Introduction to

PHYSIOLOGY

VOLUME 5
CONTROL OF REPRODUCTION

HUGH DAVSON
M. B. SEGAL




Introduction to
PHYSIOLOGY

VOLUME 5
CONTROL OF REPRODUCTION

HUGH DAVSON
Physiology Department, King’s College
London, England

M. B. SEGAL

Sherrmgton School of Physiology, St. Thomas’s Hospital
London, England

1980

ACADEMIC PRESS: LONDON TORONTO SYDNEY
GRUNE & STRATTON: NEW YORK SAN FRANCISCO



ACADEMIC PRESS INC. (LONDON) LTD.
24/28 Oval Road
London NW1

United States Edition published by
GRUNE & STRATTON INC.
111 Fifth Avenue
New York, New York 10003

Copyright © 1980 by -
HUGH DAVSON

All Rights Reserved

No part of this book may be reproduced in any form by photostat, mlcroﬁlm or any other
means, without permission from the publishers

British Library Cataloguing in Publication Data

Davson, Hugh
Introduction to physiology.
Vol. 5: Control of reproduction
1. Vertebrates—Physiology
I. Title II. Segal, Malcolm Beverley
1I1. Control of reproduction
596’.01 QP31.2 74-5668

ISBN (Academic Press): 0-12-791005-0
ISBN (Grune & Stratton): 0-8089-0900-2

Printed in Great Britain by
Latimer Trend & Company Ltd Plymouth



ACKNOWLEDGMENTS

The authors would like to acknowledge with gratitude the valuable help providcd by Dr.
D. A. Begley, of King’s College London, who kindly commented on the manuscript and
read the proofs. Also one of us (H.D.) is happy to thank the Leverhulme Trust Fund for an

Emeritus Fellowship that contributed materially to the cost of preparing the manuscript for
this volume. i



CONTENTS

Chapter 1 Introduction

Steroid Hormones
Chemical Aspects .
Protein Carriers
Binding Sites or Receptors
The Ovary
The Ovarian Secreting Cells
Male Steroid Secretion
Control of the Secretion of the Steroid Hormones
Gonadotrophic Hormones
The Hypothalamus-Pituitary System
Pituitaty Gland
Hypophysiotrophic Area
The Gonadotrophic Hormones
The Releasing Hormones
Prolactin
Cerebrospinal Fluid
References

Chapfer 2 Male Trophic Hormones and the Ovarian Cycle

ir: the Female

Male Reproductive Activity
Gonadotrophins

Oestrous or Ovarian Cycle
Ovulation :
Secretion of Hormones During the Oestrous Cycle
. The Influence of the Steroid Hormones
Luteolysis
Mechanism of Luteolytic Action
Anti-Oestrogenic Action of Progesterone
Maturation of The Ovum -
Inhibitor of Luteinization

: Hypothalamico'-Pituitary-Gonadgl Relationships

v

45
45
55
58
60
78
89
94
98
98
101
102



vi CONTENTS

The Hypothalamus

Electrical Stimulation of the Hypothalamus

Hypothalamic Lesions

Unit Activity

Follicle-Stimulating and Luteinizing Hormones

Feedback Phenomena

Releasing Hormones as Neurotransmitters

Prostaglandin-Induced Gonadotrophin Release
The Ovulatory Cycle

The Pre-Ovulatory Surge of Gonadotrophms

Integration of the Events during the Ovulatory Cycle

References

Chapter 3 Some Special Aspects of Hormone Receptors

Pitfalls in Interpretation

Pituitary and Hypothalamic Binding
Uterine and Oviductal Receptors
Gonadotrophin Receptor Sites
Control Through Receptor Formation
Protein Synthesis and Function
References

Chapter 4 Pl:egnancy: Implantation

~ “Rescue” of the Corpus Luteum
JProgesterone and Oestrogen
Placental Gonadotrophin
-Species Variations

Plasma Gonadotrophin Levels

Implantation and, Early Embryonic Development

Passage of the Ovum Along Oviduct
Implantation '

