from the adrenal cortex and
further that tius response acts as a protective mechamsim aganst
the particular stress applied The response on the part of the cortex
1s brought about by a shuft in prturtary hormene production away
from gonadotrophic hormones m favour of ACTH™ This
mcreased production of ACTH 15 brought about 1 several ways

In the first place stress aceelerates the rate at which adrenocor
fsical hormones are used by the tissues of the body and m this way
lowers their concentration m the blood Thus fall of the concentra-
tion of these hormones i the bleod sumulates the production of
ACTH by causwng the diuection of pitwtary actvity to shilt anay
from the production of other trophic hormones towards the for
mation and release of ACTH This mechamsm 13 referred to as
the Sayers tissue utihization hypothesis **

Secondly stress causes the adrenal medutla to discharge adrena
hne which 1 turn causes the prtutary to release ACTH  This
mechamsm 1s called the Long adrenabne hypothesis *

Fnally Harns has produced convincing evidence to show that
stress may affect the production of ACTH by acting upon the
fiypothatamus  which 15 m turn capable of stimulating wcreased
production of ACTH by the pitmtary This mechamsm 15 called
the Harns bypothalamic hypothesis 10

How these three t share the t of adreno
cortical function 1s uncertamn It has been suggested that the recp
rocity between serum corticosterond levels and ACTH secretion
may account for a steady balance durmg conditions of relatne
stability Upon this 15 supenmposed the hypothalamic control
which 1s responstble for day to day vanations n cortical activity
while all three mechamsms come mto play under conditions of
acute stzess  Harris believes that there ewsts a basal level of
hypothatamic  drive under resting conditions which s mncreased
under the influence of stress

OTHER FACTORS Perfusion studies have stressed the impor-
tance of at least two other sub (ad taphosph
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and potasstum) 1 controlhng the rate of hormone production by
the 1solated gland
4d.

hosph This comp d prod a sharp
burst of steroid hormone secretion by the cortex  The gland s
known to take up and use phosphates'™ and this behaviour may
be due to the action of ACTH

Potassum  Duning perfusion cxpeniments an crease n the
potassium content of the perfusing flurd brings about an ncrease
n corticosterord production The specral interest m this response
hes tn the fact that such a mechamism could control the minera
locorticard secretion of the cortex without the mtervention of the
pitmtary gland Such a concept would accord well with the obser
sation that m some ansmals at least the secretion of mineralocor
ticords 15 independent of pitutary control  However changes of
potassium concentration i the blood may only represent an emcr
gency mechanism which 1s not responsible for govermng the
«ecretion of focorticords within ph: 1 levels

Autonomous Actinsty  Expenmental evidence 1 ammals sug
gests that there exists an inherent cortical actvity which provides
a basic hormone output in the absence of the mechanisms of con
trol already descnibed

While the secretion of aldosterone appears to enjoy a certain
freedom from the control of the adenchypophysis a fall m extra
cellular fld volume stimulates the rate of its productton It 1s
more difficult to disentangle the effects of changes i serum potas-
stum and sodium  but 1t seems hikely that a nise m body potassium

lates the of ald while a fall has the opposite

effect By and Jarge, changes m body sodium produce the opposite
effects Recent studies™ suggest that the effect of changes in body
potassium are mediated by way of a direct influence upon the
cortex whereas changes mn body sodium operate by way of asso-
ciated fluctuations m flud balance Expeniments which attempt to
separate these different factors often produce highly artificial con
ditions and must be mterpreted with caution

Stress 15 believed to cause some ncrease in the rate of secretion
of aldosterone while decapitation causes a fall in the adrenal vem
content of this hormone Some workers believe that the latter
observation points to some cerebral factor (possibly hypothalamic)
n the control of a dosterone secretion ®

Urinary Fxcretory Products of Adrenocortical Hormones

Lattle 15 known of the fate of adrenocortical hormones  Ths 15
a natural consequence of the uncertanty which surrounds the
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deoxycort and ald m man Certunly aldosterone
has been found n the adrenal vem blood of hypophysectomised
dogs and can therefore be secreted n the absence of ACTH

STRESS Stress has been defined as any conditien whieh 1
creases the metabolic demands of the whole bady or of some of
ity organs Tt s an effect a term apphed to such notous stmult
as cold heat tauma mfectton anaesthesss anoma toxms and
psychological stress It s hoown that exposure to such stumul
ewokes 2 well marked response from the adrenal cortex and
further that this response Acts 25 2 proteetive mechanism against
the particular stress applied The response on the part of the cortex
13 brought about by a shift 1 pituitwty hormone production away
from gonadotrophic hormones 1 favour of ACTH™ This
mereased production of ACTH 15 brought about m several ways

in the first place stress accelerates the fate at which adrenocar
tical hormones are used by the tssues of the body and m ths way
lowers their coneentration m the blood This fall of the concentra
tion of these hormones 1 the blood sumulates the production of
ACTH by causmg the dwrection of pitwtacy actvity to shift away
from the production of other trophic hormones towards the for
maton and release of ACTH This mechanism 15 referred 10 8§
the Sayers fissue utihization hypothesis ¢

Secondly stress causes the adrenal medulla to discharge adrepa
nne which m tum causes the pitutary to release ACTH  Thes
mechamism 18 called the Long adrenaline hypothess ™

Fmally Harns has preduced convincng evidence ta show that
stress may affect the production of ACTH by acting upon the
hypothalamus which 15 1 turn capable of stumufating mcreased
production of ACTH by the pstustary This mechamsm s called
the Harns hypothalamic hypothests

How these three t share the of adreno~
cortical function 15 uncertai It has been suggested that the recip
socity between sexum corticosterowd levels and ACTH secretion
may account for a steady balwnce dunng condwons of relatve
stabiity  Upon this 1 superimposed the hypothal cantro]
which 1s responsible for day to day varations i cortical sctivity
while nli three mechanssms come into play under condstions of
acute stress  Harns believes that there eusts a basal level of
typothatamee  dnve under resting condittons which 15 mncreased
under the mffuence of stress

OTHER FACTORS Perfusion studies have stressed the smport-
tance of at Ieast two other substances (adenosise trphosphate
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(1) Porter Silber Method A charactenstic yellow colour ap-
pears as the result of reaction between phenylhydrazine hydro
chlonde and steroids which have a 17 21 dihydroxy 20 ketone
grouping 1¢ CHOH

c=0

é-on

The intensity of this yellow colour can be measured and a num
ber of modifications of the method are in use The range of
normal for this method vanes according to the details of tech-
mique It 1s common practice to refer to the substances estimated m
this way as 17 hydroxycorticords or 17 hydroxysteroids 1n con
trast to 17 ketosterouds but this implies a specificity for the test
which 1t may not possess

(1) Oxidation Method The side chaim at C,; can be removed
from certan sterods by sodium bismuthate to gne 17 ketos-
terolds These steroids include those bearmg the followng
groups —

CHOH CHOH -
-0 !‘:HOH Lion
&% & &*

@) (b) &

Sterords 1n the blood or urine bearing these groups are thought
to be by products of glucocorticoid metabolism The increase 1n
17 Letosteroid content of urime occastoned by this process of oxt
disation therefore gives some indirect measure of the concentra
tion of glucocorticoids m blood Only sterords beanng the group
shown as (a) above are estimated by the Porter Silber method
which means that the oudation method gives ngher results than
those obtamed from the Porter Silber technique

Recent modifications of this method mnclude removal of pre
existing 17 ketosterords by means of sodium bosohydnde

Whue each laboratory must establish 1ts own normal range for
these estimations normal adults show levels for the Porter
Silber method of between 2 and 10 mgm per 24 hours and for the
oxidation methods of between 8 and 20 mgm per 24 hours

2 BIOASSAY

(1) Venming Method ° This method measures the glucocorti

coid content of urine and depends upon the ability of 11 oxygen
F
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nature and number of these steroids i the blood It appears
likely that a proportion of the cortical hormones s excreted m the
urine unchanged but that this proportion 1s small The bulk of
cortical steroids undergoes a series of chemical changes i the
course of thew physiological activities and the end products of
these chemical changes appear m the uune  Present day know
ledge of these excretory products 1s still imperfect but appears to
offer a valuable refl of ad tical activity

ANDROGENS Among the six adrenal androgens mentioned
above five will be seen to possess a hetone (C = O) group at Cur
In this form they appear m the unne 1¢ as 17 hetosteroids the
sest of the molecule bemg mn some cases altered dunng their meta
bolism In the unne 17 ketosterowds can be relatively easly and
accurately estimated by a colonmetnc method Al 17 ketosterouds
are not however the end products of adrenal androgen metabolism
In the male abou! onethid of the total 17 ketosterond
output 1s derived from testicular androgens In both sexes cextam
members of the pregnane senes of steroids which are not them
sehves androgens but which rep dary pounds 1
the synthesis or end products of the metabolism of nog androgenic
sterords can undergo omdaton of the side cham at Cy and
thereby contribute towards the total 17 ketosteroid output When
the term 17 ketosteraud 1s used without qualification it refers to
neutral 17 hetosterords this excludes certain oestrogens and other
sterads which have a phenohc structure 1 the A ring of the
nuclens Normal adult males excrete between 8 and 20 mgm of
peutral 17 ketosterords 1n 24 hours females between 4 and 12
mgm

GLUCOCORTICOIDS AND MINERALOCORTICOIDS
The measurement of unnary products of cortrcosterowds 15 fraught
with the same difficulties as those d m the case of

d The d betwden gh ticowds and nuneralo
corticords 15 confused by the fact that 11 deoxycorticosterone 1S
excreted m part as pregnanediol and in part as corticosterone

1 CHEMICAL ASSAYS Two man methods are mn curremt
uvse (1) The Porter Suber colour reaction and

(1) Methods winch mvelve the oxidation of the metabolc
products of plucocorticonds to 17 ketosterosds and subsequent
measurement of these compounds by the colonmetnic methods
mestioned above The difference between the 17 ketosterond esti-
mations before and after oxidation gives a menswte of glucocorts-
coid metabolites
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In a normal mdividual at least one of the four successive hously
specimens collected n the morming cxcecds m wlumc the total
nocturnat output  In the p of nd
secretion the ingestion of water fails to simulate this diuresis and
consequently the noctumnal volume exceeds that of each morning
specimen

The mechantsm of this test 15 somewhat uncertain  An abnor-
mal response may result from alterations i renal blood flow asso-
ciated with disease of the adrenal cortex or to changes n the re
fease of antidwretic hormone from the neurohypophysis

¢) Uninary Assays Either by the Venning method or by one of
the 1ndirect chemmcal tests already mentioned it 1s possible to
measure (somewhat imperfectly) the excretion of glucocorticords

3 MINERALOCORTICOID SECRETION Although tests
mvolving the use of low salt diets were once used to assess the
ability of the cortex to secrete mmeralocorticoids they now find
no place mn clinical medicine because they are dangerous and are
rarely required

Diseases of the Adrenal Cortex

Diseases of the adrenal cortex it man have been closely studied
and because they illustrate certain aspects of cortical function the
more mmportant examples can be mentioned

HYPOFUNCTION Addisons Disease This condition repre-
sents a failure on the part of the adrenal cortex to secrete adequate
quantities of steroid hormones It may result from one of a num
ber of pathological processes affecting the gland Deficrency of glu-
cocorticords 1s shown by the great susceptibility of the patients to
stress Fallure of muneralocorticoid secretion leads to a fall mn
serum sodtum and a nse mn potasstum  Such patients show a low
resistance to infection and readily become dehydrated The
appearance of areas of skin pigmentation due to the deposttion of
melanm 1s a highly charactenstic feature of the disease

HYPERFUNCTION 1 Adrenocomcal (umours may produce
a picture of excess ds and
muneralocorticoids  Female p:mems show evidence of mascubm
zatton ¢ g amenorrhoea excess body hair of male distnibution and
hypertrophy of the chitoris  Adiposity affecting the face and trunk
15 seen and diabetes together with atrophy of the epidermus and
loss of muscular tissue are features of the condition
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ated sterods to deposit glycogen i the liver of the fasting adrena
Iectomised mouse

(u) Cortin Assay An 1ll defined mixture of glucocorticords and
muneralocorticords can be estimated by a number of bioassay
methods The substances measured m this way are referred to as
cortin

Tests of Adrenocortieal Funetion

Ideally, tests of adrenocortical function would consist of chemt
cal assays of some or all of the important cortical steroids i blood
or urine Present day tests fall far short of this ideal In the clim
cal assessment of adrenocortical function 1t 1s important to bear
m mnd the three important groups of hormones secreted by the
cortex (androgens glucocorticords and mneralocorticords)  Dif
ferent tests mvolve different groups of hormones and mterpretation
of a gen test mvolves the consideratton of which hormone or
group of hormones 1s bemng subjected to measurement

1 ANDROGEN SECRETION Estimation of the total
neutral 17 ketosterord excretron gives some indirect measure of
the androgenic activity of the cortex and gross varnations from the
normal are significant

Efforts have been made to measure the excretory products of
adrenal androgens as distinct from testrcular androgens and non
androgenic steroids For example 1t 15 possible to measure the
percentage of 17 hetosteroids w the urme which constitute the

@ fraction By this 15 meant those 17 ketosterowds in which the
hydroxyl group (OH) at C, Les i the same plane as the methyl
gronp at Cy The gfraction normally constitutes about
15 per cent of the total 17 ketosteroid output and 15 chiefly de
nived from the adrenal androgens

2 GLUCOCORTICOID SECRETION a) Tests of
eostnopaerua production® * The capaaty of the adrenal cortex
to secrete gl ticords may be d by stud; the fall m
the mumber of circulating eosmophils resulting from an injection
of ACTH The ACTH stimulates the cortex to produce glu
cocorticoids which 1 turn cause a fall m circulating eosinophils

b) kepler Test This test 1s 2 useful indwect method of assessing
glucocorticord secretion and of 1ts many modifications that
described by Kepler Robinson and Power ° 1s widely used This
consists of measunng the hourly unnary volumes excreted after
mgestion of a calculated amount of water early m the morning




CHAPTER I11

THE THYROID GLAND

Introduction

The thyroid gland 1s present i all vertebrates and dunng its
a duct bike dage which has suggested

to some workers that the gland once dehivered an external secretion
mnto the pharynx by means of this duct However no species of
ammal 1s known 1n which such an exocrine function occurs and m
vertebrate phystology the gland plays a purely endocrine role
In both warm blooded and cold blooded ammals the thyroid gland
shows seasonal vanations in function but in the former its activity
ts greater 1 cold weather while i the latter the reverse 1s true

Embryology

The thyroid gland 1s dertved from the mudventral floor of the
pharynx By the end of the fourth week a small hollow sac jomed
to the pharynx by a tubular duct has developed (Flg 9) durng
the sixth week this thyroglossal duct the
thyrowd gland loses its central cawity and adopts a bilobed form
(Fig 9) Dunng the eighth week discontinuous cavities appear

== Thy od

8]

Fig 9 The development of the thyroid gl:md {a) at the sixth week () at
the seventh we
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2 Adrenocortical hyperplasia before birth When adrenocor
tical hyperplasia occurs before birth 1t may interfere with the de
velopment of the female gemtal tract so that at birth the sex of
the affected individual may be indeterminate This condition 1
referred to as female pseudohermaphroditism
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either directly 1nto the blood stream or into the follicular lumen
In the second event the secretion will pass back through the cell
m which 1t was ongmally secreted on its way to the blood stream
(Fig 12) The mutochondna  of the thyroid cell increase
1n number when the gland 1s active and this mcrease seems to be
related to the formation of colloid rather than to the release of
hormone mto the blood Hypertrophy of the Golgt apparatus on
the other hand 15 assocrated with mcrease 1n the rate of release
of hormone mnto the circulation*

Ectopic Thyroid Tissue!

Ectopic thyrord tissue may develop anywhere along the path of
descent of the thyroid gland Consequently such tissue may be
found within the tongue itself Lingual and sublingual thyroid tis
sue may occur 1n the absence of a normal thyrod gland Some
times active glandular tissue 1s found in the mediastinum as far
down as the diaphragm

Function

The function of the thyroid gland 1s to produce a collord
material contatng a hormone which 1s capable of stimulating the
rate of metaboltsm of the tissues according to the needs of the
bod;

Cl ¥ of Thyroid §

The colloid of the thyroid gland contans two protemns Of
these the first 1s a nucleoproten denived from the destruction of
cell protoplasm—it 1s todine free and physiologically nert The
second 15 a globulm which contains 1odine when this 1s given to
experimental ammals 1t 15 capable of substituting for the intact
gland  Ths second protemn 1s a true secretory product of the
thyroid cell and 1s called 10dothyroglobulm (thyroglobulin for
short)

The thyrotd gland contams at least seven compounds whose
molecules bear 10dine

! NH
1 NO—O cH el

COOH
Monoiodatyro 1ne
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withm the gland These represent the follicles of the adult gland
and soon come to contam a cofloid substance At the end of the
fourth month this formation of follicles comes to an end and
thereafter new follicles are formed by the budding and diiston of
those already 1n exstence
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Fig 10 The histology of the lhyro;‘d gland (a) actne phase (B) quiescent
phase

stology

The charactenistic feature of the thyroid gland 1s the follicle—
a roughly sphericat structure lined by epithehum and contaimng
colloid (Frg 10} Tlus colloid 15 a homogeneous substance nich
n 10dime and in the fresh state 1t1s clear when fixed 1t stains with
acid dyes The hnng epitheiium 1s cubordal and rests directly upon
the vascular connective tissue between the follicles, withont the
intervention of a basement membrane

The epithel vanes 1 apf with the state of activily
of the gland Generally speaking the cells are low when the gland
15 restng and tall when 1t 1s active A low emthehum 15 usually

d with a large follrcular Yemen and an increase m collowd

content Tall columnar epithelium, on the other hand 1s usually to
be seen with small follicles and consequent folding of the redun
dant epithehum upon stself  The thyrod cell has been subjected to
close scrutmy which has disclosed certan features of interest
Apparently the cells hning the follcle have the power to secrete
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Noture of Thyroul Hormone

The thyroud gland secretes more than one¢ hormone Thyroune
353 tmodothyronme 3 3 5 trnodothyronme and 3 3 -duodo-
thyronine are all released from the gland mto the blood stream
where they become attached to the serum protens In additton
the acetic acid denvatives tetrarodothyroacetic acid (TETRAC)
and tenodothyroacetic acid (TRIAC) have been isolated from
certam tissues of the rat and may represent either metabolic pro
ducts of thyroid hormones or even addiuonal hormones® *  So
far however the two acetic acid denvatives have not been found
in blood so that only the four thyromines can be regarded as true
thyroid bormones at the present ime *

1 I
HQ—@—O-—- CH —COCH
O~-O

3.53 5 Tetraodothyroacetic acid (TETRAC

1 1
no—@—o-—@cn —cooH

b
353 Truodothyroacetic acid (TRIAC)

In all its physiological actions 3 5 3 tryodothysonme 1s more
active weight for weight, than thyroxme This observation has
suggested that 3 5 3 trnodothyromne 1s the true thyrod hormone
Or at any rate the most important hormone However it 1s now
generally agreed that thyroxine 1s the principal thyroid hormone
and that although other todinated amino acids are secreted by the
gland and released imto the crculation their importance as hor
moanes 3s shight beside that of thyroxme The great mterest
aroused by TETRAC and TRIAC lies 1n the fact that these sub-
stances show quahtative differences in their activity For example
TRIAC 15 more effectsve than thyroxne or truodothyrontne mn pro
moting metamorphosis of amphtbia but 1s weak 1n preventing
goitre and in stunulating the rate of oxygen consumption m the
ra®

In blood the thyrord hormones are chiefly assoctated with the
albumin and « globulin fractions of serum protemn although the
nature of this assocration 1s not known Some workers have sug
gested that thyrowne and trnodothyromne may exist m the blood
stream tn peptide combmation forming a polypepttde molecule
All that can be stated with certamnty at present 1s that while the
collowd contans thyroglobulin some fractions of this molecule in
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Of these seven compounds the first six are amno acids Thyro
globulin 15 a large proten molecule with a molecular wesght of
about 700 000 The composition of thyroglobulin 1s somewhat
varable but 1t contams up to 1 per cent of its weight of 10dme

The sigmificance of the 10dinated amno acids other than thy
raxime remains disputed they may be true hormones they may be
precursors of thyroxme formed during the synthesis of this hor-
mone or they may be derved from thyroxine as the result of meta
bolic changes brought about by the tissues The last of these posst
bilities has been elaborated nto an attractive hypothests which
suggests that thyroxine 1s largely mactive except as a precursor
of other 1odinated ammo acids The rate of removal of 10dine from
thyroxine which gives nise to these Jess rodinated compounds
(truodothyronines trnodothyroacetic acid and duodothyronine)
appears to depend upon the concentration of thyroxme m blood—
the greater the concentration of thyroxine the more rapid the

deiodnation
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(1) The hydroxyl group (OH) must occupy the 4 position on
the second ring  If 1t be moved to another position the com
pound Joses 1ts phystological activity

(v) The 1odine atoms must occupy 3 5 positions the 2 6
analogues actually show thyroxine mhibiting properties eg —

! NH
H°-©—°_®'CH - CH<coou

1

2 6 Duodothyronune

(v) The side chaim - CH,-CH-COOH 15 not essential for

NH,
phystological activity  This 1s shown by the action of acetic acid
denivatives (see page 55)

Thyroxine 1s optically active and the naturally occurning
(=) thyroxmne 1s more active weight for weight than the
(+) or racemic (=) womers but no qualitanve diferences can
be detected 1n the actions of these three substances

The synthesss of thyroid hormone requires an adcquate supply
of 10dine and the circulation of 1odine 1n nature 1s important 1
providing a source of this element to vertebrate ammals

Land plants &2 Soil ~— Spring and niver water — The sea

N d 2NN,
SN/ VN
Land animals Rocks Marine _ Manne
me\u anmmals
N
N
Sediments

Fig 11 The iodine cycle in natuce (Best and Taylor)

IODINE METABOLISM

Source Todne occurs mn soil whence 1t 15 relentlessly extracted

'y springs and rivers which convey the wodme to the ocean  In
this way sea water contes to contam an mexhaustible supply of
10dthe and Figure 11 indicates the exchange of 10dine between land
and sea The further away from the sca and the more mountamous

the country the lower the concentration of 10dme 1n food and
water
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the form of iodinated amno acids are released into the blood
stream, where they exist 1n a form which 1s descnibed as protein
bound

The globin protein responsible for bunding the greater part of
the thyroxine n plasma 1s called thyroxine binding protemn (TBP)
Electrophoretic studies have shown that TBP appears just ahead
of alpha, globulin Thyroune binds with this protern more firmly
than trodothyromine and can displace the latter from such bind
mg TBP s present i plasma 1n a concentration which s greater
than that required to bind normal concentrations of thyroune with
the result that the addition of small quantities of thyroxme (less
than 01 mg/ml) to plasma causes the added hormone to be
bound to TBP Further addition of thyroxine causes binding with
all serum protemn fractions albumin bemng the most umportant of
these secondary carners Studies performed upon blood taken from
patients who do not possess thyrord tissue indicate that the thy
roxine binding capacity of TBP 1s approxumately 0 4 mg /ml and
that about one third of this capacity 1s used 1n normal subjects
Dunng pregnancy the thyrovne binding capacity of TBP greatly
increases from about the twenty first day after ovulatton A sum
lar increase 1n thyroxine binding capacity 1s seen after the admin
sstration of oestrogens and it has been suggested that these hor
mones are responsible for the changes described during pregnancy

Hydrolysis of thyroglobulin reveals that some 60 per cent of 1ts
jodime 18 present as 1odotyrosmes (15 per cent as monoiodotyro
sine and 45 per cent as duodotyrosine) and 30 per cent as 10do
thyronmes Very bitle 1odotyrosine 1s found free within the gland
and none n the blood this 1s due to the rapidity with which these
compounds fose 10dme as soon as they are released from the
thyroglobulin molecule

Certain changes in the chemustry of thyroxine have been shown
to abolish 1ts thyroid Iike action others to brng about a great de
crease in 1ts potency without qualitative change while yet other
changes do not cause such striking differentces 1 1ts activity * (The
system used m numbenng the atoms i the thyrommne nucleus
molecule 1s given on page 17)

(1) The physiclogical activity of thyroid hormone requires the

nucleus
o>

(u) The mtroduction of halogens other tham jodme causes a
great decline m potency if more than one atom of 10dine be re-

placed 1n this way
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cells of 1ts follicles Probably only morgantc jodide (free from
serum protemn) 1s selectively collected and the rate of uptake
amounts to between 2 and 4 per cent per hour of the rodide
present m the blood and body flwds® The trapping of jodide be
gins as soon as 1t enters the blood and the oxidation of trapped
10dide to free 10dmne 1s performed with the same speed  This pro-
cess of oxdation 1s controlled by one or more enzymes and
requires a considerable output of energy
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Fig 12 Duagram showng the synthesis of thyrod hormane The gland
takes up 1odide and converts 1t to toding At the same tume the thyroid removes
2mmno acids (including tyrosine) from the circulation from these 1t constructs
the protein of the thyroid Within the protemn molecule tyrosine 13 10dinated
and 1wo molecules of duodotyrosine are condensed to form one of thyroxme
The last step may take place within the thyroid cell or w the follicle Thyeo
globulin 15 broken down by proteolytic enzymes and the smaller molecules
which result diffuse out of the gland (J H Means)
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‘The second step 1 b prod 1s the of
free 1odine mto protemn bound iodine (Fig 12)  Tyrosine 15
present 1 the thyrond gland and 1s 1odinated within the
cells of the follicle Actually the process takes place within the
thyroglobulin molecule which contains tyrosme and acts as a sort
of chemical vehicle mside which 10dmation of tyrosme procecds
(Fig 12) Inthis way tyrosme 1s converted mto monoiodotyrosine
and duod Sub: two molecules of duodotyrosine
couple with the loss of one side cham to form a molecule of
tetraiodothyromne (thyroxne) —
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Absorption Toding 15 absotbed from the alimentary canal and
to a lesser extent from the skin Iungs and mucous membranes By
and large 1t 15 absorbed mn proportion to the solubility of the
1odine compounds concerned

Storage Todine reaches the blood stream as morgame rodide
and from the blood the thyroid removes as much 1odide as it
requires The thyroid gland 1s the only organ n the body n which
appreciable quantities of 1odine are stored

Lxcrenon  Inorgamic 1odide circulates passivelv s the blood
and that which 1s not required by the thyrord 15 excreted by the
kidneys sweat bile and saliva Competition between the thyrodd
and the kidneys 1s set up soon after todide enters the blood and
urinary levels ate largely proportional to the intake There 1s no
evidence that a renal threshold for 10dide exists

Blood lodine Normally blood cells contamn only minute traces
of 1odine m the plasma 1odme exists mn two mamn forms The
fraction which 1s attached to protemn (protemn bound odme) 13
closely associated with vanattons 1n thyrosd activity and 1s thought
to represent the 1odine of the circulating thyrosd hormone The
morganic 1odide which remamns m the supernatent flud after the
serum protems are precipitated 1s much more vanable but usually
much smaller 1 amount than the protem bound rodme it 1s 2
reflection of the amount of 10dide absorbed from the alimentary
tract The total body 10dine content 1s about 50 mem of which
10 to 15 mgm are to be found I the thyrod gland Protemn bound
1odme s normally present in blood 1 concentrations of between
3 and 8 pgm per 100 ml while morganic 10dide 15 present m
levels of about 1 pgm per 100 mt

Requirements  The body appears to use about (¢ 33 mgm of
thyroxmne dady and would be expected to require about 0 2 mgm
of 10dine to synthesise this amount of thyroxine® Actuallv the body
manages on about 15 ugm of wodine daily?, because 1t shows
great economy m handling the element and retams most of that
hberated from the metabolism of thyroxing

Synthesis of Thyroid Hormone

The first step 1 the production of thyroid hormone consists of
the accumulation of 1odine within the gland This 1n stself 1s 2 two
fold process volving firstly the trappmg of 10dide and secondly
the oxidation of 1odide to free 10dine  In other words the thyrod
concentrates large amounts of circulating 1norganic 1odide 1n the
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Storage and Release of Thyroid Hormone

A feature of normal thyroid function 1s the capacity of the
gland to provide the required amount of hormone at the nght time
This 1s achieved by enzymatic building up of thyroglobulin and
1ts enzymatic splitting down nto more soluble fractions such as
thyroune In this form the hormone can diffuse fram or through
the thyroid cell and enter the blood where it 1s quickly attached
to protemn molecules not by ch 1 bmation but by adsorp
tion  That 1s to say the thyroid hormone can be stored mn the
collord and released as required—passing through the thyroid cell
on its way to the blood stream—or under more pressing circum
stances 1t can be secreted directly from the cell into the circula
tion® (Fig 12)

Salter has suggested that the thyroid cell membrane s such
that on 1its follicular aspect it can allow large molecules to pass
freely whereas on 1ts external aspect 1t will allow only smaller
molecules to pass As a result thyroglobuln can only move
towards the follicle and 1n so domng makes room for the synthests
of more protemn In leaving the cell to enter the follicle thyro
globuhn takes with 1t certan proteolytic enzymes which are
capable of freemg the hormones from the larger molecule

thus allowmng them to pass through the thyroid cell mnto the
curenlition

Action of Thyrowd Ilormone

Our knowledee of the achon of thyrord hormone 1 denved
from the study of patients and expertmental ammals deprived of
thyroid tissue on the one hand or subjected to an excess of the
hormone on the other Present day conceptions of thyroid function
do not permit of a detalled description of the ntegration of its
activity within the physsology of the body as a whole For example
certain disturbances of carbohydrate metabolism are seen in the ex
penmental ammals and patients mentioned above but the exact
tole played by the thyroid gland m carbohydrate metabohsm under
phystological conditions 15 not entirely clear The actions of the
hormone are discussed under various headings for convenience
but no doubt 1t will turn out that these mantfold functions are

really of a few d actvities on the part of
the hormone

1 Calorigentc Actnity 'The thyrotd hormone directly mcreases
the rate of oudation within the cells of the tissues In this respect
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In addition to thyroxine, the thyroglobulin molecule contams
trmodothyronine  which may sesult from the conjugation of mono
and dnodotyrosimes or from the loss of ong 10dme atom from
thyroxine This suggests two possible methods for the synthess of
these wodmated amino acids which may be indicated thus —

Tyrosine ~» M dotyrosine — Diuod — Tt
and
—=Motorodotyrosine—sDiodotyrosime-~—,
Tyrosine] + - Truodothyronime

M.

vrosine—!

The synthesis of thvroxime requires the mtact thyrowd cell® It
appears that the thyroid cell continuousiv produces a large proteun
molecule and stores this within the follicles as colloid If the gland
recetves 1odine 1t 1odiates the tyrosime present within the protemn

lecule  This 10d can take place within the
cell or within the fothcle

The app pl of the t of th by the
thyroid gland has prompted certmn workers to attempt this synthe
si15 outside the thyroid gland It has been shown that thyrowne can
be prepared by meubating wdume {not 1odde) with a number of
protewns contamng, tyrosine this reaction does not appear to be
controlled by enzvmes Furthermore there 1s some evidence to
show that both triodothyromne and thyroxine can be formed
the rat ontside the thyrod gland® The ease with which thyroxine
1s formed under these conditions may well cause one to wonder
why the body requires a thyroid gland There are three answers
to this question In the first place the thyroid 1s capable of con
verting 1odide to 1odine  Secondly the gland concentrates and
stores both the hormone and the raw matersals from which 1t 1s
formed 1n such a way that thyroxine can be released as required
by the tissues Thirdly the thyroid 15 capable of synthesising the
hormone much more readdy than any other tissue and can do 5o
under conditions which are subject to control




The Thyrod Gland 61
Storage and Release of Thyroul Ilormone

A feature of mormal thyroid function s the capacity of the
gland to provide the required amount of hormone at the right time
This 1s achieved by enzymatic building up of thyroglobulin and
its enzymatic sphitting down 1nte more soluble fractions such as
thyroune In this form, the hormone can difTuse from or through
the thyroid cell and enter the blood where 1t 15 quickly attached
to protem les not by ch 1 b but by adsorp-
tion  That 1s to say, the thyroid hormone can be stored 1n the
collord and released as required—passing through the thyroid cell
on its way to the blood stream—or under more pressing circum
stances 1t can be secreted directly from the cell 1nto the crcula
ton™ (Fig 12)

Salter has suggested that the thyrod cell membrane 1s such
that on its follicular aspect 1t can allow large molecules to pass
frecly whereas on sts external aspect it will allow only smalter
molecules to pass  As a result thyroglobulin can only move
towards the follicle and 1 so dotng mahes room for the synthesis
of more proten In leaving the cell to enter the folliclke thyro-
globultn takes with it certan proteolytic enzymes which are
capable of freemg the hormones from the larger molecule

thus alfowing them to pass through the thyroid cell mto the
circulation

Action of Thyrowd Hormone

Our knowledge of the action of thyrord hormone 1s dernved
from the study of patients and expertmental amimals deprived of
thyrord tissue on the one hand or subjected to an excess of the
bormone on the other Present day conceptions of thyroid function

0 not permut of a detailed description of the integration of 1s
actvity within the phystology of the body as a whole For example
certain disturbances of carbohydrate metabolism are seen i the ex
penmental ansmals and patients mentioned above but the exact
rale played by the thyrord gland 1n carbohydrate metabolism under
phystological conditions 15 not entirely clear The actions of the
bormone are discussed under vanious headings for convemsence

but no doubt 1t will turn out that these mamifold functions are
really of a few fund activities on the part of
the hormone

h 1 Calorigerue Activity  The thyroid hormone drrectly increases
¢ rate of oxtdation within the cells of the tissves In this respect
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1t probably acts as a catalyst In addition through vanations n its
activity 1t enables the body to meet changing physiological re
qurements The thyroid gland 1s responsible for about 40 per cent
of the total metabolic activity of the body In other words the
gland mamtams the metabolic activity of the tissues at a higher
level than they would otherwise achieve This action of the
thyroid gland can be measured by studtes of the basal metabolic
rate (page 71)

2 Growth Maturation and Differentiation of Tissues In man
and 1n vertebrate ammals 1t 1s unpossible to attain adult form and
dimensions 1n the absence of thyroid hormone This action of the
hormone 1s essentral for the metamorphosis of amphibia  The
mfluence of thyroid hormone upon the rate of growth of cells has
been shown by the stimulating effect which 1t exerts upon certam
cells growmg m tissue cultures It would seem that thrs mfluence
1s particularly marked m the case of skin nails har, teeth and
bone

3 Electrobyte and Protetn Metabol, One of the picuou
features of lack of thyroid hormone 1s the deposition of a muco
protemn substance between the body cells This proten 1s thought
to be the same as that which the ground sut or
cement normally found between the cells of the body Together
with this protemn there occurs an extracellular retentron of salt
and water 2 considerable reduction i plasma volume and an
mncreased concentration of serum and spinal flnd protens When
thyrord hormone 1s admmustered under these conditions 1t pro
duces a considerable diresis dunng which flud containing
appreciable quantities of sodium 15 excreted However 1n normal
individuals thyrod also has a dwretic action but under these
circumstances the flud excreted 1s especially rich in potassum sug
gesting that 1t 1s mtracellular 1n origin

Byrom® has extended these and other observations to provide
an attractive theory for the basic action of thyroid hormone He
suggests that the fundamental activity of the gland 15 directed
towards the removal of the mucoprotein i which the foetal tissues
are embedded This has the effect of freeing the cell surface for
those metabolic exchanges which will enable growth and division
of cells to proceed more rapidly In Byroms view the foetal
tissues are choked by mucoprotemn which prevents the rapid ex
changes of 1ons and water so necessary for cell growth and

diviston this 1s overcome by the removal of the extracellular
1 ds at an ever g

protein and so cell p P
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rate Such a concept providés a satisfactory explanation of thyroid
activity but as yet it remains speculative

4 Carbolyydrate Metabolism Our knowledge of the part played
by thyroid hormone in carbohydrate metabolism consists of a
number of disjointed facts Thyroid hormone accelerates the rate
of absorption of sugar from the ahmentary camal It further
depletes the liver of glycogen (perhaps mdirectly as the result of
increased oxidation of sugar by the body tissues) The hormone
also delays the deposition of glycogen 1n the liver during the pro-
cess of refeeding after slarv:mon its basic action 1s thought to be
m the liver where 1t t of gl

In addimon the hormone aﬁec!s carbohydm!e metabolism
tndirectly as a result of its sumulating effect upon body metabolism
as a whole Moreover 1t 1s capable of promoting the reabsorption
of glucose by the renal tubules e of rasing the renal threshold
for glucose

5 Lipowd Metabolism Hypothyroidism 1s usually assocated
with a nise 1n serum cholesterol and conversely (though with less
regularity) hyperthyroidism with a fall It has been suggested that
under these conditions the total body cholesterol 1s unaltered
the changes observed being the result of movement of cholesterol
to and from the plasma

6 Bone Thyrod hormone 1s essential to the normal develop
mesnt of bone Eplphysml Iusmn 18 delayed and the epiphyses
th Tves show 15tic changes when the hor-
mone 1s not present 1n normal quanties before puberty

7 Nervous System  An excess of thyroid hormone mcreases
the irntability of the nervous system a lack produces the opposite
effect These observatrons suggest that the thyroid hormone 1s one
factor responsible for the equitable activity of a healthy pervou
system  The higher cerebral centres reflect changes i thyrod
function—heightened emotional activity failure of concentration
and fught of :deas appear 1n the presence of overactivity By con
trast a slowness and confusion of thought together with a lack of
emotion and loss of memory are characteristic of underactivity of
the gland The autononuc nervous system reacts to an excess of
thyroid hormone by producmg mcreased vnsomotor actiity (flush
g and p ) d penstalsis angd exces
sive acuvny of sweat glands

8 Muscular System In addition to those changes which result
from the action of thyroid hormone upon the nerves supplymg
bl
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muscles, excess of the hormone causes destruction of muscular
tissue with an ncreased excretion of creatine

9 Cardiovascular System ‘Thyroid hormone 1 addition to
acting upon the heart indirectly by way of the nervous system
and the general metabolic strmulation already mentioned also
exerts certain direct effects The 1solated perfused heart shows an
mcrease 1 rate and stroke volume in response to the addition of
thyroxme to the perfusing fluid® The result of these vanous
effects 1n the mtact ammal 1s to produce tachycardra penpheral
vasodiatation 1ncreased stroke volume and an increase in pulse
pressure  There 1s also said to be a shift i the oxygen dissoct
ation curve brought about by thyroxine which facilitates the
delivery of oxygen to the tissues 1n answer to the demands result
g from mcreased metabolic activity™

10 Tissue Healing The healing and regeneration of mjured
tissue 1s delayed by lack of thyrod hormone What part the
thyrord gland plays i wound healing under normal conditions
cannot be stated

11 Blood Cells Thyroid hormone stimulates bone marrow and
15 necessary i1 man for normal quantitative and qualitative red cell
production It 1s also thought that thyrord hormone may play a
part 1n the production of platelets

12 Endocrine Glands The thyrod gland functions in har
mony with 1ts fellow endocrme glands As yet little 1s known of the
details of these relationships beyond a number of isolated facts
which have emerged from experimental studies The best docu
mented of these facts are given below but 1t 1s not possible to
amplify them 1n such a way as to give full meanmng to such obser
vations The relationship between the thyrord and the adenohy
pophysts s the most important of these mtegrating activities and
will be discussed 1n dealing with the control of thyroid actvity

(1) Thyroid Gland Thyroid hormone rught be expected to
exert 1ts widespread stymulating effect upon the metabolssm of the
thyroid cells However, there 1s some evidence to show that the
hormone exerts a dwect mhibitory effect upon the cells of the
gland In addition it displays an indirect mhibition brought about
by depression of antertor pituitary secretion of thyroid stimulating
hormone

(n) Adrenal Medulla Adrenalne appears to depress thyroid
activity as shown by a fall i the uptake of 10dine by the thyroid
gland after adrenalme has been mjected nto an adrenalectonused
anmal kept alive by means of adrenocortical extracts
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(ut) Adrenal Cortex ‘Thyroid hormone when adminmistered 1n
excess causes cortical hypertrophy and hastens the hypertrophy
of the remamnng adrenal when its fellow has been removed By
contrast, removal of the thyroid gland causes atrophy of the
cortex!'®

(1v) Gonads Diseases of the thyrord gland are so regularly
associated with changes i the function of the gonads that a specific
relatronship between the two has long been suspected So far
the extent and nature of such a functional association is not clear
Present day studies are duected towards the anterior pituitary
gland which appears to take part 1 a tnangular relationship
with the thyroid and the gonads

(v) Posterior Prwitary Disease of or damage to the posterior
pitwitary gland gives nise to a condition mvolving gross polyuna
(page 177) this polyuria only occurs 1n the presence of normal
thyroid function No entirely satisfactory explanation can be given
to account for this observation

13 Vuamun Metabolism Thyroid hormone by stumulating the
overall metabolism of the body tissues increases the demand for
vitamins 1 general and if this demand be not satisfied 1n the
presence of an excess of the hormone relative vitamin deficiency
may result In addition however a voluminous lLterature has
appeared 1 which the question of a more specfic interaction
between thyroid hormone and vitammn metabolism 15 suggested
Vitammn A metabohism seems to involve some specific relationship
with thyroid hormone the nature of which 1s not clear Excess
of vitarmin A appears to depress thyroid function on the other
hand 1n the absence of thyroid hormone 1t appears that some
species are incapable of converting carotene to vitamin A and an
excess of carotene m the body may result

Metalol

of Thyroid H

Although much has been written about the effects produced by
thyrod hormone Iittle 1s known of just how such effects are
brought about or of the fate of the hormone after 1t has acted upon
the tissues of the body One of the most striking features about
the action of thyroxmne when 1t 1s used to replace the natural
hormone of thyroidectomised ammals 1s the latent interval which
elapses between a single mjection of the hormone and the first
detectable change which results This latent period has been a
source of mterest to experimental phystologists who have specu
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fated that 1t might be pied by the ch
of thyroxine 1 the tissues into onc or more active denivatives

Recent studies of the acetic acid denvatives called TETRAC
and TRIAC have sug d that these sub mav Tepresent
the active compounds mto which the circulating hormones afe
converted by the tissues®*  Some workers have even gone S0
far as to suggest that different tissues contain enzvmes capable of
convering the curculatimg hormone mnto a number of actve
dertvatives each of which possesses a particular function not
shown (or shown m lesser degree) by the others In this way #
has been shown that trodothyroacetic acd has httle effect upon
the oxygen consumption of tissues but exerts g potent effect upon
metamorphosss  Sinufatly propronic acid denvatives promote

phosis without lating tssue bol Tetrato

dothyroacetic actd on the other hand stmulates tissue metabolism
but exerts Iittle effect upon metamorphosts These studses have 50
far given most encouraging resolts but further claborauon of the
detailed acttons of the vanous dernvatives mast await subse
quent developments

In the last analysis the mechamsm of achon of the thyrod
hotmornes 13 not known However, 1t has been shown ihat
thyroxine ples a prop of the phosphoryfations which
occur durmng the oxidation of § hydroxybutvrate ~ Although this
effect of thyroxne upon oxidative phosphorylation 1s smportant 1
that 1t suggests that the hormone may act by affecting enzyme
systems n the bodv the discovery was made in witro and uS
physiofogical sigmificance 15 at present obscure

This uncouplng of phosphorylation 1s associated with mcreased
cellular resprration Among the best studied actions of thyroxwe
15 tts effect upon the enzymatic oxidation of ascorbi acsd Thy
roxme inhibits the copper catalysed oxiod: by g the
metal as an msoluble complex composed of one mole of cupric
ch'onide and three moles of thyroxme Other enzyme systems are

hibited by thyroxine and this mhit has been shown to result
from the removal of magnesium by means of the formation of a
compiet with the hormone ™

Among the means available to the body Jor disppsing of thyrond
fiormones excretron and inactivation by the hver are amongst the
most important It has been shown that the hiver not only possesses

capable of detod: thyroxine but that it can convert

ths compuund mto TETRAC and may n this way influence the
unhzation of thyroid hormone by the tissues  Moreover the hiver
excretes thyroxine m the bile n the form of glucuronic acid com
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pounds (1¢ the process of conjugation page Xxm) Agam certain
tissues can oxidise thyroxine without detodination i such a way
as to deamunate the compound gwving rodopyruvic acid  Pyruvic
acid denvatnves are found imn the bile, eg —

1 1

Ho @-—o—- @cn ~ g-COOH
1 ! ]
353 5 tetraiodothyropyruvtc acid

Finally dehalogenation which Liberates the 10dine from the hor
mone occurs In certam tissues

Stre

™

Fig 13 The control of the thyroid gland
TH Thyrod Hormone PV Portal Vessels

Control of the Thyroid Gland

The thyroid gland 1s phylogenetically an old structure and one
which has Jater come under the controling mfluence of the
anterior pitwitary gland It 1s generally agreed that the anterior
prtuitary controls the thyroid by the secretion of a trophic hormone
~—the thyrotrophic or thyroid stimulating hormone (TSH)
(Fig 13) Relatively pure preparations of TSH have recently
been made available for experimental studies

1 ACTION OF TSH®

Thyrotrophic hormone has two important actions —

(1) Thyroid Stimulation and (2) Systemuic Actions Thyroxine

antagomses both of these effects while todine mitigates only the
first action
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1) Thyrod Stmulation The sumulating effect of TSH upon
the thyrotd 1s revealed by histological and anatomical changes 1
the gland as well as by certamn functional changes

A) Histological and Anatomical Changes

a) Increase in the number of mtracellular droplets within the
thyroid cells

b) Increase 1n the height of the thyroid cells and when this
h;\]sl reached a maximum 1mncrease 1 the number of these
cells

¢) Increase m the vasculanty of the gland

d) Increase n the weight of the thyrord gland

B) Functional Changes
a) Increased uptake of 10dide by the thyrod
b) Increased production of thyrotd hormone
¢) Increased discharge of hormone mto the cireulation
this may represent the fundamental action of TSH
These changes are associated with acceleration of the rate of
metamorphosis of amphibia and in excess with the signs of hyper
thyroidism  The release of thyroid hormone from the thyro
globulin molecule probably results from the action of proteolytic
enzymes such an enzyme system 1s known to exist withm the
collond These enzymes transform thyroglobuln imnto smaller
molecules which can diffuse through the thyroid cell and so enter
the circulation the exact composition and relative proportions of
these smaller molecules (re the thyrord hormones) remain
uncertain but as mentioned above thyrotne is the most umportant

2) Systemuc Actions ¢

a) Orby TSH causes an increase m the water content of
orbital structures and an mcrease i orbital fat  Extraocular
muscles become swollen and hypotonic and show fragmentation
and imfiltration with polymorphonuclear cells

b) Miscellaneous Certam effects have been described following
the experimental use of TSH but thesr significance under normal
conditions 1s doubtful The hormone produces water retention an
increase 1n plasma fat and blood acetone together with a nise 1w
the number of circulating polymorphonuclear cells the polymor
phonuclear cells show fat droplets 1n the cytoplasm — Finally
TSH causes skeletal muscles to lose their stnations and to show

minute mtracellular fat droplets
These actions of TSH have been studied 1 experimental am
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‘mals and 1t should be realised that the conditions of the experiments
concerned are highly unphysiological The truth is not as clear cut
as these statements mught surgest Some observers for example
attbute the action of TSH upon lhe orbnal structures to a hor
mone called the hthals (EPS) which
produces mummal thyroid sumulation but s closely associated with
TSH 1n extracts of the adenohypophysis ™

The stmulating effect of TSH upon the thyroid gland 15
dimimished by 10dide and by thyroune It 15 probable that the
mechanism 1n each case 1s different Todide 1s converted to 10dme
by the thyroid and free 1odine 1s capable of mactivating TSH by
oxidation Thyroxine depresses TSH actnity by cavsing a fall in
the rate of 1ts production or 1ts release from the anterior pitmtary
This seems to be the h of mutual and mh-
bitton which controls the activity of the gland under physiologreal
conditions There 1s a basic autonomous output of thyroid hor
mone which 1s increased by the action of TSH the secretion of
TSH 15 kept 1n check by the depressing effect of thyroxine upon
the production of the trophic hormone by the pituitary and thy
roxine also depresses the production of hormone by the thyrod
gland itself In this way a self regulating mechanism 1s set up In
addition the possibility remains that mactivation of TSH may
result under normal circumstances from its utiization by the
thyroid gland (Fig 13)

Other factors which are known to mfluence lhymxd activity
include rodime defi y changes m
and certan chemical compounds called antithyroid substances

2 IODINE

In the absence of adequate iodme the thyroid cannot fulfil
the demand of the body for thyroid hormone Excess of 1odine
on the other hand wusually does not affect the thyroid activity
of a normal person unless a very high concentration 1s reached
However the function of an overactive thyrod gland can be

d at least p ly by the ad; of 1odine
The mechamism of this action 1s not fully understood 1t may
mvolve suppression of rodide uptake by the gland or it may mter
fere with the action of thyroid stmulating hormone It has been
shown that following the admustration of iodme to patients
suffering from excessive thyroid activity there occurs a rise m the
level of curculating TSH *  Finally 1t 1s clear that 1odme does not

act penipherally 1n the tissues by interfermng with the action of
thyroxine
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3 TEMPERATURE

The temperature of the environment may affect thyrod
function by way of the hypothalamus 1t 1s probable as Notila™
has suggested, that the basic regulation of the thyroid gland 1s
humoral and 1s brought about by variations m the concentration
of thyroxine 1n the blood However under certam circumstances
this may be modified by the hypothalamus The stmuls affecting
the hypothalamus under such circumstances include changes of
temperature and exposure of the body to stresses of various kinds
(page 44)

4 ANTITHYROID SUBSTANCES

This term s applied to a group of substances which share the
property of preventing 1n one way or another the synthesis of
thyroid hormone The term gortrogenic 15 also applted to these
substances and the goitre so produced results from the stinulating
effect of TSH Farlure of the thyroid to produce its hormone
causes a fall in the blood level of thyroxine which m turn
stumulates the anterior pituitary to produce TSH and this brings
about hypertrophy of the thyrotd gland leading eventually to the
appearance of a goitre  Antithyroid substances in general have the
common property of causmg hyperplasta of the thyrod gland
together with a fall in the production of thyroid hormone

The thyroid hormone 1s synthesised as the result of a series of
h y antithyroid drugs can produce

their effect at different levels

{1) Thiocyanate The antithyroid actton of thiocyanate ion
differs from that of other such agents m that 1t 1s reachly overcome
by the concomitant admmistration of 1odme and may be due at
least partly to its ability to nhibit the uptake of 1odide by the
gland Thiocyanate 1s widely distributed m nature and may be a
factor 1n the occurrence of endemic goitre m districts where the
1odme content of soil and water 1s abundant

(u) Thiocarbonamides A number of substances ncludmg
thiourea and thiouracil a thiocart de group

N
_<l:~s possess antithysotd properties  These compounds
|

do nolN affect the capacity of the gland to accumulate 10dine but
may nterfere with the 10dination of tyrosine because they react
wth the element much more rapidly than does tyrosme

(m) Amunobenzenes A number of compounds which possess
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an aminobenzene grouping @N" are capable of exerting an
antithyrord effect It has been sucgested that this group of sub-
stances which mcludes the sulphonamudes may act by interfering
with the conversion of duodotyrosine to thyroune but the data
at present available are not conclusive

Tests of Thyroid Funciron

Clinical and physiological Jaboratories now possess a number
of tests each of which 1s capable of measunng some aspect of
thyro:d function It 1s well to remember that each group of tests
measures some different aspect of thyroid activity and that each
throws some light on thyroid function from a different angle
they are y rather than ly exclusive

The Basal Metabolic Ratet  This term may be defined as the
heat production per square metre of body surface i umt time
by a subject who s at complete physical and mental rest and m
the postabsorpive state  The postabsorptive state myolies a
penod of 12 to 14 hours fastng after which it 1s assumed that the
di P areata dstll The subject rests for 30 min
utes before the test 1s performed  Although the metabolic rate 1s
defined 1n terms of heat production for chnical purposes it 1s usual
to measure the rate at which oxygen 1s used tius gives an mndrect
measure of heat production The usual apparatus 15 some modifi-
cation of the Benedict Roth machme 1n which the patent re-
breathes pure oxygen the carbon diowide produced bemg removed
by passing the expired arr through soda lime

The surface area of the body 1s calculated from the height and
weight of the subject In this way 1t 1s possible to calculate the
volume of oxygen used per square metre of body surface area per
mmnute The observed oxygen consumption 1s compared with that
of a normal person of the same age and sex and the result 1s
expressed as a percentage of above (4 ) or below (~) normal
Normal people usually fall within the range of +10 to -10 per
cent but the exact range will differ from laboratory to laboratory
Although a number of phystological and pathological factors
affect the BMR, if these be taken mto consideration the test

gives some measure of the activity of the thyroid gland at the
time of testing

Serum Cholesterol The normal range of serum cholesterol 1s
said to lie between 150 and 240 mgm per 100 m! although each
group of workers needs to establish its own range of normal
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3 TEMPERATURE