Delayed Implantation

Hormonal Control of Implantation
Suckling Animals

Pituitary Secretions

Exogenous Gonadotrophins and Antisera
Pituitary FSH-Content

Shedding the Zona Pellucida
‘Blocking by Drugs

Exteroceptively Induced Block

102
112
120
123
124
129
151
154
156
156
159
160

178
179

183

190
193
193
196

200
200
202
204
209
218
218

1994

228
231
236
237
239
240
240
249
242



CONTENTS

Spacing of the Embryos
Uterine Component in Control of Implantation
References

Chapter 5 Pregnancy: Maintenance and Prevention

Maintenance of Pregnancy
Contractile State of the Myometrlum
Blood Progesterone
Oestrogen
Gonadotrophins
Testosterone Stimulation
Alpha Foetoprotein
Oestrogen-Binding Globulin

Contraception '
Anti-Fertility Pills
Combined and Sequential Types
Anti-Oestrogens
Anti-Androgens
References

Chapter 6 Pregnancy: Parturition and Labour

Parturition
Species Variations in Control Mechanism
Oestrogen
Progesterone
Prostaglandins
Role of the Foetal Pituitary
Experimental Studies
Parturition in Primates
Monkeys
Humans ;
Further Aspects of Species Variations
Labour
Oxytocin
Prostaglandins
Role of Oestrogens

Effects of Steroid Hormones on Sensitivity to PG’s and Oxytocin

Adrenergiec Influence
- Widening of the Birth Canal
Pelvic Girdle

244
244
250

258
258
259
266
270
273
273
Sl
274
275
275
277
282
285

289
292
293
295
299
307
307
318
319
322
327
328
328
330

335

337 .

339

339

339



viii CONTENTS

‘Hormonal Control
The Cervix
References

Chapter 7 Lactation

Mammary Growth and Lactogenesis

Prolactin -

Hormonal Requirements for Mammogenesis
The Lactogenic Trigger

Plasma Progesterone

Possible Steroid Feedback

Induction of Lactation by Suckling

Studies on Organ \Culturc

Fat Synthesis
Hormonal Requirements for Maintenance of Lactation

Hypophysectomy

Role of Adrenal Steroids

Role of the Placenta

Role of Suckling in Lactation
Hypothalamic Control

Effects of Lesions

Suckling and the Milk-Ejection Reflex

Hypothalamic Stiffiulation

- Unit Recordings

Prostaglandins

References

Chapter 8 Puberty and Old Age

Puberty
Describing the Onset of Puberty
Social Factors Governing the Age of Puberty
Secretion of the Hormones
The Gonadostat Hypothesis
Positive Feedback. The Gonadotrophlc Trigger

Correlation of Structural Changes with Gonadotrophin Secretion

Changing Sensitivity to Negative Feedback
Oestradiol Receptors '

Adrenal Gland

Hypothalamic De-afferentation

342
347
352

360
360
370
376
376
379
383
384
391
391
393
394
397
398
407
407
409
413
415
425
426

432
434
435
439
449
454
461
464
464
464 -
466



CONTENTS

Role of Prolactin

Old Age and Reproduction
Women
Men

References

Chapter 9 Neurotransmitters, Nervous Action and Cyclic

. AMP

Catecholamines
Dopamine and Noradrenaline
Prolactin Secretion
* Dopaminergic System
Adrenergic System
Serotonin or 5-Hydroxytryptammc (5-HT)
Cholinergic System
GABA
Histamine
Role of Innervation
Cyclic AMP
Release of Pituitary Hormones
Steroidogenic Cells
Steroid Hormone Action
References