The temperature of the environment may affect thyroid
function by way of the hypothalamus It 1s probable as Notila®®
has suggested that the basic regulation of the thyrod gland 1s
humoral and 1s brought about by vanations 1n the concentration
of thyroxine 1 the bloed However under certamn circumstances
this may be modified by the hypothalamus The strmul affecting
the hypoth under such cur include changes of
temperature and exposure of the body to stresses of various kinds
{page 44)

4 ANTITHYROID SUBSTANCES

This term 1s apphed to a group of substances which share the
property of preventing i one way or another the synthesis of
thyroid hormone The term gorogemic 1s also applied to these
substances and the goitre so produced results from the stimulating
effect of TSH  Failure of the thyroid to produce its hormone
causes a fall m the blood level of thyroune which m tum
stumulates the anterior pituttary to produce TSH and this brings
about hypertrophy of the thyroid gland leading eventually to the
appearance of a goitre  Antithyroid substances 1n general have the
common property of causing hyperplasta of the thyroid gland
together with a fall in the production of thyroud hormone

The thyrord hormone 1s synthesised as the result of a senes of
hy 1 reactions quently antithyrord drugs can produce
theur effect at different levels

(1) Thiocvanate The antithyroid action of throcyanate 10m
differs from that of other such agents m that it 15 readilv overcome
by the concomitant admnistration of 1odine and may be due at
least partly to its ability to mhibit the uptake of 1odide by the
gland Thiocyanate 1s widely distributed i nature and may be a
factor 1n the occurrence of endemtc goitre 1n districts where the
10dine content of soil and water 1s abundant

(v) Thiocarbonarudes A number of substances mcluding
thiourea and thiouracil contamng a throcarbonamide grouping

N
_é_s possess antithyroid properties  These compounds
|

do notN affect the capacity of the gland to accumulate 1odine but
may mterfere with the 1odination of tyrosine because they react
with the element much more rapidly than does tyrosine

(i) Amnoben.enes A number of compounds which possess
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(exophthalmos) 1s seen and 1s thought to result from excess TSH
1S obscrvzmun has given nse to the suggestion that cases of
dism showing hthal may result from abnormal
tuncnon of the anterior pltuuary gland  Hyperthyroidism may
occur de novo or it may follow the development of a goitre
HYPOT H }’ROIDISM Hypothyroxdlsm 15 the anuthesis of
hyperth and d so affected become sluggish m
their mental and physxca] behaviour The pulse 1s slow the shin
dry and deposits of mucoprotem occur throughout the body
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Underactivity of the thyroid gland 1s associated with a high serum
cholesterol, while the converse 15 true but with less regulanty

Serwn Protem Bound lodine Normal individuals show between
3 and 8 pgm of protemn bound 10dine per 100 ml The concen
tration of protemn bound 10dime n the blood can be estimated
chemzcally and this mvestigation provides a measure of the con
centration of thyroid hormone in the blood but it 1s difficult to
perform accurately

Radiwactive lodine**  An ever mcreasng number of tests
mvolving the use of radioactive 1odine have been devised to
measure the avidity of the thyroid gland for todme I'* with a
half hfe of § days s the 1sotope almost umiversally employed
these tests The avidity of the gland for 10dide 1s a measure of the
state of 1ts functional actiiity the more 1odide 1t takes up the
more active the gland

DISEASES OF THE THYROID GLAND

Some aspects of thyroid function are aptly ilustrated by dis
eases of the gland With this n mind brief reference 1s made to
the more mmportant diseases of the gland
GOITRE The word goitre 1s dernved from guttur meammng
throat and 1s used 1 climical medicine to refer to any enlargement
of the thyroid gland which 1s not due to neoplasm or to inflamma
tory disease Goutre 1s endemic mn certam regions of the world
and its distbution 1s closely associated with areas mn which the
soil and water are defictent 1n 10dme This association 1s of such
an order that 1t 1s generally held that 1odme deficiency plays some
part m the development of endemic goitre In addition however
certain substances occur m the diet which are called antithyroid
or goitrogenic and these may produce endemic goitre It has
recently been shown for example that ome antithyroid factor 1s
present n milk m parts of Tasmanma Sporadic goitre on the other
hand 1s world wide m 1ts distiibution and may occur 1n families
Some famihes are known mn which certain members mhent a
defect which interferes with the synthesis of thyrord hormone with
the result that an excess of TSH following the low rate of secretion
of thyroid hormone produces a goitre
HY PERTHYROIDISM Patients so affected demonstrate all
the signs which would be expected from the known actions of the
hormone Loss of weight nervousness and irntabiity rapid pulse
profuse sweating and tremor of the fingers are among the signs
of hyperthyroidism  Not infrequently protrusion of the eyeballs
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(exophthalmos) 1s seen and 15 thought to result from excess TSH
This observation has given mse fo the suggestion that cases of
hyperthyroxdism showing exophthalmos may result from abnormal
function of the antenor pitwitary gland  Hyperthyroidism may
oceur de novo or 1t may follow the development of a goitre

HYPOTHYROIDISM Hypothyroidism 15 the of
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their mental and physical behaviour The pulse 15 slow the shin
dry and deposits of mucoprotemn occur throughout the body
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CHAPTER IV

THE TESTIS

Introduction

It 15 the responsibility of the testis to equip the adult male for
tus role 1a the function of reproduction Thus 1s achieved by means
of two distinct but related mechamsms  In the first place the
sternal secretion of the testis bungs about the appearance of
secondary sexual charactenstics which distingush the adwt male
and also prepares the accessory gemital organs so that they may
successfully transport the germunal product of the testis Secondly
the testis carmes out the genetic and morphological activities
which produce the male sex cell

Embryology

The gemtal organs of vertebrate ammals share a common origin
with the urinary organs Anlagen for the genital organs of both
sexes exist m the early embryo and sexual differentiation consists
1 an orderly elaboration of homologous organs together with
degeneration of heterologous counterparts a few of the latter
remain 1n the adult as vestigial remnants The vnnary system pro
duces 1n succession three different types of excretory organs situ
ated one behind the other only the third of these structures sur-
vives as a functional entity 1 man In this way the foetus gives a
classical illustration of the doctrine of phylogeny since it produces
two excretory organs which function only m lower ammals

"The first excretory organ 1s the p h which 1s fi )
in man 1t leaves behind only 1its duct (the Wolffian duct) which
13 used by the mesonephros or second excretory organ (Fig 14)
‘The mesonephros begins as a series of tubules but eventually gives
Tse to an important part of the male gemtal tract 1ts maxunal
elaboration at the seventh week des with the diffe
of the gonad mto a testis or an ovary As some of the mesonephric
tubules and their adopted duct become tncorporated into the gent
tal organs the cramal portion undergoes atrophy and the whole
structure 1s remforced by the formation of new tubules caudally
m this way the mesonephsos 15 relegated to a more caudal posi
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ton By the end of the fifth month the degeneration of redundant
mesonephric tubules 1s complte At this stage the excretorv
function 15 assumed by the third or defimtive excretory organ the
metanephros (Fig 14)

Fig 14 The three excretory organs of the etmbryo seen in & dugrammati
dissection of the trunk from the ventral surface The Jeft side of the embryo
shows a later stage than the tight (drey)

The sex of an indwiduaf 15 the outcome of two distinct pro
cesses namely sex deter and sex d Sex
determination 1s a genetic phenomenon and results i the genehic
sex of sex genotype of the embryo Sex differentiation on the other
hand refers to those changes which determine the course of
embrvonic development of the gonads the gemtal ducts and the
external gemtal organs

SEX DETERMINATION The somate seX of an wnfant 1s the
resnlt of two developmental processes namely the direction of
differentiation of the gonads and the development ¢f the gemtal
tracts It 15 generally held that these two processes are predeter
mmed at the moment of fertthzation by the particular chromo
somal pattern of the zygote, that 15 to say sex determnation 13
believed to govern the direction of sex differentiation Ot the 48
chromosomes present 1n all somatic and immature germ cells of
man two are parily sesp ble for the deter: of sex and
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tion By the end of the fifth month the degeneration of redundant
mesonephric tubules 1s pl At this stage the excretory
function 1s assumed by the third or definitive excretory organ the
metanephros {Fig 14)

Fig 14 The three excretory organs of the embryo seen n a diagrammahic
dissection of the trunk from the ventral surface The left side of the embryo
shows a later stage than the nght (Arev)

The sex of an mdividual »s the outcome of two distinct pro
cesses, namely sex and sex duf Sex
deter 1s a genetic ph and results in the genetie
sex of sex genotype of the embryo Sex differentiation on the other
hand refers to those changes which determmne the course of
embryonic development of the gonads the gemtal ducts and the
external gemital organs

SEX DETERMINATION The somatc sex of an mnfant 15 the
result of two developmental processes namely the direction of
differentiation of the gonads and the development of the gemtal
tracts It 1s generally held that these two processes are predeter-
mmed at the moment of fertilzation by the particufar chromo
somal pattern of the zygote that 1s to say sex determination 1§
behigyed to govern the dircction of sex differentiaion Of the 48
chromosomes present m alf somatic and immature germ cells of
man two are partly Fesp for the & of sex and
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are designated X and Y, of these the X chromosome 13 the more
active the Y chromosome being vestigial In females there are two
X chromosomes in all somatic and immature germ cells while
1n males there o~cur one X and one Y

Duning the first of the specific processes of division (metosis)
which give nise to the male germ cell, the pair of sex chromo
somes separate and one goes into each of the resufting secondiry
spermatocytes (Figy, 15) This means that each of the two second
ary spermatocytes resulting from the diviston of a pnmary spef
matocyte bears a diffrent sex chromosome one confams an X
chromosome the other a Y In the female the corresponding
division produces two celis each of which carmes an X chromo
some Therefore the sex of the zygote will be determuned by the
male germ cell A male cell beanng 23+X chromosomes will
produce a zygote contammmg 46+2X—a female one beatng
23+Y will produce 46+X +¥-—a male zygote (Fig 15)

Recent studies of sex determnation have ndicated that this
process 1s more complex than was formerly thought® It has beea
suggested by a number of workers that genetic sex 15 the outcome
of a balance between the mfluence of the sex chromosomes on the
one hand and that of an undefined number of genes carried by
autosomal chromosomes on the other  Goldschumdt* for instance
believes that the X chromosome carmes gemes which favour 2
female genetic sex while the Y chromosome bears no genes
capable of influencing sex determinition He further beheves that
autosomal chromosomes carry only male determimng genes
Accordng to this concept genetic sex represents the result of
compention between the female diecting genes catned on the
X chromosome and the male directing genes of the autosomes

Two X ¢h are q to overcome the

bl of the and therefore determune female genetic
sex one X chromosome and one neutral Y chromosome fail to
do so and th permut the to male
genelic <ex

SEX DIFFERENTIATION Human sex differentiation in
volves a series of events which transform the embryo from a
potentially bisexual orgamsm equipped with gonadal and genital
duct pnmordia capable of developing i a male or female direc
tion to a foetus with the genital organs appropri ite to one or other
sex These events mvolve the gonads in the first nstance the
genital ducts are next affected and finally the urogenital sius and
the external ) m one or the other
Normallv the development of oll the genital apparatus ss consistent
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with the genetic sex established in the zygote at the tume of fer-
tilization

Dufferentiation of the gonads Dunng the fifth week of embry-
onic hfe a bidateral longitudinal nidge called the gemtal ndge
develops medial and parallel to the mesonephros (Fig 3) The
surface of this nidge 1s covered by a thickening of the coclomc
epithellum  which 1s called the germmal epithclium  Tlhus epithe
lum contains the pnmordial germ cells which are generally
believed to have migrated mto the gemtal nidge from some distant
site such as the endoderm of the yolk sac The germinal epithe
liwm proliferates, causing cords of cells to penctrate the under
lying mesoderm these extensions of the germinal epithelum are
called the primary sex cords and towards them other cords are
seen to grow from the adjacent mesonephros

Duning the seventh week the specific histological changes which
indicate that the gonad 1s commutted to 2 male or to a female role
are to be seen The testrs differentiates before the ovary beginming

with organisation of the primary sex cords within the medulla
of the gonad These cords form the anlage of the sermimferous
tubules and subsequently jom the cords from the mesonephros to
form a continuous network of tubules Mesenchymal cells in the
medulla of the gonad give nise to the cells of Leydig which are
first seen dunng the eighth week These mesenchymal cells are
thought to be derived from the mesonephros (Fig 16)

The ovary 1s only distingushable at first because 1t fails to
show of the 1 stic of the tesus By
the tenth week the cortex of the ovary 15 seen to be composed of
nests of epithelral cells together with primordial follicles each of
which contams an ovum The medulla of the ovary contamns small
tubules and scattered groups of hilar cells which represent the
ovartan counterpart of the cells of Leydig The cortex of the
ovary 1s derived from the germunal epithelum whie the medulla
comes from the mesonephros (Fig 16)

As i the case of genetic sex determination recent studies of the
embryology of the gonads indicate that gonadal development re
sults from competition between male and female elements® The
indifferent gonad consists of two discrete components (1) a cortex
which contains the germunal epithelium and (u) a medulla which
contains the primary sex cords At the ttme of gonadal differentia-
tion the pnmordal germ cells migrate 1nto the developing gonad
In the absence of this mvasion by germ cells the stenle gonad
takes on a form which resembles that of a normal testis regardless
of the genetic sex of the orgamsm
G
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Fig 16 The development of the ovary and testis from the indifferent gonad

The ovary shows cortical development together with meduilary regression

while the testis shows medullary he hined areas

represent the components derived from the germinal epithefium the contrnibution
of the mesonephros 15 shown i black (Lanson Wilkins)

The cortex and the medulla are heterologous structures that 1
to say each can oniv develop along a defined path The cortex can
only develop as an ovary the medulla only as a tesis Duning dif-
ferentiation of the ponad these twa elements compete for dorn
ance Under normal the d element
to the genetic sex of the orgarusni and tfie recessive element under
goes regression

The pnmordial testis differentiates earlier than its ovaman

and shows y greater to external

P
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influences The primordial ovary begins to develop as a testis and
only later alters in favour of ovartan development There 15 also
good evidence to show that the primordial testis 1s able to secrete
a substance capable of mmhubiting ovarran (cortical) development

Differentiation of the genutal ducts 1f the genutal ducts are to
develop in accordance with the sex of the gonads then esther the
Wolffian duct or the Mullerian duct must degenerate In the male
foetus the Mullerran duct begins to degenerate during the twelfth
week 1n the female the Wolffian duct begmns to disappear one or
two weeks Jater In the male the proumal portion of the Wolffian
duct develops nto the epididymis while the distal portion gives
nse to the ductus deferens 1nd to the prostate gland Only the
extreme proximal extremity of the Mullenan duct remams and
this appears 1n the form of functionless remnants

Development of the external gentala  The last event required
to complete sex differentiation 1n the foetus 1s the development of
the external gemitalin By the twelfth week 1t 15 usually possibie
to distinguish a male foetus from a female by the appearance of
the external gemtala In the male the phallus grows more rapidly
and fuston of the labioscrotal folds occurs 1n the midline—begin
mng postersorly and proceeding anteniorly to the base of the
phallus In this way the urogenital sinus closes over with the for-
mation of the penineal urethra Fuston contmues along the ventral
surface of the pems In the female fusion does not occur and the
urogenital sinus gives nise to the vestibule
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Fig 17 Two polymorphonuclear leucocytes The cell on the left shows the
characteristic drumstick formation seen 1 female polymorphonuclear cells
the cell on the night 152 male polymorphonuclear and shows a small club
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Jost® has shown that removal of the gonads from a foetus of
either sex before the development of the gemtal ducts leads to
the appearance of female mnternal and external getal organs
regardless of the genetic sex of the foetus This observation 1s
mterpreted as meanmg that the testis secretes some substance as
yet umdentified which leads to the development of male gemtal
organs and that 1n the absence of this substance(s) the gemtal
ducts develop 1 a female direction

Recently 1t has become possible to identify the genetic sex of
an indwidual by the appearance of the chromosomal material
present m cells of the skin and oral mucosa or n polymorphonu
clear cells (Fig 17) Such determunations of genetic sex have
revealed that 1 man certam individuals show a  discrepancy
between somatic sex on the one hand and genetic sex on the
other These observations emphasise the importance of distn
guishing between sex determmation and sex differentration

Histology

The testts 15 composed of a sertes of tubules separated by mter
stiial tissue The tubules contan the germmal epithelium while
the imterstitial tissue contams the glandular cells which grve nse
to the internal secretion of the organ (Fig 18)

SEMINIFEROUS TUBULES The comoluted scmumtferous
tubule 15 composed of epithelial cells surrounded by a delicate
homogeneous basement membrane The average diameter of adult
tubules 15 between 150 and 250 »  Until puberty the tubular
epithelum almost fills the Iumen and cell differentiatron has not
begun  The cells which Iine the tubules are of two vaneties —
the germunal epithelum and the cells of Sertoli

(1) Germunal Eputhelum (Fig 18) The majonity of the cells
withmn the adult tubule comprise the germinal epithelium which
consists of an orderly arrangement of some 4 to 8 layers of cells
between the basement membrane and the Iumen which give rise
to the spermatozoa or male germ cell Adpcent to the
basement membrane are found several layers of primitive germ
cells or sper z These are cuboidal cells and show active
proliferatton, which produces from every spermatogomum two
primary spermatocytes and each of these m turn divides to produce
two secondary sper Each dary spermatocyte
divides gving Dise fo two spermatids which are seen near the
Iumen of the tubule attached to the Sertoli cells the latter cells
do not form part of the germunal epithelum  From here sper
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matids are removed to the eprdidymis where they are stored and
during thss term of storage undergo morphological changes which
produce the spermatozoa—the male sex cell 1 its final form
Thus cell has a head of 3 x 9 x tn diameter and a tail of some
45 pn length

(u) Sertoli Cells Between the germnal cells are seen a num
ber of elongated columnar cells which are radially arranged from
the basement membrane towards the Iumen These are the Sertolt
cells and they are believed to exert a supporting or architectural
function as well as one of prowsding nounshment to the germmal
epithelium especrally the spermatids which remam attached to the
lumunal end of the Sertol cells before they are removed to the
epididynus  Sertolr cells do not appear to multiply and are rela
tively few 1n number compared with the germumal cell population
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INTERSTITIAL TiISSUL (Fig 1B} The great smportance
of the mturshitial tissue of the testis fies 1n the cells of Levdy
which become conspicuous at the time of puberty They are Jarge
oval cells (15 20 ¢) with a vesicular nucleus  Leydig cells appear
i clusters or nests wiich include smalf blood vessels situated
the angles between the folds of the tubules The most important

1 within the plasm of these cells are the crystalioids of
Reinhe These structures exhibt certain staning properties which
are thought to be specific for Leydy, cells bemng otherwise seen
only within certain cells in the hilum of the ovary which are
derived from the meduiia of the indifferent gonad and are beliewd
to be the female counterpart of Levdig cells ‘Two generations of
Leydig cells appear one just before birth and one at pubertv
These cells do not multply and we thought to be formed by th
transformation of mesenchymal cells®

SPERMATOGLNESIS Spermatogenesis may be defined as the
profliferation of spermatogorua together with the morphological
and genetic chinges which ulumately produce spermatozoa Like
oogenest, the femafe counterpart spermatogenesis mvolves three
phases—proliferation growth and maturanon (Fig 15)

(1) Prohferanon Thus phase consssts of multipheation of
primuive spermatogonma by ortinary mitotic division, producing
several generations of spermatogoma which are pushed nearer t0
the tubular lumen

(1) Growtk There follows a persod of growth in which the
young spermatogoma enlarge to form primary spermatocytes
These cells still contam the 48 chromosomes which charactere all
human somatc cells

(m) Maturanon Maturation mvolves two meiotic or reduction
dwsions The fitst gnes nise to two secondary spermatocyles and
mvolves the siaple separation of each pait of chromosomes Thrs
division 1s called a reduction division and 1s quabitative since the
two cells formed are genetscally different  The second division
converts each secondary spe yte 100 two sp dy Dunng
s process each chromosome splits 1ato two halves which are
genetically sdentical In thus case, the division 1s equational and
quantitative snce the two cells produced are Ty 1d !
Spermatids now undergo a final stage of morphological develop-
ment for which there 15 no equuva ent i the process of oo eness
This process produces the spermatozoa but 1nvolves neither
drvision nor genetic alternation 1t 15 called spermiogenesis
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VARIATIONS IN TESTICULAR HISTOLOGY It s not
proposed to discuss those discase processes which affect the histo-
logical appearance of the testis However 1t may be pointed out
that the microscopic picture of one testis 1s not necessarly repre
sented by a small histological section since spermatogenests may
be active 1n some parts and quiescent 1n others The great vana
tions seen 1n testicular histology mvolve the germmal epithelum
rather than the interstitial tissue Among the factors which affect
the appearance of the germmal epithel are age 1
temperature fever disturbances of general health exposure to
radioactive agents and certain chermcal possons

DESCENT OF THE TESTIS The rapid growth of the foetus
causes the gonads to adopt a more caudal position than that n
which they ongmnally develop During the 5th month of embryonic
Iife a pouch of penitoneum extends along the mgumal canal 1nto
the developing scrotum which 1t comes to line Between the 7th
and 9th months the testis descends behind this pouch and enters
the scrotum i an extraperitoneal position  The gland takes with
1t a blood nmerve and lymph supply together with the ductus
deferens—these structures bound together with connective tissue
constitute the spermatic cord The testis becomes enfolded by
pentoneum and the connection with the coelom closes The mech
amsm of this descent 1s not certain A fibrous band the guber
naculum testis Jowns the lower pole of the testis to the mner aspect
of the scrotum It has been d that the guber: pulls
the testis mto the scrotum by contracting It seems more probable
however that the gubernaculum s merely a guide which enables
the testss to find its way duning descent *

Since the testts descends at puberty i some animals or descends
only during the mating season mn other spectes 1t has been sug
gested that descent 1s 1mtiated by means of gonadotrophic hor
mones In the human 1t may be that maternal chorsonic gonado
trophin crosses the placenta and causes descent of the testis Farlure
of the testis to descend could therefore result from some hormonal
defect as yet not understood or 1n other cases it may be due to the
fact that the testis follows the wrong path of descent owing to

some anatomical peculianty of the gubernaculum or of the mgumal
canal

The Internal Secrehons of the Tesus

The testis 15 known to produce androgentc hormones and
oestrogens have been found m the gland In addition a good deal
has been wnitten about the so called second testicular hormone
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ANDROGENS An androgen may be defined as a substance
which can stimulate the development and activity of the male
accessory gemital organs and secondary sexual characterstics

Source and Number It 1s probable that the testis produces more
than one androgen but the most potent 15 testosterone which 1s
generally regarded as the important testicular androgen 1n man
Testosterone has been found 1n the testis of a number of ammals
mcluding man and has been 1solated from spermatic vem blood™*
In spite of certain evidence to the contrary most workers accept
the Leydig cells as the source of testicular androgens In addition
to testosterone 1t 1s thought that the human testis secretes A'-
androstene 3 17 dione

Chenustry  Testicular androgens are steroids and therefore
possess the basic structure common to such compounds

CH CH
cH H oH <

Testosterone A* Androstene 3 17 diooe

It will be seen that these two steroids possess a methyl group
at Cy, and that testosterone 1s not a 17 ketosterord (smce 1t facks
a C = O group at C;;) while A*-androstene 3 17 dione 1s a 17
Letosterord

Metabol: (a) Anabol It has been sug| d that chol
esterol may be the source of androgens m the testis It may be that
cholesterol 1s atself formed from acetate and then converted to
testosterone'’

(b) Fate Androgens are not stored mn the body but are used
or excreted A large proportion of njected androgen cannot be
recovered from the unne because the catabolism of androgen pro
duces a number of mactive metabolites

{c) Catabolism Testosterone 1s comverted to androsterone and
etiocholan 3a ol 17-one which are excreted in the urme Other

urna; of include ep and
dehydroeprandrosterone  Of these compounds  androsterone
dehydroep and epiand are ph I

active The site of these conversions 1s extratesticular since they
can be ated m hsts 18 It )5 probable that they take

place m the hver where androgens are also rendered 1nactive by
means of the process called conjugation®s (page xur)
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(d) Excretion’* ™t  ‘Testosterone 1s not excreted as such
unless admmstered 1 large doses It 1s comerted to the
four steroids mentioned above and these are conjugated in the
liver 1n this conjugated or inactive form they appear n the urine
The four known end products of testosterone metabolism are 17-
ketosteroids so that estimations of urnnary 17 hetosteroids give
some mdirect mformation about the rate of secretion of Eestos

d f

terone  Some 1 of the p o
metabolism occurs probably by way of the bile
ACTION The action of 1 d will be ded

as the action of testosterone since nothing 1s known of the import
ance and function of other testicular androgens under normal
conditons In general this hormone causes an increase in blood
flow and an acceleration of growth m the tissues upon which it
acts Acceleration of growth mvolves an increase 1n the rate of
synthess of protein

(1) Reproduction Accessory Genttal Organs  Testosterone
p the and the size of the male
accessory gemital organs both internal and external In the absence
of testicular androgens these structures do mot reach adult size
or n the case of mature organs they slowly regress if the secretion
of testicular androgens fads In short testosterone 1s responsible
for that ve and quall develop of the d
sexual charactenstics which distinguish man from boy In addition
normal sexual behaviour and the regular occurrence of erections
requre among other things adequate concentrattons of testos
terone 1n the blood

The orgams stmulated by testosterone mclude the scrotum
which increases 1n size and develops rugae while the penss and
prostate reach adult proportions

Body Har (1) Head T mmtiates the of
the male hair ine which generally begins 1n the third decade
(Fig 19) This 15 one of the features which distinguish the general
appearance of a man from that of a boy Not all normal men show

%

J

Fig 19 The hair Iines of a boy a woman and a man The hair hne of the boy
and that of the woman are essentially the same while that of the man shows
temporal recession or calwity (Fulton  Textbook of Physiology )
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temporl recesston but when present this sign 1s a good mdication
of adequate secretion of testicular androgens

(1) Face 'The beard develops under the influence of testos
terone which converts the soft down of the boy to the wiry bristles
of the man Regresston of the beard following castration m adult
lfe 1s very slow

() Pubis and Avalla Adrenocortical androgens stimulate the
growth of pubic and axillary hair 1t women and castrates but the
charactensstic Linear extension of the male pubic har towards the
umbilicus 15 due to the action of testosterone

(1v) Body Although testicular androgens may gove n the dis
tribution of harr on the trunk and limbs 1n a general sort of way
the relationship 1s not close and genetic factors among others are
mmportant 1n determming the pattern of body hair

Sp The of a certam concentraton of
testosterone mn the blood 1s necessary for normal spermatogenests
(page 92)

Miscellaneous  Among other y sexual
testosterone 1s responsible for the deepemng of the male voce at
puberty the greater muscular development in men than i women
and 1t plays some part m determinung the distrtbutron of body fat
and the skeletal configuration of adult men Testosterone also
causes the appearance of acne at puberty and 1s partly responsible
for the awakening of the sexual instinct at that ume The actron
of testrcular androgens upon the breast vanes n different species
and 1s discussed elsewhere (page 132)

(2) Metabolism

(1) Retention of Nurogen Testosterone causes the body to
retan mitrogen this 15 assocrated with an mncrease 1 the synthess
of protem  The accessory gemtal organs have first clam on
the anabolic processes stimulated 1 this way  The anabolic
effect of njected testosterone 1s most marked mn the absence
of testicular tissue It appears to be possible to alter the chemical
structure of certam androgens m such a way as to retan the
protein anabolic effect at the expense of the androgenic activity
although so far all the substances produced with this amm 1n view
have either shown some androgenic properties or exhibit only
weak effects upon protein anabohsm In its amabolic actions
testosterone 15 synergistic with growth hormone  methyl testos
terone brings about imncreased excretion of creatine but testos

terone propionate does not

1 1

154ICS
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(u) Electrolyte and Water Balance Testostcmne causes reten
tion of sodwum chlonde p horus and
water The effect of upon the “of sodum
chlonde and water 1s weaker than that of adrenocortical
muneralocorticouds

(m) Bone Testosterone exerts the following important actions
upon bone metabolism and linear growth —

(a) It promotes the deposition of protein matnt

(b) It causes retention of calctum and phosphorus

(c) It promotes the closure of the epiphyses
In this way testosterone stimulates the growth of bone and yet
hmits the final size attaned by long bones because it promotes
epiphysial closure

() Skin Testosterone exerts three important actions upon
ki

s

<

{a) It favours the deposition of melanin 1 the skin

(b) It increases the blood flow through the shin

(c) It stimulates sweat glands and sebaceous glands leading

to the acne of youth

(v) Blood T it the i of haemo-
globin and red blood cells The xmponancc of this action under
normal conditions 1s unknown

(v1) Larynx  Testicular androgens cause thickemng of the
laryngeal mucosa and an wncrease 1n the length of the vocal cords
which gives nise to the deep voice of the adult male

(vu) Kidney Testosterone appears to stunulate growth n the
kidney but the sigmficance of ths action 1s not understood’®

(vin) Beh Te causes beh
man and ammals This 1s especially seen m ammals at the time of
matmg and occurs m castrated male anmmals treated with
testosterone

EXTRATESTICULAR SOURCES OF ANDROGENS The
adrenal cortex 1 the only other organ which 1s known to produce
androgens The 1dea that the ovary may produce androgens while
possible remains unproven

ASSAY The most important method by which testicular andro-
gens are estumated for chmcal purposes 1s the exammation of the
17 ketosteroid content of the urme This provides only an indrect
measure of testicular hormone secretion m men since two thirds
of the unnary 17 ketosteroids are adrenocortical in ongin and
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moreover not all androgens are 17 ketosteroids however gross
abniormalities i 17 ketosteroid excretion ndicate some disturb
ance of androgen secretion  Bioassay of androgens may be per
formed using the change i the comb of the castrated cock
(Fig 20) or mcrease i the weight of the semunal vesicles of the
castrated cat or rabbut as the end point
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(a} ®)
Fig 20 The effect of testosterone upon the comb of a cock (a) before treatment
{b) after treatment (Fulton  Tevtbaok of Phystology

MFTHYL TESTOSTERONL When the C,; of testosterone 18
methylated certan of the propertes of the ongmal compound are
changed Most smportant of these changes 1s the absorption and
activity of methyl testosterone taken by mouth Thus 1s thought to
result from absorption from the alimentary tract through lymph
channels thereby avoiding the liver When methyl testosterone 15
administered by mouth 1t does not increase the urnimary excretion
of 17 ketosterords

«

t

Control of Testculrr Dunction

Although there 1s reason to believe that testicular function may
be wfluenced by and 1n turn may influence the behaviour of other
endoenne glands (especially the thyroid and the adrenal cortex),
st 15 directly controlled by the adenohypophysis In the absence
of pitwtary stimulation testicular function (germunal and endoc
nne) come to a halt The adenohypophysis owes its capacity to
stimulate testicnlar function to the secretion of two hormones
called follicle stmulating hormone (FSH) and snterstutial cell-
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stimulatmg hormone (ICSH) FSH stimulates the development
of the germunal epithelum at puberty and enables normal
spermatogenests to contmue durmg adult e 1n the absence of
this trophic effect spermatogenesis 15 arrested 1t the stage of
pomary spermatocytes and can proceed no further ICSH on
the other hand stimulates the cells of Leydig to produce testos
terone n the absence of this trophic effect secondary sexual
charactenistics do not develop and the accessory pemtalia remain
mfantde  1CSH appears to be 1dentical with the lutemizing hor-
mone of the female

This relationship between the adenchypophysis and the testis
1s mot one sided 1f both testes be removed the adenohypophysis
mereases m size and its beta cells become larger and more
numerous  These enlarged beta cells contam colloid and are
called castration cells Agmn destruction of the cermmal epithe
fium causes an increase n the production of FSH orchidectomy
also promotes an ncrease i FSH production but it remams
uncertam whether this procedure also causes an tncrease m ICSH
secreton

These facts have suggested that the reciprocity which exists
between the thyrord gland and the adenchypophysis for example
may also eust between the testis and the prtuitary gland  How
ever the observations quoted above are not in harmony with a
sunple relationship of that ordwr If FSH stimulates spermato
genesis 1t would be expected that some hormone produced durmng
this process would act upon the adenohypophysis to prevent or
check the secretion of further FSH In this way FSH would
stimulate the production of the very hormone which 1s to act as
its own mhibitor such an arrangement would seem to make for a
smoath and controlled relationship  Agam 1f ICSH promotes
the production of testosterone the latter may 1 tumn check the
secretion of further ICSH Now 1t can be shown that both
oestrogens and testosterone will depress the excessive production
of FSH following orchidectomy (oestrogens more readny than
testosterone)  Unfortunately estimation of ICSH 1s very diffi
cult and 1t 1s impossible to say what eflect orchidectomy and testos
terone have upon s secretion Such confusig observations have
elicited three major theomes which attempt to reconcile these
mnconsistencies and so brng the relationship between the testis
and the pttwitary mto line with simular relationships between other
target glands and the adenohypophysis

1) Utdication Hypothesis® One school believes that the
secretion of FSH 1s controlled by the rate at which this hormone



9. Functions of the Endocrine Glands

1s used by the germmal epithehum In other words spermato
genesis 1n some way removes FSH from the blood and this fall
in bload level 1s made good by the adenchypophysis which secretes
more FSH to replace that which has been used

2) A Second Testicular Hormone® 1If the testts secretes a
second hormone this may be produced by the gernunat epithelium
and could be responsible for controllng the secretion of FSH
Supporters of this hypothesis call their hormone inhibin or X
hormone © Tt must be remembered however that this hormone
has never been 1solated and 1s the result of an ingemious theory
which would explam the relationship between the pitwitary and the
germunal epithelium

3) Oestrogens A thurd group of workers regard oestrogen as
the second testicular hormone It 15 generallv agreed that the testis
does secrete oestrogens and there may be no need to postulate the
exstence of an X hormone This conception accords well with
the state of affaus 1 the female where the secretion of FSH
ts controlled by the ovanan production of oestrogens

Some of these difficulties could be resolved if the source of test
cular ocstrogens were known Here again we meet three different
schools of thought One group '? of workers believes that the Ser
tolt cells produce oestrogen Sertoli cell tumours occur 1n dogs and
the affected ammals show signs of excessive oestrogen
secretion * 2 A second group of workers can show that semen
contains oestrogens and they suggest that spermatogenesis involves
the production of oestrogens® A third group has produced con
vineing data to support their contentton that the Leydig cells
secrete the testicular oestrogens *

At the present tme these conflicting views cannot be resolved
It may be suggested as a working hypothesis which 1s more 1
harmony with these observations than other 1deas which have been
put forward that ICSH stimulates the production of testos
terone which m turn checks the secretion of ICSH a similar
rectprocity exists between FSH and some product of the con
tents of the semumferous tubules (perhaps oestrogen)

INTERRELATIONSHIP BETWEEN THE TWO TESTICU
I AR FUNCTIONS Although sper and the t
of androgens occur m some measure mdependently 1t has been
shown that androgen secretion 1s necessary for normal spermato
genests * ¢ The germinal epithebum 1s such a vulnerable struc-
ture that most noxious mnfluences destroy its component cells
before they affect the Leydig cells with the result that it 1s difficult
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to study spermatogenesis 1n the absence of normal Leydig cell
function  However expenmental work has shown that some
androgen 1s necessary for normal germinal function and that very
small quantities of androgen in excess of that required for tins
function may depress spermatogenesis by depressing the secretion
of FSH by the adenohypophysis There 1s some evidence to
show that gross excess of testosterone may have a deletenious
effect upon the germinal epthebum by direct action 7™

The germmnal and endocrine functions of the testis are together
mvolved 1n the production and discharge of semen Erection and
ejaculation depend upon nervous reflexes mediated through centres
1 the lymbosacral region of the spinal cord and also upon the
secretion of androgens by the cells of Leydig The mechanmism by
which testicular androgens assist 1n these functions 1s not certain
but n the absence of adequate blood levels of testosterone erection
and ejaculation are usually quanttattvely and qualitatively
defective

Semen

Semen 1s the flud secreted by the accessory gemtal glands of
the male 1 which spermatozoa are suspended Normal fertile
men produce semen contaiung between 20 and 200 milhon sper
matozoa per ml of semen Spermatozoa leave the tests to be stored
m the epididymus where they femain nert bathed 1n a little acid
flud  the male sex cells are not stored m the semmal vesicles
Semmnal flud 1s secreted by the semunal vesicles the prostate and
the bulbo urethral glands Among the components of human
sermnal flrd fructose 1s charactenstic and 15 added by the pros
tate gland where 1t 13 formed from blood glucose The prostate
also adds acid phosphatase and citric acid  whose functions are
unknown together with calctum and fibrinolysin ®  Caletum 1s
important m the coagulation of semen a change which 1s designed
to prevent 1ts escape from the female gemital tract while fibrino
lysin causes the subsequent hiquefaction which allows the sper
™matozoa to penetrate further mnto the nterus The semunal vesicles
add phosphorylkholine to the semen which 1s mmportint as
the substance detected by 2 well known foremsic test for
semen The spermatozoa themsehves contain the enzyme
hyaluromdase® which 15 thought to assist m penetrating the gel
which surrounds the ovum Spermatozoa remam nert until thev
are suspended 10 the senmnal flid when they exhibit the charac
teristic motiity which enables them to reach the ovum It should
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1s used by the germinal epithelum In other words spermato
genesis 1 some way removes FSH from the blood and this fall
mn blood Jevel 1s made good by the adenohypaphysis which secretes
more FSH to replace that which has been used

2) A Second Testicular Hormone® 1f the testis secretes a
second hormone this may be produced by the germunal epitheliwm
and could be responsible for controlling the secretion of FSH
Supporters of this hypothesis call their hormone mhibin or X
hormone®® It must be remembered, however that this hormone
has never been 1solated and 1s the result of an ingenious theory
which would explain the relationship between the pitwitary and the
germunal epithelium

3) Oestrogens A third group of workers regard oestrogen as
the second testicular hormone It 15 generally agreed that the testis
does secrete oestrogens and there may be no need to postulate the
existence of an X hormone This conception accords we'l with
the state of affaws mn the female, where the secretion of FSH
1s controlled by the ovarian production of oestrogens

Some of these difficulties could be resolved if the source of test
cular oestrogens were known Here agam we meet three different
schools of thought One group *2 of workers believes that the Ser
toh cells produce oestrogen Sertol: cell tumours occur 1n dogs and
the affected ammals show signs of excessve oestrogen
secretion* 2 A second group of workers can show that semen
contans oestrogens and they suggest that spermatogenesis mvolves
the production of oestrogens® A third group has produced con
vincing data to support their contention that the Leydig ceils
secrete the testicular oestrogens *

At the present time these conflicting views cannot be resolved
It may be suggested as a working hypothesis which 15 more 1
harmony with these observattons than other 1deas which have been
put forward that ICSH stimulates the production of testos
terone which mn turn checks the secretton of ICSH a smmilar
reciprocity exists between FSH and some product of the con
tents of the semunferous tubules (perhaps oestrogen)

INTERRELATIONSHIP BETWEEN THE TWQ TESTICU
LAR FUNCTIONS Although sp and the
of androgeis occur 1 some measure tndependently 1t has been
shown that androgen secretion 15 necessary for normal spermato
genesis * ¢ The germunal epithelium 13 such a vulnerable struc-
ture that most noxious influences destroy its component cells
before they affect the Leydig cells with the result that 1t 1s dufficult
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other parts of the autonomic nervous system and produce reactions
1 other viscera, e g y and actvity
Some afferent impulses from the lumb 1 centre p

reach the cerebral cortex, but much of the sensation associated
with orgasm 1s thalamsc Dunng ejaculation the accessory glands
discharge their m the foll order —-prostate semi
nal vesicles and bulbo-urethral glands
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be pointed out however that spermatozoa removed by needle from
the epididymus assume motility at once and that semmal flud 15
not essentral to fertility * The final phases of reproductive physio-
logy m the male consist of erection and ejaculation

Erection

The phenomenon of erection 1s vascular and consists of processes
which mcrease the volume of blood entering the pemis and pro-
cesses which dimumish the volume of blood leaving the organ The
former consist of artenal dilatatron The mtima of the arteries of the
pents show longitudinal nidges which partly occlude therr lumina
Erection begins with arterial dilatation®*” Escape of blood 15
impeded by funnel ike valves i the larger vemns and 1s for the
most part a passive process resulting from the effect of mcreased
pressure on the penile veins  Retum to the resting state 1s mtiated
by artenial constrction and gradual escape of blood, which lowers
the pressure m the vascular spaces and so ads the venous dramage
which proceeds at an ever increasing rate

In the corpora cavernosa the large venous spaces are seenl
tow1rds the centre while the reverse 1s true of the corpus spongt
osum which surrounds the urethra In this way the urethra remains
unoccluded dunng erection Artersal dilattion and erection follow
stimulation of the pelvic splanchnrc nerves (nervi engentes) while
sympathetic nerve stmulation produces the opposite effect

Ejaculation

The act of ejaculation 15 a double one and consists firstly, of
the contraction of the smooth muscle of the mternal gemtal organs
which delivers semen into the urethra (emussion) and secondly,
the expulsion of semen from the urethra as a result of contraction
of the bulbocavernosus muscle (ejaculation proper) The whole
process 1s es entially a reflex Afferent mmpulses arise i the glans
pems and are transmutted to the spmal cord by the internal puden
dal nerves these nerves have their onigin m segments S1 and 52
Efferent impulses anse from the upper lumbar segments and are
distributed by way of the hypogastric nerves and the hypogastric
plexus to the accessory gerutalia these nesves are responstble for
emission Ejaculation 15 controlled by the internal pudendal nerves
which convey parasympathettc mmpulses from S1 and 82 These
mechanisms are mntegrated 1n an ejaculatory centre m the Jumbo-
sacral cord® The 1 d with ejacul spread to




CHAPTER V

THE OVARY

Introduction

The female gonad durects the reproductive hife of woman It does
this by means of three mterrelated functions  In the first place
the gland produces the female sex cell or ovum Secondly the
ovary secretes a group of hormones called ocstrogens which so
condition the accessory gemital organs as to favour the fertilization
of the ovetm and which produce the secondary sexual charactens
tics of woman Thirdly the ovary secretes 2 hormone called
progesterone which prepares the mucous membrane of the uterus
for the reception and nutntion of the fertihized ovum

The basis of female reproductnve life consists of a senes of
cycles dunng which one ovum 1s produced and preparations are
made withm the uterus to receive the expected zygote When the
ovum 15 not fertilized the elaborate mucosa of the uterus 1s shed
and the whole cycle begins agamn

Embryology

The early development of the urogenital system has already
been discussed (page 75) In the female the ndifferent gonad
becomes an ovary and the Wolffian duct atrophtes 1n favour of the
Mullerian duct which produces a large part of the female genital
tract

DIFFERENTIATION OF THE OVARY Durng the seventh
week changes occur 1n the mndifferent gonad which indicate that
1t 1s destined to become an ovary The primary sex cords (page 79)
disappear leaving only a few remnants of the hilum They are
replaced by the secondary sex cords which grow in from the
germunal epithelum  The cellular prohferation assocrated with
these changes produces a secondary cortex while any sex cells
m the pnmary cortex or m the medulla disappear The secondary
sex cords give nise to the oogonia or primitive sex cells of the
secondary cortex The oogonta become surrounded by epithehial
cells thereby forming primary follicles (Fig 21)  These epithelial
cells are thought to anse from ovaran mesenchyme and will Iater



33
34
s
36

3

ped

Tunczions of the Lndocrine Glands

Higgns C & McDonald DF 7 Cim Endocrnol 5 226 1945

Henderson E
Heller CG

e al J Chn Eadocrinol § 851 1948
et af Fertihty and Sterdity 1 415 1930

Goldschrudt RB  Theoretical Genetics p 424475 Berkeley Un
versity of Califorma Press 1955

Wisclt E

Recent Prog Hormone Res 6 1 1951



The Ovary 99

become the granulosa cells The ovary hke the tests descends
mto the pelvis bemng checked m this descent by the attachment
of 1ts gubernaculum to the uterus

GENITAL DUCTS The Mul enian duct develops as a groove
on the ventrolateral aspect of the urogemtal fold duning the 6th
week of development (Fig 22) The groove 1s converted into a
tube and the two Mullenian ducts fuse 1 the muidlme (Fig 23)
The united lower portions of the Mullerian ducts form the uterus
and the upper two-thirds of the vagina while the upper segments
form the fallopian tubes Meanwhile the Wolffian duct degenerates
leaving only vestigial remnants as evidence of its existence (Fig
24)

Histology

Between puberty and the menopause the histology of the ovary
undergoes cychical changes Every month one or other ovary
(usually alternately) produces a female sex cell or ovum The
gland has a cortex and medulla the whole bemg covered by a
germinal epithelium (except at the mlum) which 15 continuous
with the pentoneal mesothehum In the cortex which occupies
between half and two thirds of the ovarian substance numerous
ovanan follicles are seen at vanous stages of development (Fig
21)

OVARIAN FOLLICLES At birth the ovarian cortex con
tamns between 40000 and 400000 primary follicles of which
less than 400 will ever mature The majonty of follicles degenerate
so that within a few years of the menopause none remamn Each
follicle consists of a large ovum surrounded by several layers of
flat epithelral cells called the membrana granulosa It 1s uncertamn
whether the germ cells present at burth constitute the sole source
of ovanan follicles, or whether they may receve later additrons
from the germunal epithelim

From the time of puberty certain primary follicles develop and
some of these reach maturity with the result that durmng the re-
productive hfe of a woman the ovary contams follicles m all
stages of growth and development Growth of a follicle 1s accom
panted by the proliferation and stratification of the surrounding
granulosa cells and an increase 1n the size of the ovum together
with the formation of a connective tissue capsule (Fig 21) As
the follicle grows 1t pushes deep imto the substance of the ovary
and soon 2 cavity or antrum appears withm the follicle which 1s
now called a vesicular follicle The antrum comes to contamn a
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around the follicle and taking on an epithelioid appearance these
cells together constitute the theca interna (Fig 21) Outside the
theca interna a second layer of ovarman stroma grows around the
follicle to form the theca externa

The follicle now grows towards the surface of the ovary and in
1ts mature form 1s called the Graafian follicle when 1t occupies the
entire width of the cortex eventually producing a shght bulge on
the surface of the ovary called the stigma It 1s through this thin
avascular area that the follicle will eventually rupture and expel
the contained ovum during the process of ovulation The ovum
surrounded by the cells of the discus proligerus reaches a size of
150 2 which makes 1t just visible to the naked eye Fertihzation
generally takes place near the fimbnated end of the tube and 1t 15
believed that the ovum can survive for about 24 hours before it
1s cither fertiized or dies

CORPUS LUTEUM After ovulation the remainder of the
follicle collapses and becomes converted mto the corpus luteum
(Fig 21) The granulosa cells enlarge and come to contam a
yellow prgment which gives the corpus futeum its name These
cells are now called the granulosa lutemn cells and n muluplymg
they produce folds of redundant tissue about the follicular cavity
which has now been sealed off Meanwhile delicate vessels pene-
trate the corpus from the surrounding thecal layers and the cawity
may become filled with blood® Cells from the theca interna
migrate along these vessels and taking on an epitheliond appear-
ance they come to contamn fatty droplets they are called the theca-
lutemn cells The granulosa lutemn cells and the theca lutem cells
between them secrete progesterone the hormone of the corpus
luteum The corpus reaches matunty about 7 days after ovulation
and about 7 days before the following menstrual period (Fig 25)
In the absence of fertilization the corpus begms to diswmtegrate
shortly before the next menstrual period Should fertilization occur
however the corpus develops mstead of regressing and remamns
active until the second half of gestation

ATRESIA OF FOLLICLES Durmng each cycle a number of
follicles begin to mature but only one 1s destined to ovulate The
remamder undergo a destructive process called atresia which 1n
the case of primary follicles 1s quickly accomplished leaving no
trace of their existence but 1s slower and less complete n the case
of vesicular follicles Larger follicles failing to undergo complete
atresia may give nse to small cysts
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fuird (hiquor foliculs) n which oestrogente hormaones are to be
found The ovum gradually adopts an ewcentne posttion within
the follicle and s surrounded by layers of granulosa cells called
the discus proligerus A layer of connective tissue cells condenses
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Accessory Genstal Organs

The secretions of the ovary influence the structure and function
of the accessory gemtal organs The uterus 1s Lined by a highly
specialised mucous membrane called the endometnum — This
mucosa undergoes a cycle of structural modification which keeps
step wath the ovanan cycle The mucous membrane of the vagina
also shows cyclic actiaty but this 1s far less stnking than the
changes which aflect the endometnium

THE ENDOMETRIUM The endometrial cycle begins with
the reconstitution of the utenne mucosa after menstruation this
leads to the proliferative or Iolhcular phase which reaches its
peak at the time of g the phase
further elaboration of the mucosa occurs m time with the activity
of the corpus Iuteum this 1s called the secretory or luteal phase
In the absence of fertilization menstruation occurs and the elabor
ate mucosa goes to waste (Fig 25) The endometrnium consists
of a specialised type of connecuv: tissue the stroma covered by
a layer of 1 which 1s with the many
tubular glands which pene!mte the mucous membrane The stroma
15 composed of connective tissue cells embedded tn a delicate sup-
porting tissue which contans capillanes arterioles venules and
arterio venous amastomoses these¢ structures vary in appearance
and activity during the different phases of the cycle The mucosa
rests directly upon the myometnium and consists of three layers—a
narrow basalis which does not participate m the cychcal changes to
be described the thick spongiosa which constituting the bulk of the
endometnium  Les directly upon the basalis and a superficial
narrow, dense zone called the compacta The spongiosa and the
compacta together constitute the functionalts so called because
together they take part m the cyclical changes to which the endo
metrium 1s subjected

The blood supply of the endometnium 1s specialised and adapted
to the periodicity of the mucosa®* It consists of two systems of
artenies denved from the arcuate branches of the uterme artenes
As the nutrient artenies approach the endometrium each gives
nse to a short straight basal artery which supplies the basahs and
a coled spiral artenole which enters the functionalis In this
way the fixed basalis and the constantly changing functronalis each
possess an independent blood supply

Prolife Phase begms during the
termunal stages of menstrual sheddmg and this phase of endo-
metrial reconstruction continues until ovulatton that 1s to say for

Entthel
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ning of secretory activity The glands now become tortuous while
the mucous membrane reaches a width of about 3 mm

Secretory Phase (Fig 27) Merging mmperceptibly with the
last stages of prolferative actiity the secretory phase ends a few
days before the next menstrual peniod (Fig 25) This phase is
marked by increased vasculanty oedema and secretory activity of
the glands The latter become wider and more tortuous with
sacculation mn thetr deeper reaches The nucler of the endometnal
cells return to the base of the cell and displace the secretory vacuole
towards the lumen These vacuoles contamn glycogen and mucin
Meanwhile the spiral arterioles grow nearer to the surface of the
endometrium and the thichness of the stroma s increased as the
result of oedema  The stromal cells now contain much more
cytoplasm than before! The three layers of the endometrium are
now clearly defined and the whole structure attains a width of
6 mm
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Fig 27 The endometrium i the secretory phase (Nosak
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a period of approumately 14 days (Fig 25) The basahs 18
quickly covered with low cuboidal epithelium and short straight
glands des~end mto the deepest reaches of the mucosa The
stronta at this stage 15 dense and avascular reaching a thichness of
about 1 mm (Fig 26}
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Fig 26 The endometnium m the prolufcrative phase (Novak Menstruation
and Its Disordcrs D Appleton Century Co)

Proliferation of stroma and mucosa produces longer glands
lined by taller cells and the spiral arterioles grow mnto this newly
developed mucosa becoming more tightly colled perhaps because
they grow more rapidly than the mucous membrane In the
epithelial cells subnuclear vacuoles appear and mark the begin
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bodies (Fig 15) Secondly there occurs dunng ougenesxs noth-
g which P o the morphol 1 changes
which comvert a spcrm:md mto a spermatozoon (pngc 84) Dunng
oo.enesis the same chromosomal reduction occurs by metosis
except that the daughter cells always contan an X chromosome
(Fig 15) As 1n the case of spermatogenests odgenesis conststs
of three phases proliferation growth and maturation

Proliferation  The peniod of proliferation occurs before birth
and gives nise to primuttve cogoma

Growth Growth of oogomsa begins at puberty under the mflu-
ence of pituitary gonadotrophins and produces primary oocytes

Maturation  The first division prod a dary
oocyte and a polar body The second division produces a mature
ovum and the second polar body (page 84) There 1s no general
agreement as to whether thus last division occurs before or after
ovolation® The first of these changes mvolves the sumple d.wnsmn
of each pair of ch and 1s th ! and
qualitative—reductional in that the amount of chromosomal sub-
stance 1s reduced by half and qualitative 1n that each of the two
nucler produced contains a different genetic pattern The division
of the nuclear chromatin 1s equal but the cytoplasm 1s so divided
that the polar body recewves only a small fraction the rest gomg to
the secondary oocyte ‘Thus the secondary oocyte comes to con-
tan 24 chromosomes

In the second division each single chromosome splits and one
half passes to each of the two daughter cells  This dmvision 1s
described as bemng 1 and be
cause of the manner of chromosomal dmsmu and quantl!atlve m
that the two halves produced are 1 This second
division resembles a mitotic division in that each chromosome 1s
spht mnto two equal halves Agamn the diviston of the cytoplasm 1s
unequal and the mature ovum contams 24 chromosomes of which
ope 15 an X chromosome

OVULATION The d factor which precip ovula-
tion 1s still uncertam It 1s generally held that the rapid outpourmg
of LH from the adenohypophysis 1s an mmportant factor m mtia
ting ovulztion Some workers have suggested that a cntical level

of I"I{S concentration 1 the blood 1s the determuming factor

How important increasmng tension of the flmd within the
follicle may be 1s uncertan The rupture of the follicle usually
occurs about the fourteenth day after the onset of menstruation
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In time with the regression of the corpus luteum there occur
regressive changes 1n the endometrium The stroma shrinks as the
oedema subsides and there occurs a dense infiltration by poly
morphonuclear cells The sprral arterioles become kinked thereby
producing obstruction to the flow of blood This stasis leads to
degenerative changes m the endometnium these are accentuated
by the opening of arterio venous anastomoses, which cause the
blood to by pass the mucosa These changes result 1n varymg
degrees of pallor and cyanosis, due to ischaemma and to stasis
respectively

Menstrual Phase Menstrual bleeding lasts about four days and
mvolves shedding of the spongtosa and compacta® The basalis
remains mtact because 1t possesses an mdependent blood supply
Anoxia of the mucosa produces degeneration and rupture of the
vessel walls while bleeding ts checked by cobstrction of the
spural arterioles near the myometrium  Periodic relaxatton of
arteries allows further bleeding and alternate dilation and con
striction occur m different vessels at different tmes®? In this
way, each arteriole bleeds for about 30 seconds and does so only
once during a given cycle The menstrual discharge attamns a vol
ume of between 50 and 150 ml 1t contams cervical mucus cell
debns, endometrial secretion blood plasma and a fibrinolytic agent
which prevents clotting

THE VAGINA The vagma undergoes cyclic changes m
woman although they are less clearly defined and their functional
sigmificance less certamin than those which occur m the endo
metrium®®  The most striking change 1n vagial histology 1s the
mcrease 1 the number of cornified cells due to the action of
oestrogens (Fig 29)

Production and Release of the Mature Ovum

Although the ovary contains germinal epitheliem which 1s cap
able of producing the mature female sex cell this 1s only accom-
plished after a series of important genetic changes which together
constitute the process of oogenests The mature ovum 1s finally
released from the ovary mto the fallopian tube as a result of the
process called ovulation

OOGENESIS The changes which conyvert a pmitive oogonum
imto a mature ovim constitute cogenesis Apart from two features
cogenests 13 stoctly comparable with spermatogenests (page 84)
Furstly, each primtive oogonium produces only one mature ovum
the three products of oog bemg fi less polar
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Fig 29 A vaginal smear at the time of ovulation showing the characteristic
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Fig 30 A vaginal smear duning the luteal phase of the cycle showing invasion
by numerous leucocytes The epithelial cells are clumped and their edyes are
folded (Novak)
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CLINICAL EVIDENCE OF OVULATION

1) Basal Temperature The body temperature shows varsations
which comncide with events i the menstrual cycle Just before
ovulation the temperature graph shows a sharp drop followed by
a nise The subsequent plateau contmues until just before the onset
of menstrual bleedng when the temperature agamn falls, these
changes provide indirect evidence of ovulation (Fig 28)
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Fig 28 Temperature chart showing a fall and rise at the time of ovulation
(L J Soffer}

2) Endometrial Biopsy and Vaginal Smears These mvestt
gations provide evidence of the action of oestrogens and later 1n
the cycle they indicate the presence of progesterone which 1

indirect evidence that ovulation has taken place (Figs 26 30)

3) Unnary Pregnanediol Pregnanediol a product of the meta
bolism of progesterone appears in the unne at the ttme of ovula
tion and 1ts concentration continues to nise thereafter The presence
of ncreasing ations of pr m the urine ndicat
that ovulation has occurred and that a secretmg corpus lutenm
has developed

4) Cervical Mucus Cervical mucus will Jeave a crystalline pat
ternt on a clean dry shde if ad of has
occurred  This test does not mdicate whether ovulation has
orcurred or not

EVIDENCE OF A FUNCTIONAL CORPUS LUTEUM
Evidence of a functional corpus luteum provides evidence of pre
yious ovulation  smce the former cannot exist unless the ovary
has discharged an ovum
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Cu and oestriol has three hydroxyl groups (3 16 and 17)
Recently a fourth ocstrogen (16-hydroxyoestrone) has been found
10 human urine

METABOLISM (a) Anabolism Little 1s known of the syn-
thests of ocstrogens but 1t 1s thought that cholesterol may represent
the precursor of these hormones It has also been suggested that
certamn androgens may act as oestrogen precursors'’ The classical
expentments of Emmens'? may throw some light on the anabolism
of oestrogens He divided the vagina of the castrated mouse 1nto
two separate pouches i such a way that the upper pouch could
be approached suprapubically A very small dose of the known
ovestrogens applied locally caused an cestrus response 1n the upper
pouch but if the dose were small enough the lower pouch was
unaffected Certain other compounds (which he called proestro
gens) caused a reaction 1n both pouches or in neither because
they must first enter the general crrculation that they may be
activated This activation appears to take place i the hver' In
this way 1t has been shown that a number of sterord substances
possess proestrogemc properties but the normal pathway of
oestrogen synthess 15 stifl uncertain

(b) Catabolism  Oestrogens are mmactivated 1 the liver by
conjugation and are excreted 1 the unne m this conjugated form
(page xut) As far as ts known, there 1s no renal thresho d for oes
trogens In order that 1t may successfully mactivate oestrogens the
lver requires an adequate supply of vitamin B complex (chiefly
thramine and nboflavine) These facts were clearly demonstrated
by the experiments of Biskind and Biskind ** These workers 1m-
planted pellets of oestrone 1n the spleen of the castrated mouse no
oestrus effects were observed i the vagina However when a new
blood supply to the spleen was established through the phrenic ves
sels and the splemic artery and vemn ligated thereby diverting the
venous dramage of the spleen away from the liver continuous
oestrus effects resulted Liver porsons (¢ g carbon tetrachlonde)
or diets inadequate in vitarun B complex produced the same result
even with a patent splenic ve:rr These expeniments are taken to
mdicate that cestrogens are inactivated by normal lver tissue but
that when these hormones enter the general circulation directly
without first passing through the hiver or when they pass through
a liver whose cells have been damaged by pe ons they are free
to act upon therr target organs

In addition to this power of conjugation the liver excretes free
ocestrogens 1 the bile m which they are conveyed to the small
1
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1) Endometrial Biopsy Endometrial biopsy taken within 12
to 18 hours of the onset of menstrual bleeding shows the secretory
actinity typical of the action of progesterone if a functional carpus
futeum be present (Figs 26 and 27)

2) Vagnal Smear It 1s frequently possible to find evidence of
progesterone activity by exammng a vagmal smear (Figs 29 and
30)  Such smears show Ieucocytic nfiltration and the epithehal
cells are clumped with folding of their edges

THE HORMONES OF THE OVARY

The ovary secretes two hormones, or rather two grovps of hor
mones—oestrogens and progesterone

OLESTROGENS Nature An oestrogen may be defined as a
substance which 13 capable of inducing vagmal cormfication m
muce, 1dentical with the changes of natural oestrus The word
oestrogen dees ot ndicate a specfic chemical compound but 15
the genenc name apphed to a group of substances Unmne (of both
sexes) contawns three  oestropens—oestradiof, oestrone _and
oestriol the last bemg peculiar to the human species  Some
workers believe that the hormone of the ovary 15 oestradiol and
that the other two compounds rep less active bol
products of oestradiol other authonties hold the view that the
ovary secretes all three hormones

Source Qestrogens are secreted by the ovary and the placenta
Small amounts are also produced by the adrenal cortex and the
testis In the ovary the theca mterna 1s probably the mam source
of ocestrogens while the granulosa lutein and theca futen cells
account for the secretion of cestrogens after ovulation It appears
that the granulosa and interstitial cells of the ovary are not impor
tant as sources of oestrogens™

Chernistry  The oestrogens secreted by the oviry are sterouds
compared with androgens they are less saturated and Tack a methyl
group at Cyo

o o o

QH

HO' Ho
Oestradio) Oestrone Oestriol

It will be seen that oestradiol 1s so named because it has two
hvdrovyl (OH) groups oestrone has a ketone group (C = O) at

HO'
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ACTION UPON REPRODUCTIVE PHYSIOLOGY

Uterus (a) Endometrium Oestrogens produce the histological
picture described as the prol phase of end 1al activity
(Fig 26) This mvolves thickemng of the mucous membrane an
mncrease in the size of the glands and changes m the artenioles
(page 104) P d secretion ot tion of oestrogens
brngs about endometrral hyperplasia while the sudden withdrawal
of oestrogens from the blood Jeads to bieedng The acuon of
oestrogens upon the endometrium varies with the concentratron
of these hormones i the blood If the total concentration of cestro
gens within the blood be below a certam cntical level the endo
metrrum does not develop the features charactenstic of the pro-
Ihiferative phase and uterine bleeding cannot occur even when such
oestrogens as are present be withdrawn  Higher levels of circu
lating permut ends 1 prol and menstrual
bleeding However above a second cnitical level oestrogens pre
vent bleeding this property forms the basis for the use of these
hormones to stop excessive menstrual bleeding

(b) Myometrium  OQestrogens  stimulate  uterme  muscular
activity and promote rhythmic contractions which may be import
ant 1n the transport of sperms The same hormones also bring
about enlargement of the uterus at puberty and dunng pregnancy

Vagina Oestrogens produce growth of vaginal epithelinm with
thickening and cormification (Fig 29) They also bring about the
deposition of glycogen n the epithehal cells 1t 1s this glycogen
which decomposes to lactic actd and this 1n turn s responsible for
keepng the pH of the vagina at about 4 5 Oestrogens also bring
about an imncrease m the volume of the vagina at puberty

Fallopian Tubes O late the devel of the
mucosa and the muscular activaty of the fallopian tubes

Ovaries While small doses of oestrogens are essential for
follicle maturation larger doses may mhibit ovarian function by
depressing the secretion of trophic hormones by the adenohy
pophysts

Breast O fate the devel ane 101
of the areolae together with the hypertrophy of the female breast
which 1s charactersstic of puberty Dunng adult hife these hor-
mones stimulate the growth and development of ducts but 1
the human species appear to exert little action upon the alveolar
pattern of the gland Oestrogen withdrawal at parturition may be a
factor in mtiating lactation
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mtestine and subsequently returned to the liver via the portal cir
culation This pathway of ocestrogenic excretion and absorption 15
called the entero hepatic circulation?s
It has been shown moreover that about two thirds of the oestro
gens present 1 plasma are bound to protein and that protemn
bound oestrogen 1s m equilibrium with free oestrogen' this
protem binding occurs m the Iver Folic acid appears to be neces
sary for oestrogen activity 1n the tissues while recent studies sug
gest that the action of these hormones upon target organs may be
related to the bol of g gl d. O diol 13
broken down to oestrone 1n the following way —*
OESTRADIOL == OESTRONE —» OESTRIOL
(c) Storage and Excreton Oestrogens are not stored m the
body About 5 per cent of blood oestrogen 1s excreted m the
urme and 5 per cent m the faeces (partly by biliary excretion
and partly by direct mtestinal excretion) The remainder 18 mact!
vated (chiefly in the liver) and excreted 1n conjugated form Three
methods of mactivation of cestrogens withmn the body are known
(1) Transformation to mactive products of unknown com
position
{u) Conjugation with the formation of less active products
(1) Transformation to mactive 1somers
During the normal menstrual cycle two peaks of oestrogen
secretion appear One occurs at the time of ovulatton and the
other durng the luteal phase Low levels of oestrogen excretion
mvolve the equnalent of 10 pg of oestrone per 24 hours, while
high levels may reach 70 pg®
Assay Before 1t 1s possible to establish the concentration of
oestrogens 1n urmne this must first be subjected to a process of
extraction which may 1nvolve vigorous chemical treatment this
treatment destroys some of the oestrogenic activity of the urmne
Most of the chemical methods of assay are based upon the Kober
reaction which mvolves the formaton of a puk colour when
phenolsulphome acid acts upon oestrone*® Bioassay methods are
usually based upon the changes in the vaginal smear ongnally
described m the Allen Doisy technique
ACTION  Qestradiol 1s the most potent of the three natural
oestrogens and oestriol the weakest relative potenctes vary accord
mg to the particular test used In general oestrogens bring about
the development of the mternal and external accessory genital
organs and the appearance of the secondary sexual characteristics
by which woman 1s drstingmshed from girl
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PROGESTERONE  Progesterone 13 secreted by the corpus
luteum (probably from the theca lutein cells but perhaps also
from the granulosa lutemn cells) In addition progesterone 15 pro
duced by the adrenal cortex and the placenta

Chenustry ‘The hormone 1s a steroid

cH
cH 22 =0

o
Progesterone

The structure of p bles that of androg hor-
mones rather than oestrogens m that 1t shows one double bond in
the A ring and two methyl side chamns

Meiabol::m (a) Anabuhsm The fact that the adrenal cortex

from ! ol suggests that the latter
may be the source of ovarran progesterone“ Some workers believe
that d may be a p of p

(b) Catabolism Progesterone 1s not stored the body s
either used or excreted and therefore the concentration 1 which
1t 1s found n blood 1s very lowz®

«©) Excretum nges!eronc 18 not excreted as such One of
its chuef which 1 d in the unne 1s
pregnanediol About 10 per cent of exogenous progesterone can
be recovered from the unne 1n this form during the first tnmester
of pregnancy this percentage nses to about 30 Another product
of progesterone met:\bohsm found n the urnmne 1s prcgnenolone

these two and are
together called the complex DCUAyI or 15
also a product of p ¢ The breakd of

one to these bol bably occurs 1n the liver'®

During the follicular phase of the " menstrual cycle pregranediol
1s absent from the unine and first makes 1ts appearance at about
the time of ovulation During the juteal phase 1t reaches concen
trations of between 2 and 8 mgm per 24 hours It appears m the
urme conjugated at C; m the fcrm of scdmm pregnanediol
glucuromde both free and cony are physiol
gically inactive

Action  The essential function of progesterone as 1s name
mmplies 15 to prepare the endometnum for the reception of the
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METABOLISM
1) Bone** Oestrogens exert the following actions upon bone
) They bring about the development of the charactenstic
skeletal contour—especially the appearance of
the broad pelvis
(u) They mhibit the laymg down of matrx by osteoblasts
and the growth of long bones
(1) They cause maturation of centres of ossificatton and
epiphysial closure
(1v) They cause calcium retention within the body
Oestrogens therefore mbit bone growth and at the same tume
set @ imit to such growth by promoting epiphysial closure
2} Water and Mieral Metabolism®* *# Qestrogens cause water
retention together with retention of mtrogen phosphorus calem
and sodium They are protem anabolic hormones
3) Skin*** Oedema of the skin is a feature of oestrogenic
activity and the extreme response 1s seen m the development of the
sex skin of monkeys Diminution of sebaceous activity 1s also
brought about by the action of oestrogens
4) Bone Marrow Large doses of oestrogens depress bone
matrow acttvity * * but this response 1s not seen With phystological
doses
5) Blood Vessels Oestrogens cause vasodilatation apart from
the turgescent effect which they exert upon the sexual organs **
Miscellaneous Actions Oestrogens are thought to encour ge
the growth of cerfamn malignant tumours and m some ammals they
bring about loosening of the pelvis at the pubic symphysis during
pregnancy as a result of which the birth canal becomes wider

SYNTHETIC OESTROGENS A number of synthetic com
pounds which are not sterords have been found to exhibit oestro
genic effects 1n man and ammals The most iaportant of these 15
sulboestro] which 1s active when taken by mouth In additton to

orgamc ¢k have made changes in the
molchIes of natural oestrogens which have produced useful phar
macological properties One of the most important of these syn
thetic oestrogens 1s ethinyl oestradiol winch 1s oestradiol with an
ethmnyl group(H—C=C—) at Ci; This compound 15 a powerful
oestrogen active by mouth and of low toxicity
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ANDROGENS 1t 1s uncertain whether the ovary produces an
androgemic hormone

Control of Ovanan Funchion

The chief controlling influence of the ovary resides m the
secretion of gonadotrophic hormones by the adenohypophysis
and the mteraction between these hormones and those secreted by
the ovary This 1s tllustrated by the fact that ovaran and endo
metnal actwuy come 10 a I when thc denohypoph 15

or d It 1s now established that this [uncuon of
the pnmlary gland depends upon three hormones—follicle stimula
ting hormone (FSH) lutemzing hormone (LH) and prolactin
FSH promotes the development of the Graafian follicle with its
contamed ovum LH acts synergistically with FSH to produce
oestrogen secretion and ovulation while 1n addition 1t stimulates
the lutetnization of the theca and granulosa cells from which pro-
gesterone 1s secreted Prolactin (1n addition to 1ts action on the
breast) mamntains the activity of the corpus luteum and stmulates
the se~retion of progesterone (page 156)3 3t ® 3¢

As n the case of the testis these effects are not one sided and
removal of both ovanes causes the adenchypophysis to secrete
excesstve quantiies of FSH It has generally been held that
oestrogens inhibit the production of FSH and stimulate the
release of LH and prolactin while progesterone mhibits LH

d and the of FSH* These obser
vations suggest a delicate control of ovaran activity which
accords well with the accepted wviews concernmng other trophic
hormones (page 68) More recently however 1t has been suggested
that thys stimulating actron  upon the secretion of LH and prolactm
1s due not to lves but to oxid: of
these hormones In other words the mtact oestrogen molecule
depresses the secretion of FSH while 1ts oxidation products pro
mote the secretion of LH and prolactn An alternative view 1s
that very low concentrations of oestrogens stimulate FSH
secretton while larger doses suppress FSH and stimulate LH
and prolacti secretion The truth about these 1ssues 1s not known
but 1t 15 possible to understand the basic relationship between the

adenohypophysis and the ovary without accepting either of these
theorses as final

Physiology of the Menstrual Cycle

A menstrual cycle 1s defined as the mterval which exists between
the onset of one period of endometrial bleeding and the onset of the
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fertshzed ovum Its actions are i some mstances synergistic with
those of oestrogens but m other cases the two hormones are
antagomstic ©  For example progesterone does not affect the
endometrium unless the latter be prepared by oestrogens while
the case of uterme motiity, progesterone antagomses the action
of oestrogens

1) Uterus (a) Endometrium Progesterone brngs the endo
metrium 1nto the secretory phase if the mucosa has been previously
prepared by the action of oestrogens (Fig 27) Thrs avolves thick
eming of the mucosa oedema of the stroma the appearance of gly
cogen droplets m the glandular cells together with the corkscrew
form of the glands and tight coiling of the spiral arterioles In the
absence of fertiltzation the corpus luteum regresses and the con
sequent withdrawal of progesterone 1s associated with menstrual
bleeding Should fertilization occur the corpus futeum persists for
about three months which 1s the time taken for the placenta to
reach matunty The secretory condition of the endometrium en
ables the fertihized ovum to undergo 1mplantation and at the same
tume 1t receives noursshment from this highly developed mucosa
The chemistry of this nutnition 1s not understood but glutathione
may be an mportant component 1 the nutntive secretion of the
endometrium

(b) Mjyometrium Progesterone mhibits uterine motthty which
may assist i implantation of the fertilized ovum

2) Vagma If the vagina be previously prepared by the action
of oestrogens progesterone will bring about mucificatron of the
mucosa Vagmal smear at this stage shows foldmg of the corers
of the mucosal cells very few cormfied cells and massive 1nfiltra
tion with leucocytes (Fig 30)

3) Breast Progesterone will only stimulate the breast if it has
been prepared by the action of oestrogens It then promotes the
development of the lobule alveolar pattern (page 132)

4) Ovaries Small doses of progesterone 1n the presence of
oestrogens stumulate the secretton of LH which m turn pro
motes the development of the corpus luteum Larger doses sup
press LH secretion and eventually cause ovanan atrophy by
inhibiting pituttary secretion of gonadotrophins

Metabolism®*®  Prog the of protemn
and ncreases the urnary excretion of sodium and chloride  The
action upon protem catabolism seems to be a drect metabolic
effect but that upon salt excretion probably wnvolves nhibition of
the action of adrenocortical steroids upon the kidney
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trations of these two hormones reach a certam Jevel Ovulation
1s succeeded by the formation of the corpus luteum as the result
of LH activity and by the secretion of progesterone due to the
stimulating effect of prolactin upon the corpus luteum Meanwhile
the corpus luteum reaches its maximal development about 7 days
after 1ts appearance (1¢ the 21st day of the cycle) and a gradual
increase 1 oestrogen secretion from its cells at about this tume
causes the secretion of FSH which begms to prepare a group of
follicles for the next cycle (Fig 25)

ENDOMETRIAL CYCLE The endometnium begins to build
itself up from the basalis layer dunng the concluding hours of
menstrual bleeding As the secretion of oestrogens rises these
hormones stimulate end 12l devel to the prol ve
phase which reaches its maxmal development at the time of
ovulation Without any abrupt transition the changes charactenstic
of the secretory phase begin to appear as the result of progesterone
secreton by the corpus luteum  Should fertiization occur the
secretory endometrium persists and recewves the newly fertilized
ovum

ANOVULATORY CYCLES Tt may happen that a Graafian
follicle fails to discharge its ovum and so no corpus luteum can
develop Gradually atresta of the follicle occurs and the secretion
of oestrogens declmes The fall mn oestrogen levels 1n the blood
may precipitate endometrial bleeding This type of cycle 1s normal
at puberty and at the menopause and may occur from time to tune
dunng the child bearng span of ife The occurrence of anovi-
latory cycles can be detected by the absence of those events which
indicate the presence of a functional corpus luteum (page 108)
The occurrence of such cycles draws attention to the mmportance
of realisng that endometrial bleeding does not necessarily indtcate
Pprevious ovilation

Urinary Hormone Levels During the Menstrual Cycle

OESTROGENS Urnmary oestrogens show two distinct rises 1n
a normal cycle Of these the first occurs just prior to ovulation
and 15 followed by a fall and later by a second mse which may
exceed the first in magmtude The second mse oceurs during the
luteal phase but varies somewhat m the tme of 1ts appearance

GONADOTROPHINS  The excretion of gonadotrophic hor
mones shows a distinct peak just after ovulation A second peak
durng the luteal phase has been described but 1s not constant
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followmg epssode of bleeding 1 the normal non pregnant pn
mate It ;5 divided inte 3 phases—the menstrual or bleeding
phase the follicular phase which lasts tll the ume of ovulation
and the luteal phase which ends with the onset of bleeding  The
menstrual cycle 1s the outcome of cyclical activity at three levels
—~the adenohypophysal cycle the ovaran cycle and the endo
metrial cycle A menstrual cycle 15 generally regarded as starhing
on the first day of menstruation (Fig 25) It should be empha
sised that the dissection of the menstrual cycle mto phases and
cycles though convenwent from a descriptne pont of view 1§
highly artificial The events of the cycle are mtegrated 1n such a
way that the so called phases move smperceptibly one 1to another

PITUITARY CYCLE Before the onset of menstruation the
adenchypophysis begins to secrete increasing quantities of FSH
wihich stimulates the development of a group of pumary follcles
of which one 1s eventually mingled out to reach matunty It s
now beleved that the lus to this of FSH 15 a low
but gradually g on of secreted by
the corpus luteum By the onset of menstruation the chosen
follicle for the next cycle has developed an antrum
Iiquor folleult and nmow prepares for the final changes which will
result m rupture and the release of s ovam (Fig 25) At this
pont oestrogen seeretion reaches levels which begin to smhibit
FSH secretion and to stimulate LH production  Towards the
end of menstruation LH together with FSH stimulate oestrogen
secretion from the new fofficle Oestrogens appear 1 ever mcreas
g quantities and the new follcle bulges from the surface of

the ovary At 2 certamm level of iS}I;I m the blood avulation

ogcurs—usually about 14 days after the onset of the previous
menstruat cycle (Fig 25) LH then comverts what remaimns of
the collapsed follicke mnto the corpus luteum and the cells whih
formerly secreted ocestradiwl now secrete m addibon  projes

terone®  The of also p bly evokes the
appearance of prolactin which mamtams the corpus huteum and
1 the The m of

of pro
oestrogens m the blood siow falls but after a varmable period of
time duning the luteal phase it begmns to nse agam
OVARIAN CYCLL 'The ovamman cycle consists of the

matoration of the follicie under the mfluence of FSH the
o due to the tic action of FSH and

H &
LH foffowed by ovulation at a point when the relative concen
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by the part played by the adrenal cortex in bringing about men
strual bleeding since there 1s evidence of increased cortical activity
Just before the onset of menstruation®® It 1s generally believed that
the cortex plays only 2 minor part in the mechamsm of menstru-
ation

Physiology of Pregnancy

Fertilization of an ovum followed by its mmplantation n the
endometrium nterrupts the reproductive cycle of woman and
mtroduces a complicated pattern of endocrine activity  Fertiliza
tion usally occurs 1n the fallopran tube withm 24 hours of cortus
It takes the fertiized ovum about 3 days to reach the uterus and
another 4 to 6 days to become implanted Therefore 1mp
or mdation as 1t 15 sometimes called takes place on the 22nd or
23rd day after ovulation comncrding with the maximal blood levels
of progesterone®® The corpus luteum does not regress but de
velops further and the secretory endometnium becomes converted
wmto the decidual mucosa The cells of the compacta acquire more
cytoplasm and develop a polygonal shape whuich under the micro
scope gives the mucosa the appearance of a mosaic pattern Mean
while the fertilized ovum develops around 1tself a series of projec
tions catled the chononic villt from which the foetal placenta de
velops The wills consist of two distnct layers an inner cytotropho
blast composed of columns and 1slands of cells together with the
Langhans cells and an outer mass of tissue called the syncytial
trophoblast

ENDOCRINE FUNCTION OF THE PLACENfA The
placenta secretes at least 3 hormones

(1) Oestrogens
(u) Progesterone
(mt) Chononte gonadotrophm
Qestrogens and progesterone are secreted by the syncytial tropho
Eiast while chononic gonadotrophin comes from the cytotropho
ast

(1) Oestrogens The placenta gradually usurps the ovarian role
m oestrogen sccretion and produces oestradiol oestrone and
oestriol The excretion of oestrogens duning the fertide cycle shows
the expected second (luteal) mse and continues to rise steadily
until about the 14th week of pregnancy when a sharper nise occurs
and contmues untl term (Fig 31) These levels of oestrogen
secretion inhibit the production of FSH and so follicle matura
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PREGNANEDIOL  Pregnanediol first appears m the unne
yust after ovulation and mses i concentration until the nuddle of
the luteal phase and then falls entil finally o 5 absent from the
urme dunng menstruation

ANDROGLNS  Androgen excretion and unnary 17 hetos
terods do not show any consistent varation throughout the men
strual cycle

Physialogy of Menstruation

Menstrual bleeding serves no vseful function It yepresents the
recogmtion on the part of the uterus that fertilization has fasled
to occur Menstrual bleeding may be defined as cyclic uterme
bleeding which follows ovulation corpus luteum formation and
the development of a progestational endometriom It 18 however

& to stipulate the p of a prog d
because 1 the absence of the admumistration of exogenous proges
terone this imphes ovulaton and corpus luteal formation without
which a secretory endometnum 15 not possible It should be noted
however that some authors regard such a defimtion as serving no
useful purpose and Jefine menstrual bleedimg as penodic physe
logteal bleeding from the utenne mucosa without necessauly
mplying previous ovulation® 37

Mecharsm  The classical expenments of Markee have shown
that the rapid withdrawal of oestrogen or progesterone or both
will promote bleeding withdrawal i either case must be abrupt
because a gradual fall i concentration of exher hormone m the
blood does not bring about haemorrhage® ¥

The withdrawal of cestrogen like the withdrawal of proges
terone causes the endometrum to shnnk but the mechanism 15
different mn each case Oestrogen withdrawal causes shrinhage of
the stroma due to reabsorption of oedema flusd while progesterons
withdrawal causes snvolution of the endometnial glands which
eventually leads to narrowing of the stroma™”  In either case
buckling of the arteriokes leads to stasss of the blood necross of
the mucosa and bleeding ¥t can thesefore be scen that ovul
and T are not ! for the occurrence
of bleeding There 15 76 gi e between the bleeding
of oestrogen withdrawal and that which follows cotpus lutesl
activity It has been suggested that a local toun  of unknown
comp may be the factor in fs the onset
of Bleecing but the existence of such a substance remans hypo
thetical®® Certain workers on the other hand have been inpressed
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by the part played by the adrenal cortex m bringing about men
strual bleeding since there 1s evidence of mcreased cortical activity
just before the onset of menstruation® It 15 generally beheved that
the cortex plays only a munor part m the mecharusm of menstru
ation

Physwology of Pregnancy

Fertilization of an ovum followed by its implantation 1n the
endometrium interrupts the reproductive cycle of woman and
mtroduces a complicated pattern of endocnine actimity  Fertiliza
tion usually occurs 1n the fallopran tube withm 24 hours of cortus
It takes the fertiized ovum about 3 days to reach the uterus and
another 4 to 6 days to become 1 d Therefore imp 1on
or mdation as 1t 1s sometimes called takes place on the 22nd or
23rd day after ovulation cowncidmg with the maamal blood levels
of progesterone®® The corpus luteum does not regress but de
velops further and the secretory endometrium becomes comverted
mto the decidual mucosa The cells of the compacta acquire more
cytoplasm and develop a polygonal shape which under the micro-
scope gives the mucosa the appearance of a mosaic pattern Mean
while the fertilized ovum develops around itself a series of projec
tons called the chorionic villi from which the foetal placenta de
velops ‘The villi consist of two distinct layers an nper cytotropho
blast composed of columns and 1slands of cells together with the
Langhans cells and an outer mass of tissue called the syncytial
trophoblast

ENDOCRINE FUNCTION OF THE PLACENLA The
placenta secretes at least 3 hormones

(1) Oestrogens
(1) Progesterone
(1) Choriome gonadotrophin
OQestrogens and progesterone are secreted by the syncytial tropho

:iast while chortonic gonadotrophin comes from the cytotropho
ast

(1) Oestrogens The placenta gradually usurps the ovanan role
1n oestrogen and prod diol oestrone and
oestriol The excretion of oestrogens dunng the fertile cycle shows
the expected second (luteal) rise and continues to rise steadily
unttl about the 14th week of pregnancy when a sharper rise occurs
and continues until term (Fig 31) These levels of oestrogen
secretion 1nhibit the production of FSH and so follicle matura
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ton 1s suspended and the ovary shows histological evidence of
Tegresston*®

(n) Progesterone Progesterone secretion may be studied mdi
rectly by means of the nunary concentration of pregnanediol or the
pregnanediol complex (page 115), which duning pregnancy repre
sents the sum of corpus luteal and placental progesterone Preg
nanediol excretion does not show the expected premenstrual fall,
but continues to nse steadily and later more raprdly parallel with
oestrogen excretion until at term levels between S0 and 100 mgm
per 24 hours appear (Fig 31)
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Fig 31 The urinary excretion of hormones during pregnancy (Femmng
Normal and Pathological Physiologv of Pregnancy —Courtesy of Willams and
Wilkns )

() Ch G e/ h The pl ta secretes a hor

G e p
mone pecular to itself and to certain neoplasms ~This hormone
bles pitwtary

15 called chononic gonmadotrophin and
lutemizing hormone m its acton Chononic gonadotroplun 1§
d by the cyt hobl of the ch vill: and 15
excreted mn the urine almost dately following 1
with the result that 1ts presence m urine may be detected before the
first mssed menstrual period It 1s detection of this hormone
unine which forms the basis of certam pregnancy tests The pres
ence of chorionic gonadotrophin 1n the urnme means no more than
that active chonio placental tissue 1s present m the body the foetus
may be alive or dead and ndeed certam tumours produce the same
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hormone About 20 days after implantation the concentration of
chononic gonadotrophin 1n the unne reaches a peak. after which it
falls to a lower level which 1t mawmtains untif term

Chononic gonadotrophin stimulates the corpus Iuteum of preg-
nancy and thereby p the of gens and pro-
gesterone from the ovary during the early months of pregnancy
The hormone 15 capable of producing decidual changes i the
endometrium and can evoke the endocrine changes of pregnancy
m the absence of a fertilized ovum (pseudopregnancy)

There 1s some evidence to show that chonionic gonadotrophun
also the syncytial trophoblast to secrete oestrogen and
progesterone after the vorpus luteum of pregnancy has regressed
There seems Ittt e doubt that the hormone must play an umport
ant part in the physiology of pregnancy but the exact extent of
its role remains somewhat uncertain

Other H. Dunng p y the of pituitary
gonadotrophins appears to be suppressed > whle ACTH appears
m the blood in increasing quantities after the third month It has
been suggested, as the result of e studies of pl. ]
function that at least some of this mcrease m ACTH secretion
may come from the placenta but this suggestion ts open to doubt

Pregnancy Tests A number of tests have been devised to
facilitate the diagnosis of pregpancy at a time before this 1s pos
sible by clinrcal exammation of the patient Most of the tests
1n current use depend upon the detection of chortonic gonadotro-
phia m the unne m ccncenuauons which exceed Ihose of piturtary

women A b 1 end pont 1s
therefore selected wlmh will dxstuwulsh the unnary levels of
chorome P from those of
Ppitmtary 1 the non state Such a distine

tion 15 possible at lhc time of implantation (generally the twenty
fifth day of the cycle) that s just before the first mussed period
The accuracy of these tests 1s shightly greater about two weeks
after implantation

The classical Aschheim Zondek test made use of the appearance
of haemorrhagic follicles n the ovanes of immature mice (or 1 2
later modification rats) The fest was accurate but required 96
hours before giving a result

‘The Friedman test needs 48 hours and makes use of the adult
female rabbit which has been 1solated from the male for at least
3 weeks The presence of mcroscopic haemorrhagie ovanan fol-
licles indicates a positive test These two tests are accurate but
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unvolve the sacnifice of one or two animals for each examaation

A number of accurate tests using frogs and toads of varous
species have been devised These tests possess two overwhelmng
advantages namely the results can be reported 1n two hovrs and
cach amimal can be used repeatedly Among these methods the
Xenopus toad test 15 now widely used, as 1s the Gallt Maimin test,
which uses the male South Amencan toad Tests vsmg male
ammals are positive 1f the unne contams evidence of semmal dis
charge, whereas in female ammals the extrusion of ova indicates
a posttive result

Tests ndicating the presence of chonionic gonadotrophin are
positive not only m cases of pregnancy but also 1 patents of
either sex suffering from neoplasms whtch secrete this hormone

One chemical test of pregnancy has been devised to measure the
ncreased urmary excretion of pregnanediol in pregnancy This s
called the Guterman test and involves a colormetric assay

Parturition

The mechamsm which precipitates partunition 1s obscure It has
been suggested that oxytoctn (page 169) may play an important
role or that uterine distension and high blood levels of oestrogens
and progesterone may be factors So far, none of these changes
has been shown to be essential to the onset of Jabour

Sperm Transport

The mhberent motility which the spermatozoa acquire when they
are suspended 1n sermwnal flwd 15 fargely responsible for their
reachng the fallopian tubes However muscular contractions of
the female gemtal tract may assist 1 sperm transport and the less
wviscous afkaline cervical mucus produced under the mfluence of
oestrogens 1ppears to encourage the entry of spermatozoa mnto
the uterus
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involve the sacrifice of one or two ammals for each examination

A number of accurate tests using frogs and toads of various
species have been devised These tests possess two overwhelmmg
advantages namely the results can be reported m two hours and
each ammal can be used repeatedly Among these methods the
Xenopus toad test 1s now widely used as 1s the Galli Mawyn; test,
which uses the male South Amencan toad Tests using male
anmals are posttive 1f the unne contains evidence of sermmnal dis
charge whereas mn female ammals the extrusion of ova indcates
a positive result

Tests mdicatmg the presence of choniomc gonadotrophin are
positive not only in cases of pregnancy but also in patents of
either sex suffering from neoplasms which secrete this hormone

One chemical test of pregnancy has been devised to measure the
mcreased unnary excretion of pregnanediol m pregnancy This 1s
called the Guterman test and mvolves a colorimetric assay

Parturition

The mechanism which precipitates parturition 1s obscure It has
been suggested that oxytocin {page 169) may play an important
role or that uterme distension and high blood levels of oestrogens
and progesterone may be factors So far none of these changes
has been shown to be essential to the onset of labour

Sperm Transport

The nherent motility which the spermatozoa acquire when they
are suspended m semmal flurd 15 largely responsible for their
reaching the falloptan tubes However muscular contractions of
the female gemtal tract may assist 1n sperm transport and the less
viscous alkaline cervical mucus produced under the nfluence of
oestrogens appears to encourage the entry of spermatozoa mnto
the uterus
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Lmbrvolog)y

It 1s surpnising that an organ which does not function until so
late m Dife and one which appears so recently in evolution should
develop so early in embryonic hife At the beginning of the sixth
week an ectodermal thickemng occurs as a longitudinal band
between the bases of the imb buds (Fig 32) This structure 1s
called the milk Ine and in man s only promment 1n the pectoral
region Each breast begins as a thickening and downgrowth from
the mulk Ime Dunng the fifth month between 15 and 25 sohd
cords bud off to form the primary milk ducts where these ducts
open onto the surface the epidermus becomes elevated to form
the nipple (Fig 33)

Gland anlage_ Epde ms
)

oy i~
SRR
TS
4
Ep.aim GCla da lag

5
1 T e
LRS-
B

Fig 33 The development of the human mammary gland as illustrated by
vertical section — (A) at two months  {B) at four months (C) atseven months
(Arey)

Ihistelogy

Each mammary gland consists of about 20 closely adjoming
Iobes radiating from the mpple Each lobe possesses its own duct
which opens independently at the nipple These lactiferous ducts
as they are called each show a dilatton below the mipple (the
lactiferons sinus) The lactiferous duct divides mto smaller and
smatler branches the smallest of these are the alveolar ducts which
end m blnd diatations from which sphencal sacs called alveoh
will develop In this way each lobe becomes divided mto a number
of units called lobules m accordance with the sub-divisions of the
lactiferous ducts Each lobe 1s an 1nd: d pound
alveolar gland wath 1ts own duct It should be noted that the
terms alveol and acim are used synonymously

Throughout the breast a network of contractde myoepithehal
tissue occurs over the stromal surface of the alveoh (Fig 34)
This tissue can be demonstrated by means of silver stams  Reflex

N




CHAPTER VI

THE BREAST

Introduction

The p of y glands 15 the di feature of
mammalan ammals and the tunction of these glands 1 to secrete
mulk from cestain precursers furmshed by the blood The pro-
cesses by whih mufk 1s synthesised and expelled from the mam
mary gland together constitute the function of Jactation which nor
mally provides the sole source of pousishment for the newbom
mammal The breast 1s not an endocrine gland but sts function 15
so intimately associated with the secretions of the endocnine glands
that 1t 1s appropriate to summarse these associations

Evelution

The tmtial stages mn the evolution of the milk secreting glands
are fost 10 antiquity The sndividual tubes of the mammary glands
of such pnmtive forms as the platypus closely resemble sweat
glands This has Jend some workers to suggest that the breast has
developed from modified sweat glands? 1®

fk hine represeated dagrarmatscally in 2 humen e nbryo of
Fig 32 T e h gﬁes Tis¢ 10 the adult breast 1s shown i black (Ares }

ux weeks The arca whicl
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fibrous and fatty stroma At the same time the lactiferous ducts
become elongated and undergo complex branching The hning cells
ncrease n number and epithelial buds appear at the ends of the
alveolar ducts In this way each lobe comes to contan a large
number of lobules but alveoli are not yet seen With the onset of
regular menstrual periods associated with ovulation the breast
undergoes cyclical activity 1n trme with the events of the ovanan
cycle Two phases are generally described—proliferative and
regressive (Fig 35 (a))

Proliferative phase This phase begins during the second week
of the cycle (1e about 10 days after the onset of menstruation)
and continues until a few days before the next period The breast
enlarges and becomes finely nodular to palpation The ducts dilate
and contamn a little secretion while the conmective tissue around
the ducts becomes oedematous Lobules develop and expand
acquirtng some alveoll This 1s the first appearance 1n the breast
of aheolt (Fig 35 (a)) which develop from the dilated ends of
the alveolar ducts

Regressne phase This phase mvohves a dechne n the lobutar
development of the previous phase  Alveoli disappear and the
alveolar ducts regress epithelial cells shrink and some desqua
mate The stroma shows mfiltration by round cells

PREGN 4NCY The changes seen mn the breast during preg
nancy are an extension of those seen during the phase of prolifera
tton  The emph 1S upon d branching of the ducts
with widespread developsment of alveoli The alveol become lmed
by cuboidal epithehum and contain an increasmg quantity of
secretion (Fig 35 (b))

LACTATION Soon after birth the lobules and therr ducts
take up ther deft fi th and storage of
mulk Secretion occurs from the cells imng the dilated alveolr and
the duct system expands to act as a reservorr for newly formed
milk  After the conclusion of lactatton the breast slowly returns
to the non pregnant state undergoing the cyclical changes already
described

CLIMACTERIC  After the chimacteric the breast shows
irregular regtessive changes  Alveoli and lobules disappear the
lactiferous ducts shrink and the stroma increases m density Some
what later cystic diation of the larger ducts with sclerosis and

obliteration of thewr smaller branches brings the breast to its
sente form
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of these 1 hehal ceffs produces ejection of milk
from the smaller ducts and alveol mnto the larger ducts and lach
ferous smuses This description ol breast histology applies to the
condition of the organ at the end of puberty Thereafter it under
goes certamn changes according to the demands placed wpon it
On the other hand the breast of the newbom shows some featuces
of mnterest

Fi, 34  Mcroscopie secnon of the breast shawiag part of the surface of 3
ontracted afveolus and a myoepithchial ced with nuclens (n) and branching
prowesses (A C Rechardson 1949)

THE NLONATAL BREAST Dunng the first few weehs of
extrautenne hfe the breast shows signs of activity in the form of
dilation of the ducts which become hned by two Inyers of epithe
fia] cells together with a considerable vascular development In
about 60 per cent of the newborn glandular tissuc is palpable
petund the mpples After about three v ecks this tissue can 1o
Jonger be felt and the gland enters a peniod of quiescence uatl
puberty

ADOLESCENCE  The first sign of puberty s guds 15 an
enlargement of the areolae which become piymented  The breast
soon increases mn size chiefly owmng to the development of a
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The effect of oestrogens on the human breast has been studied
1 men and women but more detailed experiments are needed to
confirm the findings of earlier workers Among ammals three
types of response to oestrogens are found (1) 1n the mouse, rat
and rabbit phystological doses produce duct development, but not
alveolar growth (1) m the monkey gumea pig cow and goat ex-
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Fig 35 (b) The human breast during the eighth month of pr

well developed acim preguancy showung
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THE ACTION OF HORMONES ON THE BREAST

OESTROGENS Oestrogens cause an increase in length of the
lactiferous ducts together with the formatton of new branches and
an ncrease 1n the size of the hmng cells At the same time the
dilated ends of the termunal branches of the duct system become
more prominent Qutside the duct system the fibrous and fatty
stroma proliferates Oestrogens also cause an mcrease n the suze
of the areola and mipple together with some pigmentation of
these structures??*3¢
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MAMMOGENIC HORMONES' 1 In order that oestro
gens and progesterone may exert their charactenstic effects upon
breast tissue the adenohypophysis must be capable of mormal
funcuon®®  Howeser local application of oestrogens to the skin
over one breast will cause that breast alone to develop but
this local action does not occur mn hypophysectomsed ammals
Some workers have extended these observations and conclude that
the adenohypophysis secretes two hormones ca led mammogen I
and mammogen II'222 14 The former 1s secreted under the wflu
ence of and p! duct d while mam
mogen I 1s secreted m response to progesterone and causes alveo-
lar development In other words these wothers believe that the
effects of oestrogens and progesterone upon the breasts are medi-
ated through the pitwitary gland No final decision can be reached
about this issue at present but the existence of two additional
pitustary hormones should be regarded with some scepticism

Indirect evidence agamst the existence of mammogenic hor-
mones has emerged from expermments on hypophysectomised rats
In such rats 1t has been shown that complete mammary deve op-
ment can be attained by the combmed use of oestrogens proges
terong prolacin  ACTH and growth hormone It would appear
that ACTH 1s necessary to restore the ammal to a more nearly
normal physiological state but that growth hormone has a specific
role 11 mammary development Appropriate changes mn the rela
tive doses of the five hormones mentioned will produce Iactation
Prolactin can under certan d il by pl \
extracts Tlfxese observations make 1t unnecessary to postulate the

o h

Further expenments with hypophysectonused rats have shown
that although and prog do not mam
mary development 1 the absence of the adenohypophysis the
capacity to respond to these hormones 1s restored by the admims
tration of msuhn  This observatton accords well with the fact
that growth hormone and under certain conditions prolactin can
stimulate the secretion of msulm from the pancreatic slets £

CHORIONIC GONADOTROPHIN' So far as 1s known
chorotuc gonadotrophin affects the breasts only indirectly by actmg
upon the ovary and the placenta

ENDOCRINE CONTROL OF THE BREAST
As with other aspects of endocrine function 1t 13 mmpossible to
state the hormonal control of the breast 1n 1ts final form Expen-
mental evidence dersved from mammals other than man requires
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tenswve alveclar development occurs and () m the dog oestro-
gens alone produce very httle response

PROGESTERONE  Progesterone requires the previous achion
of oestrogens before 1t can stmulate the breast The charactenistic
effect of the hormone 1s to promote the development of alveol In
woman alveo1 do not appear until progesterone acts upon the
breast which has been prepared by oestrogens

PROLACTIN Prolactin exerts three effects upon the breast®

1) It acts mdirectly by stmulating the ovanan production of
progesterone (page 156)

2) It 1s partly responsible for the rapid development of the
breast during the later stages of pregnancy by direct action upon
the gland

3) It sumulates the secretion of mik

OXYTOCIN Oxytocin stmulates the myoepithehal cells of the
breast together with smooth muscle in the walls of the lactiferous
ducts and thereby causes milk ejection

GROWTH HORMONE Recent studes have suggested that
growth frormone 1s partly responsible for the mamtenance of lac
tation once thus has been imtiated’

ANDROGENS** ™ In expermmental animals, androgens cause
strikng strmulation of the breast tissue m both sexes  These hor
mones cause the development of alveolr which 1s interesung 1
view of the ch 1 bl between prog and cer
tamn androgens The significance of these findings m terms of mot
mal function 18 unknown

ADRENAL STEROIDS™ Deoxycosticosterone  promotes
alveolar development and 1t 1s known that the cortex 1s essential
for lactatton Detailed studtes of the action of glucocorticouds on
the breast have only recently been undertaken

In some experiments hydrocortisone appears to inhubit breast
development while mn others the hormone sttmufates the growth
of mammary tissue and also promotes lactation  Selye believes
that the stimulating effect of glucocorticoids upon the breast
accounts for the occurrence of breast development and lactation
after exposure to acute stress For example this phenomenon has
been reported after extensive skin burns

THYROID HORMONE Thyroid hormone appears to assist
the process of lactation but the role of the gland 1n the normal
function of the breast 1s uncertam
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called the double threshold theory of Folley and Malpress This
states that low concentrations of oestrogens stmulate the lacto
genic function of the adenchypophysis while higher concentrations
mhibit lactation  Lactogenic levels of oestrogen may be rendered
mhibitory by an appropnate concentration of progesterone At
partuntion a fall in the ratio of progesterone to oestrogen removes
this mhibitory effect which leaves the lactogenic action of oestro
gens unopposed”® These expertments cannot be applied to man
with any confidence at this stage and 1t remamns to define these
high and low of with more

The process of lactation involves the two separate functions
of milk secretion and milk removal Milk secretion atself mvolves
two processes namely the synthesis of mulk by the cells of the
alveolar epithehum and the passage of the mulk so formed from
the cytoplasm of these cells into the alveolar lumen
Synthesis of milk

Passage of milk mto alveolar lumen

Milk secretion— i
Lactation—.
Passive withdrawal

Milk removal— ,Mxlk ejection

MILK REMOVAL 1In the lactating mammary gland the greater
portion of the milk secreted by the alveolar cells remains within the
alveolar lumen and smaller ducts A smaller portion passes into the
larger ducts and simuses this portion can be removed at once by
suckling or mulking and 1ts removal 13 not deperdent upon the con
tractile mechansm of the gland—the removal of this portion of the
mulk 1s referred to as passive withdrawal The greater portion of
the mulk requires active ejection from the alveolt and fine ducts
1nto the larger ducts and sinuses before 1t 1s available to the suck
hing young or the artificial mulker This process of mulk ejection
mvolves reflex of the pith which forms a
network over the stromal surface of the alveolt (Fig 34)

The myoepithehal or basket cells are flattened stellate cells
lying upon the outside of the alveolr between the epithelum and
the with their enveloping the alveo
lar surface Living mammary tissue has been shown under the
microscope to respond to topically apphed oxytocin by contraction
of the basket cells which can be seen to cause contraction of the
alveolt foreng mulk mto the larger ducts

The act of sucking has been shown to stmulate not only mitk
ejection but also the secretion of milk Folley has recently pro
duced good evidence for believing that 1n ammals oxytocn not




134 Functions of the Lndocrme Glands

cauttous interpretation because the physiology of the breast shows
mmportant differences between one spectes and another Howeser,
it 1s possible to outlne the effect of hormones upon the vanous
phases of breast activity At burth the breast 15 only partly devel
oped and consists of biind branching tubules incapable of secreting
mulk However soon after birth Histologteal evidence of I

1s apparent and some form of secretion may be seen These
effects are thought to result from the action of maternal oestrogens
which have crossed the placenta Withdrawal of these matemnal
oestrogens together with the presence of prolactin 1n neonatal
blood may be responsible for the production of witches milk ,
as the secretion of the neonatal breast 15 called'® The awakenng
of breast activity at puberty 1s generally held to be the result of
oestrogen stmulation The appearance of alveols and the phase
of breast proliferation which occurs durmg the fully established
menstrual cycles 1s due to the synergistic action of oestrogens and
progesterone Whether these hormones act directly upon the glan
dular tissue of the breast or evoke the secretion of prtuitary hor
mones 1s uncertain  The full development of lobules with their
alveolt occurs dunng pregnancy due to the action of prolactit
supported by progesterone and oestrogens

THE PHYSIOLOGY OF LACTATION

Lactatton 1s a complex function the details of which are not
wholly understood No doubt 1t requires the presence of prolactft
and the fully developed alveolar pattern which appears durmng
pregnancy In addition some adrenocortical hormone(s) are
essentral for the production of milk while growth hormone super
vises the maintenance of this secretion Thyrotd hormene assists
the secretton of mik but 1s apparently not essentral for this
function The imtiation of lactation depends m part upon the
presence of prolactin m surtable concentrations i part upon the
withdrawal of oestrogens (and perhaps progesterone) at partuni
tion and finally vpon nervous reflexes muiated by sucklmg
(page 157)

Experimental studies of the factors mvolved m the onset of
lactation have recently turned to the problem of why lactation does
not occur duning pregnancy This has been explamed by two
theories Meites believes that the high concentrations of oestrogens
and progesterone during pregnancy stimulate breast growth and
make the mammary tissue refractory to the action of prolactin
At the same time the concentration of prolactn mn the blood 1s
relatvely low durmg pregnancy The alternative explanation 1s
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only stimulates the myoepithelium of the breast i response to
the stunulus of suckling but at the same time promotes the release
of prolactn from the adenohypophysis” In this way oxytocm
may serve to imntegrate the two aspects of lactation by promoting
the replacement of the milk which 1t causes to be ejected

Int the hope of gaming a better understanding of the endocrine
factors responsible for the of blished lactation
recent studies of galactopotests (the stimulation of established
lactation) have been undertaken These investigations have shown
that the galactopoietic action of growth hormone 15 associated with
a small but definite nise 1n respiratory quotient oxygen uptake and
utihzation of glucose by shces of lactating mammary tissue Thy
roxine shows well marked galactoposetic activity while the natur
ally occurring corticosterords show Ilittle effect upon established
lactation Surprisingly prolactm shows very httle galactopoetic
action although 1t causes considerable stimulation of lactation 1t
its early stages before this function 15 fully established Prolactin
has grven disappointing results when used to stimulate established
but madequate Jactation 1n partunent women However prolactin
together with ACTH produces a sharp nse m the activity of
coenzyme A 1 lactatmg mammary glands in vitro suggestmg that
the two hormones are synergistic 1 their action upon lactation

THE MALE BREAST?