Chapter 10 The Pineal Organ

Biolagical Clocks

Seasonal Reproductive Phenomena
Pineal Gland

Pinealectomy

Melatonin

Role of the Pituitary and Hypothalamus

Other Active Pineal Principles

Changes in Synthetic Activity in the Pineal

Pharmacology of Melatonin

Role of the Pineal in Seasonal Brecdmg

Diurnal Rhythms

References

SUBJECT INDEX

ix

466
468
468
470
473

477
478
482
482
485
486
490
493
494
496
500
500
500
502
504

510
512
513
517
519
523
526
532
536
536
538
539

547



CHAPTER 1

Introduction

The co-ordination of the several factors concerned in the sexual re-
production of twa individuals to produce one or more progeny requires
control over a variety of factors; thus, mature ova and sperm must be
produced at the same time, and at this time the female must be in a
state to receive the sperm and the male to copulate, i.e. the female must
be receptive, or on heat (in oestrus) close to the time at which she
produces a new ovum. The timing of the events must be such that, at
the end of gestation, there will be adequate food available for mother
and offspring; and this is doubtless the basis for the breeding season
in many lower animals. The fertilized ovum requires nutrition, and
this is achieved by implantation of the blastocyst in the wall of the
uterus; for successful implantation the uterus must be prepared—the
decidual reaction—and subsequent nutrition must be achieved by for-
‘mation of a placenta, whilst the mammary glands must be prepared
for their later function of feeding the infant. During pregnancy the
cyclically occurring events taking place in the non-pregnant female,
included in the term oestrous cycle, or, in primates, the menstrual cycle,
must be suppressed; and finally the relaxed state of the utesine muscle,
necessary for retention of the foetus in the womb, must be succeeded by
a highly active state leading to delivery.

STEROID HORMONES

Castration

The control mechanisms are mediated through the steroid hormones
secreted mainly by the gonads and, if pregnancy takes place, in many
species by the placenta. In the mal~, the primary function of its secreted
androgens is to bring about a state of “maleness” in the developing
foetus and young animal, and to sustain this maleness throughout adult
life. Thus, castration of the young male, before puberty, prevents the
development of its accessory sex organs so that the castrated male re-
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tains many female features; for example, the human male voice remains
unbroken, and the effects of the operation on male animals were early
recognized, the castrated ox being more amenable than the bull, the
capon producing more fat than the cock, and so on. These effects can
be antagonized by injections of androgens, such as testosterone. Castra-
tion of the adult male has well defined effects, indicating the necessity
for the continuous secretion of androgens for the maintenance of
maleness. Thus, Table I from Ramirez and McCann (1965) shows the
changes in weight in the seminal vesicles and ventral prostate gland
of castrated rats following administration of testosterone at various
doses. Castration itself causes a profound drop in weight of the

TaBLE 1
Changes in weight of seminal vesicles and ventral prostate gland of rats after castra-
tion and -replacement therapy with testosterone propionate, Tp (Ramirez and

McCann, 1965)
Dose of Tp Seminal vesicles Ventral prostate
Type of rat 1g/100g/day (mg) (mg)
Intact 0 1025 ++ 36% 341 + 44
Castrated 0 i .8 27111
Castrated 5 240+ 2 S0+t 4
Castrated 4] 397 17 97 - 13
Castrated 100 1147 4-60 - 403 417
Castrated 150 1416 + 70 419 + 26
* Mean + S.E.

seminal vesicles, for example, from 1025 mg to 71 mg in mature
animals, and from 13-9 to 5-0 mg in immature animals. This fall in
weight is prevented by administration of the hormone.

Coitus

A more positive indication of the role of male steroid hormone se-
cretion is revealed by the striking changes in blood-level of testosterone
during sexual excitement and coitus. Figure 1.1 illustrates the rise in
luteotrophic hormone and the subsequent rise in testosterone in a bull
at sight of a cow and the ensuing copulation.*

* The relation between blood testosterone and sexual activity in the male is probably more
complex than suggested by this finding in the bull; in guinea-pigs the level of blood testo-
sterone is not related to high or low degree of sexual activity; however, animals with high
activity responded with a rise in blood testosterone on exposure to an oestrous female which
was large by comparison with that in animals of low activity (Harding and Feder, 1976).
As we shall see, androgens can be converted in the female or male, to oestrogens, and it has
frequently been argued that an effect of androgen is mediated by prior conversion to oestro-
gen. For example the testosterone-induced mounting behaviour of castrated male rats can be
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Fig."1.1. The effect of coitus on the concentrations of luteinizing hormone (LH;
A————= A) and testosterone (@———— @) in the peripheral blood of a bull.
: (Katongole et al., 7. Endocrinol.)