Until the period of neonatal activity the male breast closely
resembles the female Thereafter 1t undergoes a more complete
regression than the female gland At puberty about 70 per cent
of boys show a palpable button shaped node beneath the mpple
Microscopscally this tissue shows duct simulatron which resembles
the changes seen m the female gland but on a smaller scale
Between the ages of 16 and 17 mvolutional changes occur, with
collapse of tubules and condensation of connective tissue  The
male breast has now run its full ife span and gradually sclerosis
of the mammary stroma together with obliteration of the ducts
and blood vessels sets 1
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The term adenchypophysis refers to what was once called the
anterior prtuitary gland together with the pars mtermedia  The
term pars tuberalis refers to that portion of the adenohypophysis
which spreads over the base of the brain around the pitutary
stalk The term neurchypophysis 1s applied to what was once called
the postenor prtuitary gland
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Embryology

The pitwitary gland has a double ongin partly from epithelium
and partly from the bramn wall The adenohypophysis 1s derived
from an ectodermal pocket which anses from the posterior wall
of the nasopharynx This sac known as Rathke s pouch (Fig 37)
1s already distinct 1n embryos of 4 weeks It elongates and soon
comes 1t contact with a sac like extension of the infundibulum
which 15 the forerunner of the reurohypophysis Rathkes pouch
at first flat extends laterally and caudally growng around the
neurohypophysis and loses 1ts with the pharynx
at the end of the second month (Fig 37) The origmal cay ity of
the pouch becomes almost obliterated




CHAPTER VII

THE ADENOHYPOPHYSIS

Introduction

The adenohypophysis exerts such an important influence upon
other endocnne structures that it 1s generally looked upon as the
master gland It 1s lodged within the sella turcica of the sphenod
bone surrounded by the dura mater and attached to the floor of
the third ventricle by a thin stalk here 1t lies 1n close relationship
with the optic chiasma Throughout this book the nomenclature
of Rioch Wislocki and O Leary' 1940 (Fig 36), 1s used to
designate the various parts of the gland

ADENOHYPOPHYSIS 1 Pars distalis
2 Pars tuberahs
3 Pars intermedia
NEUROHYPOPHYSIS 1 Infundibular process
2 Infundibular stem
3 Median emmence of the tuber
cnereum
Optic
chiasma Mammullary

body

Hypothalamus

Median ermnence] 5

Infundibular | &

stem X

Pars tuberalts Infundibular | £
process | &

Pars intermedia

Pars distalis

Adenohypophysis

magram of a sagittal section of the pitutary gland to illustrate
Fie J‘sl!'lcll?etmu'mlogy of Rloch Wislocki and O Leary (G W Harns)



The Adenobypophysts 141

(H) Red acidophul cells 'These cells have larger granules than
the orange acidophils and predominate 1 the centre of the pos
tentor portson of the gland They frequently occur mn clusters of
81010

(111) Blue basophil cells Larger than either type of acidophl
the blue basophﬂ contains cytoplasm:c granules which show the

f gl Apart from these fine
granules the cells contain ‘esxcles which are filled with glyco
protemn and probably result from fusion of granules

(IV) Purple basophil cells This cell type resembles the blue
basophil but the granules are not densely packed and do not form
vesicles They are most frequent in the centre of the gland anter-
1orly especially near the larger blood vessels

(V) Pale basophil cells Pale basophils are large cells and pos
sess large nucler Granules appear along the cell margins and near
the Golgt body Elsewhere the cytoplasm has a charactenstic
foamy appearance

(VI) Chromophobes This type of cell 1s the smallest of all
and occurs 1 clusters

In additton an extraordmary phenomenon seen among the cells
of the pars distalis referred to as cupping  deserves mention this
18 most frequently seen between orange acidophils and purple
basophuls the orange cell 1s seen to be surrounded by the cyto
plasm of the basophul 1n such a way that the former appears to be
almos. engulfed by the latter The significance of cupping ts not

own

Although this description of pituitary histology 1s based upon
experimental studies using the hypophyses of dogs 1t s beheved
that symilar observations apply to the adenohypophysis of man
The colours used to designate the cell types are those produced
by a modification of Mallorys tnchrome stain preceded by
nuclear stamng with haematoxylin The peniodic acid Schiff statn
confirms the glycoprotein nature of the basophil granules

In general acidophil cells are seen posteriorly in each lateral
half of the pars distahs while the chromophobes and basophils
are more commonly found near the midine and m the antenior
part of the gland In the individual cords of cells adjacent to the
blood sinusoids chromophobes are more frequent m the centre
and chromophils next to the stnusoids

A number of factors affect the appearance and the relative
proportions of the cells n the adenohypophysu Basophlls are
more mn men m women cells
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During the third and fourth months, the pitutary becomes more
elaborate 1n 1ts structure and finally assumes its definitive orgamsa
ton The anterior wall of Rathhe s pouch grows thick and gnes
nse to the cords of cells which charactense the pars distalis  The
postertor wall remawns thin and constitutes the pars mtermedia
(Fig 37) Tumally part of the onginal pouch extends forward
along the mfundibulum to become the pars tuberalis 1t develops
from the [usion of paired lateral lobes which bud off from the
pouch close to its ongnal stalked connection with the naso-
pharynx The early neurohypophysis 15 transformed mto a sohd
mass of neuroghal tissue 1t remams connected with the dience
phalon by a permanent fundibvlar stalk  Only the adenohy
pophysis will be considered in the present chapter

thstology

The adenohypophysis 1s made up of groups and columns of
epithelal cells which are supported m a delicate reticulat connec
tive tissue Between these columns are didated sinusoids lined by
macrophages  About half of the epithebal cells contam pigment
granules and are therefore called chromophil cells Of these cells
some show acidophil granules (alpha cells) while the remamder
are charactensed by basophil granules (beta cells) Alpha cells
exist 1 numbers about three and 2 half bmes greater than beta
cells  Chromophobe cells are generally regarded as precutsors of
the chromaphil cells and are especially numerous near the stalk

In recent years 1t has been shown that the two cell types called

hils and basophis are not t g groups  Puries
and Griesbach* have fiy two types of acidophuls and three
types of basophils m the adenohypophysis of the dog Charac-
tenstic of acdophul cells 1s the p of cytopl: granules
which ate composed of protem and are nsoluble mn aqueous
buffer solutions 1n the pH range of 40 to 80 By contrast the
special feature common to basophil cells 15 the presence of cyto
plasmic granules which are composed of glycoprotemns such
granules are soluble m aqueous buffer solutions The same work
ers descnibe the followmg cell types

(X) Orange acidophul cells  These are the most numerous and
smallest of the chromophi! cells they are found throughout the

and but are espectally promment i the antero lateral parts of
the pars distahs where they occur i symmetcal sharply defined
zones The cytoplasm of these cells 1s densely packed with gran
ules and the nucleus of each s prominent
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(I1) Red acidophul cells 'These cells have larger granules than
the orange acidophils and predonunate in the centre of the pos
tertor portion of the gland They frequently occur m clusters of
81010

(111) Blue basophil cells Larger than either type of acidophit
the blue basophil contamns cytoplasmic granules which show the

1 behaviour of gl Apart from these fine
granules the cells contam vesicles which are filled with glyco
protemn and probably result from fuston of granules

(IV) Purple basophil cells This cell type resembles the blue
basophil but the granules are not densely packed and do not form
vesicles They are most frequent n the centre of the gland anter
1o1ly especially near the larger blood vessels

(V) Pale basophil cells Pale basophils are large cells and pos
sess large nucler Granules appear along the cell margins and near
the Golg1 body Elsewhere the pl has a 1stic
foamy appearance

(V1) Chromophobes This type of cell ts the smallest of all
and occurs 1n clusters

In addition an extraordinary phenomenon seen among the cells
of the pars distalis referred to as cuppmg  deserves mention this
15 most frequently seen between orange acidophils and purple
basophils the orange cell 15 seen to be surrounded by the cyto
plasm of the basophil 1 such a way that the former appears to be
almost engulfed by the latter The sigmificance of cupping 1s not
known

Although this description of pituitary histology 1s based upon
expenmental studes using the hypophyses of dogs 1t 1s beheved
that stmular observations apply to the adenohypophysis of man
The colours used to designate the cell types are those produced
by a modification of Mallorys trichrome stan preceded by
nuclear staimng with haematoxylin The periodic acid Schaff stamn
confirms the glycoprotemn nature of the basophil granules

In general acdophil cells are seen posteriorly 1n each lateral
half of the pars distalis while the chromophobes and basophils
are more commonly found near the mudlne and 1n the antenior
part of the gland In the idividual cords of cells adjacent to the
blood simusoids chromophobes are more frequent m the centre
and chromophils next to the smusoids

A number of factors affect the appearance and the relative
proportions of the cells in the adenohypophysts Basophils are

wmore n men m women Ch hobe cells
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become increasingly prevalent with age while pregnancy brings
about changes m certain of the pitwtary cells which develop into
the so-called pregnancy cells ~the ongn of these cells 1s un
certain Castration causes an increase mn the size and number of
basophifs thesc enlarged basophuls come to contamn a collod like
substance which pushes the nucleus to one side, producing the
signet ring ag of the lled cell

Tunction
The only known function of the adenohypophyss 1s the secretion
of hormones The number of these hormones 1s as yet uncertam
but seven can be accepted as true hormones
1 Growth hormone (somatotrophin)
P

2 Thyrod g (thyrotrophic hormone)

3 Ad ticotrophic h ¢ phin)

4 Follicle stimulating hormone

5 L g hormone ( 1 cell lating hormone)

6 Prolactin

7 Melanocyte stunulating hormone

Diabetog P rophtc & and other effects
have been described fol the of pitustary extracts

but between such effects and the 1solation of a pure hormone a
great difference exists Only the above seven hormones can be
accepted at the present time as products of adenohypophysial
secretion

The term gonadotroplic hormones or gomadotrophuts 15
applied to follicle sumulating hormone and luteininng hormone
since these two hormones shmulate the gonads i both sexes The
term will be used 1n this way throughout this book Some authors
however use the word gonadotrophin to mclude prolactin which
1s logical 1n the female where the hormone 1s known to stmulate
the corpus Juteum of the ovary but 1s perhaps less precise in the
male where the same word applies only to two hormones since
the sigmificance of prolacun in males 1s uncertmn

The first accounts of pitutary function were bascd upon the
observation of ammals subjected to the operation of hypophy
scctomy This operation does not cause immediate death pro
vided that bramn damage 1s reduced to a muumum  The following
changes are seen as the result of hypophysectomy in ammals —

1 In young anmnals the rate of growth s yety greatly dimin
shed Sech ammals remam much smaller than their normal hiter
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mates In adult ammals loss of body protem occurs this loss 1s
particularly evadent in the shin and the skeletal muscles

2 A marked atrophy of the thyrord gland 1s seen and evidence
of wadequate thyroid activity appears

3 The adrenal cortex decreases m size (especially its fascicu
fate and reticular zones) Hypophysectomised antmals become very
susceptible to all forms of stress and to hypoglycaemua Changes in
electrolyte metabohsm ate not gross whmh supgest that mineralo
corticord 15 d by hy The opera
tion also produces ameltoration of the dmbetes which follows pan
cn:atectomy Thls was first demonstrated by Houssay and such a

d ammal 1s called a Hous
say ammal Thss ameharanon of pancreatic diabetes has been
attributed to the absence of growth hormone but 1t 1s possible
that Joss of ACTH may play some part m this phenomenon
smce adrenalectomy will also alleviate the diabetes of animals sub
Jected to pancreatectomy

4 In either sex the gonads atrophy and the secondary sexual
charactenistics regress (or 1 the young they fail to develop)

5 In certamn species (fish amphibrans and reptites) there 1s a
bleaching of the pigment cells (chromatophores) of the skin and
a falure of the adaptation to environmental changes normally
shown by these cells

These changes {except the last) are seen mn man when removal
or destruction of the adenohypophysis occurs Occasionally a
one sided faiture of adenohypophysial function 1s seen m man
notably farlure of gonadotrophic hormone production

Some of these changes can be attributed to loss of the mfluence
which the adenohypophysis normally exerts upon other endocrine
glands (adrenal cortex thyroid and gonads) This mfluence 1s
described as a trophic effect and the hormones responsible for
this effect are called trophic hormones (corticotrophin  thyro
trophic hormone gonadotrophins)  The suffix trophic 1s to be
preiexred to troptrc since the iormer conveys the nature of this

between the ad poph and the other endocrine
glands more exactly Trophic (Greek trophe nutrition) refers to
the nounishing effect of the adenohypophysis tropic (Greek tropos
turmng) 1s wmntended to indicate a tummg towards

It 1s app heref that the adenchypophysts exerts a

d d pt )| fl; which gives 1t a cardinal post

P!
tion among the endocrine glands
2
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1 GROWTH HORMONE

CHEMISTRY  Growth hormone has been obtamed m crystal
Iine form 1t 13 a complex protem with a molecular weight of about
:“:‘}(1)1(1)3 and contams 36 per cent of mtrogen and 13 per cent

r

ACTION (1) The first effect observed following the injecton
of growth hormone 18 nitrogen retention and an ncrease wn body
protem Calerum balance remarms unchanged

(2) Growth hormone supervises those metaboli, actnt s
Which are concerned with bringing about the increase 1 size and
weight normally exhibated by voung amimals It 1s further respon
sible for controlling the proportionate growth of the several organs
and parts of the body It 1s not however the only factor mvolied
m the control of cell multiplication For example, hypaphysec
tomy does not prevent the compensatory hypertrophy of one kid
niey after ats fellow hias been removed Furthermore the viumate
size attaned by a growing wmmal 1s determined by other factots
such as the capacity of the tissues to respond to growth hormone
this response 1s controlled n part at je1st by genes

The growth of young anmmals 1nvolves the manufacture of pro
tewns for the building of new cells Thus s refiected chermically by
the retention of mitrogen water and clectrolytes and by a relatively
low body content of fat These changes ate associated with a food
mtake which 15 large 1n proportion to body weight In the fully
grown animal this state of affwurs 1s repliced by 1 dynamic equilt
brium 1n which the ntake and the output of mtrogen and nunerals
become equal nd the food mtake falls 1 proportion to the body
wesght Such increases in body mass which result m a tugh con
fent of water, protemn and minerals and a Jow content of fat are
characteristic of truc growth as opposed to simple merease m
weght

The exact mechamsm by winch growth tiormone affects proten
syntheas 1s unknown but studies with 1sotopically Jabelled amno
acids suggest that the hormone exerts its effect upon extracefiuiar
amino acds impeding thesr catabolism and promoting their weor-
porition mte tissue proteins

(3) Growth hormone stimulites the activity of the zone of
penosteal ossification 1n long bones causes proliferation of the
cutilage of the eptphysial disc (page 241) and m general pro
motes every aspect of normal osteogeness at the junction of the
epsphysis and diaphysis® It also causes an increase in the turn~
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over of phosphorts and calcism by the bone (without affecting
the calewsm metabohsm of the body as a whole)

(4) Specific metabolic effects? No doubt the many changes
1n body metabolism which are observed m anumals treated with
growth hormone are 1solated examples of the overall action of the
hormone The following changes have been observed n such
animals

{a) Decrease of the unnary excretion of phosphorus

(b) Elevation of morgamc phosphorus and alkalme phos
phatase concentrations of the plasma

(c) Decrease of the free amino acid content of the plasma

(d) Increase m protesn and water content of the whole anumal
and a fall in fat content (indicating true growth as opposed to
sumple increase 1n bulk?)

(e) Increase 1n liver nbonucleic acd and s Iner fat during
fasting

(f) Hypertrophy of the thymus

It should be noted that growth hormone does not bring about
closure of the epiphyses This results from the complex mtegration
of a number of factors chief among which are the sex hormones
As long as the epiphyses remam open growth hormone 1s capable
of promotmg ncrease in the length of long bones and hence an
merease mn longitudinal growth of the body

(5)° Young has shown that jections of growth hormone
produce diabetes 1n carmvorous ammals after they have reached
matunty In other words the hormone produces growth in young
ammals and diabetes mn adult amimals The diabetogentc effect
of growth hormone 1s complex and difficult to analyse however
1t appears to depend upon the following actions of the hormone —

(a) Growth hormone opposes the action of hexoknase which
stunulates the phosphorylation of glucose this action of hexo
kinase 1s promoted by tmsulin

(b) At first growth hormone stumulates the beta cells of the
pancreas to produce more wmsulin but not sufficient to cope with
the 1ncreased demand consequent wpon the first action

(c¢) Later the hormone causes atrophy of the beta cells and
permanent diabetes follows

(d) The alpha cells of the pancreas are unaffected and continue

to produce a hyperglycaemic factor (glucagon) after the beta
cells have been destroyed
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Recent expenments using ighly punfied preparations of growth
hormone have shown that this diabetogenic action 1s an mherent
property of the hiormone and that any chermical changes i the
structure of prowth hormene which affect one of these two actions
also affect the olber to the same degree™

{6) Growth hormone 15 an imponant factor in the Mmatmtenance
of established factation (page 136)

The thyroid hormone 15 thought to synermse the activty of
growth hormone wherteas the sex hormones appear to antagomse
1t The fate of growth hormone 1 the body and the wav m which
it acts remasn quite obscure Although growth hormone 1s acuve
m certam ammals 10 preparation wsed m man 5o far has pro-
duced wncrease m height Recent studies with a preparation of
growth hormone obtamed from the human pitustary at autopsy
give promise of showing the same effects as the preparations used
with other species It 15, however too soon to comment upon these
studies which are at present 1n progress

Among the theories which attempt to explan the mechamsm by
which growth hormone produces its many actions two have e
cewved most support  Levin believes that the primary action of the
hormone 15 to mobihize fat an action which prowides the enetgy
needed for the retention of mtrogen Young on the other hand
holds that the principal action of growth hormone 1s the mhubition
of the catabohism of protesn and catbohydrate the merease in fat
raetabolism s secondacy to this action  Both theones hold that
growth and the production of fat by the tissues are fundamentally
opposed to each other

CONTROL OF GROWTH HORMONE SECRETION So far
1t hias not been possible to bring the control of growth hormone
secretion 1nto line with that of other pitwitary hormones because
ussue growsh produces no known hormone which conid act
wrn ppon fhe pitmtary gland and so establish a self regulatine
mechamism There 15 however, some evidence to support the 1dea
that the hypotha coptrols the of growth h
thi evidence 15 based upon studies of the diabetogemc action of
the hormone’

ASSAY A number of methods are m current use for the assay
of growth hormone Of thece the most seasitive involves measire
ment of the widemng of the p 1 tibal epiphystal lag
of the young hypophysectomned rat treated with extracts con
tamung an unknown amount of the hormone
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2 THYROID STIMULATING HORMONE

CHEMISTRY TSH has not been isolated n pure form It
1s a glycoprotein of molecular weight about 10 000 and contams
12 per cent mitrogen

ACTION The principal action of thyroid stimulating hormone
as 1ts name imphes 1s to promote thyrord gland secretion  This
effect 1s complex and mnvolves the stmulation of all the activities
of the thyrord gland which lead to the release of the hormone
mto the blood In addition thyroid stmulating hormone exerts
certamn effects outside the thyroad gland

(1) Thyraid sumulation These effects occur only m the
presence of a normal thyroid gland
(2) Increase m mtracellular colloxd® This change which mvolves
the appearance of droplets within the thyroid cells 1s seen withm
15 munutes of injection of TSH It results from the sumulating
eflect of TSH upon proteolytic enzyme systcms present m the
colloid these spht the thyroglot mto smaller
fractions mcluding the thyroid hormones This 1s perhaps the
fundamental action of TSH
{b) Increase in the rate of discharge of the thyroid hormone into
the cireulation
{c) Increased uptake of 1odine by the gland®
(d) Increase m the rate of thyro:d hormone synthesls This effect

15 seen 48 hours after an 1ny of TSH In hypoph

anmals the rate of of duodoty: to thy 18

slower than in control anmmals These Tesponses to TSH are
d with and histol I changes mn the thyroxd

gland —

(1) Increase n the height of the thyrod cells and when this
reaches a maximvm 1ncrease m therr number This change begms
about 18 hours after an mjection of TSH
(1) Increase m the weight of the gland
As 2 result of these effects imjection of TSH may produce the
signs of hyperthyrordism 1n mammals and accelerates the process
of metamorphosis mn amphibia

(2) Systemuc effects  These changes which may be produced
m the absence of thyroid tissue have been reported m expen
mental animals following injections of TSH their significance m
human physiology and disease rematns uncertan

(a) Orbit Followng mjections of TSH n expenmental
anmals there occurs an increase 1 the fat and water content of
orbutal structures The extraocular muscles become swollen and
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hypertrophic showing fragmentation and Jymphocytic infiltration
These changes eventually produce protrusion of the eyeballs
{exaphthalmos)
(b)  Muscellaneous effects

(1) Water retention

{n) Increase in plasma fat and blood acetone

(m) Increase in the number of circulating polymorpho-

nuclear cells—these cells showing fat droplets in ther

cytoplasm

(v) Skeletal muscles lose stmations and show fat

droplets within the muscle cells
The stgmficance of the systemic actions of TSH m normal idt
viduals 1s not understood Some workers have sought to resohe
this nddle by postulating the exstence of two hormones one of
which exerts the thyroid stimulating effects the other having 2
systemnic action affecting especially the orbital contents It mav
be sad by way of summary that TSH stmulates the thyroid
gland to release and to produce greater quantities of its hormones
the actions of the hormones which the thyroid gland produces m
response to this stmulation have been described i Chapter I
Those who hold that there are two hormones prefer to call that
which causes exophthalmos EPS (exophthaimos producing sub
stance)

CONTROL OF TSH SLCCRETION' The self regulating
reciproaity which exists between the thyrord and the adenohy
pophysis has already been described (page 67) A balance 15
achieved between the circulating levels of thyroune and TSH
whereby an increase 1n the blood level of thyroid hormone pro
duces a fall in the rate of release of thyrotrophic hormone from
the adenohypophysis This state of equilibrium may be affected
by a number of factors (Fig 13)

(1) Stress Exposure to stress causes a fall m the rate of
release of thyrotrophin from the prtuitary gland However
the event of prolonged or repeated apphication of stressor stumult
to expenmental ammals there follow the phenomenon of escape
or adaptation that 1s to say the concentration of TSH in the
blood eventually retums to 1ts previous level m the face of con
tinued exposure to stress It has been shown that both adrenakne
and cortic {s cause a dep of TS
direct action upon the prwtary gland hence it seems possible
that the muttal dep of TSH doong exp to
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stress may result from the action of adrenaline and corticosterords
which are secreted 1n response to stressor stimult

(u) Reciprocal relationship between the secrenon of TSH
and ACTH Tn general 1t can be stated that exposure to stressor
stmult excites the adrenal cortex and mhibuts the thyroid gland®
This response has been shown to refiect a reciprocal relationship
between the rates of secretion of ACTH and TSH the former
bemng stimulated the latter depressed® Exposure to cold
1s exceptional among stressor sumuli i that it excites the secretion
of both ACTH and TSH whereas the administraton of cor-
tisone depresses that of both

(m) Hypothalamus and TSH secretion  Until recently 1t was
believed that the effect of thyroid hormone upon the release of
TSH was mediated through the adenohypophysis There 1s good
evidence however to show that the blood level of thyroid hormone
may effect the release of TSH by way of the hypothalamus
rather than by direct action upon the cells of the pitwtary The
hypothalamus responds to changes i the blood level of thyroid
hormone by affecting the function of the adenohypophysis

It has also become clear that stressor stimuly affect the release of
TSH by way of the hypothalamus Harns® has suggested that
certam types of stress (which he calls neural stress) ncluding
psychological stress operate by way of the hypothalamus other
stressor agents (systemic stress) which affect the metabolic
processes of the body act not only by way of the hypothalamus
but also by exercising a direct effect upon the cells of the adeno
hypophysis The way 1n which the hypothalamus 1n turn influences
the function of the adenohypophysis ts discussed in Chapter XIII
where 1t will be shown that this influence depends upon the extra
ordinary nature of the blood supply to the pitustary gland

It 1s difficult to synthesise these several influences upon thyrord
function nto a smgle account of the control of this gland 1n the
normal anmal It seems probable that under conditions of relative
stability the rate of release of TSH from the adenohypophysis 1s
largely controlled by the concentratton of thyroid hormone 1n the
blood Upon this stable background the imfluence of various
stressor smuli 15 exerted and these operate by way of the
hypothalamus

ASSAY  The concentration of TSH m blood can be estt
mated by the injection of an extract of plasma mto chicks and
measuning one of a number of changes produced in the thyrowt
gland Thyroid weight mutotic figures m thyroid cells and the
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hypertrophic sh fr and fymphocytic mfiltration
These changes eventually produce protrusion of the eveballs
(exophthalmos)
(b) Muscellaneous effects

(1) Water retention

(1) Increase in plasma fat and blood acetone

() Increase m the number of circvlating polymorpho

nuclear cells—these cells showing fat droplets mn their

cvtoplasm

(1v) Skeletal muscles lose striatons and show fat

droplets within the muscle celis
The sigmficance of the systemic actions of TSH m normal sadt
viduals 15 not understood Some workers have sought to resolve
this nddle by postulating the exsstence of two hormones one of
which exerts the thyroid stimwlating effects the other having 2
Y action afl ly the orbital contents It may
be smd by way of summary that TSH shmulates the thyroid
gland to release and to produce greater quantiies of its hormones
the actions of the hormones which the thyroid gland produces
Tesponse to thus stimulation have been described n Chapter Ii
Those who hold that there are two hormones prefer to call that
which causes exophthalmos EPS (exophthalmos producmg sub
stance)

CONTROL OF TSH SECRETION' The self regulating
reciprocity which exists between the thyrond and the adenohy
pophysis has already been described (page 67) A balane 15
achieved between the circulating levels of thyronme and fSH
whereby an mcrease 1n the blood Jeve! of thyrod hormone pro
duces a fall 1 the rate of release of thyrotrophic hormone from
the adenohvpophysis This state of equilibnum may be affected
bv a number of factors (Fig 13)

(1) Stress Exposure to stress causes a fall m the rate of
release of thyrottophm from the pitwitaty gland However, mn
the event of prolonged or repeated application of stressor stumuli
to expenmental anumals there follow the phenomenon of escape
or adaptation that is to say the concentration of TSH m the
blood eventually returns to 1ts previous level i the face of con
timued exposure to stress It has been shown that both adrenaline
and cor ds cause a def of TSH
direct action upon the pitmtary gland hence 1t seems possible
that the mtal def of IS dunng exp to
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mechanisms  whereby stress induces an ncrease m ACTH
secretion Three views have been put forward to account for this
change 1 the secretion of ACTH —
(1) ACTH secretion 15 regulated by the systemuc blood level
of the adrenocortical hormones  (u) ACTH 1s regulated by
the systemic blood level of adrenaline and (m) ACTH secretion
15 controlled by the hypothalamus acting through the hypophysal
portal vessels These views are not necessanly mutually exclusive
(1) Systemuc blood level of adrenocortical hormones Arguing
by analogy with other trophic hormones Sayers believes that one
factor regulating ACTH secretion 1s the blood level of adremo
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number of intracellular droplets have all been used Recently
a number of workers have obtaned consstent results using the
uptake of radioactive rodme by the chick thyrord before and
after mjectton of extracts contamng TSH Other workers
use rodents for TSH estumations and their results using methods
previously applied to chicks suggest that the rodent gives more
consistent results

3 ADRENOCORTICOTROPHIC HORMONE

CHEMISTRY The composition of ACTH has proved
elusive It was thought to be a proten but most wmvestigators
believe that the active component of protemn extracts 1s probably
a polypeptide  There may be two chemically distmct ACTHs
but at the present time most worhers belteve that only one hor
mone exists

ACTION ACTH stimulates the activity of the adrenal cor
tex and continued admmustration may lead to hypertrophy and
finally to the development of corfical adenomata this hypestrophy
chiefly affects the zona fasciculata It will be recalled that adreno
cortical steroids fall into 3 mam groups androgens glucocorticoids
and mrneralocorticoids (page 35) ACTH does not appear to
stimulate mneralocorticoid activity m man and although 1t m
creases the prod of adrenal androg little 15 known of the
conditions under which 1t does so However there can be no
doubt that ACTH increases the production of glacocorticods
and 1t may be that 1t does this by stmulating the comversion of
cholesterol to pregnenclone (page 43) This reaction appears to
be the fi I ker of ad yrtical activity at least
as far as the production of corticosteroids 1s concerned This
1s the only known direct action of ACTH The effects which result
from glucocorticord and androgen secretion have been described
elsewhere (see Chapter IT)

CONTROL OF ACTH SECRETION® The part which
vanations 1n the secretton of ACTH play m regulating adreno
cortical activity have already been discussed (page 45) Here 1t
1s proposed to deal with the mechamsms mvolved 1n these vana
tions of ACTH output by the adenohypophysis

Efforts to separate the quiescent state of the adrenal cortex from
1ts actwvity under conditions of stress have developed mnto sterile
academic considerations chiefly centred about the defimuion of
such a state of quescence which 1o the last analysis 1s largely
2 theoretical concept More rewarding have been studies of the
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ASSAY* Two poncpal methods for the estimanon of
ACTH are m use and a number of workers beleve that each
method measures a different hormone 1e that there are two
disinct ACTH hormones™® The first method measures the
effect of ACTH upon the weight of the adrenal cortex (adrenal
weight factor) while the second measures the effect of ACTH
upon the content of ascorbic aud 1 the cortex (ascorbic acd
factor) These methods are performed upon hypophysectomised
ammals and are laborious A third method which measures the
effect of ACTH upon the nesthng rat thymus has been used
more frequently mn recent years®

‘GONADOTROPHIC HORMONES
4 FOLLICLE STIMULATING HORMONE (FSH)

CHEMISTRY FSH 1s a glycoproten with an isoelectric
pomt at about pH 4 8

ACTION In the female so far as 1s known the only action
of FSH 1s upon the ovary It influences the accessory sexual
apparatus only by way of the gonads The action of FSH upon
the ovary 1s chiefly morphological It converts the pnimordsal fol
Iicle of one menstrual cycle mto a Graafian follicle during the
luteal phase of the previous cycle By the time of onset of men
struation an antrum has formed 1n the follicle which s to feature
m the succeeding menstrual cycle (Chapter V)  In the male
FSH and sper

METABOLISM FSH 1s excreted n the urine and 1t 1s prob
able that urmary levels reflect blood levels

ASSAY  Unnary levels of FSH are estimated by mjecting
extracts of unme into immature female mce or rats The
criterta of response commonly used are (a) mrcroscopic changes

m the ovary or vagina (b) increase m weight of the uterus or
ovary

5 LUTEINIZING HORMONE (LH)

CHEMISTRY LH s a glycoprotein of molecular weight about
90 000 and an 1soelectric pomnt at about pH 7 45

ACTION In the female lutetnizing hormone 1s necessary for
the preovulatory enlargement of the ovartan follicle for ovulation
and for the formation of the corpus luteum However 1ts chief
function 1s to promote the secretion of oestrogens and of proges
terone In the male luteimzing hormone 1s called mterstitial cell
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cortical sterords Tt has been suggested that the Sayers hypothess
may account for a steady base lime output of ACTH agamst
the background of which other factors adjust the pitustary activity
to the needs of the moment (Fig 38)

(n) Systerme blood level of adrenahine Long and his col
feagues have produced evidence to show that another factor
responsible for increased ACTH secretion under conditions of
stress 1s the nise i blood {evel of adrenaime which s charatenstic
of such states It 15 probable that adrenaline exerts this effect by
acting directly upon the cells of the anternior piuntary gland
and upon the hypothalamus (Fig, 38)

() Hypothalamic  control A great deal of experimental
work supports the view that the hypothalamus 1s important in
ACTH secretion® It may be stated that stressor simult affect
the hypothalamus which n turn alters the activity of the anterior
pitwtary  The way in which the hypothalamus exerts this effect
forms the subject of a later chapter (Chapter XIII) but stated
brefly 1t 1s behieved to be by way of the extraordmary blood
supply to the pitwitary gland

In addion to the mechamsms which account for ACTH
SECIetion in response to stressor stmult recent expenments have
suggested that the cerebral cortex 1s capable of mfluencing
ACTH secretion®

Summary of the control of ACTH secrenon (Fig 38)
1) Under opthimum d of stable the main
<ymulus to ACTH secretion appears to be some basal hypothal
amuc actvity operating via the hypophysial portal vessels This
base line secretion 1s also 1n part the result of the level of adreno
cortical hormones n the systemic blood
2) Under conditions of stress 1t seems likely that both of these
mechamsms play a part 1n controlling the rate of secretion of
ACTH Some forms of stress (neural stress) operate by way
of nerve reflex paths which act through the hypothalamus and the
hypaphysial portal vessels Other forms of stress (systemic stress),
act both by way of the hypot and by prod changes m
the blood lesel of corticosterords whuch durectly affect the anterior
pitwtary gland It scems probable that the secretion of adrenalme
may play a subsidary role mn exatmg ACTH secreton
The level of adrenocortical steroids 1n the systemuc blood 1s Jless
tmportant 1 the secretion of ACTH during conditions of stress
than changes 1n the hypothalamic control of the pitustary gland




The Adenobypophysis 153

ASSAY' Two prncipal methods for the estmaton of
ACTH are 1n use and a number of worhers believe that each
method measures a different hormone 1€ that there are two
disunct ACTH hormones'?  The first method measures the
effect of ACTH upon the weight of the adrenal cortex (adremal
weight factor) while the second measures the effect of ACTH
upon the content of ascorbic acid m the cortex  (ascorbic acid
factor) These methods are performed upon hypophysectomsed
ammals and are Iaborious A third metbod which measures the
effect of ACTH upon the nesthing rat thymus has been used
more frequently n recent years!

GONADOTROPHIC HORMONES
4 FOLLICLE STIMULATING HORMONE (FSH)

CHEMISTRY FSH 1s a glycoprotemm with an 1soelectric
point at about pH 4 8

ACTION 1In the female so far as 1s known the only action
of FSH 15 upon the ovary It influences the accessory sexual
apparatus only by way of the gonads The action of FSH upon
the ovary 1s chiefly morphological It converts the pnimordial fol
Iicte of one menstrual cycle mnto a Graafian follicle during the
Iuteal phase of the previous cycle By the tme of onset of men
struation an antrum has formed 1n the follicle which 1s to feature
i the succeeding menstrual cycle (Chapter V) In the male

and per

METABOLISM FSH 1s excreted 1n the urine and 1t 1s prob
able that unnary levels reflect blood levels

ASSAY  Unnary levels of FSH are estimated by mjecting
extracts of unne into immature female mice or rats The
criteria of response commonly used are (a) microscopic changes
i the ovary or vagma (b) mcrease m weight of the uterus or
ovary

5 LUTEINIZING HORMONE (LH)

CHEMISTRY LH 1s a glycoprotein of molecular wesght about
90 000 and an 1soelectric pomnt at about pH 7 45

ACTION Tn the female lutemnizing hormone 1s necessary for
the preovulatory enlargement of the ovarran follicle for ovulation
and for the formation of the corpus luteum However its chief
function 1s to promote the secretion of oestrogens and of proges
terone In the male luteimzing hormone 15 called nterstitial-cell
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cortical steroids It has been suggested that the Sayers hypothesis
may account for a steady base lne output of ACTH ngamst
the background of which, other factors adjust the pituttary actwity
to the needs of the moment (Fig 38)

(1) Systeruic blood level of adrenaline Long and his col
leagues have produced ewvidence to show that another factor
responsible for d ACTH under of
stress 15 the nise 1n blood level of adrenaline which 1s charactenstic
of such states It 15 probable that adrenaline exerts this effect bv
acting directlv upon the cells of the antenior pitmtary gland
and upon the hypothalamus (Fig 38)

(m) Hypothalamuic control A great deal of expenimental
work supports the view that the hvpothalamus is important 1
ACTH secretion® It may be stated that stressor strmuly affect
the hypothalamus which 1n turn alters the acuvity of the anterior
pitutary  The way m which the hypothatamus exerts this effect
forms the subject of 3 later chapter (Chapter XJII) but stated
briefly 1t 15 beheved to be by wav of the extraordinary blood
supply to the pituitary gland

In addition to the mechanisms which account for ACTH
SECTElon 1N Tesponse to stressor stimult recent expenments have
suggested that the cerebral cortex 1s capable of nfluencing
ACTH secretion®

Summary of the control of ACTH secrenon (Fig 38)
1} Under of d of stable the mam
stimutus to ACTH sccretion appears to be somte basal hypothal-
amic activity operating wvia the hypophysial portal vessels This
base line secretion 1s also m part the result of the level of adreno
cortical hormones 1n the systemic blood
2) Under conditions of stress 1t seems Nkely that both of these
mechanisms play a part 1 controlling the rate of secretion of
ACTH Some forms of stress {neural stress) operate by way
of nerve reflex paths which act through the hypothalamus and the
hypophysial portal vessels Other forms of stress (systemic stress),
act both by way of the hypothalamus and by producing changes 1n
the blood level of corticosteroids which directly affect the anterior
pitmtary gland It seems probable that the secretion of adrenaline
may plav a subsidiary role m exciting ACTH secretion
The level of adrenocortical steroids s the systemic bloed 1s less
smportant 1n the secretion of ACTH during condittons of stress
than changes 1 the hypothalamue control of the pitwitary gland
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the central nervous system which controls the adenohypophyss by
way of the hypothalamus (Fig 39)

A number of environmental factors are known to mfluence
gonadotrophic acuwity and present evidence suggests that they
operate through the central nervous system In this way the adeno
hypophysis acts as a buffer between the central pervous system
and the gonads® (Fig 39) Among the environmental factors
which are capable of mfluencing gonadotrophic activity i animals
the following have been studied closely —food temperature
Iight the presence of eggs of young and of a companion of the
same sex or a stenle mate In addition to these environmental
factors stmulation of the mternal and external gemtal organs
some species can bring about changes m the rate of gomado
trophic secretion®

The importance of the hypothalamus 1n the control of gonado
trophic secretion 1s shown by the fact that electrical stimulation
of the tuber cinereum brings about ovulation in expermmental
ammals while electrical stimulation of the pituitary gland atself
fails to do so Ph ) 1 of the hypot! {by
means of such agents as copper salts picrotoxin and metrazol)
will cause ovulation only if the prtuitary stalk 1s mtact’® These and
other expenments suggest that gonadotrophic secretion depends
upon hypott 1 of the adenohypoph As with
other trophic hormones the basal level of secretion depends upon
the blood levels of hormones secreted by the target glands (i this
case the gonads) A fall in the level of a particular target hormone
stimulates the production of the appropriate trophic hormone as
explained 1n Chapters IV and V' Upon this basal level of actvity
various environmental and other factors operate These mechan
1sms appear to act chiefly by way of the hypothalamus rather
than directly upon the pituttary gland

ASSAY Urinary assays of LH or ICSH have been attempted
by a number of methods but so far the estimation of this hormone
remans unsatisfactory

6 PROLACTIN (LACTOGENIC HORMONE OR
LUTEOTROPHIC HORMONE)
CHEMISTRY Prolactn 1s a protein which 15 free of carbo
hydrate It has an isoelectric pomnt of pH 5 65
ACTION The significance of prolactin m the male 1s not
understood In the female 1t has a twofold action which 15 respon
sible for 1ts two names In the first place 1t stimulates the breast
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stimulating  hormone (ICSH)* and 1s responsible for the
stmulation of the mterstitial cells of the testis which results m
the production of testicular androgens The actions of the hor-
mones resulting from gonadotrophic stmulation of the testis and
the ovary have been discussed 1n Chapters 1V and V respectively

METABOLISM LH 1s excreted 1 the urne together with
FSH  The relative proportions of the two hormones in unmne
vares throughout the menstrual cycle but the details of this vana
tion are not known because assay of LH 1s a difficult procedure

CONTROL OF GONADOTROPHIC SECRETION The self-
regulating mechanism whereby gonadotrophins stimulate the pro-
duction of hormones from the gonads which 1 turn depress the
secretion of the gonadotrophmns themselves has been outlmed m
Chapters IV and V' It 1s now generally believed that the hormones
secreted by the gonads mfi gonadotrophic by means
of therr effect upon the central rervous system, rather than by a
drrect action upon the adenohypophysts It may be that the hor
mones of the gonads do have some direct effect upon the pituttary
gland ttself but in general this 1s overshadowed by the action upon

HC Higher Centres
H Hypothalamus

Fig 39 The control of the secretion of gonadotrophns (After G ¥ Harris)

lied
* term interstital cell sumulating hormone 1s sometimes app]
to lh‘{hlsormonc 1n erther sex and some authors have abandoned the term

luteinizing hormone
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the central neryous system which controls the adenohypophysis by
way of the hypothalamus (Fig 39)

A number of environmental factors are known to influence
gonadotrophic activity and present evidence suggests that they
operate through the central nervous system In this way the adeno-
hypophysts acts as a buffer between the central nervous system
and the gonads*® (Fig 39) Among the environmental factors
which are capable of infiuencing gonadotrophic activity 1n ammals
the following have been studied closely —food temperature
light the presence of eggs of young and of a companion of the
same sex or a stenle mate In addition to these environmental
factors sttmulation of the internal and external gemtal organs mn
some species can brng about changes in the rate of gonado-
trophic secretion*®

The 1mportance of the hypothalamus mn the control of gonado-
trophic secretion 1s shown by the fact that electrical stimulation
of the tuber cinereum brings about ovulation i experimental
anumals while electncal sumulatmn of the pitutary gland itself
fails to do so Phar of the hypott
means of such agents as copper salts prerotoxin and metrazol)
will cause ovulation only if the pituitary stalk 1s mtact! These and

other expeniments suggest that gonadotrophxc secretion depends

upon hypc of the ad: h As with
other trophic hormones the basal level of secretion depends upon
the blood Ievels of hormones secreted by the target glands (in this
case the gonads) A fall in the level of a particular target hormone
stimulates the production of the appropriate trophic hormone as
explained 1n Chapters IV and V Upon this basal level of activity
varntous environmental and other factors operate These mechan
1sms appear to act chiefly by way of the hypothalamus rather
than directly upon the pitustary gland

ASSAY Unmnary assays of LH or ICSH have been attempted
by a number of methods but so far the esttmation of this hormone
remarns unsatisfactory

6 PROLACTIN (LACTOGENIC HORMONE OR
LUTEOTROFHIC HORMONE)
CHEMISTRY Prolactin 1s a protemn which 15 free of carbo
hydrate It has an 1soelectric pomt of pH 5 65
ACTION The significance of prolactin n the male 15 not
understood In the female 1t has a twofold action which 1s respon
sible for its two names In the first place 1t stmulates the breast
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an action which 1s especially mportant dunng pregnancy
Tn the second place prolactin stmulates the corpus luteum It 1s
templing to supposc that these two dnerse actions are due to two
different hormones but so far as 1s hnown prolactin and luteo-
trophin arc one and the syme  In addition to these two actions
certain other effects are observed foliowing the admimistration of
preparations of prolactin to experimental animals  Whether these
addition1l effects ¢in be ascnibed to the direct action of the hor
mone itsell remains uncertamn

1) Breast

(1) Breast development Prolctin 1s capable of promoting
the growth of breast tissuc 1n a breast alrcady prepared by the
action of ocstrogens and progesterone This action of prolactin 1s
particularly important dunng the Jast trimester of pregnancy
(b) Lactanon Prolacun promotes and mamtans lactation

This action 15 probably a dircct one upon the breast which has
been prepared by the action of oestrocens and procesterone The
process of lactation requires the presence of normal adrenocortical
and thyroid function although the exact role of these two func
tions 1n the process of Irctation 1s not yet clear This aspect of
the action of prolictin 1 discussed 1n Chapter VI

2) Luwteotroplic  action  Prolactin  mamtains the corpus
luteum once 1t has developed and n this way stimulates the secre
tion of progesterone In the absence of prolactin the corpus luteum
develops but soon undergoes atrophy When this action of pro-
lactn was thought to be due to 1 scparate hormone the name
luteotrophic hormone was comed it 1s now believed that this
cffect 1s due to prolactin so that the term luteotrophic hormone
1s better avoided

33} Maternal wstince In some ammals 1t 1s possible to show
that prolactin stimulates the maternal snstnct  Virgin ammals
treated with prolactin begin to care for younger ammals and to
display maternal behaviour

4) Muscell Prolactin  prod an ncrease m body
metabolism and can produce diabetes 1 animals These effects
are not mportant under physiological conditions

CONTROL OF PROLACTIN SECRLTION" In the study of
{actation 1t 15 1mportant to bear m ymind that whereas prolactin i
responstble for the final phase of breast activity which culmunates
n the secretion of malk this function 1s quite drstinet from that
of milk ejecton which 1s controlled by the posterior pituitary
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gland (Fig 40) The nervous stmulation of suckling is the :mpor-
tant factor m and the of profactin
and hence the secretion of milk The essential element of suckling
1s the sensory stimulus to the nipple*  The central pathways of
the suckhng stimulus appear to mvolve ascending spmal fibres
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Fig 40 The control of lactation (G 1 Harris)

together with the hypothalamus and pitmtary stalk (Fig 40) a
motor perve supply to the mammary gland 1s not essential In
other words we are dealing with a neurohumoral reflex—nervous
on 1ts afferent side and humoral on 1ts efferent side The afferent
spmal fibres probably stimulate the hypothalamus which 1n tumn
acts on the adenchypophysis by way of the hypophysial portal
vessels (page 252) The possibility that oxytocm may affect the
secretion or refease of prolactin 15 discussed on page 136
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ASSAY It 1s possible to estimate unnary levels of profactn
from the cffect produced by the injection of extracts upon the
weght of the crop glands of prpeons of two or three months of ace

7 MLLANOCYTE STIMULATING  HORMONE
(INTLRMEDIN OR  MSH)

MSH s probably scercted by the pars ntermedim, which 15
pootly developed in man

CHEMISTRY  Latle ss hnown of the chenustry of MSH It
15 2 protein and 1s quite distinet from ACTH Fhe separation of
these two hormones proved to be very difficult with the result that
the properties of MSH were onamally attnbuted to ACTH

ACTION  MSH causes pizment dispersion in the chromato-
phores of the shin of cold blooded vertebrates and hence produces
darkerung of the shin profonged admmstration of the hormorne
causes a true merease (a the melamn content of sk This action
of MSH brines 1bout rapid chinges m the shan colour 1n response
1o vanious stimuli

Although MSH s certamnly present in the mammahan prut
tary sts function i such ammnis 15 not cfear [t canrot drnrg
about rapid dispersion of pument within the melanocytes of the

shin Neverthel the h 1s thought to evert
some influence upon the formation of melamis in mammals and
1t has been sugeested that sery slow disperston of melann granules
within the melanocytes of certain mammalian species may result
from the action of MSH Alternativelv 1t has been stated that the
hormone ¢ affect the colour of mammalan shin by ativatne
the enzyme tyrosmase Tyrosinase promotes the oudation of 1vo-
sine to 3 4-dihydroxyphenylalmne (DOPA) (pace 182) and
the latter can be converted to melimin wn the skin It 1s hoped that
recent advances n the assay of MSH will clanfy its function m
man

CONTROL Lattde 1s known about the control of MSH secretion
but 1t appears hhely that cortisone or hydrocortisone depresses
the secretion of the hormone by the pitwmtary (Fig 41)

ASSAY It 18 possible to estmate the amount of MSH m
blood by a number of methods which mmvolie measurement of
melanophore expansion or changes of colour produced i the skin
of the frog following mjection of extracts of bload

LNDOCRINE FACTORS IN (HE CONTROL OF SRIN
PIGMENTATION 'The details of factors mvolved in human shin
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p are very pletely undcrstood It seems clear
that MSH 1s partly ponsible for y

actvity and equally clear that the release of this hormone from
the pitustary gland 1s depressed by glucocorticord secretion from
the adrenal cortex®> In ammals 1t has been shown that the eflect of
MSH upon mel can be d hed by adrenaline and nor
adrenalme®® but this effect 1s less clearly established mn the case
of man (Fig 41} This action of the catecholamunes can be

pm..w%

..... >Uhbton
—— Stewlat n

Glu dcade

5r Melanacyte
oo
I
Fig 41  Diagram showing the action of hormones upon the melanocytcs
of the skin MSH stimulates the melanocyte adrenaline and nor adrenaline
nterfere with thus action of MSH while glucocortioids depress the release
of MSH from the pituntary gland

blocked by sympatholytic agents such as dibenamune Oestrogens
appear to stumulate melanocytes m man while progesterone has a
similar effect in certamn animals Thyrord hormone can cause the
shin of certain species to assume 2 Lighter colour but as m the

case of progesterone this effect 1s not so readily demonstrated
in man®

Histology in Relanon to Function

Until recently 1t was generally agreed that the chromophobe
cells of the adenohypophysis do not secrete active hormones It 15
therefore an mtrgung problem to allot the secretion of six hor
mojnes to two cell types (alpha and beta) Some workers have

d to this difficulty by postulating the separate

M
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custence of only two hormones one secreted by each type of cell
It 18 supeested that these two hormones consist of farge complex
molecules which the appropnate end organ uses for its own needs
Tor example one molecule might share the actions of ACTH
and TSH The thyroid would make use of one pant of the mole
cule and the adrenal cortex of another The six (excluding
MSH) relatnvely pure hormone preparations s cxistence would
then consttute artificinl products of chemieal dissection

More generally it 1s held that FSH LI and TSH are durved
from the beta cells while growth hormone and prolactin come from
the alpha cells  The exact ongin of ACTH 1s stll disputed and
the previously accepted idea that 1t was secreted by the beta cells
has been challenred

As the result of recent histochemical studies m dogs 1t has been
realised that more than two seeretng cell types ewst wn the adeno-
hypophysis  Punves and Gnesbach® have not only descnbed six
types of cells 1 the pland but as the result of expersments in
which ammals were treated with oestrogens thyroune and other
hormones these worhers have produced evidence to show that the
cells of the adenchypophysis sccrete hormones in the following
way —
(1) Orange acidopluls  —  Growtls hormone
(1) Red actdopiuls —  Prolacyn
(111) Biue basophils -~  Thyrod stumulating hormone
(IV)  Pale basophils -+ FSH and LH (or ICSF{)

The cells of the pars mtermedia presumably seerete MSH while
the site of ACTH secretion remams obscure Evidence at present
available supgests that neither acidophil nor basophul cells secrete

ACTH and 1t 15 th T d that the phobe cells
are ble for the prod of this h Althou h

these observations have not been confirmed in man there 1s some
indirect evidence to suggest that essentially the same state of
affmrs prevails mn the human adenohypophysis

DISEASES QF THE ADENOHYPOPHYSIS
Three diseases of the gland can be mentioned 1n passing because
they Mlustrate the of the adenchypophy
ACROMEGALY AND GIANTISM The alpha cells of the
adenchypophysis may give nse to the formation of adenomata and
thereby produce climical evidence of overactivity Before puberty
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affected ndviduals grow mto well proportioned giants — After
matunty increase m the size of the hands and feet together with
massive development of the bones of the face occur  This con-
dition 15 called acromegaly and demonstrates the effect of growth
hormone 1n excesstve amounts

CUSHING S SYNDROME Some cases of this condition
appear to result from adenomata of the beta cells of the pituitary
gland The climeal features of this syndrome represent the picture
of excessive production of glucocorticords and androgens (espect
ally the former) This 1s the pathological counterpart of pro
longed cortisone therapy i chromic diseases such as rheumatod
arthntis The condition appears to represent an excessive secretion
of ACTH and was responsible for the ongmmal suggestion that
this hormone was elaborated by the beta cells

HYPOPITUITARISM

(1) Dwarfism  Some mdniduals farl to reach the lower limits
of the normal range of height for individuals of their race and sex
One cause of this failure 15 an 1solated deficrency of growth hor
mone There may also be a defect in the secretion of gonadotro
phins m this case the eprphyses remamn open as the result of
failure on the part of the gonads to secrete their hormones which
are the chicf factors responsible for closing the epiphyses

(u) Hypogonadism i males Isolated falure of gonadotro
phic secretton 1s sometimes seen n men Under these conditions
the epiphyses remain open through falure of secretion of testrcular
androgens However the secretion of growth hormone remains
normal and so continues to stmulate the growth of long bones with
the result that affected individuals become tall and develop very
long limbs

(1) Panhypopiturtarism  After partuntion it sometimes hap-
pens that fallure of the adenchypophysis nvolving all its func
tions sets 1n This failure 15 not uncommon when excessive blood
loss has occurred dunng labour and appears to result from damage
to the hypophysial blood supply which at that time appears to be
especially vulnerable to such damage Under these circumstances
farlure of all trophic hormones becomes evident Failure of lacta
tion fallure of menstrual cycles to re-establish themselves signs
of hypothyrowdism and sometimes evidence of adrenocortical
failure may all appear In the absence of therapeutic preparattons
of all the trophic hormones cortisone thyroid extract and oestro-
gens are used to substitute for the natural products of the target
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cvistence of only two hormones one scereted by each type of cell
It 15 suggested that these two hormones consist of large complex
molecules which the appropriate end organ uses for its own needs
For cxample one molecule might share the actions of ACTH
and TSH The thyroid would make use of one part of the mole
cule and the adrenal cortex of another The six (excluding
MSH) relatiely pure hormone preparations in cxistence, would
then constitute artificial products of chemical dissection

More generally 1t 1s held that FSH LH and TSH are derned
from the beta cells while growth hormone and prolactin come from
the alph cclls  The exact ongin of ACTH s still disputed and
the previously accepted rdea that it was secreted by the beta cells
has been challenged

As the result of recent hustochenncal studies 1n dogs 1t has been
reahised that more than two secreting cell types cxist in the adeno-
hypophysis  Puries and Griesbach' have not only described sic
types of cells 1n the gland but as the result of expenments 1
which amimals were trerted with oestrogens thyrovne and other
hormones these workers have produced evidence to show that the
cells of the adenohypophysis secrete hormones in the followmng
way —
(1) Orange acidophuls -
(II) Red acidopluls —  Prolactin
(II1) Blue basopluls —  Thyvroud stimulating hormone
(1V)  Pale basophuls — FSH and LH (or ICSH)

The cells of the pars intermedia presumably secrete MSH while
the site of ACTH secretion remams obscure Evidence at present
available suggests that nerther acidophil nor basophil cells secrete
ACTH and 1t 1s therefore presumed that the chromophobe cells
are responsible for the production of this hormone  Although
these observations have not been confirmed m man there 1s some
indirect evidence to sugpest that essentually the same state of
affairs prevads 1 the human adenohypophysis

Grawth hormone

DISEASES OF THE ADENOHYPOPHYSIS
Three diseases of the gland can be mentioned n passing because
they ilustrate the f of the adenohypophy
ACROMEGALY AND GIANTISM The alpha cells of the
adenohypophysts may give rse to the formation of adenomata and
thereby produce chinical evidence of overactivity Before puberty




CHAPTER VIII

THE NEUROHYPOPHYSIS

The neurohypophysis develops from the floor of the third ven-
tricle of the bram 1t 1s not strictly speaking an endocrine gland
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ghnds Thus treatment brnes about a remarkable improvement i
the condition of such patients
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feature of the histology of the neurchypophysis should be men
tioned namely the presence of swelings or thickenings along the
course of the nerve fibres These swellings gtve certain of the
neurohypophysial fibres the appearance of a stung of beads while
sinilar droplets or granules are found free within the neuro
hypophysts not immediately related to nerve fibres Some of the
swelltngs along the fibres are the so-called Herring bodies once
thought to lie free within the neurohypophysis but recently shown
by the electron microscope to occur along the course of the nerve
fibres {Fig 43) It will be seen from this brief account of neuro
hypophystal histology that the neural lobe contams no glandular
elements resemblmg the typical secretory cells of other endocrine
structures
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(a)
Fig 43 (a) Shows a Herring body with protuberances The darkly stamung
imlk;(‘)%‘) consists of neurosecretory droplets associated with a nerve fibre
x
(b) Shows an electron microphotograph of a smgle nerve fibre in
the infundibular process of the cat contanng numerous neurosecretory
granules (x 23000) (}¥ Bargmann)

Function

It 15 now generally believed that the function of the neuro
hypophysis 15 to store and to release as required two hormones
sccreted by the nerve cells of the supraoptic and paraventricular
nucler of the hypothalamus The two hormones are called vaso-
pressin or the antidiuretic hormone (ADH) and oxytocmn Both
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but 11ther a storchouse for the internal secretions of the hypotbal
amus  Howeser 1t 15 possible that the hormones concemed
undergo chemucal changes in the neurchypophysis and it 3s certain
that thus structure 15 essential to the normal release of the stored
hormones

istolo

The three important fustoloaical components of the neurohy
pophysis are fine nerse fibres which together form 1 plexus fust
form and wrregalarly shaped cefls called pitwicytes and capilanes
surfounded by argyrophil connectne ussuc The piwcytes are
ghal cells and do not represent modified nemve cells as was once
thought When Ining these cells contun refractile granules and
droplets (Faig 423

The nenve fibres of the neurohypophiysts form a thick network
of unmychnated fibres and 1n the womty of blood vessels
gue nise to a particularly fine meshed ploxus These fibres do pot
form synapses with the ptuicytes and the vast majonity of them
are derved from cels m the supraoptic and pruaventneulor
nucler (Fig 42) a few onmmite from gmglion cells n the tubet
cinereum

Fig 42 ) D the of ¥
matensal within the neuroplasm of a neurosccretory hbre The origin of the
neurosecretory granules 10 the hypothalamus and ther journey along the

ha 1 tract 1s 1l d 1n a highly diagrammatic form

" The ‘congregation of granules focaung a Herring bady s also shown

The cells of the supraoptic and paraventnicular nuclet show m
their cytoplasm  droplets of a colloid substance which recent
studics have shown to be a product of nevrosecretion One fusther
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depot for this matenal which 1t releases according to the require
ments of the moment (Fig 42 (b)) The neurosecretory matenal 1s
almost certainly formed 1 the supraoptic and paraventricular
nucler from which 1t 1s transported down the hypothalamo
hypophysial tract to the neurohypophysts The accumulation of
this neurosecretory matenial can be observed above the site of an
experimental obstruction of the hypothalamo hypophysial tract?

How the neurosecretory maternial s released mto the blood
stream or exactly what chemucal relationshup 1t bears to the defini-
tive hormones cannot be stated with certamty It seems probable
however that the neurosecretion consists of a muxture of the two
hormones (ADH and oxytocn) and that it enters the blood
stream by crossing the walls of the neurchypophysial capillaries
These capillanies have been shown to possess mmute pores revealed
by the electron microscope pores which resemble those described
1 the capillanies of the renal glomerulus” This observation would
seem to susgest that the capillanes of the neurchypophysis could
allow products of neurosecretion to pass through thesr walls into
the blood stream

Chemstry

The bnlliant researches of du Vigneaud have resulted in the
solation and subsequent synthesis of two simlar but distnct
polypeptides each of molecular werght of about 1 000 (Fig 2)
Present day evidence 1s strongly in favour of the view that these
are the two hormones ADH and oxytoctn  Previous extracts of
neurohypophysial tissue resulted 1n the rsolation of a protein mole
cule of molecular weight of 30000 which 1s now held to be a
complex formed by ADH oxytocn and some mert protemn  The
possibility still exusts that this protemn complex may represent a
neurosecretion m some stage of formation more generally 1t 1s
held to be an artifact of extraction

Each of the pure polypeptides contans eight ammo acids of
which six are common to both (page 18) Indeed the chemical
similanty between the two compounds 15 quite stnking One nter-
esting feature of these hormones 1s that while pure oxytocin shows
no antidwretic activity ADH possesses a shght degree of oxy
tocic action  Antidwretic hormone extracted from beef differs
from that of hog by one ammno acid oxytocin 1s identrcal in these
two species
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names for the antidrctic hormone 1re used in current endocrine
litcrature  but the term antihwretc hormone (abbreviated to
ADH) wilf be used here because 1t descnibes the most miportant
function of the bormone

Fig 44 Diagram of a sapma) secnon through the pituttary gland showing
h; hysis and the o?lhe fibres of the

the wmnnervaton of the
bypothalamo hyrnphysml tract (W C Thomas bv permusion of Journal of
Chinicgl End crinology and Metabolism 195 )

Ihistology 1n Relation to Funcuion

It 15 now believed that the granules or droplets seent within the
cytoplasm of the nerve cells which compnse the supraaoptic and
paraventricular nuclet are products of neurosecrenion The develop-
ment of electron microscopy together with the betut:iful histology
cal preparations of Bargmann’ and other workers has enabled
imveshigators in this field to trace these products of neurosecretion
from the vicrity of the ccll nucler to the pomnt where the nenve
fibres fan out n the neurchypophysis (Fig 44) The Hernng
bodies and other swellings which give these fibres thesr beaded

pp T the y matenial it various patts
of its journey to the neurohypophysis  simlar matenal is to be
found free withun the neural lobe

The conception of neurosecretion did not pass unchallonged
but it can now be stated that the majonty of workers ate unani-
mous i accepting this concept of neurohypophysial function
The neural lobe contains far more of this neurosecretory material
than any other part of the nervous pathway from which 1t takes
ongin and this suggests that the neurohypophysis acts as a storace
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mone upon the excretion of sodium and chlonde Tt 1s hikely that
changes 1n sodium and chlonde excretion observed after mnjections
of ADH are due to a decrease 1n mineralocorticord activity re-
sulting from water retention

OXYTOCIN

Action 1 Oxytocn stimulates the plam muscle of the body
of the uterus but does not affect that of the cervix n exerting
this action oxy 15 by In addition
oxytocin has a stimulating effect upon the plam muscle of the
intestime gall bladder ureter and unnary bladder but these actions
are less marked than in the case of the uterus

The action of oxytocm upon the uterus varies from species to
species but 1n woman 1t 15 most marked towards the end of preg
nancy This observation suggests that the hormone may play some
part 1 mitiating labour How important this action of oxytocmn
15 1 the onset of normal labour remains uncertam

2 Oxytocmn promotes the ejection of muk by stimulating the
plain muscle of the nipple and the myoepithelium of the breast
{page 135) In addition to this action oxytocin may play some
part m promoting the secretion or release of prolactin by the
adenchypophysts (page 135)

Joint Metabolic Effects of ADH and Oxytocin Injections of
the mmpure preparations of the two hormones of the neurchy-
pophysis which have so far been available produce 1n addition to
the major actions charactenstic of each certain metabolic effects
These changes appear to be of INROI importance and are probably
of no great under

1 Carbohydrate metabolism These hormones antagonise the
action of msubin and cause —

(1) diminished sugar tolerance
(1) dmumished liver glycogen
(1) hyperglycaema

(1v) glycosuna

2 Tissue metabolism The hormones cause a fall m the basal
metabolic rate this action 15 more marked with preparations of
ADH than with oxytocin

3 Fat metabolism An mcrease mn the fat content of the liver
may follow repeated injections of posterior pituttary extracts

4 Muscle metabolism Extracts of newrohypophysial tissue
may cause a temporary anaerobic phase of muscle metabolism
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Action

Frtracts of neurohypophysial tissue are capable of exerting four
main effects pamely stimulation of the uterus mitk ejection, ants
diuretic actvity and elevation of blood pressure Of these four
actions the first two (stimulation of the uterus and milk-gjecuon}
are held to be properties of the hormone oxytooin while the
femamming two actions (antidiuresis and elesation of bioad pres
sure) are due to the hormone ADH or vasopressin

In addiion to these maor actions the hormones alone and
together cxert certam metabolic effects when myected into expen
ment1l ammals  The siemificance of these munor effects 1 the
physiology of normal individuals 15 at present obscure Further
more the commetcinl preparations of the hormones used in earlier
cxpenments were not sufficiently pure to enable obsenvers to
attribute each of these miscelfancous cffects to one or other of the
hormones
ANTIDIURITIC HORMOANL

Actnon 1 ADH restricts the dwresis which folows the
ingestion of flmd It acts directly upon the kidaey promotin®
absorption of water Trom the loop of Henle and the distal con
voluted tubule This effect 15 altered neither by derersation of the
kidney nor by changes in renal blood flow?®

2 Pressor and vasopressor action In man njections of ADH
usually cause a fall 1n pulse rate a decling 1n cardiac output and
a decrease n oxygen consumption this fall in cardiac output
sesults from constriction of the coronary vessels Usually there is
no change 1n blood pressure In ammals a rise in blood pressure
due to the constriction of arterioles and cnp\llancs 15 seen i some
species but the expenimental cond: ( y the f
used) modifv the response ehaited This action when 1t occurs 1§
due 10 2 duect cffect on the musculature of the blood vessels and
18 not antagonssed by micotine or by cutung the spimal cord The
coronaty vasoconstriction ho“evcr may be obviated by the con

of \l Recent expenments hase
shown that ADH brings about the closure of artena venous con
nections and it 1s probable that the pressor activity of the hormene
largely depends upon this achion®

3 Muscellaneous acuons  ADH stimulates intestinal pers
talgrs and causes hyperglycaemua It 1s also said to cause an
se i the rate of excrenon of chionde m the urme but a
y stll exsts about the action of the hor-

ncrea:
good dJeal of controvets
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The activity of the neurchypophys:s 1s regulated by the hypoth
alamus and Harnis has pomnted out that this relationshup s as con
stant and as intimate as that which exists between a voluntary
muscle and the lower motor neurones which supply it  For if the
hypothalamo hypophysial nerve tracts are severed the neurohy
pophysis ceases to function and undergoes atrophy® Expenmental
obstruction to the passage of neurosecretory matersal aleng these
tracts by means of some form of pressure causes an accumulation
of such matenal proximal to the site of obstruction”

No doubt under most conditions the sumuli which promote the
release of neurohypophystal hormones also stimulate the produc
tion of these sut in the hypothal to enable the
discharge of hormone 1nto the bloed to continue and eventually to
replenish the depleted stores At present the integration of
secretion and release 1s incompletely understood and there 15 more
over no agreement as to the specificity of a given stimulus m
terms of the hormone ar hormones released For example some
workers claum to have shown that a stimulus appropriate to the
release of ADH may also evoke the discharge of oxytocm and
vice versa’ Final judgment on these matters must await further
expenmental studies

1 ADH There appeats to be a constant basal secretion of
ADH which 1s regulated by the osmotic pressure of the blood
This secretory activity provides a reciprocal rel hip between
the neurohypophysis on the one hand and the kidmeys sweat
glands intestine and lungs on the other (Fig 45) The ingestion
of water lowers the osmotic pressure of blood and mhibits the
secretion and release of ADH while dehydration has the opposite
effect There 1s good reason to believe that the end organs which
respond to these changes m osmotic pressure (osmoreceptors) con
sist of small vesicles found within the cells of the supraoptic
nucleus—cells which are closely related to the capillaries of this
nucleus

Superimposed upon. this background there exists a mechamsm
which alters the secretion and the release of ADH this 1s med:
cated through mervous reflexes which act upon the supraopt ¢
nuclens In this way stressor sttmuli {especially emotional stress
but also physical stress) stimulate the production of ADH and
hence depress the rate of excretion of water Many changes m the
external environment make use of this mechamsm  thereby causing
a dechine 1n the volume of unmary output This response to stressor
stmuli temporanly disturbs the basic level of ADH secretion

(Fig 46)
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Fig 45  The control of the secretion of antdwretic hormone The base

hire level of seuretion s determuned by the osmotic pressure of the blood

1o which the supraapuc nucleus is sensiive Sumuls from the environment affect

the secretrn of ADH erther by niervous reflex paths or by inducing a state of
emotional stress (G 3 Harnie)

Coutrol

Since the function of the neurchypophysis 1 to release the two
hormones ADH and oxytocin mto the blood stream the factors
controlling neurohypophysial function must be regarded as being
of two types—those which govern the rate of secretion of these
hormones and those which cantrol the rate of their release nto
the blood So far the distinction between these two controllng
mechamsms has been difficult 1o preserve mn expenumental pro-
cedures but such a dotinction should not be overlooked 1n con
sidening neurohvpophysiat function
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The actwvity of the neurohypophysis 1s regulated by the hypoth
alamus and Harnis has pointed out that this relationship 1s as con
stant and as intimate as that which exists between a voluntary
muscle and the lower motor neurones which supply it For if the
hypothalamo hypophysial nerve tracts are severed the neurohy
pophysis ceases to function and undergoes atrophy® Expenimental
obstruction to the passage of neurosecretory material along these
tracts by means of some form of pressure causes an accumulation
of such materral proximal to the site of obstruction

No doubt under most conditions the stimult wiich promote the
release of neurohypophysial hormones also stimulate the produc
tion of these sub i the hyp to enable the
discharge of hormone 1nto the blood to continue and eventually to
replenish the depleted stores At present the integration of
secretion and release 1s tncompletely understood and there 15 more
over no agreement as to the specificity of a given stimulus
terms of the hormone or hormones released For example some
workers claim to have shown that a stmulus appropnate to the
release of ADH may also evoke the discharge of oxytoctn and
vice versa’ Fmal judgment on these matters must await further
expenimental studies

1 ADH There appears to be a constant basal secretion of
ADH which 15 regulated by the osmotic pressure of the blood
This secretory activity provides a reciprocal relationshtp between
the neurohypophysts on the one hand and the lidneys sweat
glands intestne and lungs on the other (Fig 45) The mgestion
of water lowers the osmotic pressure of blood and mhibits the
secretion and release of ADH while dehydration has the opposite
effect There 1s good reason to believe that the end organs which
respond to these changes m osmotic pressure (osmoreceptors) con
sist of smail vesicles found withm the cells of the supraoptic
nucleus——cells which are closely related to the capillaries of this
nucleus

Supernimposed upon this background there exists a mechanism
which alters the secretion and the release of ADH this 15 med:
cated through nervous reflexes which act upon the supraoptic
nucleus In this way stressor stmuli (especially emotional stress
but also physical stress) sttmulate the production of ADH and
hence depress the rate of excretion of water Many changes m the
external environment make use of this mechanism thereby causing
a decline in the volume of uninary output This response to stressor
stmult temporanly disturbs the basic level of ADH secretron

(Fig 46)
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Adrenaline appears to nhibit the releasc of ADH without
interfering with 1ts action upon the hidney There 15 good evidence
to show that at least some of the afferent nerves which affect the
function of the supraoptic nucleus are cholinergtc 1n nature®

The volume and composition of extracellular flurd also appear
to affect the release of ADH from the neurohypophysis It has
been shown that 4 fall i extraceliular flmid volume or a nse in its
osmotic pressure ¢an promote the release of ADH

Miscellaneous factors 2ffecting the release of antidiuretic hor
mones 1nclude

(1) Increase mn circulating blood volume may cause a fall
in the release of ADH It 1s thought that ths effect 15
due to reflex stmulation of stretch receptors i the
heart  pulmonary vessels and great veins A fall m
blood volume has the opposite effect

(1) Nicotne acetylcholine morphine  barbiturates  ether
and chloroform increase the rate of relcase of ADH
while alcohol exerts the opposite effcct  Nicotine (and
smoking) constitutes one of the most powerful antt
diretic stumull known

(m) Exposure to cold suppresses the rate of release of
ADH

(1v) Hypnosis can bring about a fall in the rate of release
of the hormone

(v) A decrease 1n extracellular flud volume may stimulate
the release of ADH

(v1) Pain and emotion increase the rate of release of ADH

2 OYYTOCIN' Ewdence for a constant basal sccretion of
oxytocin 1s less readily demonstrated than 1n the case of ADH
and the possibility that stimuli which promote the secretion of
ADH may also affect oxytocin secretion makes the control of
this hormone complex However there are three conditions under
which the release of oxytocm from the neurchypophysis appears
to be important (Fig 40)

1 Durmng the later phases of pregnancy distension of the uterus
excites nervous pathways i the spinal cord which convey impulses
to the hypothalamus and so lead to the secretion of oxytocin by
the neurchypophysis This secretion produces forceful uterne con
tractions which may be important 1n the initratton of labour

2 During cortus a sumilar reflex excitatton of oxytocin secretion
has been demonstrated 1n certam species Oxytocin then causes



The Neurobypophysts 173

increase n uterine motility and this assists the passage of sperm
along the female genital tract Measurements of the pressure withm
the female tract and of the rate of movement of sperm within the
gemital tract suggest that such changes m uterme motility are
important m the transport of the male germ cell
3 Lactation depends upon two separate processes—the
secretion of mulk whuch 15 lled by the ad ypop and
the discharge of milk whch 1s controlled by a neurchumoral
reflex The nervous stumulation of the nipple produced by suck
Iing excites pathways i the spmmal cord which convey mmpulses
to the hypothalamus This mn turn promotes the secretion of
oxytocin by the neurohypophysis and this hormone causes the
of the my b tissue of the mammary gland
which produces milk-ejection (Fig 40) Emotional stress nter-
rupts the mechamsm of milk-ejection as a result of the action of
adrenaline which 1s released from the adrenal medulla dunng
exposure to stress or shmuh  Adrenahne acts centralty by prevent
1ng the secretion of oxytacin

Itis \} d that the y of the my um
to oxytocn vanes with changes m sex hormone secretion m an
pp ly purposeful d under the mflu
ence of and d d by Duning preg

nancy the cervix responds to a greater degree than the body
(favouring retention) and the reverse 1s true n the later stages of
pregnancy especially shortly before delivery when the response
favours expulsion of the uterine contents Again 1n the non preg
nant uterus” the cervix shows a greater response while under the
mfluence of oestrogens (favouring retention of sperm) than under
that of progesterone

THE ROLE OF THE ENDOCRINE GLANDS IN
WATER BALANCE

The total volume of flurd within the vanous compartments of the
body 1s the result of a balance between the mtake and output
of water Fluid intake 1s regulated by thirst and fluid absorption 1s
largely the result of phystco chemical factors operating 1n the intes
tinal mucosa

FLUID OUTPUT Water 1s eiminated from the body by the
kidneys sweat glands shin surface lungs alimentary canal and
vanous exocnne glands (salwvary lachrimal etc ) The kidney 1s
pomanly concerned with body fliid regulation whereas Joss from
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;nilrclr tisstes 15 merdental to the special functions which these
olfi

RLGULATION OF RENAL WATER OUTPUT ‘The regula
tion of the osmotic concentration and the volume of body fluds 15
a homeostatic process and s the result of neurohumoral mechan
1sms which promote the ehimination or consenvatton of water and
sodium by the hidneys The formation of unne 1s the result of
three processes glomerufar fitration tubufar reabsorption and
tubular secretion The elmmnation of water 1s the result of the
difference between glomerular filtration and tubular seabeorption
Reabsorption of water consists of two processes (1) passie of
obhgatory reabsorption which 1s an osmotic phenomenon and
(51} actise or facultative reabsorption which 1s controlled by the
antidistetic hormone mn this way the hidpey can make rapd
adjustments of water excretion to swit the needs of the moment

THE EFFECT OF HORMONES UPON FACULTATIVE
REABSORPTION OF WATER

(1) Antdretic hormone  As mentioned above antidwrettc
hormone docs not affect glomersular filtration but increases the
rate of reabsorption of water by the epithelium of the renat
tubules It has been shown that ADH causes mflux of water
through the skin of amphibia by causing dilation of munute pores
These pores are normally scarcely large enouch to adont water
but can be dilated 10 such 4 way as to alter the permeability of
the shin to water These observations have been applied to the
mammalian hidney by some workers who beheve that the hor
mone affects the renal tubules 1n the same way namely by causing
dilation of microscopic pores to allow a passive transfer of water

Wiz’ has shown that the flud i the proumal comvoluted
tubule 1s always 1sotonic while that within the distal comvoluted
tubule 1s hypotomc when the kidnev 1s producing dilute unne
but when the hidney 15 concentrating the fld 1n the distal con
voluted tubule reaches 1sotomeity before feaving this part of the
nephron The fluid of the distal tubule 1s therefore never hvper
tomc so that when hypertonic unne 15 being produced some
mechamsm must exist for concentrating the flmd m the collectin.
ducts There 13 good evidence m some spectes of animal to show
that the np of the renal papilla 15 a remon of hypertonteity and
Wirz believes that the loop of Henle comes to contain hypertonie
fluid as 1t approaches the tip of the papila When the Ludney s
cancentraung equilibrium s established between this hypertome
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fluid and that of the collecting ducts as these traverse the papilla
Wirz® further suggests that n the absence of antidwretic hormone
the walls of the distal convoluted tubule and those of the collecting
ducts behave as though they were impermeable to water On the
other hand under the influence of ADH pores mn the walls

S Splanchnic Nerve
H Hypothalamus

o —{Ren 1 Bood)
v sl

Nph

Fig 46 Aas emotion
exercise and pain result 12 dimimshed uninary output The three parts of the
nephron from which ADH promotes the reabsorption of water are shown (g
the descending Iimb of the loop (5) the drstal convoluted tubule (c) the collecting

Proximal Nephron Distal Nephron
(e}

1

) Sodwm
=3 Water

Loop of Henle

Fig 46 (b)) Diagram showng the sites at which reabsorption of sodium and

water take place m the nephron and collecting duct (4fier 133 ) ADH controls

the reabsorption of water at 2 3 and 4 Reabsorption of sodium and water
at 11s controlled by esmotic pressure

4
Collecting Duct

N
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of the collecting ducts are allowed to open and equilibration takes
place between the hypertome flwd in the loop and the flud i the
collecting ducts As a result of this equihibration the colfecting sys
tem comes to contain hypertonie flwd which has reached the con
centration of the defimutive unne Mcanwhile the flud in the loop
enters the ascending bmb and leases the hypertonic region at the
up of the papilla As it does so reabsorption of sodium takes place
which causes the flwd entenmg the distal convoluted tubule to
become hypotonic (g 46)

1t remains to explun the mechanism by means of which the flud
m the foop of Henle becomes hypertome  The sodium which 15
absorbed along the ascending limb of the loop renders the extra
cellular flud tn the surrounding tissue hypertonic  Under the
mfluence of ADH the flwd 1n the descending himb 15 permutted to
equilibrate with «ts bypertonic surroundines bv the opening of
microscopic pores in the wall of s prt of the nephron

There are therefore four sites of water reabsorption m the
fadney (Fiz 46)  Dirstly wAter 1s reabsorbed n the proumal
convoluted tubule as the result of an obhigatory and passive pro-
cess which removes approumately seven-eighths of the filtered
water  Secondly water 1s reabsorbed m the descending hmb and
this fuads to the production of a hypertome flmd withun the tip of
the loop Thudly water 15 absorbed from the distal comoluted
tubnle 1n order to 1llow water reabsorption to catch np with the
reabsorption of sodium which has taken place m the ascending
hmb of the loop {Fig 46) Tipally water 1s reabsorbed m the
conecentrating kadney from the coll ducts by eq
with the hypertorue flnd at the up of the loop

The reabsorption of water from the last three of these sites 1s
belheved to be d b d h In the absence
of this hormone the distal nephron and the collecting systemt
behave as though they were impermeable to water but in the con~
centrating hidey ADH brings about the opemntg, of pores whick
allows reabsorption of water to take place at these three sies
While this theory has the virtue that it requires only one mech
antsm for the action of ADH—a mechamsm by means of which
the hormone 15 believed to act on the shin of amphibia the con
clusions which have been drawn from the experiments of Wirz
have yet to gan umversal acceptance

(2) Glucocorticords  Glucocorticods assist the body to remove
a2 water Joad (e g after the ingestion of Targe volumes of water)
while mmeralocorticoids appear to promote the reabsorption of
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water (together with sodium) from the rena.l tubules (see Chapter
1) The h by which gl affect the excretion
of water 15 not clear but they appear to suppress the release
of ADH from the neurohypophysis and the mactreation of this
hormone by the tissues appears to depend to some extent upon
the presence of glucecorticoids”

(3) Catechol A ltne and nor line produce a
vanable effect upon the excretion of water Under certain expen
mental condittons they produce diurests under others they cause
antidwrests The mecharsm of these effects 1s probably complex
and may depend mn part upon vascular changes which affect
glomerular filtration and upon the release of ADH from the neuro-
hypophysis

DIABETES INSIPIDUS

Destruction of the supraopuc and paraventnicular nucler or the
removal of the neurohypophysts (or its destructiop by morbid pro
cesses) results m the passage of large volumes of unine This con
dition 1s called diabetes msipidus and represents falure of ADH
secreion The only abnormalty which follows this fatlure 1s the
mability of the body to conserve water The passage of large vol
umes of dilute urne 1s accompamed by an insatiable thust The
daily output of unne usually exceeds 5 ltres and may be twice
this amount The specific gravity of such unne 15 always low
(usually below 1 008)

For the development of the full picture of diabetes msipidus the

P must be f normally The reason for
this 18 not certaim but growth hormone and TSH seem to be the
important factors responsible for the behaviour of the adenohy
pophysts under these cucumstances Recent work however sug
gests that changes m the vascular condition of the kidney are
also imp m this ph
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CHAPTER IX

THE ADRENAL MEDULLA

Introduction

The adrenal medulla 1s mntimately connected with the nervous
system and develops from the neural crest The cells of the
medulla are 10 fact modified ganglon cells which remant 1n ntt
mate contact with preganghonic fibres of the sympathetic nervous
system and their secretory activity scems to depend to a great
extent upon the sumulation which they recenve from these nerves
these facts can be illustrated expermmentally  Section of the
splanchnic nerve or pamting the adrenal gland itself with nicotine
will prevent the medulla from secreting on the other hand stimu-
latton of the splanchnic nerve produces an increase n medullary
secreion  Through the splanchme nperves the medulla 1s con
nected with centres in the postenor hypothalamus

The adrenal medulla 15 not essential to hfe but its actnty 1s
greatly increased duning states of emergency For example 1n those
who are about to perform some strennous exertion the mere
thought of thus physical effort 1s sufficient to stunulate the secretory
activity of the medulla Laboratory ammals m which the medulla
has been destroyed show surpnsingly little chamge m behaviour
m the p d en of the lat y

Embryology

The medulla 1s dertved from the ectodermal tissue which gives
nse to the cells of the sympathetic gangha Dunng the seventh
week of mtrauterme lfe when the cortex 1s already prominent
masses of these cells invade the medial side of the pnmitve
adrenal cortex and eventually gan a central position where they
develop together with a profuse network of simusoidal capillanes

Histology

‘The boundary between cortex and medulla 1s for the most part
uregular  The majonty of the medullary cells contam fine brown
granules which because they stain with chromates are called
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chromaffin cells  Less numerous are the sympathetic ganelon
cells which occur singly or in proups The axons of the ganghon
cells end around the chromaffin cells

Anatomy

In addition to the chromaffin tssue in the medulla the same
tissue exists outstde the adrenal gland in the followng sites

1) Paraganehia which are small masses (azbout 3 mm
diameter) within or al de the cap of sympath gangla

2) Along the abdommal aorta above the ongm of the mfenior
mesentenc artery simifar paraganelia ate to be found

3) The organs of Zucherhand! which are small masses of chro-
maflin tissue situated on either side of the enmin of the mfenor
mesentenc artery

4) In the carotid glands at the point of bifurcation of the com
mon ctotd artery

$) Wathun the liner and the heart

[ unction

The function of the adrenal medulla 1s to secrete two hormones
namely adrenhine and nor adrenaline also called epmephrine and
nor epinephine Mo other function of the medulla 1s #nown
beyond the secretion of these two hormones m varving quantitics
under varying condiions It 1s possible that the gland secretes 3
third hormone called 1soprenahine

Chenustry
Adrenahine and nor ad emaline are wmimes

Honn CH NHCH 5 zn cH
H o0 OH

HO
Adrenaline Nor adrenaline
The prefix nor 15 denved from the German Nitrogen ohne
Radihal  the radical refernng to the CH, group of ndrenahne
Adreniline and nor adrenaline are together referred to as cate
cholammes From the structural formulae of the two hormanes 1t
will be seen that adrenahine hs an additional methyl group which
changes the side cham from a primary amune 10 the case of nor
adrenaline -(’:-&_NH o a dary amine m

[
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—J:—HN-E:— (page 4) The medulla contamns ascorbic acid

which may play some part m protecting these ammnes from
oudation

Synthesis

The structure of adrenaline resembles that of the amino acids
tyrosine and phenylalanine which suggests that these acids may be
the source of the hormone 1n the body Moreover it 1s a relatively
simple matter to convert tyrosine to adrenahne mn a test tube
However 1n vivo experments have faled to show that the
adrenal medulla s capable of convemng clther tyrosine or

mto 1 The syntt line remains
therefore somewhat obscure although reccnt experiments have
suggested a number of possible solutions to this problem For
example tyrosmne can be converted by decarboxylation (loss of
CO ) 1n the kidney to tyramune Tyramine when perfused through
the 1solated adrenal gland results i the production of a substance
which shows all the phystological properties of adrenahine

HOQCH-CH =NH

Tyramine

Agam 1t 1s known that mammalian Iver 1s capable of con
verting phenylalamine to tyrosme this suggests that phenyl
alanine may be mvolved n the symhesxs of adrenaline and studies

labelled ph support this pos

sibility

The following alternative pathway has received most support
within recent years —

Ho—@-cu ¢n coon HO-Q—CN CH-COOH HO-Q-CH CH=NH
3

N T2 Ho NH HO

@ b yluo

Tyrosine 34

3 4-dih

l phenylethyl

amne

HO: CH CH-NK
Yo OH

Nor adrenaline
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An enzyme has been found n mammalian Iver which ss capable
of comverting 3 4-dithydroxyphenylalanine (DOPA) to 34
diydroxyphenylethylamine (DOPAMINE) thus reaction 1s an
example of decarbovslatton and the enzyme system mvobed
includes pynidoxal phosphate

Several Iinks 1n the chamn of evidence required to cstablish this
method of synthesis are mssing for example DOPA has not been
found in the adrenal medulla nor has the enzyme pyndoxal
phosphate

Nor adrenaline 1s comverted to adrenaline by the process of
transmethylation (page §) dunng which the ammo acd meth
1onme donates a methyl group —

HOO—CN cH hn +CH "°‘O$" CH RHLH
I - o4

Ho HO
Nor adrenaline Adrenaline

It 1s 1mportant not to regard ths last reaction as indicating that
nor adrenaline 1s merely a precursor of adrenalne

The relatne proportions of adrenaline and nor adrenalne 1
the medulla vanes from species to species but m man adrenalme
comprises about 90 per cent of the catecholarmnes in the gland
In other tissues the amount of nor adrenaline present 1s correlated
with the extent of their adrenergic 1nnervation

In the case of both adrenaling and nor adsenahine the laeve ()
1somer 1s the active form

H, 1 el
gy mn to F

As with other endocrine glands the secretion of two hormones
by the medulla raises the question of whether each has its ont
spectfic parent cell or whether both are secreted by one type of
cell In the case of the medulla there are champions of either
view*® A good deal of evidence favours the view that one type of
cell produces adrenaline and another produces nor adrenalne This
evidence 1s chiefly of three hinds —

(1) Stmulation of different parts of the hypothalamus releases
different proportions of the two hormones mto the blood of the
suprarenal vein

(u) Certam reflex sumult act selectively e g carotd occlusion
favours nor adrenaline secretton while scratic nerve stumulation
produces a mixture rich n adrenaline
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() Recent lstochemical studies support the conception of
two secreting cell types within the medulla

The d 18 ot 1 but at the present ime
appears to favour the view that in the medulla there are to be
found two types of cell each of which produces only one hor
mone In any case the cells which secrete adrenalne are thought
to produce this hormone from nror adrenalne

Actions of Ad L and Nor-Ad 1

Adrenaline apd nor adrenaline exert thewr most striking effects
upon the contractihity of cardiac and smooth muscle In addition
they affect the rate of certain reactions mvolved i the metabolism
of carbohydrates

Adrenaline

CIRCULATION It should be clearly understood that the
effects of hne and nor ad line upon the i} are
greatly influenced by the conditions of the experiment ¢ g dose
route of ation the species h used and by cer
tain y reflex

In additon 1t has been pomted out that penipheral reswstance
m the crculation 1s deternmned by the sum of the resistance offered
by the arterioles which allow blood to enter the capillaries on the
one hand and that offered by the artenio venous communications
which allow the blood to by pass the capillanes and flow direct
from arteriole to venule on the other hand The diastohc blood
pressure s determined by the balance between these two flows
For example the capillary microscope has revealed that under the
mfluence of nor adrenalne some capillary loops disappear while
others become narrower (especially on the arterial side of the
loop) and yet the diastolic pressure remains unaltered or shows a
shight fall Since the capillanes can be seen to close it must be
assumed that the blood can flow along a different route and so by
pass the capillary loops m this way the peripheral resistance (and
hence the diastolic pressure) remains essentially unchanged *

(a) Heart Ad prod tachycardia and the
srntzblty and contractiity of heant muscle In farge doses it may
produce ventrcular extrasystoles and eventually ventrrcular fibril
Jation These effects result from the direct action of adrenaline on
heart muscle In addiion the hormone stimulates the atrioven
tricular node and shortens A V conduction time when this 15 pro-
longed by vagal stimulation
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(b) Cardiac outpur  As a result of these effects upon the heart
adrenaline ncreases the cardiac output and raises the systohe
blood pressure while the dastolic pressure remans normal of
shows a shght fall

(¢} Blood vessels In general adrenaline promotes contraction
of the smooth muscle of arterioles However the effects observed
exper Ily when line 1s 1njected or applied locally to
blood vessels are not always consistent It will be seen that adren
alme differs 1n this respect from nor adrenaline which 1s always
constrictor m its effect upon blood vessels except those of the
coronary circulation  The important site of action of catechola
munes 1s on the precapillary sphincter which causes diverston of
blood into venules thereby short-cirewiting blood away from the
capillaries Adrenaline causes intense vasoconstriction of the artert
oles and capillanies of the skin and mucous membranes It also con
stracts the arterioles and capilianies of the kidney and of those
tissues supphed by the splanchnic nerves  In the case of sheletal
muscle however the action of adrenaline 1s more complex Small
doses produce a transient dilator effect'® Jarge and repeated doses
may cause constriction but adrenaline usually causes an increase
n blood flow through the hmbs Adrenaline causes vasodiation
of the coronary cercbral and hepatic vessels and an increase it
pressure 1 the pulmonary artenies (Table I) The result of these
various responses 1s a fall 1 total penipheral resistance that 1s a
net vasodilator action (Table I) since n the normal subject the
blood flow through the lwer kidneys sheletal muscle and bram
accounts for the greater part of the cardiac output

TABLE |
Flow before in
Jection of Flow (mt jmin) during admuustration of
Tissue Adrenoline or
Nor odrenciine
mi jmin Adrenahine Nor adrenaline
/ Change / Change
it 1500 3000 +100 1500 0
e 18| 2| e B
? 10! +
Sl::yl:ul Fluscle 750 900 + 20 675 10
TOTAL 4750 6800 -+ 40 ' 4375 l -8
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These changes m vasomotor tone explain the effect of adrenalime
on the blood pressure n the following manner —

(1) The nse n systolic pressure 15 due to increased cardiac
output which m turn follows ncreased force of ventnicular con
traction and an increase m venous return

(1) The slight fall in drastolic pressure results from the overall
decrease 1n penpheral resistance

2 RESPIRATORY SYSTEM Adrenaline brings about relaxa-
tion of the smooth muscle of bronch: and after a penod of apaoea,
causes an increase 1n the rate and depth of respiration This
effect upon the rate and depth of resprration 1s due to the actton
of adrenaline upon the nervous pathways which control respiration
but the exact pomt of action 15 unknown

3 METABOLISM (a) Carbohydrate metabolism Adrena
Ime produces an ncrease m blood sugar by stimulating the con
version of glycogen to glucose 1n the liver In additon the hor
mone the oudation of tissue plycogen to lachic aud
which 1s converted to glycogen 1n the liver with the result that
liver glycogen actually increases as a result of the actron of adrena
lne In muscle for example adrenaline stimulates the conversion
of glycogen to lactic actd by the lJocal 1on of
phosphorylase an enzyme which promotes the production of
hexose phosphates Some of the lactic acid formed t muscle
diffuses 1nto the blood stream from which 1t 1s removed by the
Inver and converted to glycogen In this way muscle glycogen
mdirectly contributes to the mcrease mn blood sugar brought about
by the action of adrenaline (Fig 53)

Another factor which plays a part mn the production of hyper
glycaenua by adrenaline 1s a decline 1n the rate at which the tissues
use glucose Glucose tolerance 1s reduced under the influence of
adrenaline and the arterio venous glucose difference 15 small even
when the artenal blood glucose level 1s high In normal ammals
exposure to emotional and physical stress mduces a temporary
hyperglycaemia due to the release of adrenaline In some species
when doses of adrenaline too small to cause hypertension are
mpected hyperglycaemra 1s observed  One of the few abnormal
responses shown by ammals 1 which the adrenal medulla has

been destroyed 1s a delay m spontancous recovery from hypo
glycaerma

(b) General metabolism Adrenaline causes ncrease m the

oxXygen ¢ and n basal balic rate This effect 1s not
mediated through the thyroid gland but does not occur if the
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fiver has been removed The hormone also causes a nise i serum
potassium
4 SARIN Adrenaline depresses the action of sweat glands and
brings about a plomotot response
5 CLNTRAL NERVOUS S}STEM Injections of adrenaline
d 1 to healthy individuals cause anucty, apprehension
restlessness and a sense of fatigue in the back and legs together
with a coarse tremor  Within 10 seconds of an injection of adren
aline an ncreasc in the rate and depth of respiration 1s noticed nd
1t becomes umpossible to hold a moderate inspiration for more than
15 seconds  About [0 scconds after the changes in respiration
the heart rate begns to nerease but palpitations are not usually
cxpenienced before a further 30 seconds have elapsed  Soon after
the subjectne effects upon the heart a sense of fatgue and a
coarse tremor are noticed
6 LNDOCRINE GLANDS The action of adrenaline upon
other endocrine glands has been discussed elsewhere  Here these
actions will be briefly summarised
Adrenaline causes —
(1) mcreased production of ACTH by the adenohy
pophysis
(1) decreased production of TSH by the adenohypophysis
{m1) decrease in the rate of release of ADH from the neuro-
hypophysis
7 EYE Adrenaling causes pupillary dilation protrusion of
the eyeball and retriction of the upper cychd
8 GASTROINTESTINAL TRACT The hormone causes
relaxation of the smooth muscle of the alimentary tract tosether
with stimulation of the sphuncters
9 GLNITO URINARY ORGANS Adrenaline sumulates the
muscle of the ureter and the sphincter of the bladder, the retractor
pemis and the body of the pregnant uterus It causes refaxation of
the wall of the bladder
10 MISCELLANEOUS ACTIONS
(a) Increase m the coagulability of blood
(b) Incrcase m the secretion of saliva
(c) Contraction of the smooth muscle of the splenic cap
sule The mmportance of this action 1 brngmg about
an ncrease 1n blood volume has probably been
exaggerated
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(d) Both ad line and nor 1l the action
of MSH upon the melanocytes of the skin (page 159)

Nor Adrenaline

1t will be seen from Table IE that nor adrenahine and adrenaline
for the most part act m the same dwrechon When they are
excitors the actrvity of the two compounds 1s of the same order
(adrenaline usually bemng somewhat more potent) but when they
mhibit  adrenaline 15 usually (but not always) more active than
nor adrenaline  Generally speaking both <tmulate the vascular
system and mhibit the viscera The chief difference between the
two hormones hes 1n the mtense perpheral vasoconstrictor action
of nor adrenaline on the one hand and the increase n cardiac
output brought about by adrenaline on the other

1 CIRCULATION (a) Heart Nor adrenaline causes an
mcrease 1n the imtability and contractility of heart muscle but it
causes only a shght nse (or even a fall) m heart rate while the
cardiac output remains unchanged or shows a shght fall'®  The
decrease 1n heart rate 1s due to a reflex increase mn vagal tone
(from carotid sinus and aortic receptors) brought about by the
assoctated nise 1n blood pressure

(b) Blood iessels Nor adrenalime exerts 1ts greatest effect
upon blood vessels It causes marked vasoconstriction a consid
erable increase 1 peripheral resistance together with a sharp rise
1 systolic and diastolic blood pressures In addition nor adrenaline
causes a nise 1n pulmonary blood pressure © It does not affect
the blood flow through hver and muscle but causes a slight fall
m that through the kidney and bramn (Table I)

The overall action of nor adrepaline 1s therefore vasoconstrictor
resulting 1 a nise 1n total penipheral reststance Table I gives some
quantitative data concermng the effect of adrenalme and nor
adrenaline upon the blood flow through vanous organs

These observations make 1t possible to explam the effect of nor
adrenaline upon the blood pressure

(1) The mse 1n systolic blood pressure 1s due to mcreased force
of ventnicular contraction and to an increase 1 penpheral resist
ance

(1) The nise 1n diastolic pressure 15 due to the merease n total
penipheral resistance

There 15 some expermmental evidence to suggest that nor
adrenaline produces an mcrease 10 venous tone and m this way
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hwer has been removed The hormene also causes a nise 1n serum
potassium
4 SAIN Adrenaline depresses the action of sweat glands and
bnngs about 1 prlomotor response
5 CLCNTRAL NERVOUS SYSTEM  Injections of adrenaline
admunistered to healthy indiniduals cause anviety, apprehension
sestlessness and a sensc of fatigue m the back and legs together
with a coarse tremor  Within 10 seconds of an injection of adren
aline an increase in the rat, and depth of resprration s noticed and
it b possible to hold a mod mspiration for more than
15 scconds  About 10 seconds after the changes m respiration
the heart rate begns to merease but palpitations are not usually
expenenced before a further 30 seconds have clapsed  Soon after
the subjective effects upon the heart a sensc of fatigue and a
coarse tremor re noticed
6 ENDOCRINL GIANDS The action of adrenaline upon
other endocrine glands has been discussed elsewhere  Here these
actions will be briefly summansed
Adrenaline causes —
(1) ncreased production of ACTH by the adunohy
pophysis
(n) decreased production of TSH by the adenchypophysis
(1) decrease tn the rate of release of ADH from the neuro-
hypophysis
7 LYE Adrenaline causes pupillary dilation protrusion of
the eycball and retraction of the upper eychd
8 GASTROINTISTINAL TRACT The hormone causes
relaxation of the smooth muscle of the ahmentary tract together
with simulation of the sphincters
9 GLNITO URINARY ORGANS Adrenaline stimulates the
muscle of the urcter and the sphincter of the bladder the retractor
pemss and the body of the pregnant uterus It causes refaxation of
the wall of the bladder
10 MISCELLANEOUS ACTIONS
(a) Increase n the coagulability of blood
(b) Increase in the secretion of salna
(¢) Contraction of the smooth muscle of the splenic cap
sule The mportance of this action 1n brmeng about
an mcrease m blood volume has probably been
exaggerated
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Comparison Between the Effects of Adrenaline
and Nor Adrenaline

1 CIRCULATION  Adrenal and nor adrenal super-
fictally resemble one another 1n their actions upon the crrculation
because they both increase the systolic and mean arterial pres
sures The hypertensive effect of nor adrenalme 1s due to an
mcrease m penipheral resistance while that of adrenaline results
from an increase 1n cardiac output mn spite of a fall m total
peripheral resistance Muscle blood flow 1s increased by adrenahine
and 1s unaltered or decreased by nor adrenaline Splanchnic blood
flow 15 d d both by adrenaline and nor \! Both
hormones cause a decrease 1n renal blood flow Adrenaline and
nor adrenahne cause a decrease 1n blood flow i the shin  The
algebraic sums of these blood flow changes mdicate a fall 1n total
peripheral ressstance n the case of adrenaline and a nise m the
case of nor adrenaline

The action of catecholamines upon blood vessels 1s a direct one
and to explam the different actions of adrenaline and nor-
adrenaline upon different vessels some workers have suggested the
presence of two receptors {a and § adrenotrophic receptors)
within the tissues Mixtures of adrenalme and nor adrenalie
cause vasodilatation in sheletal muscles unless the concentration
of nor adrenaline in the mtxture exceeds 90 per cent

2 OTHER ACTIONS Adrenaline exerts a much stronger
effect upon carbohydrate oxypen central
nervous system and adenohypophysial function than nor adrena
line

TABLE 1
Circutatory changes produced by adrenaline and nor adrenaline

Systemic Blood Pressure | Mean |  Totat
Card ac Pulman | Periphetat | Putse
Compound | Output | Systofic | Diastof ¢ |Mean| ary | Resistonce] Rate
Pressure
Adrenaline | +++ | ++4 |unchanged| + +4 - +

Nor un
Adrenaline | changed| +++4 | ++ |44+ | ++ | +44+
-+ indicates an Increase and — indicates a decrease

The difference between the action of adrenalme and that of
nor adrenaline  together with the proposed secretion of each
hormone by a separate cell type suggest that each plays a distinct
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Ppromotes venous seturn of blood to the heart This may explan m
p;lm the beneficinl effect of the hormone in the treatment of
shock

2 SMOOTH MUSCLI The action of nor adrenahine upon
smooth muscle lihe that of adrenaline may be one of excitation
or of mfubittion depending upon the organ, or in some mstances
upon 1ts phystologicat state® In general the two hormones exert
the same qualtatne effects upon smooth muscle and Table 1F
gnes some information about the quantitatise differences between
these effects

3 CARBOHYDRATL MITABOLISM Nor adrenaline
cxerts the same effect upon carbohydrate metabohism as adrena
line but 1t 15 only about one quarter as potent

4 CIFNTRAL NLRVOUS SYSTEA! Nor adrenaline does not
produce anxsety fear or palptations  Normal subjects are often
unware that the hormone has been njected

TABLE I
Comparison of the activity of adrenaline and nor h
Effect PRelotve
System Function Activity
Adrenaline | Nor odrenatine] — AiN
BP Systallc Raised | Raised as
BP Diastolic None Raised
Vaseular Blood Vessels In Dener
vated Limb Datatavion Constriction
Peripheral Reslstance  § Decreased Increased
Heare Rate Increased S‘l:::gx e 2
Heart Cardiac Output ncreased Unchanged
Coronary Vessels Dilatation Dilatation 1
Resplratory | Bronchial Muscle Inhibition Inkibition 0
ﬁ‘:&%‘& ol Btood Sugar Raised Raised 4
Eye Pupillary Dilators Stmulation | Stmulation [ 135
Small Intestine Iohibitlon | latibicion | 2
Ay e nestine lohibiton | Inhibition | 1
Genital Uterine Muscle {intibinon__{ Inhitution___| 100

Leaitat -
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vous tissues) may inactivate catecholamines by the process of
oudative deamination

(u) Inactivation of hydrovyl groups The OH groups present
in the molecules of adrenaline and nor adi are essential to
their phystological actvity These groups could be mactvated by
estertfication (page 4) or by oudaton Estenfication with sul
phuric acid can occur 1n the ntestine but 1s probably not import
ant m blood and other tissues Oxidation by catecholoxidase has
been suggested as an alternatsve means of mactivation of the two
hormones Nor adrenaline appears to be mactivated more readily
than adrenaline and 1t seems Likely that the methyl group of adren-
aline protects this substance to some extent from mactivation by
amne oxrdase

Normal human unne contans 2 muxture of catecholammes of
which some 15 per cent 1s adrenalme and the remainder 15 nor-
adrenaline The average urmary output of adrenaline m 24 hours
1s between 3 and 9 mucrograms and that of nor adrenaline between
15 and 45 mucrograms® This probably constitutes only a very
small fraction of the total amount of the two hormones secreted
by the body since only 2 per ¢cent of an infuston of nor adrenaline
can be recovered from the urine The exact proportions m which
the two hormones appear 1n normal human urme however is sub
Ject to considerable vanation

Control of Medullary Function

The adrenal medulla 1s not essential to hfe To what extent this
observation can be explamed by the actvity of extramedullary
chromaffin tissue 1s uncertair Adrenergic nerves can continue
to secrete nor adrenaline 1 the absence of medullary tissue and
1t would appear that the functions of adrenalne are to a large
extent dispensable Of the three major functions of the catechol

of tone stabil of carbohy
drate metabolism and response of the body to stress the first 1s
performed by nor adrenaline from adrenergic nerves and in the
absence of medullary tissue the other two can be assumed by a
number of compensatory mechamsms some of which nvolve the
adrenal cortex

The cells of the adrenal medulla are In mtimate contact with
the cells of the sympathetic nervous system and their secretory
activity 1s to a large extent dependent upon stimulation through
these nervous pathways'* Centres in the posterior hypothalamus
appear to control the activity of the medulla by way of the splan
o
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role i the body Moreover it scems highly probable that euther
hormone can be secreted independently of the other Nor
adrenaline 15 almost exclusvely the mediator of adrenergic nene
impulses and seems well swited to making rapid circulatory adjust
ments to the blood p whereas adrenaline 1s suited
to making adjustments of metabohic functions (especially m check
g hypoglycacmua) and in aiding the redistributton of blood to
such active tissues as skeletal muscle Both hormones are :mport
ant m the responses of the body to stress but the sympathetic
nervous system 1s especrally concerned with the regulation of the
arculation while the adrenal medulla (which 1n man secretes
more adremaline than nor adrenaline) 1s essentially concerned
with the protection of the body aganst stressor stimult

Isoprenaline

A third substance has recently been solated from the adrenal
glhnds of several species including man * 2 This substance 1s 150
propyl nor adrenalne called tsoprenaline  Instead of the trans
methylation which converts nor adrenaline to adrenline addition

cH
of an 1sopropyl group cH  takes place Isoprenaline 15
P
CH
about 10 times as potent as adrenaline 1n 1ts bronchodilator action
the significance of this third medullary product 1 the function of
the gland remains uncertain

Metabolism

Both adrenaline and nor adrenaline are rapidly inactivated m
vivo and 1n vitro Adrenakne 1§ especially unstable mn buffered

1 but 1ts pibihty to oxd: can be hed 1
the presence of other reducig agents such as ascorbic actd and
certamn anuno acids For this reason adrenalme 1s more stable m
blood and 1n certam tissues than mn water ascorbic acid serves
to protect the hormone 1n the adrenal gland Adrenahne 1s oxidised
wm witro to a dark melamn Iike product but the result of m vivo
oxidation remams uncertain  Some adrenalne 1s excreted m con
Jugated form 1s the sulphate and the glucuromide 1 which forms

1t appears in urine .
Among the possible of of ¢
mines 1t vivo two have received most support —
(1) Ammne oxidase 1t 1s possible that the enzyme amme o
ful; lar and ner

dase (which 1s wdely distributed 1n g
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rate of secretion of nor adrenaline are believed to occur under
conditions which threaten the stability of blood pressure levels

Assay

ADRENALINE* Assay of adrenaline 1s a difficult procedure
and the small concentrattons present in most biological spectmens
require the use of delicate biologtcal methods Bioassay may be
performed by the effect of an unknown solution on the blood
pressure of the cat or by the inhibition of the rhythmic activity of
the 1solated rabbit intestme The chemical assays most frequently
employed involve some modification of Shaws method which

depends upon the red of ar lybdic acid by 1
with the formation of a blue compound Fluonmetric assay de
pends upon conversion of b to the fl sub-
stances adrenol and nor e Newer ¢t h

methods which give promuse of very accurate results are at present
under trial

NOR ADRENALINE* Nor adrenahne can be esttmated by
1ts stimulating effect upon the mictitating membrane of the cat or
by a number of chemical methods

DISEASE OF THE ADRENAL MEDULLA

The chintcal prcture of excess of adrenaline and nor adrenalne
secretion s seen 1n the rare tumours of the chromaffin cells of the
medulla Such tumours produce hypertension and tachycardia
together with a serses of signs and symptoms attnbutable to excess
of catecholammes The hypertenston may be persistent or
paroxysmal but in some cases 1t 15 absent Certam tests have been
employed to assist in the dragnosis of such chromaffin tumours

A PHARMACOLOGICAL TESTS

1 Adrenergic blocking agents Dibenamme and benzodtoxane
(or piperoxan) are capable of d yng circulating !
and nor adrenalme  When these substances are imjected mto
patients suffertng from hy due to of
catecholamines they cause a prompt fall m blood pressure 1 the
case of patients suffering from hypertension due to other causes
the blood pressure shows no significant change Apparently these
substances more readily antagomuse the arculating catecholamtnes
than those produced by sympathetic adrenergic nerves so that
doses which lower the hypertemsion produced by chromaffin
tumours do not affect the blood pressure of patients suffering from
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chme nerves These observations are m accord wath the role of the
hypothalamus and that of the medulla m controlling the responses
of the body to stressor sumuli (Fig 1)

In view of the dependence of the medulfa upon nervous stumu
lation 1t 15 not surpnsing that the secretory activity of the gland
shows great variation It 1s generally believed that under basal

i the 1 1 from nene
mpulses ansing from all over the body produces a basal lescl
of seeretion This basal level 15 stepped up by such moderate
stimulation as that provided by walking

ADRICNALINE  Adrenaline 1s thought to be secreted at a
basal rate by the adrenal medulla but 1 addition provision s
made for a rapd m the drenaline under
conditions of emergency There are two chief sumuli which evoke
this medullary response

(1) Hypoglycaemia
{11) Fxposure to stressor stimuls

Thus conception of an emergency secretion of adrenaline accords
well with its widespread effects upon the body and was onginally
elaborated in the doctnne of Cannon™ in which the belief was
stated that fught fhight fear and rage promote an mmediate
increase 1n the secreton and liberaon of adrenalme by the
medulla Haemorrhage exposure to cold asphyxia mncreased

d

physical acuvity, € of the hyp an
of the sympathetic nerves to the endocnine glands are some of the
factors which dullary activity A holi and

istamine produce the same effect While 1t 1s undoubtedly true
that noxious stimull increase the rate of secretion of adrenahne
and that many of its effects (such as simulation of heart action
and increase 1n blood flow through muscle) are usefui responses to
such shmuh 1t remains to be shown that the whole effect of adren
aline 1s necessary to adaptation to a changing environment? Much
of the carlier work which songht to prove thus failed to take mto
account the importance of the adrenal cortex while the work of
Harns® ndicates that adrenaline plays only a munor role i the
contro] of adrenocortical actvity under conditions of stress
(Chapter XIII}

NOR ADRENALINE It appears that under notmal conditions
nor adrenalne 15 beng constantly secreted by the sympathetic
nerve endings and acts at the site of its hberation to mamtan
vasomotor tone and hence the blood pressure  Vamations in the
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essential hypertension®  The reason for this differential mhibition
of catecholamines 1s uncertam
2 Stumulants of chromaffin tissue secretion  Although hista
mmne acctylchohne and quaternary ammonium bases do provoke
a discharge of adrenatine from the normal medulla some medul
lary tumours are hyf to these sub and smalt
doses produce a strihing hypertensive response This group of
substances 1s useful 1n those cases of chromaffin tumours which
do not show sustained hypertension The following substances
are used in such tests —
(a) Hi 005 mgm ly
(b) Tetraethylammonim chlonde 200 mgm ntravenously'”
(¢) Mecholyl 25 mgm subcutaneously
The exact mechamisms nvolved 1 chromaffin st:imulation by
these substances are uncertamn The application and kkmitations of
these tests have been reviewed by Shapiro et al#®
B URINARY EXCRETION OF ADRENALINE AND
NOR ADRENALINE Chenucal and bioassay methods for esti
mating unnary Ievels of these hormones have proved useful 1n the
diagnosis of medullary tumours and are more rehable than phar
macological tests'®
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(a) Pyruvic acd
(b) Lactic zcd
(c) Acetic acid

() Certam less easily isolated mtermediary compounds
which melude —

(a) Phosphonc acid esters of hexose sugars
(b) Phosphonc acid esters of triose sugars
(c) Four dicarboxyhe actds —

Succinic acrd

Fumanc and

Malic acid

Orxaloacetic acid

(d) Five—and six—carbon atom compounds of the trx
carboxyhe acid cycle

Glucose
abserbed {1} Liver Glycogen

{2) Gluconeogenesis
Glucose from {(3) Absorbed
Blood Carbohydrate
Glucose
mgm per
100m!