Non-Reproductive Tissue

In addition to the effects on the primary and accessory sexual organs,
the androgens affect many other tissues of the body; thus, the kidney,
adrenal gland, liver, pancreas, thyroid, thymus, salivary glands, skin
pigmentation, red blood cell formation are all affected. Their influence,
moreover, is not confined to the male, except in so far as the female
lacks the appropriate target organs.

This is especially obvious in the condition of hirsutism or excessive

reduced if the testosterone is applied to the hypothalamus together with an aromatization-
inhibitor, androst-1,4,6-triene-3,17-dione (ADT). It must be emphasized, however, that less
than 0-1 per cent of the testosterone would be converted to oestradiol, and it may be that the
much larger amounts of dihydrotestosterone formed would co-operate with oestradiol
(Christensen and Clemens, 1975).
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growth of hair in sites where such growth is a secondary male character-
istic; there seems little doubt that the condition is associated with-
increased androgens, such as testosterone and dihydrotestosterone, in
the blood of females so affected (Kuttenn et al., 1977).

Female Hormones

By contrast to that of the male, the secretion of the female sex
hormones is cyclical, corresponding with the cyclical events of the
oestrous and menstrual cycles and the production of ova. The female
steroid hormones belong to two main classes, the oestrogens, secreted
mainly by the follicle during the “follicular stage” of the menstrual
or oestrous .cycle, and the progestins or progestogens, secreted by the
corpus luteum during the luteal phase which, if pregnancy follews
ovulation, continues its secretory activity throughout pregnancy. This
activity is supplemented to a greater or less extent, according to species,
by the secretion of placental hormones, so that in many species removal
of the ovaries does not cause termination of pregnancy, which continues
to term (p. 202).

Chemical Aspects

The sex hormones, are, like the adrenal cortical hormones to which
they are closely related, steroids derived biosynthetically from cho-
lesterol, which itself is synthesized from acetate.

Synthetic Pathways

The main pathways of synthesis are indicated in Fig. 1.2; the major
androgen is testosterone; its reduced dihydro-compound is actually
more effective weight for weight and in most target organs for this
androgen there is an enzyme, 5a-testosterone dehydrogenase, that is
capable of transforming testosterone rapidly to the reduced form, so
that it is highly probable that it is in this form that it exerts its action on
the cells of many target organs.

The human ovary secretes mainly 17-g-oestradiol (E,), oestrone (E,),
progesterone and 17-a-hydroxyprogesterone.* It will be seen that the
synthetic pathway involves the formation of both male and female sex
hormones so that, in fact, the female gonad does, indeed, produce small
quantities of androgens such as testosteroneand the male gonad pro-
duces oestrogens; furthermore, the ovarian cells that produce the

* The main oestrogen of the goat is 17a-oestradiol. 20a-hydroxy-progcsterone'is formed
from progesterone in peripheral metabolism; it is alsc secreted by the monkey ovary, es-

pecially in the later, luteal, phase of its menstrual cycle (Hayward, 1963). 17a-hydroxy-
progesterone, although produced in the ovary, is relatively inactive.
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Fig. 1.2. Steroid synthetic pathways in human ovaries and testes. The major sec-

retory product of the testis is testosterone; the ovary secretes 17B-oestradiol, pro-

gesterone and 17a-hydroxy-progesterone. (Odell and Moyer, Physiology of
Reproduction.)

oestrogen type of hormone also produce the progesterone type, so that
we must speak rather of a main product or products, of a given tissue;
thus the main product of the follicular cells of the ovary is oestradiol
whilst that of Leydig cells of the testes is testosterone, presumably
because the enzyme compositions favour these stages in synthesis.t The
similarity with the adrenal cortical hormones has already been em-
phasized; this extends to the use of a common synthetic pathway, so
that sex hormones are, indeed, produced and secreted by the adremal
gland; this is espec1ally true of progesterone, which is the precursor of
both androgens and oestrogens as well as of corticosterone.