240 +

200 |

L——  Excretion by Kidney
160 1

120
52222 Normal Range
80

40 A
«—I Oxidation to
AN CO +HO

Fat Formation
¥ig 47  Factors regulating the level of blood glucose

Starage as

/l Glycogen n

Liver & Muscle




CHAPTER X

THE INTERNAL SECRETIONS OF THE
PANCREAS

CARBOHYDRATE METABOLISM

Introduction

The term carbohydrate metabolism may be taken to include alt
the biochemical reacttons to which the carbohydrates of the body
are subjected together with certain chenmcal changes which result
in the production of carbohydrate from protem and fat The
carbohydrates of the body mclude those mgested 1n the food and
those formed in the body from noncarbohydrate sources 1€
1 MONOSACCHARIDES (a) Hexose sugars (1) Glucose

{n) Fructose
() Galactose
(b) Pentose sugars — Ribose and
others
2 DISACCHARIDLS (a) Maltose
(b) Sucrose
(¢) Lactose
3 POLYSACCHARIDES (a) Starch
(b) Glycogen
However, the metabolism of the disacchanides and polysacchandes
other than glycogen and lactose, 1s completed before they
leave the alimentary canal where they are hydrolysed to
glucose fructose and gal The subseq bolic pro
cesses are concerned therefore primanly with monosacchandes
with the compounds nto which they may be converted and the
compounds from which they may be formed These compounds
nclude —
(1) Glycogen which 1s composed of an unknown number
of ylucose molecules
() A number of compounds ntermediate between glucose
on the one hand and carbon diowde and water on the other

These mclude —
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PLASMA

glucose 70mg
lactic aeid 10mg /
pyruvic acld 1Omg /

lactic
9“‘“”21 I(and pyruvic)
acid

TISSUES
e g skeletal
muscle

Fig 48 Diagram showing the mterchanges of glucose lactic acid and pyruvic
acid between plasma and the structures which take part i the metabolism of
carbohydrate (Fulton Textbook of Physiology )

excreted mnto the glomerular filtrate at a rate which exceeds the
capacity of the tubules to reabsorb 1t and so 1t appears it the urine
Under these conditions the renal threshold for glucose 1s sard to
have been exceeded A number of factors mfluence the level of
the renal threshold For example it vanes from one mdividual to
another prolonged hyperglycaemia causes a nse i the renal
threshold for glucose and thyro:d hormone also appears capable
of elevating the level of this threshold Both the rate at which
glucose 1s added to the plasma and the rate of its removal are
regulated in large measure by the hormones of certain endocrine
glands including the adenchypophysis the 1slets of Langerhans
the adrenal medulla and the adrenal cortex

Fate of Glucose

The glucose of blood can be dealt with 1n four possible ways
(1) Conversion to liver glycogen
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(1v) Neutral fats formed from carbohydrates
(v) Glycerol
(vt} Amuno acids from which glucose may be produced

Distrsbution of Carbohydrate Within the Body

3,

Glucose and glycogen are the p pal carbohvdrate comp
m the body Glucose 1s the important carbohydrate of the bloo
and extracellular flurd glycogen 1s stored cheefly 1n the Iver and
in muscle but 1s widely distributed throughout the body Glucose
1s an active p 1 used 1n the ch 1 reactions which make
use of carbohydrate as a source of energy On the other hand
glycogen which 15 the amimal equivalent of starch s a stable
compound suttable for the storage of carbohydrate (Fig 48)

Blood Sugar

Glucose 1s present 1n normal human blood m concentrattons
which vary between 60 mgm per 100 ml 1n a fastng state and
120 mgm per 100 m! after a meal rich m carbohydrates The
level of blood glucose at any given time represents the outcome
of a dynamic equlibrum between glucose entering the blood
from the alimentary canal and the liver on the one hand and glu
cose leaving the blood to enter the hver bran and muscle on the
other (Fig 47) When glucose enters or Jeaves the blood at such
4 rate as to threaten the stability of the concentration of glucose
n the blood (1€ 1ts ability to remain between 60 and 120 mgm
per 100 ml ) mechanisms are brought into play to remove or add
glucose from or to the blood respectively In either case 1t 1s the
Iiver which provides this stabiising influence® The Inver owes its
importance n the control of the concentration of blood sugar to 1ts
ability to convert glucose mto glycogen on the one hand and to
convert glycogen and certain amimno acids mto glucose on the other

If the blood glucose falls below a Jevel of about 40 mgm per
100 ml a series of charactertstic changes result which are mutiated
by the effects of hypoglycaemua upon the cells of the central mer-
vous system and by the release of adrenaline from the adrenal
medulla These changes include weakness hunger sweating vaso
constriction tremor convulsions and coma which will end n
death unless thus tramn of events be interrupted by the admunstra-
tion of carbohydrate

On the other hand a blood sugar level exceeding 120 mgm per
100 ml evokes no change of tself If the hyperglycaemia be suf-
ficiently severe (usually over 180 mgm per 100 ml) glucose s
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amount needed to meet the immedite requirements of the
tissues This 1t does by means of a senes of reactions
which together constitute one important aspect of carbohydrate
metabolism The reactions 1nvolved are as follows
{hexokinase)
(1) Gl +Ad triphosphate ——» Gl 6-phos
phate+Adenosine diphosphate
(phosphoglucomutase)
h pii Ay

(u) GI 6-phosp Glucose-1-phosphate
(phosphorylase)
() Glu 1-phosphate =—=——= Glycogen+ PO,
(v) A hosp +PO, Ad tn
phosphate

Ad, hospl

triphosp acts as a phosphate donor but 1s recon
stituted by reaction (1v) 1n which the phesphate 1s returned
thereby p the of p hate which brings
this senes of reactions to a standstill 1n a test tube reactron (1v)
1s also controlled by an enzyme system The presence of some
glycogen 1s necessary to start this sequence of chemical reactrons
Fructose can enter the same senies of reactions because the liver
possesses the enzyme isomerase which sumulates the followmg
reaction (1somerase)
Fructose-6—phosph Glucose—6—phosph

Release of Glucose

On the other hand when the tissues require glucose the hver
1s cafled upon to make good this need The hver accomphshes
this by two means (a) 1t reverses the reactions by which glucose
1s converted to glycogen and so lberates glucose mto the blood
{glycogenolysis) and (b) 1t produces glucose from noncarbohy-
drate sources (gluconeogenests)

() The release of glucose from glycogen consists essentially of
the reversal of the reactions by which the hver forms glycogen
from glucose

{phosphorylase)
(1) Glycogen+PO T=——— Glucose—1-phospt
(phosphoglucomutase )
(1) Glucose—1-phosph =———  Glucose—6_phospk
(phosphatase)

(w) Glucose-6-phosphate Glucose + PO,
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(1) Conversion 1o glycogen in other ussues (notably muscle)

(1) Comverston to water and carbon dicvde with the producuon
of hieat and energy

(1v) Comversion to fatty acids (Figs 47 and 49)

Carbohydrate in diet
Glucose

Glucose § photphate

TN

Lver & Muscle Glycogen ~ HO  CO nTstues Fatty Acds
(Carbohydrate Sforage] (Enerqy supply {Faf storage]
Fig 49 The fate of glucose duning the ngestion of a diet nch in carbohydrate

The followmg terms are frequently used n descibing the meta
bolic pathways of carbohydrate
(1) GLYCOGENOLYSIS This mav be defined as the destruc
tion of glycogen within the body It consists essentially of the
conversion of glycogen to glucose

(1) GLUCONEOGLNESIS refers to those metabolic processes
bv which glucose 13 formed from noncarbohydrate sources
(e g from amno acuds and glycerol)

{(m) GLYCOI YSIS 1s a word used to denote the anaerobic con
version of glycogen to lactic acid It may be defined as the
sum total of the bl y lled reacty
which break down glucose to pyruvic acid and lactic acd

() GLYCOGENESIS may be defined as the formation of glyco

gen from glucose

GLUCOGENESIS 15 the formation of glucose from glycogen

and 1s essentially the same as glycogenolysis since under

aerobic conditions glycogen 1s converted to glucose (Fig 48)

=

(v

Converston of Glucose 1o Glycogen

In order to store mgested glucose for future needs the liver
converts to glycogen that present sn the blood i excess of the
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SKRELETAL MUSCLE Muscle can synthesise glycogen from
glucose and can store the glycogen against times when blood glu-
cose 15 madequate for the needs of the moment The reactions by
which muscle converts glucose to glycogen are essentially the same
as those seen m the case of the liver (page 201) The breakdown
or hydrolysis of muscle glycogen begins with similar reactions to
those seen 1 the liver Two general pathways are available to the
muscle for the hydrolysis of glycogen —

(1) Aerobic  Aerobic metabolism 13 qualitatnely the more
mportant and derives from the carbohydrate molecule all of
1ts potential energy

(1) Anaerobic More 1s known about anaerobtc metabolism of
glycogen this yields two molecules of lactic acid which repre-
sent an energy content of about nine tenths of the original
glucose It 1s therefore important to the economy of body
energy that lactic acid be not wasted

There ate two pathways by means of which Jactate may be re
claimed In the presence of oxygen lactate may be oxidised to
pyruvic acid after which 1t can re-enter the usual catabolic chan
nels or may be d to gt S dly lactate which
1s highly diffusible may leave the muscle and diffuse mto the
blood m which 1t 1s conveyed to the liver In the liver lactate 1s
converted to glycogen and subsequently to glucose This second
method of lactate disposal 1s referred to as the Cor cycle

— Blood lactic acid

Muscle glycogen Laiver glycogen

Blood glucose «————|

Lactic and pyruvic acids are diffusible and unltke other inter
medrary products of muscle metaboltsm they leave the muscle
and enter the blood they do this in greater concentrations during
anacrobic utihzation of carbohydrates as i stremuous exercise
or at high altitudes The extent of the rise 1n blood levels of lactate
and pyruvate 1s a measure of the extent of anaerobic glycolysis
Following exercise the production of both lactate and pyruvate
falls and the Iiver gradually removes excess of both from the blood
until blood levels return to normal
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The plucose so formed diffuses out of the liser cell into the blood
withm the Iner sinusoids  provided the concentration of glucose
i that blood be lower than 1 the intracellular flwd of the ler
cells

(b) The Liver can convert certan amino acids and the glycero!
portion of fat molecules into glucose The term gluconeogenesis
wdicates the noncarbohydrate ongin of this glucose The glucose
dernved from such sources 15 indistinguishable from that obtamed
from glycogen and 1t shires the same metabolic fate Armno 2cids
are more important than giycerol as a source of glucose there 1s
no evidence that under normal conditions fat constitutes a sig
mficant source of glucose Some ammo acid 1s normally being con
serted to carbohydrate just as some ¢arbohydrate 1s normally
being used m 1mino acid synthesss However gluconeogenests 1s
especially important duning fasting or duning penods of fow carbo-
hydrate intake The cells of certam tissues (includmg the central
nervous system) are so dependent upon glucose s a source of
cnergy that they could not survise even a bref pertod of fasting
were 1L not possible for the iver to convert amino acids to glucose
The chemustry of this conversion is not fully understood but 1s
thought to mvolve oudation with the formation of a keto acid

o
(heto C=0 Acd cLou)eg —

o o0
CH-(H-C-OMe2CH—~C~C OH = Glycogen = Glucose
NH

Alamine Pyruvic acid
(@ heto-acrd)

Peripheral Utilizahon of Carbohydrate

Glucose 1s distributed to the celis of the body where 1t may be
used to prowide heat and epergy or it may be stored according
to the nature of the tissue and the needs of the moment These
two possibilities embrace the second and third means of dealing
with glucose (page 200) The details of this phase of carbohydrate

bolism are pletel d but hung 1s Anown
of the way 1 which muscle deals with glucose and this tissue
serves as an illustration of the penpheral utilization of carbo
hydrate although no doubt differences exist between one tissue
and another Some of these differences are understood 1n a general
way but the details of carbohydrate metabolism 1n tissues other

than muscle awat further study
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This cycle may be dllustrated as follows
Pyruvic Acid

Oraloacetic Actld =3 Cinc Acd + CO

Zm —HO\

Mal ¢ Acid Cis acon tic Acid

T+HO +H0i

Fumane Acd Isoc tnc Acid
\1H - 2}%
CO + Sucaimc Acid <__.+_2'L_°__ & Ketoglutarc Acd  CO

Fig 50 The Krebs or citric acid cycle

Pyruvic acid actually enters the cycle by formation of acetyl
coenzyme A which 1n the presence of oxaloacetic acid and an
appropriate enzyme yields coenzyme A and ciric acd

Pyruvic acid Acetyl

-

A Acetyl A
Acetyl ¢ A+ 1 acid Citric Aerd -
coenzyme A
From here the Krebs cyule proceeds as shown (Fig 50) It should
be pointed out that the three major types of food stuff can give nise
to the 2 carbon atom fragments called acetyl and from here they
enter a final common metabolic pathway In addition acetyl
coenzynte A may give rise to acetoacetic acid or to the formation
of fatty actds and cholesterol (Fig 51) Thus the metabohsm of
carbohydrate 1s linked with that of proter and fat in such a way
that the body 18 able to make use of ingested tuel whether this be
predommantly fat carbohydrate or protem Without this capacity
for the ready mnterconversion of the major food stuffs body meta
bolism would be severely compromised unless the food ingested
were calculated to meet the needs of the moment

Nervous Control of Carbohydrate Metaholism

It has been known for over one hundred years that experimental
lesions m the region of the hypothalamus may cause hypergly-
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Much Iess 1s hnown about the detatls of the reactions by which
tissues other than muscle make use of carbohydrate Throughout
this chapter the word tissues 15 used where 1t would be more
accurate to speak of muscle because other tissues may not neces
sanly behave towards carbohydrates 10 the same way

HICART MUSCLE  Heart muscle shows the same metabolic
pathways for the production of energy from carbohydrates as those
desenbed for skefetal muscle §t was once thought that the break
down of glycogen to lactic acid did mot oceur in heart muscle
except under conditions of extreme anoua Much doubt has been
cast upon this view by recent work and 1t may be that factic acd
15 the most important fuel of the heart under normal conditsons
Unide skeletal muscie the heart can contract only a very smail
oxygen debt

CENTRAL NERVOUS SYSTEM The cells of the central
nervous system depend almost entirelv upon carbohydrate as an
ymmediate source of energy Most other tissues can derve a por-
tion of their major needs from fat and amno acids However the
rate of carbohydrate utihization by the nervous system 1s indepen
dent of mnsulin with the result that although this tissue 15 com
pletely dependent upon glucose for its metabolic needs 1t achieves
some degree of autonomy and 1s not entirely at the mercy of
extracramal tissues

The I'nal Common Pathwny of Metahohsm

Pyruvic acid may anse from the catabolism of carbohydrate
protem and fat It 1s therefore a key substance in the interconver
sion of protein carbohydrate and fat as well as i the chermcal
reactions by means of which the body makes use of the energy
of carbohydrate Pyruvic acid gives nse to  acetyl by decar
boxylation (foss of CO ) and umion of acetyl with coenzyme A
then takes place producing acetyl coenzyme A this 1s an rrever-
sible oudation and occurs m liver and muscle  Acetyl 15 the
name given to the 2 carbon atom fragments sphit off from various
motecutes duning their metabolism 1n the body  Pysuvic acsd and
fatty acids are among the important sources of acetyl  Acetvl
coenzyme A mav then enter a senes of reactions known either as
the tricarboxylc acid cycle of Krebs or the citric acd cycle m
which oxidation progresses through a senes of deliberate steps from
which energy 15 released and unlized
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Embryology

Duning the fifth week of embryomc Lfe two outpocketings of
the duodenum appear One 1s called the dorsal pancreas and grows
rapidly Duning the seventh week 1t 15 jomed by the smaller ventral
pancreas which 1s destined to form the head of the adult pancreas
these two structures fuse

Dunng the fourth month budding of the ducts causes acimt to
develop and at the same time by the same process of budding
1slets begin to develop At first the islets are single sprouts but
Iater they grow imnto complex masses About one nulhon islets
form m man and some retam their irpervious connection with the
ducts

Histology

The 1slets are wregular structures with an extenstve blood supply
and are delimted by a thin reticular membrane They are composed
of cords of irregularly prismatic cells which are conspicuously pale
beside the cells of the acint The most prominent and numerous
cells are called beta cells these contam alcohol soluble granules
Alpha cells are arranged near the periphery of the islets and con
tamn acidophi] granules The gamma cells are nongranular while
the delta cells are scanty and have been found only 1n man

Function

The function of the slets of Langerhans 1s to secrete one or
perthaps two hormones Beta cells produce insulin and 1t 1s hkely
that alpha cells produce glucagon

Insulin

CHEMISTRY Insulin 1s a protein and the order of its con
stituent amuno actds has now been determned (page 23) It has
been obtamed 1n crystalline form contammng small amounts of
zin¢ Insulin does not appear to have a prosthetic group but de
pends for its activity upon the structure of the molecule as a
whole*

METABOLISM Insulin 1s stored in the granules of the g cells
and released nto the circulation as required In plasma a propor
tion of the insulin 15 bound to protein the protem bound form 15
n equibbrium with free msulin and as the latter 1s used by the
uissues 1t 18 replaced from the bound form
r
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Fat Gl cos P otew

Glycoge x> Gl cose Pharphates N o
o

Fafty Acdt  Lacte Acd =Py ¢ Acd Bk to cds

A eytCo ym A > Acetosc t Acd

O aloscetc Acd \

CtrecAcd Coenryme A
co

Krb Cyle

aH

51 Diagram to illustrate interconversions among the three basic food
smfrs Most of these interconversions occur within the liver but the owdation
reactions take place in all tissues (Fulton}

caemia The mechamism of this response 1s uncertamn but it has
been suggested that such lestons cause irritation of autonomic
nerve centres within the hypothalamus which m turn stimulate the
adrenal medulla to secrete adrenaline It appears likely that arrita
tion rather than destruction of nerve centres 1s responsible for the
hyperglycaema since bramn sections above the pons do not produce
thrs response Beyond the fact that the central nervous system
exerts some mfluence upon carbohydrate metabolism nothing 15
known about the nature and extent of this mnfluence

PANCREAS

The pancreas 1s & double structure m man m that the bulk of
the gland produces an external secretton concerned with digestion
while certam scattered groups of cells called the islets of Langer
hans, produce at feast one nternal secretion
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action of hexokmase It must be said however that final proof
1s lacking for this view of the site of wmsulin activity and other
suggestions have recerved some experimental support Neverthe-
less 1t 1s convement at this stage of our knowledge to regard
msultn as stimufating the action of hexokmase

Recent expenimental evidence suggests that msulin accelerates

the passage of glucose across cell membranes This passage may
mvolve a reversible reaction as the result of which glucose forms
a complex with some carrier molecule at the outer surface of
the cell free glucose 1s released at the inner surface of the cell
membrane The relative importance of these two actions of msulin
remains to be determined

It can therefore be seen that carbohydrate metabolism does not

come to a standstill 1n the absence of msulm because like other
hormones 1t merely regulates the rate of chemical reactions which
can proceed (although much more slowly) m its absence This
1s not to suggest that msolin 55 ummportant 1n body economy

Drabetes mellitus 15 a disease which results from failure of msulin
secretion and under these conditions gross changes 1n body meta

bolism are observed

BODY METABOLISM IN THE ABSENCE OF INSULIN In

the absence of the regulatory action of msuhn the following meta
bolic changes occcur —

(1) Hyperglycaemua Rased blood sugar 1s mote evident when
a normal dret 15 taken than dunng periods of fastmg but n
any case the blood sugar eventually rises in the absence of
msultn

(n) Ghcosuria After a time the hyperglycaerma exceeds the
renal threshold and glucose appears m the urine

(1) Dwurests The excretion of glucose carries with 1t a large
volume of water this 15 an osmotic phenomenon
(wv) Dusposal of blood glucose In the absence of insulin, changes
occur 1 the disposal of blood sugar
(a) Conversion to glycogen appears to be defective 1n the
absence of imnsulm however the mmportance of this
effect has been challenged in recent years's
(b) The rate of oxidation of glucose by the nssues
dimimushes
(¢) The conversion of carbohydrate to fat becomes very
slows s 10

(v) Retogenesis As a result of retardation m the catabolism of

carbohydrate the orgamsm 1s forced to derive most of its
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Insulin 1s 1nactivated 1n the tissues (especially in the kidney and
Iner) by an enzyme called insulmase There 1s also some evidence
for the custence of an mhibitor of insulinase

ACTION Insuln 1s not known to have any function other
than the part st plays in carbohydrate metabolism here 1t pro-
motes the removal of glucose from the blood and the following
effects are obscrved after myections of msulin —

1 An increase i the conversion of glucose to glycogen m the

Inerts

2 Anncrease 1n the conversion of glucose to glycogen in the

muscle*®

3 An mcrease in the omdation of glucose by the hissuess

4 An mcrease 1 the rate of converston of carbohydrate to

fapror u

5 Anncrease m the rate of protem synthess

In other words directly or indirectly msulin stimulates the
removal of glucose from the blood by the four avalable routes
of disposal {page 199) Undcr normal conditions the fourth effect
1s probably the most important quantitatinely It seems probable
that the fundamental action of insulin 1s to promote the conversion
of glucose to glucose 6 phosphate a reaction which s catalysed
by the enzyme hexohinase In this way msulin speeds up the rate of
conversion of glucose to glycogen and also the rate at which the
ussues bumn sugar  The conversion of glucose to glucose 6
phosphate 15 essentnally 1rreversible durmg the conversion of
glucose to glycogen and 1t 1s therefore a logical place for a hor
mone to regulate the rate of reaction' ™ ** Of course glucose 6
-phosphate can be converted to glucose under the mfluence of
another enzyme (page 201) but this comversion takes place n a
different context Generally speaking enzymes stimulate reactions
 two directions and the direction elected by a grven reaction at
a given time 1s the outcome of the relative concentrations of the
reacting substances together with the rate of their removal from
the site of the reaction

However when a biochemical reaction myvolves a great change
m potentral chemical energy, 1t s usually not reversible and
enzymes promoate oaly the down hll reaction that 1s towards
a decrease 1 free energy Among the reactrons which convert
glucose to glycogen the first step (the comversion of glucose
to glucose 6 phosphate) 1s controlled by the enzyme hexo
funase 1 this one diection only because of the high enersy level
of adenosme tnphosphate  Insulin 1s thought to promote this
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to glucose m the hiver It scems probable that this action results
from the activatton of liver phosphorylase

In addition 10 its action 1n the lives glucagon has been shown
to ishibit gastric contractions and to reheve hunger The hormone
also enhances 1hc renal clearancc of sodium chlonde potassium
and phosph the peripheral utih
zatton of glucose and for this reason should not be referred to as
an antagomst of msulin It has also been shown that the combmed
use of msultn and glucagon causes a greater increase 1n the pen
pheral utilization of glucose than the use of either alone These
observations suggest that the two hormones can together stimulate
the utilization of glucose and at the same tme matntam the
concentration of glucose m blood with greater constancy than
would be possible 1n the absence of either hormone The secretion
of glucagon appears to be controlled by the concentration of
glucose 1 the blood and by the level of blood msulin A nse
blood mmsubn and a fall i blood glucose stmulates the secretion
and the release of glucagon It 1s also likely that glucagon may
regulate its own secretion by direct action upon the alpha cells
Although there 15 some evidence to show that growth hormone
sttmulates the secretory actwity of the alpha cells this evidence
1s not conclusive

THE ROLE OF THE ENDOCRINE GLANDS IN
CARBOHYDRATE METABOLISM

Apart from the pancreas the ademohypophysis the adrenal
medulla the adrenal cortex and the thyroid gland exert important
effects upon carbohydrate metabolism

ADENOHYPOPHYSIS The two hormones of the adenohy
pophysis which are important 1n carbohydrate metabolism are
growth hormone and ACTH Certam effects have been described
followng the jection of exrracts of the anterior pitwitary gland

eg hic and  diabet actions It has been
pomled out already (page 142) that these acttons do not neces
sarily prove the eXistence of specific hormones TSH may influence
carbohydrate metabolism mdirectly

1 Growth Hormone Growth hormone stunnlates growth m
young anymals but 1 some species 1t produces hyperglycaemia
after matunity (page 145) This hyperglycaemia 1s assocrated with
other changes charactenstic of diabetes and 1s brought about as the
result of the following actions 7 (Fig 52)
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energy by burning fat This results in n increase m the pro-
duction of hetone bodies (acetoacetic acid acetone hydroxy
butyric actd) The rate of production of ketone bodies comes
to exceed the rate at which they can be used by the body so
that they accumulate i the blood and are excreted in the
unne™ ** hetone bodies are neutralised by the buffers of the
blood and are excreted as sodiim and potasstum salts This
leads to a considerable loss of base from the body and even
tually to acidosis

(v1) A negatne nitrogen balance occurs this results from the
destruction of body protein  The Joss of protein 1s an mdirect
result of dimnished use of carbohydrate

CONTROL OF INSULIN SECRETION

(1) The chief controlling influence over the production of wnsulin

15 the concentration of glucose 1n the blood'* An elevation
of the concentration of glucose 1n the blood of the pancreatic
arteries leads to an mereased secretion of msulin  Cross
circulation expenments suegest that this 1s the result of a
direct effect of blood glucose upon the islet celis The
reverse namely a fall in msulin secretion n response to low
blood sugar may occur but 1s more diflicult to estabhsh

(u) The islets are supplied by the vagus nerve and it has been
suggested that the hypothalamus may affect the secretion of
msulin by means of this nerve Such an effect if it does
exist appears to be of secondary mmportance m normal
dviduals

(1) Humoral factors appear to be important m the control of
nsultn  Insulm suppresses its own secretion while glucagon
creases the production of msulin Growth hormone appears
to stimulate insulin production when first injected into ant
mals but repeated doses depress the sccretion of msulin
There 1s some evidence to show that androgens facilitate

have the opp effect

nsulm while

Glucagon
Glucagon 1s the name given to a glycogenolytic hormone secreted
by the cells of the pancreatic islets Glucagon 1s a protein con
sisting of a strmght cham of 29 ammo acids with hisudine s the
N ternunal acid and threomne as the C terrunal acid  The prin
cipal action of glucagon 1s to stumulate the converston of glycogen
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normal (page 192) This 1s achieved by the followng actions

(Fig 53}

(1) Adrenaline stimulates the conversion of glycogen to glucose
1 the hiver

(u) It mcreases the rate of oxidation of glycogen to lactic acid
1 the tissues This lactic acid 1s conveyed to the liver where
it 1s used to stores of glycogen and so mdirect]
assists m rasing the level of blood sugar

(m) Adrenaline stimulates the release of ACTH from the
adenchypophysis and thereby causes an increase m the pro
duction of glucocorticords by the adrenal cortex (Fig 38)

ACTH

ADRENG
CORTICAL.
HORMONES
TISSLE
PROTEINS
L E{/ 800D

I
GLYCOGEN

STRESS 1
ENgrion
EXERCISE ADRENlALINE HYPOGLYCAEMIA

LACTIC o MUSCLE
ACID GLYCOGEN

Fig 53 The acton of 1 P MF

on
Biskop )
ADRENAL CORTEX The 1ole of the adrenal cortex m car
bohydrate metabolism 1s due to the action of glucocorticords
which as their mame tmplies have mmportant effects upon this
metabolism 8 (Fig 52)
{1) Glucocorticoids depress the rate of reabsorption of glucose
from the renal tubules and thereby promote glycosuria
(n) They brng about an increase m the destruction of protem
and m the conversion of ammo acids sp hberated mnto car
bohydrate Some workers believe that glucocorticoids do
not s0 much destroy protemn as interfere with its synthesis
from amino actds the excess of anuno actds created by this
block 1 protein synthesis 15 converted to glucose In either
event the hormones promote gluconeogenesis (Fig 52)
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Fg 52 Duagram to iflustrate the effects of hormones on carbohydrate

metabolism

(1) Growth hormone opposes the action of 1nsulin 1n stimulating
hexohmase activity This mterferes with the capacity of the Iver
to convert glucose to glycogen In other words one very important
menans of the disposal of the glucose present 1n the blood beyond
the needs of the moment 1s removed This leads to hypergly
caema and to the appearance of glucose mn the unne when the
renal threshold 1s exceeded
(2) At first growth hormone stimulates the beta celly of the
pancreas to produce more msulin but not m sufficient quantity to
cope with the demand produced by the first action
(3) Later the beta cells undergo exhaustion atrophy and per
manent diabetes sets in
(4) The alpha cells continue to produce a hyperglycaemic factor
(glucagon) smce they are unaffected by growth hormone

2 ACTH The part played by ACTH in carbohydrate
metabolism results from its capacity to stumulate the production of
glucocorticords by the adrenal cortex

ADRINAL MEDULLA The secretion of adrenalme by the
medulta 1s stunulated by hypoglycaemua and constitutes part of an
emergency mechamsm to bring the blood glucose level back to
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When large quantities of fat are burnt by the body m the absence
of adequate metabolism of carbohydrate a pathway of oudation 1s
used which Jeads to the accumulation of intermediary compounds
known as ketone bodes (8 hy ybutyric acrd ac acad
and acetone) These may reach such concentrations m the body
as to imnterfere with acid base balance leading eventually to acid-
osts Under these circumstances the breahdown of fatty acids pro-
ceeds by oxidation of the 8 carbon atom (1¢ that next but one

o
to the acid groups ¢Zon Inthis way the last two carbon atoms

of the molecule are spht off as acetic acid and a mew fatty acid
1s formed with two carbon atoms less than its predecessor, e g

¢0 e 00
CH,-(CH) -CH, CH CTOH —> CH-(cHy, -cZoH+eH clon
]
Palmitic Acid Mynstic Acd  Acetic Aad

The naturally occurring fatty acids contain an even number of
carbon atoms so that they are ultimately broken down to butync

(o]
’
aaid (CHVCSH ~CH-C-OH) which can be converted either to

(o]
4
B hydroxybutyric acid ( CHy €H €H € OH) qor to acetoacetic acid
H

o} (o}
(cn,.cécn .cf’on) These two compounds are inter-convertible in
the body and acetoacetic acid 1s ughly toxic  The third ketone

body acetone ( " “§ ) 1s formed from acetoacetic acid
hetone bodies are produced m the liver and can be used by the
tissues as a source of energy This method of oxidation of fatty
acids occurs 1n normal subjects but because of the mability of the
diabetic to use adequate Quantities of carbohydrate g-ouidation
1s carnied to such extremes that acetone bodies accumulate m the
blood and exert their toxic effects m addition to causimng acidoss

Although diabetes may occur as a complication of diseases of
the adrenal cortex or of the adenohypophysis the cause of the
condition 1n most cases remains uncertam Apart from the possi-
bility of madequate secretion of msulin excessive 1mactivation by
msulmase and abnormal bmnding imn the plasma have been con
sidered

Within recent years the search for drugs which can be used i
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() Glucocorticords appear to mhibit the stmulating effect of
msulin upon the activity of hexokmase In this way they
nterfere with the utilization of glucose by the tissues

THY ROID GLAND Thyroid hormone plays some part in the
control of carbohydrate metabolism It 1s known to exert the fol
lowng effects (sce page 63)

(1) Thyroid hormone accelerates the rite of absorption of
carbohydrate from the alimentary tract Excess thyroid hor
mone m the blood produces an abrupt, temporary rise m
blood sugar after the ingestion of carbohydrate This nise 15
followed by a rapid return to normal

(u) Thyrod hormone sumulates the metabolc actrvity of all
cells and no doubt this action mvolves an acceleration of
carbohiydrate metabolism The pomt at which this accelera
ting factor operates 1s uncertain

(1) Excess of the hormone also depletes the lver stores of
glycogen This may result from ncreased owudation of ght
cose by the cells of the body Furthermore, thyroid hormone
prevents the deposition of glycogen 1n the Iner dunng the
process of refeedng after stanation In short the funda
mental action of thyrord hormone on carbohydrate meta
bolism 15 to promote the mobilization of hver glycogen

In addition the hormone appears to accelerate the activity of
the cells of the renal tubules and thereby promotes the reabsorp-
tion of glucose 1¢ it rases the renal threshold for glucose The
observations upon which these statements are based concern the
state of affairs prevailing n the presence of abnormal blood Jevels
of thyrosd hormone The importance of this hormone 1n the regu
lation of carbohydrate boltsm under physiols I conditions
cannot be stated

DIABETES MELLITUS

When the pancreas of an ammal 1s completely removed a
series of characteristic symptoms develop which eventually lead
to death The same p appear sp ly m patents
affiicted with the disease diabetes melitus which involves made
quate productton of mnsulin by the pancreas The concentration of
glucose m the blood begins to nise and eventually exceeds the renal
threshold with the result that glycosuna follows The body fails
to make sufficient use of glucose and therefore calls upon fat and
protem to provide the energy required for day to day living
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{u) Cerebral cortical 1 t 15 indicated by p i
and numbness of the extremities together with twitching
double wiston aphasta  amnesia  apraxia  nvoluntarv
mictuntion and convulsions

{m) Thalamic symptoms include compulston to laugh or cry
speaking at the top of the voice choreiform movements and
gnmaces The subject knows he should take sugar but is
unable to put anything 1n his mouth or to reach for foed 1n

front of hum
The climcal picture of hypoglycaemla 18 extremely variable and 1t
13 not surpnsing that the 1S for

alcoholic intoxication

TESTS OF CARBOHYDRATE METABOLISM

GLUCOSE TOLERANCE TEST When glucose 1s taken by
mouth 1t passes quickly mto the small mtesttne where 1t 1s
absorbed The absorption of glucose 1s associated with a nise m
the level of blood sugar which gradually returns to its previous
concentration withmn two hours  The glucose tolerance test m
volves the admmustration of 100 grams of glucose to a fasting sub
ject Blood sugar levels are estimated in samples taken immedia
tely before the glucose 1s given and at mtervals of one half hour
one hour two hours and three hours after the mngestion of the
glucose The figures obtained are plotted agamnst time (Fig 54)
and the resulting curve depends upon

1) The rapidity of absorption of glucose from the ahmentarv

canal

2) The capacty of the body to store glucose and of the tissues

to utilize sugar

3) The rate of discharge of glucose from the liver

The urine 1s exanuned for the presence of reducing substances at
the time each blood sample 1s taken

In the disease drabetes mellitus the removal of the test dose of
sugar from the blood stream 1s slow The resulting curve rises to
hugh Jevels and returns to fasting levels more slowly than normal
(Fig 54) Rapid absorption of glucose from the almentary canal
causes a sharp rise and fall 1n blood glucose levels thrs 1s seen it
hyperthyroidism and after gastrectomy In the presence of an
excessive secretion of msulm the fall of blood sugar concentra
tons 1s excessively rapid and the level reached 1s below 80 mgm
per 100 mt
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the trcatment of diabetes and arc actise when taken by mouth
has 1n some measure been rewarded The first of these antidiabetic
substances to be used was dernved from the sulphonamude drugs
The mechamsm by which these sulphonamide denivatives exert
their diabetic properties 1s but three possible explan
ations have been supported by expenimental data (1) they may
depress the secretion of glucagen () they may dimnsh the
activity of insulinase in the liver or (m) they may erhance the
secretion of msulin

HYPOGLYCAEMIA

While excessive muscular exertion after a period of fasting may
produce low blood sugar the same result may follow overactvity
of the islets of the pancreas which secrete an excess of wsulin
response to the ingestion of carbohydrate  Agamn diffuse disease
of the liver may mterferc with glycogenolysis and so produce
hypoglycaema a condition which may also be produced by mject
g nsulin into normal subjects Hypoglycaemia produces an 1
crease 1n the rate of sccretion of adrenaline and affects the function
of the central nervous system
The symptoms of hypoglycaemta are charactenistically ushered
1n by hyperexcitability a desire for food and a sense of impending
danger There follow a series of symptoms the relatnve seventy
of which vares from one person to another and eventually lead to
coma The intervening symptoms may be classified as follows
(A) SYMPTOMS DUL TO THE SECRETION OF ADREN
ALINE
(1) Sweating 1s usually notrceable and may lead to drenchmg of
the clothes while tremor 1s common *

(1) Rapud pulse and a nise mn blood pressure are usual

(1) Vommung and lower abdomenal pamn may be due to splanch
nic vasoconstriction

(1v) A sense of apprehenston is attnbutable to the action of
adrenaline upon the central nervous system

(B) SYMPTOMS DUE TO DISTURBANCE OF CENTRAL

NERVQUS FUNCTION

(1) Disturbances of the function of the higher centres produce
anxiety  d and sometimes attacks of

€
violence

*Adrenaline does not act directly upon the sweat glands and the mech
amsm of hypoglycaemic sweating remains obscure
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(1) Cerebral cortical mnvolsement 1s indicated by paraesthesiae
and numbness of the extremities together with twitching
double wiston aphasia amnesia  apraxia  mvoluntarv
mictuntion and convulsions

(1) Thalamte symptoms mclude compulsion to laugh or cry
speakng at the top of the voice choreiform movements and
grmaces The subject knows he should take sugar but 1s
unable to put anything tn his mouth or to reach for food

front of um
The chnreal picture of hypoglycaema 1s extremely vanable and 1t
15 not surprsing that the conds 15 taken for

alcoholic ntoxication

TESTS OF CARBOHYDRATE METABOLISM

GLUCOSE TOLERANCE TEST When glucose 1s taken by
mouth 1t passes quickly mto the small intestne where 1t 1s
absotbed The absorption of glucose is associated with a nse 1n
the level of blood sugar which gradually retums to its previous
concentration within two hours  The glucose tolerance test in
volves the admunistration of 100 grams of glucose to a fasting sub
tect Blood sugar levels are estimated in samples taken immedia
tely before the glucose 1s grven and at intervals of one half hour
one hour two hours and three hours after the mgestion of the
glucose The figures obtamed are plotted aganst tme (Fig 54)
and the resulting curve depends upon

1) The rapidity of absorption of glucose from the alimentars

canal

2) The capacity of the body to store glucose and of the tissues

to utihze sugar

3) The rate of discharge of glucose from the hver

The unne 15 d for the p of red at
the time each blood sample 1s taken

In the disease diabetes mellttus the removal of the test dose of
sugar from the blood stream 1s slow The resulting cunve mises to
high levels and returns to fasting levels more slowly than normal
(Fig 54) Rapid absorption of glucose from the alimentary canal
causes a sharp nse and fall 1 blood glucose levels this 1s seen i
hy and after In the of an
excesstve secretion of msulin the fall of blood sugar concentra
tions (1)5 excessively rapid and the level reached 1s below 80 mgm
per 1




218 Funcnions of the Endocrine Glands

90 D'ai’era;
1804
170—
|60J
150
140 RS

1304 ’ \
e/ r-..l:{_yie’:hiro'd.

Blood Sugar {mgmi100 mf )

T

4 hour 1 howr 2 hours 3 hours

asting

[
Fig 54 Graph ttlusteating the glucose tolerance test under various conditions

Expermuental Procedures in the Study of Carbohydrate
Metaboltsm

In the experimental studies of normal and abnormal carbohy~
drate metabolism two substances have proved to be of great prac~
tical value namely alloxan and phloridzin

ALLOXAN 1s a synthetic denvative of unic actd which produces
destruction of the beta cells of the pancreas By means of alloxan
sagections a form of expenimental diabetes can be produced with
out any other side effects such as those which foliow removal of
the pancreas and without the necessity of an abdomnal operation
Alloxan dbetes appears to resemble the disease diabetes mellitus
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very closely and ammals rendered diabetic i this way have been
of great value 1 the expenmental study of this disease

PHLORIDZIN 1s a substance which causes a prompt temporary
lowenng of the renal threshold for glucose In this way the com
pound produces glycosuna without so far as can be seen pro-
ducing any other change 1n the body Like alloxan phlondzin
has been of great use 1 expenmental studies of carbohydrate
metabolism

REFERENCES

Sanger F and Thompson EOP  Biochem J 53 353 366 1953
Sutherland EW and Con CF J Biol Chem 188 531 1951
Mann FC, Medicine Balumore 6 419 1927

Bndoe EM  Johns Hopk. Hosp Bull 62 408 1938

Stadie WC. and Zapp JA. J Biol Chem 170 55 1947

Feeler DD et al. J Biol Chem 188 865 1951

Wick AN etal J Biol Chem 188 241 1951

Stetten DW Jr and Boxer GE ¥ Biol Chem 156 271 1944
Stetten DW Jr and Klen BV J Biol Chem 159 593 1945
Stetten DW Jr et al. J Biol Chem 192 817 1951

Swensson A. Acta Physiol Scand 11 (Suppl 33) 1 1945
Colowick, S$P., et al J Biol Chem 168 583 1947

Stadie WC Physiol Rev 34 52 1954

Statie WC etal J Biol Chem 184 617 1950

Bondy RO etal J Chr Invest 28 1216 1949

Foa, PP etal Amer J Physiol 157 197 1949

Young, FG Biochem J 39 515 1945

Long CNH  Endocnnology 26 309 1940

Bishop PMF  Recent Advances 12 Endocrinology p 8 Churchill
London 1954

Foa PP Ciba Colloqua on Endocrinology Volume 9 1956

Voo oA -

CaIaRrlnsz

8
3



CHAPTER XI
THE PARATHYROID GLAND

Introduction

The parathyroid glands are usually four in number and each 15
about the size of a small pca  However they are vamable i
aumber and in theirr posiion so that parathyroid tissue may be
found almost anywhere between the base of the skull and the arch
of the aorta The glands are mtimately concerned with the meta
bolism of cafcium and phosphorus

CALCIUM METABOLISM

1) DISTRIBUTION More than 99 per cent of the caloum
stored mn the body 1s to be found in the skeleton The remainder
occurs in the extraceliular fled where 1t plays a vital role 1n a num
ber of mmportant physiol activities mclud

1) the normal function of the voluntary and autonomrc ner
Yous system

{1n) coagnlation of blood

() of normal s permeability,

{1v) normal contraction of cardiac muscle

(v) neuromuscular excitability

(v1) bone metbohsm

2) ABSORPTION Calcium 1s absorbed in the upper part of
the small ntestine Absorption 1s facilitated by the presence of
hydrochlonc acid and vitamin D 1t 1s hindered by the presefice
of alkalt an excess of fat and phospt and by the 1 of
phytic actd which 1s found 1n ocatmeal and other cereals Fats
and phosphates combme with calerum to form insoluble com
pounds which are less readily absorbed than other forms of cal
cum However in recent years 1t has been shown that very hitle
calcium 1s absorbed no matter 1 what form 1t 1s ingested n the
absence of vitamun D On the other hand vitamumn D will very
largely overcome those factors which hinder calctum absorption
(1e fat phosphate and phytate) this 1s so whether the vitamin D
be taken by mouth or given by intramuscular iyéction In short 1t
would seem that 1 the final analysts the capacity of the body to
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absorb calcium 15 largely a question of a balance between the
amount of mgested vitamin D and the quantity of mhibitor sub-
stances 1n the diet

3) FATE Once calcium enters the circulation 1t 1s stored or
excreted storage bemng chiefly iz bone Calcium 1s excreted in the
urine and 1 faeces It has geuerally been said that most of the
calcium 1n faeces represents the unabsorbed restdue of that which
has been ingested but recent observations suggest that mtestinal
excretton of caleium may be quite considerable and that part of
the faecal calcrum may have been absorbed and re-excreted Cer-
tasmly patients on diets which are wirtually free of caleium continue
to excrete considerable quantities of caletumt 1n the faeces for some
weeks The final answer to this question cannot yet be given A
normal individual recerving adequate calcium in his diet excretes
up to 20 per cent of ingested calerum 1n hys unne  Calerm s also
lost through the placenta and the lactating breast The threshold

. Calcum more man 50% onized fess than 505 ion zed
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Fig 55 Chart for the determnation of the concentration of calciu
from the levels of total protein and total caluium of serum (From MCLLSm‘g:;
Hastungs (1935) with permission of the American Journal of Medical Science )
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for calctum excretion  the urmne 15 thought to be about 7 mgm
per 100 ml  Adults receving 1 low calctum diet usually excrete
less than 150 mgm of calcium 1n their urine per day

4) REQUIRCMENTS A normal adult requires about 05

gm of calcium daily a child and a pregnant woman each require
about twice this amount while a lactating mother needs about
15 gm duly A normal diet without mlk or cheese provides
approumately 05 gm of calctum and one pint of milk contamns
about 0 65 gm of calcium

5} CALCIUM IN THL BLOOD The normal serum calcium

value 15 10 mgm per 100 ml plus or minus 1 mgm and ths can
be divided into three distinct fractions (Fig 55)

(1) Proten bound calciiun This fraction 15 held m solution by
the serum protemn and 1s proportional 1n amount to the
concentration of the serum protein At a serum protein
concentration of 7 gm per 100 ml this protemn bound
fraction 1s about 4 mgm per 100 ml

(n) A small portion of serum calcium 1s diffusible but not
tonized This consists of a number of substances such as
calcium crtrate  calcum salts of other organic acids and
possibly colloidal tertiary calcium phosphate Thus fraction
amounts to between 12 and 25 mem per 100 m!

() fontc calerum  The remamung part of the serum caluum
(about 5 mgm per 100 ml) s present 1 the form of
soluble calctum complexes or as a supersaturated solution
of calcium phosphate and calctum carbonate This fraction
1s 1mportant for two reasons
1) It 1s physiologically active because 1t 1s 1onized and

can therefore diffuse mto other extracellular fluds
2) It s under the control of the parathyroid glands
The caleivm content of cerebrospmal flud 1s approxmately 5
mem per 100 ml which represents the second and third fractions
of serum calcium because the protein bound portion 1s not free to
diffuse mto such extracellular fluds In addition the amount of
phosphate present the serum influences the amount of calctum
that can be held 1n solution Excess of phosphate m the serum
causes a fall 1n the amount of calcium that can be held n solution
and this excess precipitates out of solution A fall m serum phos
phate level has the opposite effect

The estmation of 1omc calcium in the serum 1s 2 tedious pro

cedure but for most purposes 1t 1s sufficient to use the normo
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gram shown m Fig 55 from which the Jevel of tomc caleim can
be read if the total serum calcium and total serum protemn concen
trations are known

PHOSPHORUS* METABOLISM
1) DISTRIBUTION About 80 per cent of the phosphorus of
the body 1s stored 1 bone The remainder occurs esther 1n the
Ilular flmd of the protop orm with glycogen
Phosphorus plays an mmportant role mn the following functions
(1) as a buffer in acid base balance
(u) a constituent of coenzymes
{m) carbohydrate metabolism makes use of compounds con
tammg phosphorus
(v) a of such pounds as phos
acid )t and phosph
(v) as an important constituent of bone
2) ABSORPTION Phosphorus 1s absorbed from the small
mtestine  Absorption 1s facilitated by an excess of fat a diet low
i calerum and by acids Jt 1s hindered by a igh calcium diet and
by alkaline salts the effect of & high calcium diet 1s overcome by
the presence of sufficient vitamm D
3) FATE Once phosphorus enters the circulation it 1s erther
stored or excreted It may be stored 1n bone as a constituent of
protoplasm or mn the form of the compounds mentioned above
Phosphorus 1s chefly excreted n the unne but some faecal
excretion occurs The faecal excretion of phosphorus 1s vaniable
but 15 more important than was once thought As m the case of
calcim the problem 1s to distinguish between unabsorbed phos
phorus and excreted phosphorus and so far this has not been
accomplished with certamty
4) REQUIREMENTS A normal adult requires 09 gm of
phosphorus daily a child 15 gm and a lactating mother 2 5 gm
daily
5) PHOSPHORUS IN THE BLOOD The serum phos
phorus can be divided mto 3 fractions
(1) Lipid phosphorus which constitutes 8 mgm per 100 ml
(u) Ester phosphorus which amounts to 1 mgm to 100 m]
() Inorganic phosphorus which represents about 3 mgm
per 100 ml  Therefore the total phosphorus content of
serum 1S about 12 mgm per 100 ml The present discus

haliod

nucleic

*Throughout this chapter the word phosphate refe
Phoshond pl refers to morgame

Q
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sion 15 imuted to morganic phosphorus, smee only this
fracuion 15 completely 10mized and 15 affected by the para
thyrod glands The normal rangs of serum morgame phos
phorus 15 27 to 37 mgm per 100 m!

Solubility Product

The product of the serum calcum and the serum norganic
phosphate levels 1n the serum 1s called the solubihity product
Within certain mits the serum lesels of calcrum and phosphoros
extubit a reciprocal rel h pecially under the infl of
parathyroid hormone The nfluence of this reciproaity upon the
simuitaneous deposition and resorption of bone may be 1flustrated
by taking arbitrary figures Vhen the solubility product 1s 50 an
equiltbrium exists and the resorption of bone exactly equals 1ts
deposition  In the body flyid surrounding the surface of bone
resorption  the calcium may be 10 and the phosphate 3 and
hence the solubility product 1s 30, this gives nise 1o a local under
saturation which promotes resorption of bone Meanwhile, at areas
of bone dep alkalne phospt s produced blast
and thss brings about a Jocal snerease 1n the concentration of phos
phate which mght nse to 6 giving a solubility product of 60
and hence a local condition of supersaturation this promotes the
deposition of bone

The Composition of Bone

Bone consists of organic matrix and norganic matter  The
structure of long bones has been closely studied but less is hnown
of the composition of other types of bone  When bone 1s allowed
to stand 1n a solution of dilute acid the muneral portion dissolves
leaving a strong flexible structure of orgamic material which retamns
the shape of the onginal bone The morgame matter of bone
imparts to this tissue an elastic modulus which has been com
pared to that of concrete This mimeral fraction of bone consists
latgely of calowum phosphate and carbonate 85 per cent of the
calcium occurs 1n the form of tertiary calcium phosphate and 12
per cent as calcium carbonate The inorgame component of bone
has been shown to exst i crystaline form which suggests that
the salts concerned are deposited by precipitation (Fig 56) It
has further been observed that regardiess of vamations 1 total
mumeral content of bone wherever bone 15 bewng 1aid down or
resorbed the calcum phosphorus ratio remains practically fixed

atabout22tol
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Fig 56 Di of the between

collagen fibres cement substance and bone crystals The three osteocytes are
seen set m a background of cement substance The inset shows the relationstup
between collagen fibres and bone crystals The syncytal network extending
from the osteocytes enables the cement the collagen and the crystalline elements
of bone to be brought under metabolic control The relationship shown between
the collagen fibres and osteocytes 1s tughly schematic 1n reality the fibres form
a complex three dimensional network (After R A Robinson J Bone and Jout

urg 344 389 195 )

Bone sqlts The muperal fraction of bone consssts chiefly of
calcium phosphate 1 addition to calctum carbonate fluonide
hydroxide and aitrate  Most of the magnessum and about one
quarter of the sodium of the body are also present in bone Bone
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crystals belong to the group of hydrovyapatites —
{Ca(OH) Ca,(PO,)s):

Bone crystals are tabular, measurmg approumately 560 by 250
by 100 A° The density of the mucrocrystal 15 about 30 and the
surface area of 1 gram of the crystals 15 almost 100 square metres

Bone matrix  Three-quarters of the volume aad about half the
weight of bone 15 made up by the organic matnx This matrix con
ssts fargely of a groundwork of osteocytes and collagen set n 2
gel of cement substance (Fig 56) Collagen 15 the fibrous protein
of connective trssue and so far as can be determned the collagen
fibres of bone do not differ from those of other fibrous tssue The
cement of bone 1s sumilar to the ground substance of mesenchyme
The elasticity which gives bone its capiaity to respond ta stress and
stramn 13 provided by collagen and elastic fibres together with the
gel of the cement substance

Normial Bone Metabolism

The fundamental principle of bone metabohsm 15 imphiest w the
observation that the aduit shefeton 15 not the mert museum spect
men of the anatomist but a liviag tissue which 1s constantly under
gowg structural and metabolic change That 1s to say 1 some
places bone 1s besng formed and at the same time 10 other places 1t
1s undergomng resorption  Both processes go on side by side and
no matter whether the overall picture 1s one of formation or one of
resorption both always occur together and the state of the sleleton
at a given time 15 the outcome of the balance between deposition
and resorption  Thas state of affawrs gnes the skeleton a plastic
quality which enables the indwvidual bones to be moulded by the
gveryday stresses to which they are subjected The whole sheleton
should be looked upon as a mass of protemn mpregnated with 2
crystallord substance This mass 1s ;m a constant state of dynamic
equiibrum  wath matnx formation and calerum salt deposttion
adding to 1t and matnx resorption together with calerum salt re
moval subtracting from it

The structure of bone 1s such that 1ts surface area 1s enormous
From a functional pomnt of view there are three surfaces m the
skeleton
(1) A surface at which no gross change occurs (90 per cent of

pone surface 1 a normal adult skeleton)
(u) A surface upon which new bone 13 being deposited
(n) A surface from which bone 1s being resorbed
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Thus bone mass is surrounded by body finds which contam cal-
cium and phosphorus

BONE FORMATION At the site of bone formation 15 found
a layer of osteord matrix covered by a thin layer of cells each of
which has a single nucleus These cells are called osteoblasts and
are thought to possess two functions

(1) To lay down the matrnix m apposttion to the already calci-

fied bone
and

(u) To elaborate the enzyme alkalire phosphatase
Normal osteoblastic activity requires adequate concentrations of
ascorbic acid The bone salts 1n the form of hydroxyapatites are
deposited in the osteoid tissue and may be seen as fine specks on
the inner edges of the osteoid seams In addmion osteoblastic
actiity 1s dependent to a high degree upen the wear and tear of
normal body actiity The concept of the stmulating effect upon
osteoblastic activity exerted by the normal mechanical stress and
stran of everyday Iife 15 to the und ding of the
metabolism of bone m health and disease It was pointed out earher
1n this chapter that the human skeleton 1s not a static body fixture
but 1s constantly changing One of the mmportant factors which
promotes this ceaseless metabolic and structural moulding of bone
15 the contmued effect of stress and stram When an mvald 1s
confined to bed for long peniods the absence of the usual mecham
cal stresses leads to a great decline m osteoblastic actvity

Durmng the formation of bone muneral deposition follows the
elaboration of the organic matrnix by osteoblasts Bone crystals are
then formed within the cement substance therr alignment bemg
directed by the onentation of the collagen fibtes (Fig 56) The
cement substance of bone 1s capable of binding calcjum and it
has been suggested that 1t owes this property to the presence of
chondroitin sulphate These observations inds.ate that the cement
substance and the collagen of bone play an ymportant part m the
events associated with the deposition of bone

A number of other cations (e g sodium and magnesium) and
amons (e g carbonate and citrate) are concentrated 1 bone but
their respectrve roles in bone formation have not been elucidated
Some of these sons may be adsorbed onto the surface of bone
rather than wcorporated mto 1ts crystalline structure

BONE RESORPTION At the surface where bone resorption
takes place are found large multinucleated giant cells called osteo-
clasts Concerning the mechanism of bone resorption two theores
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have been elaborated and as yet conclusive evidence has not been
available to establish which of these 15 correct

1) The removal of bone s governed by physico-chemical laws
which control the equiltbrium between the bone and the flud which
surrounds 1t The osteoclasts are foreign body grant cells respon
sible for cleanng debnig

2) Osteoclasts by their own vital activity bring about the dissolu
tion of bone

FACTORS AFFECTING CALCIUM AND FHOSPHORUS
METABOLISM

1 ALAALINL PHOSPHATASE Swnce the body fluids bathe
both the active surfaces of bone some explanation must be given
for the duposition on one surface occurnng pan passu with resorp-
tion from the other One factor appears to be a local wncrease 1t
the concentration of phosphate 10ns at surfaces where deposition 1s
occurnng This 1n turn results from the actvity of alkaline phos
phatase secreted by osteoblasts This enzyme has the property of
splitung mnorganic phosphate away from orgame phosphate com
pounds The level of serum alkaline phosphatase may be tahen as
an mdex of osteoblastic activity 1n the absence of such condiions
as hver faillure or obstructive jaundice

2 PHOSPHORYLASE Gutman and Gutman have demon
strated the presence of the enzyme phosphorylase m growing car
tilage and m bone but not m arucular cartilage These workers
have suggested that this enzyme may be mmportant as a source of
phosphorus i the formation of bone The polysacchande glyco
gen 15 found 1 cartilage before this tissue 15 subjected to calafica
tion and this store of glycogen 1s depleted duning the process of
ossification It 1s known moreover that the synthesis of glycogen
involves the followmng steps —

phosphoglucomutase
Glucose—6-phosph +——— Glucose~1-phosp
phosphorylase
Glucose—1-phosphate+ maltosidic end group —=—— glycogen
<+ iorgame phosphate

It scems highly probable that phosphorylase can promote the
uptake of phosphate by glycogen with the formatron of glucose 1
phosphate and finally of glucose 6 phosphate 1¢ the reverse of
the above reactions The phosphate of glucose 6 phosphate would
then become available for bone formation  This theory overcomes
ous objection to the 1dea that alkaline phosphatase 1s the

hat

one Serl
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prncipal factor m providing phosphate for calcification, namely
that there 1s very hittle organic phosphorus mn plasma (and hence
m aaterstitial fluid) upon which phosphatase could act On the
other hand phosphoric esters formed dunng the breakdown of
glycogen (under the mfluence of phosphorylase) could provide
sufficient phosphorus for the process of caleification

3 PARATHYROID HORMONE Parathyroid hormone when
admmustered to ammals without parathyroid tissue produces the
following metabolic changes 1n the followmng order
1) An increase n the excretion of phosphorus in the urme
2) A fall m the serum norgamc phosphorus level
3) Anincrease i the serum calcium
4) An increase m the excretton of caleium m the urine
There are two theones which attempt to explamn these changes
One school belteves that the hormone acts directly ttpon bone to
effect 1ts dissolution and that changes m calcrum and phosphorus
follow the changes 1n bone This dissolution 1s carnied out by the
osteoclasts which are stimulated by the hormone

Members of the other school believe that parathyrord hormone
m some way alters the phosphate dissolved in body flmds 1 such
a way as to make it more readily excreted by the kedney or that
the hormone reduces tubular reabsorption of phosphate as the
result of a direct effect upon the renal tubule The consequent loss
of phosphate 1n the unine so alters the calcrum phosphorus equilt
brium of the blood as to stunulate the Tesorption of calcirm and
phosphorus from the bone resorbmg surfaces

Some workers have tried to reconcile these views by suggesting
that parathyroid hormone has two actions—to stimulate the excre
tion of phosphorus and to facilitate the resorption of bone both
as prumary acttons Yet another school has postulated the existence
of two hormones one stimulating phosphorus excretion and one
acting upon bene 1n such a way as to promote resorption

In addition to these important changes parathyrord hormone
raises the glomerular filtration rate but the significance of this
observation remains obscure

4 CALCIFEROL (Vitamm D) Calciferol has two important
acteons
(1) It sumulates the absorption of calewm from the small
mtestine and therefore raises the serum calcium

{u) It increases the rate of excretion of phosphorus m the
unme
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These two actions ate quite mdependent of one another thetr
relative smportance and thesr sequelae depend upon the state of
the parathyrord glands In the presence of normal parathyroud tis
sue the first effect overshadows the sccond The mse 1n serum
calcium depresses parathyroid actvity 1nd hence the excretion of
phosphorus falls The result 1s a nse in the serum fevels of both
calelum and phosphoras wiich leads to a dechne 1 bone resotp-
tion and a return of serum calowm and phospharus to normal
On the other hand 1n indiwiduals who lack paratt d tissuc the
second action of calciferol b more app

5 DINYDROTACHYSTEROL (AT,) When ATy, 15
given 1o n imdividual without parathyroid ussue, a marked m
crease 1 the exeretion of phosphorus occurs and is followed by
a fall mn serum phospharus  The absorption of phosphorus from
the bowel is shghtly increased while caleium absorption 1s mod
crately increased  The result 1s a marked fall 1n serum phosphorus
and a slight rzse 1 serum calcium  These changes Jead to a fall
the solubtlity product and an increase mn the resorption of imorgane
salts from bone In the presence of normal parathyrord tissue the
nse 10 serum calequm depresses parathyrod actaty which e
sults m a decrease m the rate of excretion af phosphorus and
therefore a mse sn serum phosphorus level  This mn turn causes a
decrease 10 bone resorpuon and tends to lower the serum calcrum
and phosphorus levels

It can be seen that parathyrord hormone stimulates the excretion
of phosphorus and may perhaps encourage the resorption of bone
by some direct effect not yet understood 1t also causes a shght
ncrease 1 the absorption of calerem from the bowel Caleiferol
mcreases the absorption of caletum from the bowel and stmulates
1he excretson of phosphorus but the effect on caleium absorption
s more marked than that on phosphorus excretion Dihydro
tachysterol on the other hand stunulates phosphorus excretion
and has only a moderate effect upon the absorption of calewm
from the bowel The nise m serum caleum due to calafero] results
from increased absorption from the bowel the nse m serum cal
crum due to Qydrotachysterol 1s pnncipally the result of resorp
tion of bone In short dihydrotachysterol s wntermediate m 1ts
action between parathyroid hormone and calcerol but it more
nearly resembles the former  However 1t should be pomted out
that recent studies suggest that the chref difference between diky
drotachysterol and calciferol 1s quantitative rather than qualitative
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TABLE 1

The relative effects of calciferol diliydrotachysterol and parathyroid hormone
upon the intestinal absorption of calcium and the urinary excretion of phos
phorus

Calewm Phosphorus
obsorption excretion
Calciferot ++++ ++
Dihydrotachysterol ++ +4++
Parathyroid hormone + .

PARATHYROID GLANDS
Embryology

The four glands are derived from the dorsal wings of the third
and fourth pharyngeal pouches They are set free from the parental
pouches during the seventh week of intrauterme Iife and begin to
mgrate m a caudal direction The pawr from the third pouch
descend further because they become attached to the developing
thymus which brings them into a more caudal position than that
of their fellows

Histology

The parathyrowd gland 1s composed of densely packed groups
of cells which are sometimes arranged 1 cords Between the cells
a rich network of sinusordal capillanies ¢xists Two mam types of
epithelaal cells are to be seen—the principal and the oxyphil cells
The principal or chiet cells are charactensed by a large vesscular
nucleus and pale cytoplasm The oxyphl cells may be arranged in
groups and therr cytoplasm contams grapules which stam ntensely
with acid dyes

Function

The only known function of the parathyroid glands 1s to pro-
duce a hormone which plays a vital role 1o the metabolsm of
calcium and of phosphorus There 1s no direct evidence for the
existence of two hormones and beyond the fact that Pparathyrord
hormone 15 a protem little 1s known of its chemstry
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Control

Parathyroid actisity 15 controlled by the feve! of sonized calcum
s the serum At feast this 15 the only Togreal conclusion which can
be drawn from present day expenmental evidence Changes m the
level of serum morgame phosphate affect the solubity product of
calenm and phosphorus and in this way influence the serum Jevel
of calcium  but 1t should be clearly understood that the influence
of phosphorus on parathyroid activity 1s indirect  In short the
parathyroid glands respond duectly to the tissue requirements
of calcium and indirectly 1o those of phosphorus A fall ) serum
calaum sumulates the secretion of parathvroid hormone while a
nsc m serum calcium exerts the opposite effect

FACTORS WRICH INFLUENCE SERUM CALCIUM AND
PHOSPHIORUS LEVELS

A number of factors are known to influence the Ievels of serum
calcium and phosphorus but the important fact 15 that whenever
scrum calcium changes the activity of the parathyroid clands
changes 1nd this will in turn affect the rate at which phosphorus 15
fost in the unne and the rate of bone resorption Thus a fall
serum calcium leads to increased parathyraid activity and so to an
mereased unnary excretion of phosphorus Inereased phosphorus
excretion leads to 1 fall in serum phosphorus a fall 1n solubility
product and this 1 tumn causes an mncrease 10 bone resorption
which ratses the leel of serum calcium A rise i serum calom
causes the opposite of these effects which eventuallv conspire to
fower the serum caletum

CALCIUM The serum calctum level vanes proportionately
with the concentration of plasma protemn and the hydrogen 10n
concentration of the plasma inversely with the concentration of
serum norganic phosphorus  In addibon  the Jevel of serum
calaum 15 the outcome of the metabolism of calewm which
mcludes

(1) The rate of absorption of ealcrum from the bowel
(n) The rate of resorption of calcium from bone
() The rate of deposition of calcium in bone
(1) The rate of excretion of calcium m the unne

Absorption The absorption of caloim may be deficient when
the diet 1s Jow 1n calcium when the intake of vitamin D 1s made
when disease of the bowel interferes with absorption If

te ot
et below the body requurements the

the absarption of calcum be
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serum level of calcum may fall Excessive absorption of calcium
may result from a high mtake overdosage of witamin D and
rately with diets low 1n fat The increased absorption of calcum
15 corrected by mcreased unnary excretion and the serum level
remams normal However serum calcium levels may be raised
as the result of an excessive mtake of vitamm D

Resorption When the resorption of bone 1s madequate the
serum calcium falls  This state of affawrs occurs i hypoparathy
rordism  Excessive resorption of bone may exceed the capacity of
the kidneys to excrete calcium and a mise 1n serum calcrum results
ths occurs 1n hy perparathymldxsm

Dep of calcium in bone usually
leaves the serum calcrum level unaffected However the serum
calcum may mse when excessive bone formation i1s suddenly
arrested This sitwation may occur when growing children are
immobilized and their bones no longer subjected to stress and
stram By contrast excessive deposition of calerum causes a fall
m serum calcium levels—this 1s seen when hyperparathyroidism 1s
arrested by operation

Excretion 'The excretion of calcium 1s usually such as to favour
the mamtenance of normal serum calcium levels However m
chromc renal disease the excretion of caloum may fall and n
certan selective defects of repal tubular function the excretion
Tises

PHOSPHORUS Among the mlfluences which may conspire
to alter the level of serum phosphorus are the following

(1) The rate of absorption of phosphorus from the 1ntestine
(1) The rate of removal of phosphorus from the storage depots
() The rate of deposition of phosphorus 1 the storage depots
(1v) The rate of e!crenon of phosphorus n the urine
The presence of p horus m gl mtracell flud and
bone means that serum levels are more eastly mamntained than
those of calcium

Absorption  Insufficient absorption of phosphorus tends to
produce low serum levels This occurs m diets low m phosphorus
or high 1n calctum or when the dxet 1 1ich 1 certain metals such
as and absorption of phos
phorus does not wsually affect the serum phosphorus because
compensatory changes occur Diets low mn calcium or high 1n fat
content may lead to such increased absorption

Resorption Resorption of phosphorus from bone 1s defecu e
m hypoparathyrordism but thus 1s offset by a fall 1 unnary
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excretion so that scrum phosphorus levels do not fall but 1 fact
nse Phosphorus resorption from bone may be excessne in certain
destructive diseases of bone, and these conditions may be assoet
ated with 4 rmsed serum phosphorus

Deposition  The deposition of phosphorus in bone may be
deficient when excessve bone formation 1s suddenly arrested or
it may be excessive when hyperparathyrosdism 1s arrested by
operation Under these conditions the behaviour of serum phos
phorus fevels 15 varable but they frequently reman normal

Excrenion Inadequate excrction of phosphorus i the urine
may occur n pyelonephritis and under conditions of excessive
resorption of bone the serum phosphorus mses Excessne
urinary excretion may result it fow serum levels 1 diseases of the
hdney which nterfere with tubular reabsorption of phosphorus,
1 Jow renal threshold and n hvperparathyrowdism

One of the effects which results from the administration of
growth hormone 15 a raised serum level of morgame phosphorus
The hormone causes retention of phosphorus without affecting
calciom balance This 1s reflected 1n high serum phosphorus Ievels
in growing children and patients with acromegaly

DISEASES OF THE EARATHYROID GLANDS

There are two major clinical syndromes which result from para-
thyrord disease—hypoparathyroidism and hyperparathyroidism
These two diseases ihushiaie the phystology of the parathyrod
glands so aptly that they are mentioned here

HYPOPARATHYROIDISM  The parathyroid glands are
sometimes madvertently removed during operations on the thyroid
gland In the absence of active parathyroid tissue the excretion
of phosphorus 1n the unne falls and s level i the serum rises
Thus produces a rise 1n the solubility product (Ca x P) and leads
to a decline 1 the rate of bore resorption In turn this leads to a
fall 1n serum calcium and so to a fall i unnary calcium The 1o
crease in solubiity product in the blood may produce the depost~
tion of caloum phosphate 1 such tissues as the lens and to an
nerease 1 the density of bone The fall 1n serum calcium results
m d 1 t and tetany In addition to
a fall n phosphorus excretion lack of parathyrord hormone 15
associated with a decline m the rate of bone resorption due to
fmlure of direct action vpon the sheleton This second or direct
action of the hormone upon bone 15 thought to be the result of

stumulation of osteoclasts
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TETANY The word fetany 1s denived from the Latin tetanus
meaning to stretch and 18 applied to attacks of muscular spasm
affecting chuefly the hands and feet Inits mildest form this amounts
to no more than a feeling of stuffness i the hands while at ts
severest the larynx 1s affected and epileptiform convulsions occur
Normal neuromuscular co ordination depends among other things
upon a correct balance of certam sons 1 the blood A fall in serum
calcium or an increase mn the alkalme salts of the blood upset the
balance and 1 bl It has been
suggested that alkalosts may produce tetany by causing a fall
the amount of ronized calcium while the total serum calerum re
mams normal The following hst mcludes the important causes of
tetany —

1) Low Serum Calcium
(1) Hypoparathyroidism
(1) Deficient intake of calcium
() Deficient vitarmn D 1n the diet
{1v) Diseases of the bowel which mterfere with the absorption
of calcium
Increased demand for calctum in pregnancy and lac-
tation
2) Alkalosis
(1) Hyperpnoea—resulting from hysterical over breathing
(1) Excesstve mgestion of alkah
(i) High mtestinal obstruction

HYPERPARATHYROQIDISM This condition results usually
from a tumour of one or more parathyroud glands The glands pro
duce an excess of parathyroid hormone which increases the urinary
excretion of phosphorus and lowers the serum phosphate level
This leads to a fall n the solubility product (Ca x P) and so to
an increase m the resorption of bone unless 1t be that the ntake
of caleium and vitamn D 1s of such an order that the solubility
product can be put night without interference with bone structure
‘When bone resorption s stmutated a charactenstuc clinical and
radwological picture results As more calctum conunues to reach
the blood more 1s excreted 1 the unme The serum calcum nises
above normal levels and the glomerular filtrate becomes saturated
with calelum salts which may precipitate out m the form of
stones  As a result cases of hyperparathyrordism may show bone
disease renal disease or both some cases show onlv biochemtcal
changes without bone or renal disease

(v
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ADDENDUM

Recent experimental work has thrown considerable doubt upon the theory
that calcification 1mvolves the precipitation of some phosphate of calcrum
whea the concentration of these 1ons exceeds their solubnlity 1 exteacelfvlar
fluid It now seems more hkely that calcification 1s the result of step wise
cr rather than and that a specific surface acts as a
template or seed upon which crystalization takes place Such a surface
would constst of specitic groups in the collagen fibre molecules which wguld
bind either calcium or ph n a spatial
to the bone salt crystal lattice

Other experiments have done much to support the theory of a durect action
of parathyroid hormone upon bone Resorption of bone involves the con
version of its three major constituents imto substances which are soluble
and can be transferred to the flurds of the body

1 The ground substance of bone contains polysacchandes which could
be made soluble by a change m the size of therr polymer molecules The
enzyme hyalurontdase and the hormone of the parathyroid glands have
been suggested as agents capable of effecting such a change

2 The collagen of bone 15 a proten which can be made soluble at the
temperature and pH of body fluids by the action of certam proteolytic

NZYMEs

© 3yn‘1l'hc removal of the mineral component of bone has always been difficult
to explain because 1t has been assumed that this process could only occur
m & highly acd mediom The present wse of chelating ;! ;
(chele meaning claw) s the decalaificatron of bone for listol oglci’i
preparations suggests a way out of this dilemma Chelating agents are capable
of ring formation by co ordination with an unshared pair of electrons T&
ning so_formed 1s poorly dissociated and the unshared electrons may
those of a metallic ion—in this case calaum Chelation c2n oceur 1t neutral
or alkaline solutions Proof ts stull lacking for the occurrence of these T}en‘:ha':i
jeirs of bane resarption withm the body but it seems Iikely that parathyrou
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hormone exerts a direct effect upon bone and brings about destruction of
all three of its major components the above observations are suggested
as possible mechanisms to explain ths destruction

Hand in hand with such ideas concermng bone resorption a double
mechanism for the control of serum calcrum has been formulated Farstly
a simple equiibrium exists between the labile fraction of bone muneral
(amounting lo about 5 7 cf !he total muneral) and the serum calcium  this
Such a mechamsm will
sustam plasmz alonam Tovels or 7 mgm per 100 ml The second mechanism
1s necessary 1f serum calcium 15 to remam at the normal level of 10 m;

per 100 ml and this involves a feedback mechamsm regulated by the
pzrathyrmd glands a fall in serum calcium exerts a direct stimulating 1n
fluence upon these glands This stimulation results in release of parathyroid
hormone which causes resorption of both the muneral and orgamc com-
ponents of bone 1n this way restoring the serum calcium to its normal level




CHAPTER X11

ENDOCRINE FACTORS IN GROWTH,
MATURATION AND DECLINE

Althaugh the newbormn nfant has reached a stage in its desefop-
ment which 15 adequate for independent existence those processes
of growth and differcntiation imtated 1n foetal hife must continue
1f maturity 1s to be attanud Among the factors which conteol this
post natal development the actiity of the endocrine glands &5
wnportant These glands are ble for sexnal and
play a vital part 1n somatic growth even before birth there 1s some
evidence to show that the endocrme glands are actne  On the
other hand after matunty has been reached there eventually
comes a ume when reproductsve hfe draws to a close and the
endocnine glands are called upon to establish a new bafance 1
which sexual activity plays no part

Eudocrine Activity Before Birth

Good evidence 1s now at hand to show that the foetal testis
1s not concerned only with 1ts own morphogenesis but that 1t
fluences the development of the gemtal ducts and the external
gemtalia It would appear that the nfluence of the testis over the
developing genital ducts 1s mediated through a sccreton  How
ever this influence 1s chiefly if not enurely directed towards the
homolateral duct and falure of development (or removal} of one
testis allows the duct on the same side 1o develop m a female
d it st has been d that the foetal ovary
produces no secretion 1o nfl genttat duct develop which
follows a female pattern unless otherwise directed by testicufar
activity Beyond these fundamental observations nothung is known
of the nature of the testicular secretion concerned and aithough the
Levdig cells at buth appear to show histological signs of activity
nothing further can be smd concerning the behavsour of the foetal
gonads

It 15 hnown that the thyroid adenohypophysis and the pancre
atic 1slets of the foetus are active at varous stages of intrauterme
nife and 1t may be that other endocnine structures play an import
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ant part 1n foetal development However while these activittes are
at present engaging the mierests of a number of workers 1t 15 not
possible to give a systematic description of endocrine physiology
1n the foetus

The Influence of the Endocrine Glands Upon Somaue
Growih and Development

Cellular growth 1s greatly mfluenced by endocrine activity but
some growth occurs independently of hormones The anabolism
of protein 1s the fundamental factor concerned 1n growth and this
15 reflected chemucally by the retention of nitrogen within the body
and clcally by increase 1n skeletal length It must be borne in
mmnd however that mncrease 1n height 1s only one aspect of growth
and the fact that this increase 1s self evident and readily subjected
to measurement should not cause growth m other dimensions to
be overlooked

The endocrine control of growth may be looked upon as the
outcome of a balance between those hormones which promote
growth on the one hand and those which oppose 1t upon the other
The hormones which encourage growth are those which stimulate
protein synthesis those opposing growth are the hormones which
are protemn catabolic or antt anabolic The distinction between
protein catabolism and protem anti anabolism 1s worthy of note
It 1s probable that glucocortioids for example do not so much
destroy ewsting protem as favour the diversion of amino acds
away from protein synthesis towards the synthesis of carbo-
hydrate

The balance between protemn anat and protein b
Iike the balance between the respective hormornes which direct
these activities 1s not constant throughout Iife  Childhood 1s a
period of powerful protem anabolic activity during which the hor
mones controlling thts function gam ascendance over those which
oppose them During adult hfe the two activittes of proten syn
thests and protemn destruction reach a state of equilibrium and m
old age the bones and other tissues reluctantly release some of
their protemn because the balance finally turns m favour of protem
destruction The equilibriem of aduit Iife must not be looked upon
as nd that protem i} 15 ot a standshll on the
contrary a considerable turnover of nitrogen by the body mdicates
that this 1s not the case This simply means that 1n the absence of
disease anabolism and catabolism become virtually equal

The hormones which favour protemn synthesis (and therefore
growth) mclude —

R
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1 Thyrod hormone
2 Growth hormone
3 Androgens
4 Insubn

Ihe only hormones hnown to exert a destructive mfluence upon
body protem are the glucocorticoids

THYROID HORMONI  Thyrod hormone begims to exert 1is
mfluenee upon growth before birth It 1s essential to the metamor
phasis of fower sertebrates and to the attanment of the adult s1ze
and bodily propottions of man The hormone 1s 4lso essenttal
for the full action of growth hormone the two being synesgistic
n their effect upon growth

Thyrotd hormone also 1ssists 1 the ossificanon of cartilacg and
the growth of the sheleton the cruption of the teeth the develop-
ment of the bram and 1n brnging about the mature facial bone
proportions of the adult That the hormone exerts these effects 15
shown by abnormalitics scen n children born without normal
thyrord tissue Under these circumstances bone and dental devel
opment are inadequate and abnormal children affected an this
way are mentafly retarded and their facial proportions continue
to show the flat roundness of the newbomn face

GROWTH HORMONL Jt scems hhely that growth hormone
makes s first appearance later than thyrord horrmone 1t does not
appear to play an important part in the growth which takes place
dunng the first fuw years of hife Growth hormone 1s the most
powerful protemn anabolic hormone and although much remains
to be learnt about the exact way 1 which 1t promotes growth
expenmental evidence suggests that it acts directly upon the s
sues stmulating protemn synthesis from the amuno aad pool of
the body

ANDROGENS The growth spurt and muscular development
seen dunng adolescence in both sexes are partly due to the achon
of adrenocortical androgens  These hormones stimulate protem
synthesis from the time of thewr first appesrance at puberty  In
the male testicular androgens emphasise ng elaborate the an:
bolic action of adrenocortical hormones  The quantitative and
quahtative differences between the andro ens of boys and those of
s partly explun the better muscular development and heavier
phvsique of the lormer

INSULIN Tnsulin 15 synermstic with the protem anabolic
effects of growth hormone In addition msulin 1s known to exert 1
direct protemn anabolic effect in 1ts own right It ha been shown
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for example that 1nsulin 15 capable of mamtainng the growth of
hypophysectomised amtmals It 1s probable however that the
action of insuhn upon protemn metabolism 15 quantitatively less
mmportant than that of other protemn anabolic hormones

GLUCOCORTICOIDS The glucocorticods {chrefly cortisol
or hydrocortisone) are the principal humoral opponents of protein
anabolism and mhibit the incorporation of amino acids nto tissue
proteins espectafly 1n connective and lymphoid tissue  In fact
these hormones favour the diversion of ammo acids towards the
synthesis of carbohydrate Large doses of glucocorticoids admims
tered to growing children have been shown to impede their rate
of growth

Fusion of epiphyses Cessation of hinear growth s finally deter
mmed by fuston of the epiphyses of long bones Between the
epiphysis and the diaphysis of a growing Jong bone there exists
a plate of cartilage this 1s a temporary structure which epables
longitudinal growth of the bome to take place This plate grows
by multiphication of 1ts cells and 1s contmually replaced from both
1ts epiphysial and diaphysial aspects by bone As a result of
these two processes (cell multipltcation and replacement by bone)
proceeding at the same rate the plate of cartilage maintamns a
farrly constant thickness while the shaft of the bone mcreases mn
length Ultimately proliferation of the cartilage cells ceases and
the entire plate becomes replaced by bone In this way the epiphy-
sis unttes with the diaphysis and the longitudnal growth of the
bone comes to a close this process 1s referred to as the umon or
fuston of the eprphysss

The mechantsm of this fusion 15 complex but 1t seems likely
that the sex hormones play a major role Oestrogens and andro
gens are both capable of closing epiphyses especially the former
It has been suggested that these hormones brng about closure
of the epiphyses by affecting the secretion of growth hormone It
15 more generally believed however that oestrogens tn wotnen
and androgens 1n men are largely effective an this respect as the
result of direct action upon bone

Apart from the lumtations imposed upon lLnear growth by
closure of the epiphyses the final size attamed by an mdividual
will afso depend upon the wherent capacity of the tissues to re
spond to protemn anabolic hormones (especially growth hormone)
Among the factors which govern tins capacity to respond to these
hormones  geneuc 1nflrences are mmportant Eventually the
secretion of growth hormone 15 ihibited but how this inhibition
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1 Thyroid hormone
2 Growth hormone
3 Androgens
4 Insulin
The only hormones known to exert a destructrve influence upon
body protein re the glucocorticords
THYROID HORMONE Thyroid hormone begins to exert 15
mfluence upon growth before birth It 1s essentral to the metamor
phosts of lower vertebrates 1nd to the attainment of the adult size
and bodily proportions of man The hormone 15 also essentral
for the full action of growth hormone the two bemng synergistic
11 therr effect upon growth
Thyroid hormone also assists in the ossification of cartilage and
the growth of the sheleton the eruption of the teeth the develop-
ment of the bramn and 1n bringing about the mature facial bone
proportions of the adult That the hormone exerts these effects 18
shown by abnormahtics seen 1 children born without normal
thyrord tissue Under these circumstances bone and dental devel
opment are nadequate and abnormal children affected n this
way e mentally retarded and their facial proportions continue
to show the flat roundness of the newborn face

GROWTH HORMONE 1t seems lkely that growth hormone
makes its first appearance later than thyroid hormone 1t does not
appear to play an important part m the growth which takes place
during the first few years of life Growth hormone 1s the most
powerful protem anabolic hormone and although much remaimns
to be learnt about the exact way n which 1t promotes growth
experimental evidence suggests that it acts derectly upon the tis
sucs stmulating protem synthests from the ammo actd pool of

the body

ANDROGENS The growth spurt and muscular development
seen during adolescence mn both sexes are partly due to the action
of adrenocortical androgens These hormones stimulate protein
synthests from the trme of therr first appearance at puberty In
the male i drog ph and efaborate the ana
bolic action of adrenocortical hormones  The quantitatne and
qualitative differences between the androgens of boys and those of
gils partly explam the better muscular development and heavier
physique of the former

INSULIN Insulin 1s synermistic with the protem anaboltc
effects of growth hormone In additton insulin 15 known to exert a
direct protein anabolic effect m 1ts own night It has been shown
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for example that msulin 15 capable of mamtanmg the growth of
hypophysectomised ammals It 1s probable however that the
action of insulin upon protemn metabolism 1s quantitatively less
important than that of other protem anabolic hormones

GLUCOCORTICOIDS The glucocorticords (chiefly cortisol
or hydrocortisone) are the prmeipal humoral opponents of protem
anabolism and mhibit the mcorporation of amno acids mto tissue
protemns especially ve and lymphord tissue  In fact
these hormones favour the diversion of amno acds towards the
synthesis of carbohydrate Large doses of glucocorticords admints
tered to growing children have been shown to impede their rate
of growth

Fuston of epiphyses Cessation of hinear growth 1s finally deter
mmned by fuston of the eptphyses of long, bones Between the
epiphysis and the diaphysis of a growmng long bone there exists
a plate of cartilage this 15 a temporary structure which enables
longitudinal growth of the bone to take place This plate grows
by multtplication of 1ts cells and 1s continually replaced from both
its epsphysial and diaphysial aspects by bone As a result of
these two p (cell multip and repl by bone)
proceedmg at the same rate the plate of cartilage maintams a
faurly constant thickness while the shaft of the bone mcreases m
length Ulttmately proliferation of the cartilage cells ceases and
the entire plate becomes replaced by bone In this way the epiphy
sis unttes with the diephysis and the longitudmal growth of the
bone comes to a close ths process 1s referred to as the union or
fusion of the epiphysis

The mechamsm of this fusion 15 complex but 1t seems likely
that the sex hormones play a major role Oestrogens and andro-
gens are both capable of closing epiphyses espectally the former
It has been sug.ested that these hormones brng about closure
of the epiphyses by affecting the secretion of growth hormone It
1s more generally beheved however that oestrogens m women
and androgens in men are largely effective 1n this respect as the
result of direct actron upon bone

Apart from the littations wumposed upon limear growth by
closure of the epiphyses the final size attamed by an individual
will also depend upon the inherent capacity of the tissues to re
spond to protemn anabolic hormones (especially growth hormone)
Among the factors which govern this capacity to respond to these
hormones  genetic influences are mportant Eventually the
secretion of growth hormone 1s mhibited but how thrs inhibition
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ts brought about remans obscure It has been suggested that
the sex hormones are capable of inhibiting the secretion of growth
hormone but whatever may be the mechanism during adolescence
the adenohypophysis directs ts activity away from the secretion
of growth hormone in favour of the production of gonadotrophins

The Influcnce of the Tndoerine Glands Upon
Sexual Development

PUBERTY The first event in the onsct of puberty which has
been observed 1s the secretion of gonadotrophic hormones by the
adenohypophysis These hormones appear 1n the unine quite sud
denly as though in response to a triener mechamsm rather than
gradually appcaning 1n increasing concentrations  One can only

pecul on the preuy h of this release
It has been sugeested that the hypothalamus 1s respon
sible for stimulatmy, the pituttary to produce gonadotrophins
especually luteinzing hormone  Hereditary and genetic factors
appear to play some part as revealed by family and racial studies
of the onset of puberty Agamn 1t may be that the body or the
endocrine glands themselves must attun a certan degree of
matunty before the pituitary secretes gonadotrophins  Certainly
the onset of puberty seems to bear some relationship to the stace
of development of the bones Finally 1t 1s possible that 1 certun
matunty of the central nervous system may be required before
the onsct of puberty can take place Factors which in turn would
fluence the matunty of the uissues include thyroid hormone,
androgenic hormones growth hormone and genetic factors How
ever 1t must be said that at present the fundamental mechamsm
which sets 1n motion the changes of puberty 1s unknown

Soon after the appearance of gonadotrophins in urme an 1t
crease 1n the excretory products of androgenic hormones s
observed in the urine of both sexes Agun the mechanism which
precipitates this androgemic activity 1s unknown Gradually how-
ever, the accessory sexual organs and the secondary sexual char
actenstics develop 1n response to the sterord hormones secreted by
the adrenal cortex and gonads ‘The relative importance of the
adrenal cortex and the gonads i brngng about these changes
probably differs m the two sexes  In the male the development
of the sexual organs results from the action of androgens and n
this respect the role of cortical androgens 1s somewhat over
shadowed by the activity of testicular hormones In the female
pestrogens secreted by the ovary are supplemented by androgens
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from the cortex and together these two groups of hormones induce
the development of mature sexual organs and secondary sexual
charactenstics
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Fig 57 Stages of sexual development in the male (Lowson Wilkins)

SEXUAL DEVELOPMENT IN THE MALE (Table I and
Fig 57) The first demonstrable change in boys at puberty 1s an
increase 1n the size of the testis This 1s due to the direct action of

dotrop L 1 the
cells which respond by The
maturation of the sermmiferous tubules 1s due to the secretron
of follicle simulating hormone It 1s the development of the
tubules which causes increase 1n the size of the testis since they
constitute the bulk of the organ In boys an increase m urinary
17 ketosteroids occurs at the age of 8 or 9 years The androgens

secreted by the adrenal cortex and testis bring about the following
changes —

(1) Increased vasculanty of the penis and scrotum

{n) Thickemng wnnkling and pigmentation of the skin of the
scrotum.
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() Increase m the size of the pems

(tv) Increase in the size of the prostate gland

(v) Appearance of pubic and axdiary hair

(v1) Development of the larynx and deepening of the vorce
{vu) Sebaccous gland activity and acne

TABLE 1

Average Approximate Age anl Sequence of Appearance of Sexual Characteristics
in Both Scxes (Lawson 1 ilhins)

Age
Jears
210
10:11

m

1213

1314

1415

1516

1617
21

Boys

First growth of testes and penis

Frostatic activity

Pubtc hair

Rapid growth of testes and penis
Subareolar node of nipples

Axillary harr Down on
upper Iip
Voice change

Mature spermatozoa (Aver
15 yrs range 11317 y1s )

Facial and body harr Acne
Arrest of skeletal growth

Girls

Growth of bony pelvis
Budding of nipples

Budding of breasts
Pybic bar

Changes 1n vaginal epithelam
and the smear

Growth of external and mnternal
genutalia

Pigmentation of mipples
Mammae filling

Axillary hare
yrs Range 917
yrs) Menstryatron may be
anovulatory for first few years

Earliest normal pregnanctes

Acne Decpenig of voice

Arrest of skeletal growth

SEXUAL DEVELOPMENT IN THE FEMALE (Table I}
The ovary begins to secrete oestrogens under the influence of pitut
tary gonadotrophins  These produce the first evidence of puberty
1 the fermale namely ncrease n the size of the nepple and areola
together with pigmentation of these structures Oestrogens also

cause —

(1) Development of the stroma and ducts of the breast

(n) Development of the labia minora and vulva

(m) Increase 1n volume of the vagmna uterus and tubes

) The appearance of stratified squamous epitheltum m the

vagina which becomes thrown sto rugae
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Adrenocortical androgens assist 1n the evolution of the signs of
puberty in the following ways

(1) Development of pubic and awullary hair

{n) The development of the clitoris and labia majora

() Stimulation of sebaceous activity and the appearance of

acne

Cyche changes m the secretion of oestrogens bring about oestro
gen withdrawal bleeding approumately every four weeks Later
ovulation occurs and 1s followed by the formation of a corpus
luteum together with the secretion of progesterone This hormone
brings abowt the accurrence of fertile menstrual cycles and further
development of the breast Generally the secretron of oestrogens
and adrenocortical androzens proceed stde by side so that the
events of puberty succeed one another i an orderly paitern  In
some normal girls however one group of hormones may be
secreted earlier than the other and a considerable period of ume
may thus separate the app of and and!
effects The sequence of events which go to make up normal
puberty are shown n Table I However it should be clearly
understood that great vartation 1s secen 1 the tune relationships
between the various features of puberty m normal indviduals no
hard and fast rules can be lad down and the events of puberty
do not keep to a strict timetable The onset of puberty :n normal
children may occur between the ages of 9 and 17 years and the
ndvidual events may follow one another 1 quick succession or
the whole process may be drawn out taking many years to com
plete Among the factors which deterune the onset and rate of
these changes are varmations m the relanve concentrations of the
trophic hormones of the pitmtary and vanations in the fesponse
of target organs

INDICES OF SOMATIC MATURATION Between birth and
the of adult d the mdividual processes of
somatic maturation owcur (. a definute sequence so that 1 normal
indivrduals 1t 15 possible to predict the time of appearance of these
changes Sometimes delay or precocity occurs m one or more
aspects of maturation and 1t 1s possible to measure the extent of
such aberrations by comparing thewr time of observed onset with
that expected in normal ndviduals  In this way a number of
ndhces of maturation can be dertved which offer a useful chnucal
guide to the extent of any delay or acceleration of maturation as a
whole, or of any part of its several aspects As mn the case of
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the sequence of events sn the evolution of puberty howeser, the
rate of somatic maturation s subject to vanation i normal indi
viduals

1) Body Proportions Between birth and matunty not only
doces the height of an individual 1ncrease but the himbs become
longer 1n proportion to the total body length (Tig 58) At the
time of matunty the spin or distance between the finger tips of
the outstretched arms 15 equal to the height, and the measurement
from the vertex to the upper border of the symphysis pubis, with
the subject standing 1s equal to the measurcment from the sym
physis to the floor By comparing the height with span and upper
and lower body segments with expected normals for age sex and
race one can determine the sheletal matunty of an mdvidual

3] birA]
Fig 58 The figures of normal boys aged two and eight years showmg the
change in the ratio of the upper and lower segments measured from the symphysis

pubis At birth the ratio 1s 17 and at ten years 10 (dAfier Lanson Hilkins)

2) X Ray Exanunation of Bones The appearance and unron
of the various eptphy centres of fi nommally follow a
farly defimite pattern from burth to maturity The stage of develop-
ment of this pattern at a gien moment 1s called the bone age
and 15 determimned by the p or absence of 1n the
vanious cartilages which normally ossify at specific ages Certain
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changes 1n the shape of the bones near jomnts occur with some
regulanty and such changes form the basts of a more accurate but
more complex means of studyng the matunty of the skeleton

3) Dental Development As 1n the case of epiphysial matura
tion the teeth develop and erupt m accordance with a definite
schedule It 15 therefore possible to compare the state of dental

of an individual with that expected for hus age this

can be expressed as the dental age

4) Inteligence It 1s possible to assess mtelligence in relation
to age the result being expressed as an mtelligence quotient or as
the mental age of an mdividual

5) Maturation of the Face Durng infancy the face undergoes
certain structural changes which involve especially the bridge of
the nose The nose and jaw become longer, which together with
other changes give the face a more mature appearance Although
these changes cannot be subjected to accurate delay
n of the facial app 18 an mportant
stgn of disease of endocrmne structures

THE CLIMACTERIC

The end of a womans reproductive life 15 usually a gradual
process It commonly extends over a pertod of one to three years
and usually begins between the ages of 45 and 50 The term
chmactenic {meanng rung of a ladder) 1s appropriate for this
penod of transition and is to be preferred to the word menopause
which refers only to the cessation of menstruation However the
word menopause may be used to refer to this one aspect of the
chimactenic  but the two words should mot be looked upon as
synonymous

As 1n the case of puberty a wide vamation 1s seen i the
climacteric of women It may vary from an abrupt symptom free
cessatton of menstruation on the one hand to a protracted perrod
of increasing irregulanty of menstruation on the other In addiion
to the cessation of bleeding ovulation also stops but these two
changes are not necessarily synchronous Most commonly ovula
tion stops before bleeding with the result that the last cycles of a
womans reproductive hfe like the first are anovulatory Rarely
menstruation stops before ovulation

The essential endocrine basis of the chmacteric 1s a decline m
the secretion of oestrogens by the ovary This leads to a disturb
ance 1 the balance of pituitary ovanan relations and so to the
cessation of ovulation What factors are responsible for hmiting the
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functional life of the ovary cannot be stated The relattonship
between the ovary and the adenohypophysis cannat now retum to
that which prevailed before puberty because lach of oestrogen
secretion now stimultes the production of excess FSH The same
train of events follows the destruction or remosval of the adult
:’;’“f}' at any stage dunng the period of established reproductive
ife

Failure of oestrogen secretion Ieds to regression of the acces
sory genttal organs nnd of the secondary sexual charactenstics
The uterus gradually decreases in size and the endometrium urder
goes atsophy The volume of the vapna dimimshes and glycogen
disappears from the thinning mucosa which deprves the organ
of its acid reaction The breasts become flabby and soft while their
parenchymatous tissue atrophies  The shin becomes less smooth
and more wrinkled there 1s a tendency to put on wetght (espect
ally round the hips) and some loss of pubic and axllary haw
occurs

In addition to these manifestations of oestrogen withdrawal
there occur a train of vasomotor and psychic changes which are
extremely vanable 1 their mamifestations and therr ntensity
These changes include hot flushes palpitations irmtabihity and
headache

The most charactenstic hormonal change to be observed at the
chimacteric 15 1n excess of FSH secretion unnary levels may be
raised to between 10 and 150 tumes the normal This mcrease
urinary gonadotrophins results from the Joss of oestrogentc mh:
bition of the adenchypophyss {page 117) Urmary oestrogen Jevels
fall to very low lesels but do not entirely disappeat, probably
because some oestrogen 1s secreted by the adrenal cortex  Preg
nanediol almost entirely disappears from the urme after the
climacteric while 17 Retosteroid excretion 1s usually unchanged

MALE CLIMACTERIC The end of reproductne life m
men 1s even more gradual and more vanable than in women
It cannot be said that normal men pass through a physio
logieal readjustment comparable with the female chmactenc
Some men however, appear to suffer the same symptoms and to
show the same nise m the level of gonadotrophin excretion as those
described m the case of women This state of affairs 15 associated
with a relatively abrupt failure of testicular function which may
justify the use of the term chimactenc  On the other hand the
rmayority of men enter into a peniod of sexual decline which 1s so
gradual that it passes without producing symptoms
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After the chmacteric there gradually appear 1 both sexes the
relentless changes of old age Some of these adjustments concern
the endocrine glands which eventually come to favour protemn
catabolism  a state which s reflected by loss of body protein from
bone and muscle However the changes responsible for the onset
of semility are much more widespread than those observed m the
endocrine glands at this time of life Although these changes are
bemng studied at present 1t 1s not possible to account for the role
of the endocrine glands 1n the processes of dechne which charac
tense old age
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CHAPTER XIII

THE NERVOUS CONTROL Of THE
ENDOCRINE GLANDS

Introduction

The nervous system and the endocrne glands are the two great
controlling organisations of vertebrate physiology and between
these two systems there exists a reciprocal relationship The ner
vous system directly or indirectly controls the adenohypophysis
the neurohypophysis ovanes testes thyrowd adcenal cortex 2nd
medulla  On the other hand the hormones of these glands, of
changes which they produce m the tissues upon which they act
react upon the nervous system to produce a variety of 1
changes It 1s clear morcover that the nervous system 1s largely
responsible for correlaung endocrine activity with that of the other
systems of the body and with the changing requirements of the
orgamsm resuling from environmental changes

In the case of the neurohypophysts and of the adrenal medutla
such nervous control 1s easily understood, since both structures
are nichly supplied with nerves The neurohypophiyss > diectly

d with the hypothal by the hypoth ypophystal
tracts of nerve fibres while the adrenal medulla 1s connected to
the hypothalamus by descending tracts in the bram stem and
spmal cord and by the final nerve supply which passes i the
splanchnic nerves and Jumbar sympathetic chain It 1s otherwise
1n the case of the remamming endocrine glands These structures are
clearly controlled in some way by the nervous system but they
possess no more than poorly developed nerve supphies which are
probably vasomotor m nature and not secretomotor

It 1s difficult then, to explain how the central netvous system
controls the ndenohypophysis the adrenal cortex the thyro:d
sland and the gonads Howener 1t 15 well known that the adeno
hypophvsis 1nfluences the function of the adrenal cortex the
thyroid gland and the gonads by way of its trophic hormones ¥f

bhished that the central nervous system controls the

an be esta
l;:cfvmy of the adenohypophysis, then it will be clear that the




The Nervous Control of the Endocrine Glands 251

remamning glands are mdirectly subjected to nervous control
through their association wath the antertor pitmtary gland

It will be shown that although the adenohypophysis possesses
but a poorly developed nerve supply 1t has a most extraordmary
vascular system which includes a system of portal vessels These
portal vessels anse from capillary loops n the median eminence
and give nise to sinusoidal capillartes in the pars distals It 15
believed that the hypothalamus influences adenohypophysial
function by means of these portal vessels In this way the antersor
pitustary gland (and hence tts target glands) are controlled by the
central nervous system (Fig 1)

As for the other side of this neuroendocrimal reciprocity it may
be said that the target hormones exert two main effects upon the
central nervous system In the first place they control the rate of
their own secretion by acting either directly upon the prtuitary
gland or wpon the hypothalamus (Fig 1) It will turn out that the
rate of secretion of a given trophic hormone by the pituitary
gland 1s the sum of a number of factors one ot which 1s the con
centration m the blood of the hormone whose secretion 1t simu
lates (Chapter VII) 1In the second place hormones affect
the behaviour of man and ammals this may be due mn some
instances to a direct action upon the nervous system
The Neural Control of the Adenohypophysis

The nerve supply to the adenohypophysis 1s poorly developed
and appears madequate to explamn the mfluence of the nervous
system upon the secretory actvity of the gland On the other
hand the blood supply of the adenohypophysis 1s marked by the
presence of a well developed system of portal vessels and many
workers now believe that these vessels play an imporiant role in
the relationship between the central mervous systern and the
adenohy pophysis

NERVE SUPPLY OF THE ADENOHYPOPHYSIS The
adenchypophysis receives a sympathetic nerve supply from the
nerves surrounding the internal carotid artery Thrs supply 1s dis
tnbuted to the pars tuberalis and expenmental evidence seems to
indicate that it 1s not important 1n the control of the gland The
adenohypophysis also receives a parasympathetic nerve supply
but again there 1s no good evidence to show that this 1s important
to the function of the gland

Fmally the hypothalamus gives mise to the hypothalamo
hypophystal tract which mnervates the neurohypophysis A few
fibres from this tract enter the pars tuberalis and the pars mter
media but it 1s doubtful 1f any reach the pars distahs {(Fig 61)
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BLOOD SUPPLY OF THE ADENOHYPOPHYSIS ‘The
adenohypophysis receies two distinet blood supphes, one 15 55
temic and the other portal

Systermic Arterial  An antenor and a postenior hvpophsial
attery anse Irom each internal carotid artery (Fig 59) The
anterior vessel distnbutes branches to the puitary stalk. and gives
off a substanttal branch the artery of the trabecula which courses
through the pars distalis without branching and supphes
the lower past of the infundibular stem Each postenor hypothal
amc artery divides nto a medial and lateral branch (Fig 59)
These branches anastomose with therr fellows from the opposite
side gning tse wn this way to an attenal nag around the neural
lobe Branches from thus nine supply the neuraf fobe and part of
the smfundibular stem but neither the antertor nor the postenor
hy pophiysial vessels supply the pars distalis

Fiy, 59 Diagram of a sagittal section through the pituttarv gland of a rabbit

tifustrating the blood supply 10 the gland g anterior hypophysial artery

posterior hypophysial artery ¢ twags 1o the plexus of the pars tuberalis detned

from the internal caroud and postenor commumcating arteres d venous
drainage (G W fHarns)

Venous The venous dramage of the adenohypophysis 15 by
short wide vems which empty directly mto venous smuses situate
around the pland or mfenotly nto the sphenodal sinus (Frg 597

Portal Small arterial twigs from the nternal caroud and
postenor communicatng artenes run 10 supply 2 nch vascular
plexus m the pars tuberalis of the adenohypophysss (Fig 59)
From this plexus there anses a muititude of capllary loops or
tufts which penetrates imnto the tissue of the median emunence and
there comes 1o mitmate contact with the nerve fibres of the
hypo\halamvhypuphysml tract These loops or tufts are collec
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tively called the pnimary plexus of the hypophysial portal vessels
The blood from the primary plexus empties mto large portal trunks
which ke mamly on the anterior surface of the pituitary stalk
where they are visible to the naked eye It may now be accepted
as proven that the direction of blood flow 1 this system of vessels
1s from the hypothalamus towards the pituitary

The portal trunks eventually break up mto smaller branches
within the pars distalis and end by anastomosing with the sinusoids
which form such a charactenstic feature of the histology of this
structure and about which the secreting cells of the adenchy
pophysis are disposed

Two features of this portal system of vessels are of interest In
the first place these vessels show an extrzordmary capacity for
regeneration after they have been cut Followmg division of the
pitmitary stalk a capillary network from these vessels may even
penetrate the mterstices of a plug of cotton wool placed between
the divided ends of the pituitary stalk and m this way the vascular
connection between the capillary loops of the median emmence
and the vessels of the pars distalis 1s re-established It 1s this
capacity for regeneration which 1s largely responsible for the suc
cessful function of pituitary grafts on the ventral surface of the
bram after hypoph the 1 of thrs sys
tem of vessels from lower vertebrates to man shows a very delib-
erate elaboration which reaches its highest development  pni
mates  This observation suggests that the hypophystal portal
vessels play an important role i piturtary functron and do not
represent vestiglal remnants left behind m the process of the
evolution of the adenchypophysts

FUNCTION OF THE HYPOPHYSIAL PORTAL 1 ESSELS
The appearance situaton and the evolution of the hypophysial
portal vessels all suggest that they constitute an 1mportant
functional umt As the result of an exhaustive senes of expen
ments Harns and others have come to suggest that the portal
vessels constitute an mtegral part of the normal prtuitary gland
and that 1t 1s through this system of vessels that the hypothalamus
may regulate the rate of secretion of the adenohypophysts Harns
elaborated this theory by studymg the effect of hypothalamic
stmulation upon the rate of release of the individual trophtc hor
mones of the adenohypophysis He developed a techmique which
made 1t possible to apply a measured electrical stimulus to a
minute area within the bram without anaesthesia and with
out handling the expenimental ammal In a prehminary opera
tton a small coll 15 serted under the scalp and an msulated
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electrode attached to one end of this coil 1s passed through the
shull and corpus callosum 1nto some part of the hypothalamus or
pitutary gland ~ After recovery from the operation the tissue
surrounding the electrode tip could be stimulated by holdng a
pnimary coll carrying an alternating current over the ammals
head so that the coil under the scalp hes 1n an electromagnetic
field The strength of the stimulus 1s easily regulated smee 1t vartes
wnversely as the distance between the two coils With this apparatus
a small arca of brain tissue could be stimulated without disturbing
the ammal i any way The approximate site of stmulation 1s
shown 1 ¥ rays of the skull while the exact position in each ex
periment 1s determuncd at autopsy  Electrical stumulation of
the hypothalamus produces no overt emotional response m these
ammals The great advantage of this techmque lies 1 the fact that
such stressor stimult 1s restraint and anaesthesia are ehmmated
and the state of affmrs prevailing before electrical stimulation 15
applied can be regarded as quiescent

These experiments indicate that simulation of the hypothalamus
promotes the secrction or release of trophic hormones by the
anterior pitwrtary gland while stmulation of the gland itself 15
meffective Now 1t 1s known that the pars distalis recerves no more
than a very scanty nerve sipply from the hypothalamus There
fore n order to explam th fluence exerted by the hypothalamus
upon adenohypophysinl function Harnis has suggested that the
nerve fibres of the hypothalamo hypophysial tract may lberate
some humoral substance(s) mto the capillanes of the pnmary
plexus of the median eminence and that this substance 1s carned
by the hypophystal portal vessels to the pars distalis where it may
excite or mhibit the secretory activity of the cells of the pars dis
talis That such a conception 15 entirely feasible 1s shown by the
mtimate contact established between the nerve fibres and the capil
lary loops within the median emmence The loops consist of little
more than endothehal cells and are not 1n close contact with nerve
cells This suggests that 1f these loops have any function at all 1t
must be related 1n some way to the intimate association they bear
with the fibres of the hypothalamo hvpophystal tract Fmnal con
firmation of tms hypothesis remamns to be established since

ds for the ext e of 2 ch 1 sub passmg from
nene hbres to capillary loops s stil entirely circumstantial
Extracts of tissue from the medwan emmence have not revealed
the nature of such humoral substances while the action of adrena
Ime and acetylcholine do not suggest either an adrenergic or a

cholinergic mechamism
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The arrang of the hypophysial portal vessels amongst
themselves has further suggested a way 1n which the hypothalamus
mght nfluence the secretion of one trophic hormone rather than
another The pars distalis appears to be capable of division mto
medial and Iateral parts accordmg to the distnibution of the com
ponent glandular cells The portal trunks are also clearly divisible
mto medial and lateral groups At the same time these trunks
bear an end artery selationship with the different regions of
the gland they supply In other words one group of portal trunks
confines 1ts attention to one part of the antenior piturtary gland
It has been suggested therefore that medial and lateral perve
tracts within the median emnence may be related to medial and
lateral portal tracts and these m turn to medial and lateral parts
of the pars distals (Fig 60) In this way 1t 1s concewvable that
thfferent nervous stumuh could affect different parts of the median
enunence and 1 turn different parts of the pars distalts and so
perhaps produce a different secretory response from the gland In
this way antenor puutary function could be regulated fo meet
the particular requirements of the body at a given time and would
thereby be freed from the necessity of grving an  all or nothmg
Tesponse to hypothalamuc stumulation

N
L3

Fig 60 (a) Shows a dagrammatic section of the pituitary gland The Lne
A~ A indicates the plane of section which 15 seen from above m (b

(b} Is stnctly diagrammatc and 15 designed to iustrate the possibility
that different groups of fibres from the hypothalamus affect the function of
different groups of portal vessels which are m turn distributed to different
segments of the adenchypophysis (G W Harris)

THE NEURAL CONTROL OF THE NEUROHYPOPHYSIS
The neural control of neurohypophysial function rests upon more
direct evidence than that of the adenohypophysis It has been
Y
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shown in Chapter VIIT that not only does the hypothalamus con
trol the rte of release of neurohypophysial secretons mio the
general circulation but that the very secretions themseles are
thought to anse from the of the p lar an
suprioplic nuclet It 13 fusther bulieved that these secretions are
cventually delisered mto the blood vessels of the neurohypophysis
about wluch nenve fibres from the supraoptic and paraventacular
nucler end

e
- SO¥  Svpraoptico-hypophysial
Tract

flowe TH Tubero hypophysial Tract

' tysial

Fig 61 D of the

system The hypotbalamo hypophysial tract 14 shown ansing 10 the supraoptec

and pataventncular nucler’ and ending 1n the median eminence  the
fendibular stem and 1n the infundsbular process (G # Harns)

Nenve Supply of the Neurohypophysis Tt shovld be recalled
that the neurohypophysis includes the median enunence the infun-
dibular stem, and the mfundibular process these three pacts
together constituting 1 single gland Apart from a few sympathetic
fibres from the carotid plexus which are vasomotor 1 their actton
the mam nerve supply to the neurohypophysis 15 from the
hypothalamo-hypophysial tract 1 the pitwitary stalk  This tract
15 divisible 1nto two parts the supraoptico hypophysial tract which
fies 10 the antenor wall of the pitutary stalk and the tubero-
hypophystal tract mn the posterior wail (Fig 61}

The supraoptico hypophysial tract anses from the supraoptic
paraventricular and perhaps from other hiypothalamic nucler The
tubero hypophysial tract amses from the central and postenior
parts of the hypothalamus (1€ from the ventral pataventrcular
nucleus and from scattered celfs and nucles m the tuberal regioa
and the mammuflary bodies) As the supraoptico hypophystal tract
enters the median emunence 1t 1s very superfical and therefore
yulperable to disease processes  The tubero hypophysial tract 1s
smaller and composed of fines fibres than the supraoptico hypophy

1ol tract (Fig 61)
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Most of the fibres of these two tracts end in the neurohypophy-
sis although a few enter the pars tuberahs and the pars mtermedia
of the adenohypophysis The hypothalamo hypophysial tract sup
plies all three divisions of the neurohypophysis The endings of
these tracts may be secretory or sectetomotor but they make
extensive arborizations about blood vessels and 1t seems posstble
that they deliver their secretions directly mto these vessels

BLOOD SUPPLY OF THE NEUROHYPOPHYSIS In spite
of statements to the contrary the neurchypophysis 1s richly sup
plied with blood vessels which come from two sources

(1) The medman emmence recewves a blood supply from the
primary plexus of hypophysial portal vessels This 1s denved from
the plexus of the pars tuberalis and so from the internal carotrd
artery The same plexus also supplies the mfundibular stem

{u) The mfundibular process recerves a separate blood supply
from the posterior hypophysial artery which gives nse to an
arterial nng around the gland at the junction of the neural lobe
and the pars distalis

The neurohypophysis should therefore be looked upon as a
structure developed for the storage of hormones secreted by the
hy, The hypoph 15 entirely controlled by its
nerve with the hyp which regulate the rate
at which the stored hormones are released mto the blood stream
{Chapter VIIT)

NERVE FIBRE CONNECTIONS OF THE HYPOTHALA
MUS The wital role played by the hypothalamus 1n the control
of endocrine activity makes the connections between this structure
and other parts of the central nervous system a subject of great
mterest It 1s through the hypothalamus that the central nervous
system influences endocrne activity and in this way the fanction
of the endocrine glands 1s nfluenced bv a wide vanety of changes
ansmng both within and without the body

1 Mammullary peduncle This tract appears to convey afferent
nerve impulses which are capable of affecting the secretion of
ACTH and gonadotrophins It 1s poorly developed 1n man and
requires further study before the importance of the sensory mn
pulses which 1t conveys can be assessed

2 Formx The formx system conveys afferent fibres to the
hypothalamus It anses from the hippocampus and ends m the
nucler of the mammullary body Although 1ts exact function re
mauns undetermined the fornix may be connected wath the physio
logy of emotion
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3 Mammulo-thalamc tract  The fibres which go to make up
this tract leave the medial mammullary nucleus to reach the
anterior nucler of the thalymus Through this tract a connecting
Iink exists between the hypothalamus and the neocortex

4 Mammullo tegmental tract This tract anses from the mediat
mammary nucleus but its destination remains obscure

5 Medewal forebraws bundle Fibres both eater and lease thrs
bundle as 1t passes through the hypothalamus on its way from the
olfactory arca of the henusphere to the tegmentum of the mid
brain
6 Pernentricular system  This 1s a two-way path between the
medially situated nucler of the hypothalamus and the medial thal
amuc nucle

7 Diffuse descending system These fibres leave the hypoth
alamus and descend 1n relays within the reticular formation of the
bran stem to the spimal cord

8 Neocorucal connections A good deal of physiological evt
dence can be produced to support the belief that connections exist
between the neocortex and the hypothalamus Clark expressed this
view when he stated that the greater part of the cortex of the
frontal lobe may be regarded as a projection area of hypothalamic
activity Apart from indirect connections established through the
thalamus durect connections have been described between cortical
areas 6 8 and 9 on the one hand and the mammullary nuclel
of the hypothalamus on the other Other direct pathways have
been described mcluding nerve tracts to the centromedral hypoth
alamc nucleus which serves as an end station for orbital fibres

It will therefore be seen that the hypothalamus acts in the
neural control of the endocrine glands as a focal pomt at which
are gathered impulses from various parts of the central mervous
system The hypothal: ponds to these mil by altering
the function of the adenohypophysis as well as that of the neuro
hypophysts The first of these structures 1s affected by way of its
vascular supply the second by way of its nerve supply The adeno-
hypophysis relays this hypothalamic mfluence to other endocrine
glands through the iction of its trophic hormones

HORMONES AND BEHAVIOUR

Although 1t 1s clear that hormones affect animal and human
behaviour 1t 1s not known exactly what effect each hormone exerts
nor 1s 1t certam how these effects are brought about Experiments
with certam ammals which establish measurable acts of submis
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sion and have d that are responsibl
for sut beh: and that d mduce aggresston
For example a group of hens sharng the same pen establish what
amounts to an order of semonty which 1s called a  peck order
One hen always eats first and attacks (or pechs) all the other
hens The remaming anmals orgamse themselves m such a way
that a particular hen 1s pecked by those higher 1 peck order and
attacks those below 1t If an androgemc hormone be admmstered
to the most submussive ammal it will ascend i pech order even
tually reaching the top while oestrogens will cause the most
aggressive hen to descend the scale These observations are con-
sistent with the effects which these hormones produce 1n man but
how such changes are effected cannot be sard

Agam the hormones prolactin and progesterone appear to
stumulate the development of the maternal nstinct Virgin female
rats treated with prolactm begin to exhibyt maternal behaviour
towards young rats which they normally reject In women expern
ments have been performed to correlate changes in hormonal
activity with behaviour The follicular phase of the menstrual
cycle during which oestrogens are secreted 1» assoctated with grad-
ually mncreasing heterosexual tension After ovulatton 2 marked
change m behaviour 1s d and a passive n. 1c role 15
adopted The subsequent premenstrual secretion of oestrogens s
associated with the return of heterosexval onentation?

Diseases of the thyroid gland and of the adrenal cortex are
frequently assocrated with disturbances of behaviour It 1s prob
able that the hormones secreted by these two glands influence
behaviour but how and m what direction remain to be deter
mined Adrenocortical extracts will prevent the occurrence of the
expenmental neurosis which follows the differential inhibition of
a conditioned reflex For example if a conditioned reflex of sal
vation be established to the visual stinulus of a white square of
paper followed by feeding the expenimental ammal can also be
conditioned to distinguish the square from a sumlar arcle which
1s not followed by feeding In this way the anumal salivates when
shown the square but gives no response to the circle If however
the square be made more circular and the crcle more nearly
square a point 1s reached at which the ammal 1s unable to distin
guish one stimulus from the other and begms to exhibit neurotic
behaviour Anmmals treated with adrenocortical extracts at first
saltvate m response to the doubtful stimulus but soon lose nterest
and ignore 1t In this way they avoud the experimental neurosis
shown by untreated ammals
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3 Mammulo-thalamic tract  The fibres which go to make vp
this tract leave the medinl mommillary nucleus to reach the
anterior nudler of the thajamus  Through this tract a connecting
hnk exists between the hypothalamus and the neocortex

+ Mammutlo tegmental rrace. This tract anses from the mediat
mammary nuclens but its destination remains obscure

5 Medial forebramn bundle Tibres both enter and leave this
bundie as 1t passes through the hypothalamus on its way from the
g!{auory area of the henusphere to the tegmentum of the myd

ramn
6 Pernentricn'ar sstem This 15 a two-way path between the
medially situated nucler of the hypothalamus and the medral thal
amic nucles

T Diffuse descending systems  These fibres leave the hypoth
alamus and descend 1 celays within the reticular formation of the
brasm stem to the spinal cord

8 Neocortical connecnons A good deal of phystological et
denice can be produced to support the befief that connectrons exsst
between the neocortex and the hypothalamus Clark, expressed this
view when he stated that the greater part of the cortex of the
frontal lobe may be regarded as a projection aren of hypothaline
activity Apart from indirect connections established through the
thalamus direct connections have been described between cortical
areas 6 8 and 9 on the one hand and the mammullary nudel
of the hypothalamus on the other Other direct pathways hase
been described ncluding nerve tracts to the centromedial hypoth
alamuc nucleus which serves as an end station for orbital fibres

It will therefore be seen that the hypothalamus acts m the
neural control of the endoctine glinds as a focal pomnt at which
are pathered mapuises from vanous parts of the central nersous
system The hypothal ponds to these nfl by altering
the function of the adenohvpopbysis as well as that of the neuro-
hypophysis The first of these structures 15 affected by way of its
vascular supply the second by way of its nerve supply The 1deno-
hypophysis relays this hypothatamic influence to other endocnne
ylands through the action of its trophic hormones

HORMONES AND BEHAVIOUR

Although 1t 15 clear that hormones affect ammal and human
behaviour 1t 1s not known exactly what effect each hormone exerts
pot 1 1t certain how these effects are broughit about Experiments
with certan ammals which establish measurable acts of submig
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present the hormone produces a pressor or a depressor response
this 1s referred to as an amphubaric response

Guastrowntestinal canal  Serotorin causes an increase 1 penstal
sis which 15 probably due to stimulation of postgangliome cholm-
ergic fibres in the intestine

Respiratory system  The hormone canses bronchral constriction
and hyperpnoea If serotonmn be mjected into the night aurcle 1t
causes riction of the p 'y vessels and a rise i pul
monary artenal pressure

Kidney Serotonn causes mhibition of diresis in the water
loaded rat probably as the result of afferent glomerular arteriolar
constriction

Central nervous system Injections of serotonun 1 normal volun
teers may produce no subjective symptoms or may cause dyspnoea
abdominal pain tinghng prickling and a sense of impending death

DISTRIBUTION  Serotonm 1s found in the almentary canal
1 blood (where 1t 1s largely confined to platelets) the spleen and
bramn of vertebrates the skin of amphibia, the salvary glands of
octopods and n certamn venoms and poisons  The observation that
Platelets readily absorb 5 HT has given nse to the suggestion that
1t 18 formed by the megakaryocytes or that the hormone 15 formed
in the entero-chromaffin cells and conveyed to other partts of the
body 1nt the platelets

Although serotonmn 1s found 1n the brain there exsts a blood
brawn barmer towards the hormone suggesting that it may be

th locally This sug 1s supported by the fact that
the enzymes requwed for sts synthests and others capable of
bringing about 1ts destruction have been found mn the bramn

FUNCTION The pt of 15 un

own It does not seem likely that the hormone normally plays a
part m renal furctton haemostasts or 1 the control of vasomotor
tone Perhaps serotommn 1s unportant i the regulatron of penistalsis

‘The most imtnguing possibilities have been ratsed by the discov-
ery of serotonin 1n the hypothalamus and other parts of the bram
The hormone has been shown m vitro to cause contraction of
ohgodendroghal cells of the rat and of man Excess serotormn 1n the
bram causes a number of complex distusbances of behaviour
while a decrease i brain content of serotomn causes lethargy At
bresent 1t 1s not possible to say mare than that the hormone prob-
ably plays some part m mamtammg normal mental progesses
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The techmenl difficulties imvolved 1n the study of behaviour are
50 great that the effects of various hormones have been very incom
pletely studied, but such evidence as exsts favours the view that
these effects may be far reaching

SEROTONIN

Among the hormones which have been studied because of therr
effect upon the central nervous system one of the most interesting
15 or S hydroxytryr (5 HT) This substance has
been found 1n many normal tissues while certain tumours produce
5 HTn farge quantities

SYNTHLSIS Serotomn s formed from dietary tryptophane by
prelimnary hydroxylation to 5 hydroxytryptophine and subse
quent decarboxylation

NH NH
A 7
Qe = O il
N coon N COOH
H "
Tryptophane l 5 Hydroxytryptophane
v
HOOL-W CHe=CH N
N
H

S Hydroxytryptamine

The first step 15 controlled by an enzyme system present in the
liver while the decarboxylase concemed in the second step 1
widely distributed throughout the body

METABOLISM  Serotomn 1s oxdised by amue owxidase
in the lungs hver and kudney, to S hydroxyindole acetic acid
{SHIAA) n winch form 1t appears i the urine

HO CH CH NH HOQ—JcN COOH
—

N N
“ H
5 le acetic acd

5 Hy ryptams

ACTION  Cardiovascular system prod: tachy
cardia and exerts a vanable effect on blood pressure The last
named effect results from the direct action of the hormone upon
blood vessels sometimes serotomn causes vasoconstnction some
tumes 1t abolishes existing 0 nehon  causifg
vasodilatation  According to the degree of neurogenic control




CHAPTER XIV

STEROID METABOLISM

In Chapters III 1V and V the important stero:d hormones have
been discussed with some reference to their chemistry and their
metabolism the present chapter 1s intended to amphify the chemi
cal aspects of sterosd metabolism Recent advances mn the bro
chemstry of steroids have gnen meanmg to the bewlderng
number of isolated observations which have emerged from earlier
experuments The fuller und ding of sterord bohsm result
g from this recent knowledge 15 necessary for the appreciation of
present concepts of abnormal adremocortical and testicular
function

The ulttmate aim of researches ito the metabohsm of steroid
hormones 1s the complete elucidation of the number and cherstry
of these hormones their precursors their metabolites and the steps
involved 1n their synthesis and therr catabolism  So far this has
not been achieved It 1s possible to 1solate at least 29 sterouds from
extracts of the adrenal cortex of these some are physiologically
mert while others are known to nfluence vanous physiclogicat
processes within the body Some of these twenty nine steroids are
to be found in the blood of the adrenal vein while others have not
been found outside the gland It 15 moreover important to consider
the possibility that the processes by which these steraids are separ
ated from biological flids may affect therr structure This 1s espect
ally true of C , sterords which in some instances could result from
destruction of a side chain attached to the C  of steroids contan
g 21 carbon atoms

The testis produces 2 number of C, and C , sterords some of
which are androgens others are physiologically wert while at
least one 1solated from the testis of the boar appears to stimulate
spermatogenesis

Following therr entry nto the blood stream steroid hormones
exerase their biologreal functions and thereafter the body dis
poses of these substances as follows ~—

1) Small proportions of the hormones are excreted 1 unne
1n conyugated forms {page xu)

(1) Most of the sterord hormones undergo a senies of reactions
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STEROID METABOLISM

In Chapters III 1V and V the :mportant sterotd hormones have
been discussed with some reference to their chemistry and their
metabolism the present chapter 1s intended to amplfy the cherm
cal aspects of sterord metabolism Recent advances m the bio
chemustry of sterods have given meammng to the bewildening
number of 1solated observations which have emerged from earlter
experniments The fuller understanding of steroid metabolism result
mg from this recent knowledge 1s necessary for the apprectatton of
present concepts of abnormal adrenocortical and testicular
function

The vltimate aim of researches into the metabolism of sterord
hormones 1s the complete elucidation of the number and chemistry
of these hormones their precursors thewr metabolites and the steps
ivolved m their synthesis and their catabolism  So far this has
not been achieved 1t 15 possible to 1solate at least 29 sterords from
etracts of the adrenal cortex of these some are physiologically
mnert while others are known to mfluence various physiological
processes within the body Some of these twenty mune steroids are
to be found 1n the blood of the adrenal vem while others have not
been found outside the gland Itis moreover important to consider
the Ppossibility that the Pprocesses by which these steroids are separ
ated from brological fluids may affect thear structure This 15 espect
ally true of C , steroids which 1n some mstances could result from
destruction of a side chan attached to the C, of steroids contain
Ing 21 carbon atoms

The testis produces a number of Cy and C  steroids some of
which are and others are ph y mert while at
least one 1solated from the testis of the boar appears to stimulate
Spermatogenesis
exF°H°“mE their entry into the blood stream steroid hormones

erose therr biological functions and thereafter the body dis
Poses of these substances as follows —

) Sman Proportions of the hormones are excreted m unne
In conjugated forms (page xu)
1) Most of the sterod hormones undergo a senes of reactions
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which alter their chemical structure In this altered form they
are excreted m the urne The chermeal changes 1nvolved feave
the sterord nucleus tntact with the result that the unnary meta
bolites take the form of conjugated steroids Some of these meta
bolites are physiologically mert others are acive  Some of these
changes i the steroid hormones are brought about 1n the liver,

CH OH CHCH CHOH
;
HOCH CeO éeo
2 oH HO. o Q. O
HO WO HO
H N H
Allopregnanes Al Allonres
IBNAIIES Tpentol 33118 1IuST el Dane 39 (70l T 1. 30-bone
cHOH chnon CHOH
HOCH ¢oo c-9o
OH QH “
WO HO HD!
“ H
Allop egna e Al Allop e
39 1730801 tevrol 38 1702 ol Toone sa a1 Gone
cH ‘CH CH
;
HocH HGOH £=0
on oH o1
HO" Ho HO"
o n W
Aliopregna ¢ Alfe Al pres e
3B or et Er v LT 0one
e
w0
wo
N
Al n
Jﬂf:? 2\;‘-‘; e

A 1 sterords the 38 5z It shonld
agngtzed that these compounds have been 1solated from beef adrem! tissue
and that S« 208 compounds are not commonly found 1n human urine The
presence of these steroids m human adrenal nssue has yet to be confirmed
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Fig 63 Adrenocortical sterords with & 3 ketone configuration
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the site of other changes 15 unknown Much still remams to be
learnt about the renal clearance of steroids while the subject of
therr faecal excretion fas been studied only within recent years

Synthesss

The steps involved i the synthesis of sterord hormones are
not known i detul It seems likely that such hormones are d2
mved from cholesterol while cholesterof mn turn 1s busit vp from
acetate—that 1s from the actnve 2 carbon atom fragments which
unite with coenzyme A to give acetyl coenzyme A (see page 204)
The svathests of adrenocortical sterotds 15 ciscussed 1 Chapter
Jiid

ADRLENOCORTICAI STLCROIDS

Tt has been pointed out that tuenty mne steroids have been 150
Iated from the adrenal cortex These can be classified as follows —

1 Ten sterods have the 38 Sa configuration 1e uo

W

These are shown tn Fig 62 No brological activity has been

shown by these compounds

2 Twelve steroids show a a* 3 hetone 1e

A2

These are shown in Fig 63 Seven of these exhibit corticosterord

activity (either glucocorticoid or muneralocorticord or both)

these are indicated by {C) m Fig 63 Progesterone 15 a member

of this group and 1s the most active progestational hormone
occurnng in nature

3 One steroid 15 unique 1n p 3a, 5a fy
e (Fig 60)

4 Three sterowds are dersvatives of androstane these are shown
snTig 65 together with oestrone

5 Dehydroepiand: one* 15 a A® pound 1€ 00
(Fig 66)

+ Most authors now prefes 1o use the name dehydroisoandrosterone mstead of
denydroeprandrosterone
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(s]
HOTN [}
H

And T 33U13<ol 17one Adr ot
o HO
8 Adoteedird n os n

Fig 65 Three androstane dernatives and oestrone

o

HO
Fig 66 Dehydroeprandrosterone

TESTICULAR STEROIDS

The most ymportant sterords to be found m testicular tissue are
those which contam 19 carbon atoms namely —
(1) Testosterone (A* androsten 178 ol 3-one)
(1) A* Androstene 3 17 dione
() A* Androsten 3e-ol
(1v) a™ Androsten 38 ol
oH °

&)
Tttt A Adosen 317¢
Fig 67 Testcular steronds

Of these the first two have been 1solated from perfusion studies
10 which 1sotopically labelled acetate and a gonadotrophic hormone
Preparation were perfused through the human testis  These hor
mones show typical androgemic activity The remamung two com
pounds have not sa far been found n the human testis and they
have not yet been shown to possess androgenic acttvity (Fig 67)
Three C, steroids have been 1solated from the testis of the boar
but these compounds are not androgens
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the site of other changes 1s unknown Much still remamns to be
learnt about the renal clearance of sterods while the subject of
their faecal excretion has been studied only within recent years

Syntlicsis

The steps nvolved m the synthests of steroid hormones are
not Anown mn detml It seems likely that such hormones are de
rved from cholesterol while cholesterol 1 turn 15 built up from
acetate—that s from the active 2 carbon atom fragments which
umte with coenzyme A to give acetyl coenzyme A (see page 204)
The synthesis of adrenocortical steroids 1s discussed mn Chapter
mr

ADRLNOCORTICAL STFROIDS

It has becn pomnted out that twenty nine sterords have been 1s0-
lated from the adrenal cortex These can be classified as follows —

1 Ten steroids have the 38 5o configuration 1e o °°
H

u
These are shown 1 Fig 62 No bological actwvity has been
shown by these compounds

2 Twelve steroids show a A* 3 ketone 1¢ @
o

These are shown 1n Fig 63 Seven of these exhibit corticosterord
activity (either glucocorticoid or mineralocorticord or both)
these are indicated by [C] 1 Fig 63 Progesterone 1s a member
of this group and 1s the most active progestational hormone
occurring 10 nature

3 One steroid 1s unique 11 possessing 3q« Sa configuration
e . (Fig 64)
H

4 Three steroids are dernvatives of androstane these are shown
n Fig 65 together with oestrone

5 Dehydroepiand * 15 a A® pound 1€ Ho

(Fig 66)
* Most authors now prefer to use the name dehydrooandrosterone instead of
dehydroeprandrosterone
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1 Androsterone and two isomers Figure 68 shows three 17«
ketosteroids which are found m normal unine They are stereoiso
mers differing only i the position of the OH group at C; and
that of the H at C; The third of these 1somers actiocholan 3a
ol 17 one 15 not an androgen All three of these sterords lack an
oxygen at Cyy

2 11 oxygenated sterords This group consists of the 12
steroids 10 Fig 69 Of these only tour are 17 ketosterords and
only one (androstane 3a 118 dsol 17 one) 15 known to possess
androgenic properties It should be pomted cut however that the
21 carbon atom members of this group may yield androgens
and/or 17 ketosteroids on removal of their side chams

3 A*3 ketosterords It has recently become possible to 1solate
steroids contaming the group o @ from the urine Apart from

cortisone and hydrocortisore  which are to be found i normal
unne a number of steroids with this groupmg have been 1solated
from the urme of patrents suffermng from diseases of the adrenal
cortex

o

© H © H

Ad st 3110 At holan 3174 e
Fig 70 Two saturated C  diones found in urine
4 C, saturated diones Figure 70 shows two saterated diones
which have been 1solated from normal urine

5 A%sterods Normal human unne contains a number of
steroids which possess a double bond between C and C, Two of
these are shownn Fig 71

6 Pregnane 35174200 ol which 1s shown m Fig 72

CH
]
oH Cc=0
OH oH
HO HO'
A ARd 1 e3BIxlIBIND AP g 18174 1 0o

Fig 71 Uninary steroids with A structure
Dehydroeprandrosterone also shows this structure
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THE STEROIDS OF URINE

Among the steroid compounds to be found in unme the most

important are those which arc associated with the metabolism of
sterod hormones

el o] o
" O :; Ho :H“

Andro terone Epiandeosterone Aet ocbolamdaal 17006
Fig 68 Unmnary steroids Androsterone and two 1somers

[ ° w0 o [ o
:E HO,(ﬁ ,(ﬁ

Androt ndzolll1Tdone A d x 1184l 17-0n¢  Attiocho! 1 3zl 11174 one
{11 keto ndrost rone] (112390 o yaodro e one]

cHoH CHOH
1
. o c=0
o
Atunchulanb-h‘llﬁ»d ol 17-one Cort son. Hydrocortisous
CH CH CHOH
M 3
CO HCOH ¢=0
Ho N HO™ T o~
Preg an 3301 1) 20-dic ¢ Pr gnane 31 Ox-d ol llon  Pregma ?&ﬂ:&ﬂ ol 11
croi GHon oM
v
-0 <=0 t=0
HO . OH g:ogb oM o, oH
wo” n T wo 7l
3r1 4ol 1l
Pregnane 3,;&‘1‘:;1‘ teteo} Prega o A7 2diof 341 Py netsl

Fig 69 1l-oxygenated uninary steroids
* The prefix aetio- 15 spelt etio by American authors
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(b) Those which show a 20 hetone but not a 17 hydroxy
group do not give nse to 17 hetosterords —
Corticosterone
11 dehydrocorticosterone
11-deoxycorticosterone
Progesterone
Aldosterone
3 The umque sterord allopregnane 3a 118 17a 21 tetrol
20-one gives nise to 17 ketosteroid metabolites
4 'The three androgens derived from androstane (Fig 65) gve
nse to 17 ketosterord metabolites
5 Dehydroepiandrosterone also contributes to the 17 ketos
teroids of the body
Hydrocortisone  cortisone  adrenosterone and A* androsten
118 ol 3 17 dione are metabolised to the same four ketosteroids
Hydrocortisone and corhisone pive nise to more zetiocholane de
nvames than to androsterones while the opposite 1s the case with
ne and A* and 118 0l 317 dione  (Fig 73)
In addition cortisone and hydrocortisone are metabolised to
the followng steroids of which the first two are the major meta
bolites of cortisone and hydrocortisone respectively —
(1) Pregnane 3a 17 21 triol 11,20 dione (tetrahydrocortisone
or tetrahydro E)
(u) Pregnane 3a 118 17« 21 tetrol 20 one  (tetrahydrohydro-
corttsone or tetrahydro F)
(m) Pregnane 174 21 diol 3 11 20 trone
cwen

rﬁﬁ o’&b“

P ifet 51

¥
o o o, o (i?ﬁo o, °
: Ho TN o N
ket drot MAhyd  yand ste At cht A toch |
Joliti7d 3 g del 17
Fig 73 The metabolism of hoth and hyd to the
same four 17 ketosteroids
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T Miuscellaneous sterords  3n addition to the important sterody
of normal human unine which have been mentioned a number of
steroids are found m the unne of patients suffering from endocrine
diseases 1nd others have been isolated from the urine of other
specles

HO H
Fig 72 Yregnane 3z 17z 202 tno)

THE RELATIONSIIP BLTH FEN THE STEROIDS OF THE

BODY AND THEIR LXCRETORY PRODUCTS

Some of the sterod hormones of the body are excreted un
changed some are converted to Ci, steronds (1€ to 17 ketos
teroids) and excreted n this form  some are excreted as C,
steroids (with or without a hydroxy! group at C,;) Althaugh the
metabolic fate of every steroid hormone 1s not known 1t 15 pos
sible to indicate the relationship between the important urinary
steroids and therr precur ors withm the body

METABOLISM OF ADRFNOCORTICAL STEROIDS Some
of the sterods found in adrenocortical extracts give nse to 17
Setosteroid metabolites  others do not The relanonship between
adrenacortical steroids and unnary 17 ketosteroids may be indt
cated as follows —

1 Verv little mformation 15 avarlable concerning the fate of the
ten sterotds which share 38 Sa configuration These compounds
are not biologically acuve and the elucidation of their sigmficance
and their metabolism awaits further experimental studies

2 Among the group of steroids with a A*3 hetone group
some give mse to 17 hetosterond metabolites and others do not

(3) Those which show 17 hydroxy and 20 hetone groups do
e 1ise to 17 hetosterords —~

Hydrocortisone™®

Cortisone

17 hydroxy 11 deoxycorticosterone
17a hydroxyprogesterone

cortisone 1s also known as cortisol
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Steods nth body E cretory pood ot in vme
o oH
-—_ 1
Ho HO'
& 4 te 32178del badot T4
o o
S —— o
HO o
dbyd 5 dr ta @

dhyd ep d tece

o
‘*Ligﬁ —"ct?ﬁ
o
1t st 317d e H d t

| a0l 17

Fig 75 Common metabolic pathways m the metabohsm of testosterone
‘and dehydroeprandrosterone

METABOLISM OF TESTICULAR STEROIDS Testostcrone
15 t d to the three
sterone and aetiocholan 3a ol 17 one  These are the chief meta~
bolites of testosterone others include aetiocholane 32 178 diol

h 317 dione d 317 dione and possibly
androstane 32 178 diol  These metabolites are shown in Fig 76
from which 1t can be scen that the three stereoisomers and two
other metabolites are 17 ketosteroids
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17 hydroxy 11-deoxycorticosterone and  17a hydroxyproges
terone together wath aY :mdros(enc-B 17-dione and duhydmcpxan
drosterone are t d to and and to b
3a-0l 17-one (Fig 74) The two C, sterowds give rise to much
more actiocholanofone than androsterone, while dehydroeprandeo-
sterone can also give nise to three other steroids (Fig 75)

CH oH
,,Ogﬁ ,Qt?ﬁm
hydroxy 11-deo yconticoste one I1 hydro yproge te one
. "
4
- 3
(e} o
o] N HO
Androst rone Act ocholay.3 -ol-17-one
[ S— '
~
4
; = +
HO” : i QQS
Dehyd ocprandr st cone AtAndrostene 3 17-dione

Fig 74 The metabolism of two 17 hydroxy and of two 17 ketosteroids

11 d and are both converted to
pregnane 3a 20a diol Thc metabolism of aldosterone 15 stil
uncertain but some of this hormone 15 excreted unchanged

The metabolic fate of androstane 38 118 dwol 17 one 1s uncer-
tan but it seems probable that this sterord 15 converted to 118
hydroxyandro terone and to 11 ketoandrosterone

The unique steroid a“goprig;\lanl% 3; 11 174,21 tetrol 20-on¢

'mdrostan a=0l- tone
i S“’f b o ne 1§ shown 1 Fig 75
1t Wl“ be seen that "“5 C°“‘P°““d gives rise to two 17 hetosterotds
and to a 17 hvdroxy compound
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4 The two Il-oxygenated androsterone dervatives (1e 11-
ketoandrosterone and 118 hydroxyandrosterone) are almost en
tiely formed from 11-o d a31 (e

and A* and 118-01 3 17-dione) with very
small contributions from cortisone and hydrocortisone

5 The two 11-oxygenated actiocholane denvatives {te aetio
cholan 3a-0l-11 17-dione and actiocholane 3q 118 di0l~17 one)
are largely denived from cortisone and hydrocortisone with negh-
gible contnbutions from adl one and A*and 118-
ol 3 17-thone

6 The appearance of cortisone and hydrocortisone m normal
human urine 1s taken to mdicate that some of these two steroids
Ppasses into the unne unchanged

7 The two saturated C,, diones (1e aetiocholane 3 17-dione
and androstane 3 17-dione) are denived from the metabolism of
testosterone

8 The A’ sterords Dehydroeprandrosterone appears i the
urine and represents the excretion of a steroid hormone unchanged
while A% androstene 38 16a 176 tniol and A® androstene 38 178
diol are denyed from dehydroeprandrosterone

9 Pregnane 3¢ 172 20a tnol anses from the metabolism of
17a hydroxyprogesterone

THE ESTIMATION OF URINARY STEROIDS

ANDROGENS AND 17 RETOSTEROIDS A number of
androgenic steroids are excreted wn normal unne These are either
b of ad: trcal and lar steroids or androgenic
hormones excreted unchanged Most of these androgens possess a
ketone group at Ci but 1t should be noticed that not all 17 keto-
steroids of unme are androgens (eg actiocholan 3e-ol 17-one)
and that some unnary 17 ketosterords are denived m part from
non androgenic precursors (e g cortisone gives rise to aehiocholan
3a-01 11 17 dione) Methods of bioassay measure only androgeme
steroids while chemical methods of total 17 ketosteroid estimation
measure all steroids with a ketone group at C; regardless of
whether these are androgemc Or not on the other hand such
methods will not measure androgens which are not 17-
ketosteroids Nevertheless chemical assay of 17 ketosteroids and
bioassay of androgens show a correlatton which 1s of such an
order as to encourace the use of the simpler chemical techmque

for everyday purposes at the expense of broassay which 1s re
served for spectal studses

T
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o g

Andio ta ¢ 3 17-dwne Aetiocholane-3 [7-dione
H \ OH/ OH
126 O;Sjﬁ
HO o
H o Ty
Andro ta ¢ 3x,178-dio} T totc one Aet ochotane-32,173d of
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: f HO” :(5 : f
s
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Androste on Epla drosterone Aet ocholan 3} -of 17-0ne.

Fig 76 The metabolism of testosterone

Figure 75 shows the metabolism of testostemne and debydroc
prandrosterone through the At 3,
17-drone which 1n turn gives nise to androsterone and aetiocholan
3e-0l-17-one
To view this relationship from the other end of the metabolic
scale we can trace the ongn of the ymportant urmary 17 ketos-
teroids from their precursors
1 Androsterone 1s denived chiefly from A¢ androstene 3 17
dione and hence mdirectly from testosterone and dehydroepran
drosterone  with small contnibutions from 17a hydroxyproges
terone and 17 hydroxy-11-deoxycorticosterone
2 Actiocholan 3a ol 17-one anses from the following sources
(1) Testosterone
(n) Dehydroepiandrosterone
(u1) A*-Androstene 3,17 dione
(1v) 17a hydroxyprogesterone
(v) 170 hydroxy 11 deoxycorticosterone
3 Epiandrosterone arises from the metabolism of testosterone
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such a small part of the g fraction that 1t can be ignored The
£ fraction ¢an be precip d by d and hence d
ly or dehydroepiand wself can be subjected to

chemucal assay In the urine of normal adults the g fraction con
stitutes about 15 per cent of the total neutral 17 ketosteroids

17 HYDROXYCORTICOSTEROIDS 1t was pointed out on
page 47 that a number of methods have been elaborated for the
estimation of urmary steroids which bear a hydroxy group at C,,
Of these methods two were mentioned namely —

(1) The Porter-Silber method which measures steroids posses
sing the followng group —  cHoM

[+ GW

(2) Oxdation methods which measure steroids possessing the
following groups —

CH,OH CH OH CH, CH,
C=0Q CHOR CHOH C=0
,_k——-on i—--on i——-OH j—--oH
@ ® © @

@
A number of oxidation methods have beer devised and certamn
of these procedures measure steroids with some of the groups
shown mn {a) to (d) For example the method of Norymberski
can be used to measure (a) (b) (¢) or by adding another step
to the procedure (a) (b) (c) and (d)

Among the known unmpary steroids the following are measured
by the Porter Sslber method

{1) Pregnane 3¢ 17a 21 tniol 11 20-dione

(u) Pregnane 3a 118 174 21 tetrol 20 one

() Pregnane 17a 21-dol 3 11 20 trione

(wv) Pregnane 3a,17a diol 11 20 dione

(V) A® Pregnene 38 17a diol 20 one
It will be seen from the preceding pages of this chapter that (1)
(1) and (an) are products of the metabolism of the glucocorticards
cortisone and hydrocortisone The owudation method will measure
all these compounds and in addition Pregnane 3a,17a 20a trio]
together with a number of steroids the exact composition of
which has not been determmed It 1s therefore clear that both
methods provide a means of estmating products of glucocorticold
metabolism but that the oxidation method will provide higher
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DETERMINATION OF 17-KLTOSTEROIDS ‘The most
widely used method for the deter of 17 ki s in
volves the colour produced by reaction with m-dimtrobenzene
This 15 called the Zimmerman reaction and can be used to estt
mate all 17-hetosteroids or neutral 17 hetosteroids the neutral
fraction excludes those 17 ketosteroids mn which the A g 1s

phenolic O eg oestrone Table I shows the normal
HO'

range of total 17-ketosterord excretion for vanous age groups
TABLE 1+

‘ 17 ketosterods mgm [day

Age years

| Male | Female
34 2430 1227

910 7882 50
1415 69159 62116

2040 16340 422
QOver 60 281235 1680

*After R ! Dorfman (1957)

THE 8 FRACTION OF 17 KETOSTEROIDS A number of
17-ketosteroids possess a hydroxyl group at C; In most of these
compounds the OH occuptes the o position 1 relation to the
methyl group at C,, (sce page 8) but m certam steroids 1t
occupies the 8 positton @ 17 Xetosterords are for the most part
secreted by the adrenal cortex estimation of the g fraction of 17-
Letosteroids therefore provides more speafic mformation about
cortical activity by eliminating 17 ketosteroids derived from testi
cular androgens Among the known unnary 17 ketosteroids the
following possess this 8 configuration

(1) Dehydroepiandrosterone

(1) A® Androstene 38 16a 178 triol
{m) A° Androstene 38 178 diol
{1v) Epandrosterone

Dehydroeprandrosterone constitutes the bulk of the g fraction
of unnary 17 ketosteroids so that for all practical purposeijt 15
safe to regard this fraction as tical n origin Ep -
terone 15 a metabolite of testosterone (Fig 75) but constitutes
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3 Metabolsm of C,, sterads to 17 ketosteroids There 1s good
reason 10 believe that the comverston of C», sterords wath a ¢ 3-
ketone group mvohves the reduction of the double bond m the A
ring before the side cham at C, 1s removed when these sterotds
are bemng metabolised to 17 ketosteroids  Thus 1s shown by the
fact that C.; compounds wath a &*3 ketone group yeld much
greater quantities of 58 wsomers than of Sa. If the side chamn
were first removed, the ovygen at C,, which most of these com-
pounds contain would direct the reduction 1 ring A m favour of
Sa 1s0m-rs {see 1 above)

Poandrog s

T sts Ad enal Cortex

Fig 77 Diagrammauc representagson of the control of androgen secretion.

CONTROL OF ANDROGEN SECRETION

Although the adrenal cortex contributes about twice as much as
the testis towards the total urmary 17 ketosterords adrenocortical
androgens are weaher n theyr physwological effects than the andro-
gens of the testis In addition to secretng androgens the cortet
secretes a number of steroids whuch are converted in part to andro-
gens These sterowds are called pro-androgens and mnclude corti~

some  hyd 17-by P and 170 bydroxy
11-deoxycorticosterone

Among the factors which control the rate of secretion of andro-
gens two trophic h of the h

TPV are Ll
(Fig 77} ft 15 generally bekeved that these trophuc hormones
Operate by means of therr mfluence upon enzyme systems
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figures than the Porter-Silber method because the former measures
a number of compounds which are not estimated by the latter

It can therefore be seen that while the total neutral 17 ketos
teroid level n unine provides some measure of the rate of secretion
of androgens in the body the 17 hydroxysteroids reflect the rate
of secretton of glucocorticords  The g fraction of 17 ketosteroids
1s a useful guide to the adrenal contmbution to the total
17-ketosteroid output It has become possible to estimate the
concentration of aldosterone in urine but so far this has been
reserved for special studies because the amount of this substance
present i normal human unne 1s very small (3-4 pgm per 24
hours) which makes its estimation difficult

GENERAL METABOLIC PATHWAYS

Duning the performance of the experniments which have provided
the data upon which this chapter 1s based certain chemical features
of the sterord hormones were found to influence the metabolic path
ways these substances followed Some of these mfluences can be
mdicated 1n general terms

1 Reduction of a* 3 ketone in C,, sterords  When the double
bond at C, 1s reduced 1nn steroids which show the following

grouping * the hydrogen added to Cs wall adopt the
00

a or g configuratton mn roughly equal amounts, 1e

However when the sterord concerned bears an oxygen at C, the
product of this reduction 1s predomunantly @ At the same tume 1t
1s interestmg to notice that durmg the reductron of the 11 oxy
genated steroids of this type the oxygen 1s not removed (1€ no
11 deoxy Cis metabolites are formed) but most of the 11 ketone
groups are reduced to the 118 hydroxy grouping

2 Metabolism of Cs, steroids to C,, metabolites  C , sterords
are metabolised erther to C, products ot to C;, compounds It
has been found that the presence of a stde chawr at Cy, regardless
of the presence or absence of an oxygen at Cy; causes the reduc
tion of a A*3 ketone group to produce a 58 configuration 1e

O —_ HO
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TABLE Il
Refative actlvity of Androgens on Capon s Comb
(After Dorfman and Shipley )

Wesght of Compound (ug )
Compound equivalent to 100 ug gf
Androsterone (1 1)

Testosterone 15-30

Androstan 178-0 3-one
Androstane 3z 178 diol

Methyltestosterone

AP Androstene 38 178 diol 30-60
Androsterane

4% Androsten 3z of 17-one 60-120
At Androstene 3 17 dione

Androstane 3 17 dione

Dehydroepiandrosterone ‘ 120-250
A* Androstene 317 dione 250 500
4% Androstene 3z 178 diol

Epiandrosterone 500 1000
At Androstene 38 17« dio)

Aetiochelan 3z ol 17 one >1000 or inactive
Aetiocholane 3z 118 dicl 17-one

RELATIVE ACTIVITIES OF ANDROGENS Table II
shows the comparative biological activity of a number of steroids
on the basis of their effect upon the comb of the capon This table
illustrates the wide range of potency of varwous sterotds but the
relative potencies are only approximate because ngid statistical
comparison has not been undertaken The relative potencies vary
from one test to another and accordmg to the mode of admimnistra
tion of the steroids, whether local or systemic

REFERENCES

The matenal upon which this chapter 1s based comes from Andro.ens
by Dorfman RI and Shipley RA ™ Wiley New York 1957 This book
contains a comprehensive survey of the chemustry and phystology of
androgens and related steroids 1 health and disease together with full
references to the literature
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