Metabolic Changes

When secreted into the blood the hormones may undergo chemical
change so that the androgens, oestrogens, etc., isolated from urine or
tissue may not be the same.as the hormones originally secreted by the
glands. Thus, the turnover of progesterone is quite rapid, with a half-
life of about 30 minutes; it is converted into the inactive pregnandiol

t The finding of oestrogen in normal male urine could be interpreted as a metabolic
conversion from testosterone, rather than release from testes; however, Kelch et al. (1972)

cannulated the spermatic veins of 8 normal men and obtained a concentration of oestradiol
of 1050 + 57 pg/ml compared with only 20 + 1-6 pg/ml in blood from a peripheral vein.
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which appears in the urine as pregnandiol glucuronide, so that the
concentration of this in the urine is a good index to the rate of secretion
of progesterone at any time. Oestradiol has a much longer half-life,
perhaps as long as 24 hours; in the liver it is converted to oestriol (E,),
having a third OH-group and lacking oestrogenic activity. Of the
androgens, as indicated above, testosterone may be converted by the
target tissues into 5a-dihydrotestosterone which is much more active
than testosterone; the urinary excretory product is androstenediol. A
less specific mode of altering the steroids is through conjugation with
glucuronic acid or sulphate; this renders them water-soluble and
permits their excretion by the kidney.

Protein Carriers

It will be recalled that the adrenal cortical hormones are carried by
a protein, transcortin, or corticosteroid-binding a,-globulin (CBG), for
which they have a specific affinity much greater than that of, say,
serum albumin. ;

SSBG and TeBP

Of the sex steroids it is known that progesterone is carried by the
same protein. So far as the others are concerned, Mercier-Bodard et al.
(1970) have reviewed the literature and described in some detail the
charaeteristics of a “sex steroid-binding globulin” (SSBG) which is
probably similar to the ‘“testosterone-binding protein” (TeBP) of
human pregnancy serum described by Gueriguian and Pearlman (1968)
and by Hansson et al. (1974). The carrier-protein is not specific for
testosterone, and binds oestradiol, the affinity constants being 1-2 and
0-5.10° M-! for testosterone and oestradiol respectively (Mercier-
Bodard et al., 1970). According to Anderson (1976) if the binding by
testosterone is put at 100, 5a-dihydrotestosterone (DHT) binds nearly
three times as well and oestradiol about one-third as well. A-5 andro-
stenediol binds as well as testosterone. Androstenedione and dehydroe-
piandrosterone hardly bind at all. The molecular weights of these sex
steroid-binding proteins (SBP and TeBP) are higher than that of
corticosterone-binding protein, being about 100,000 compared with
- about 66,000.

Progesterone Carrier

Of some interest is the appearance of a glycoprotein in the blood of
the pregnant guinea-pig that binds specifically to progesterone; the
association constant of 9.108 M~ reveals a high afﬁmty comparing with
only 1:6.10? M~ for testosterone. This does not occur in non-pregnant
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animals and cannot be induced in these by injections of oestrogens or
progestins, and so it may well be synthesized in the placenta (Milgrom
et al., 1972).

Physiological Role

The role of the binding proteins in plasma may be simply that of
carriers, as discussed in Vol. 2; as suggested by Anderson (1976), how-
ever, it is possible that variations in the quantity of a binding protein:
that binds androgens and oestrogens to different extents might represent
a mode of controlling the dominance of oestrogenic and androgenic
activity at a given target organ, since there is no doubt that the activity
of a steroid is governed by the concentration of the free molecule in the
nelghbourhood of the target cell. An 1mportant finding in this respect
is that the production of the binding protein is influenced by the con-
centration of steroid hormones, oestrogen tending to stimulate produc-
tion whilst testosterone tends to inhibit production. Thus, the binding
protein could, perhaps, act as an amplifier for testosterone action,
tending to increase the amount of free androgen in the blood; it would
operate in the opposite way on oestrogen action (Burke and Anderson,
1972). In this way, the virilizing in the polycystic ovary syndrome
could be attributed to the low levels of SSBG in the blood.

Receptors

As we shall see, the target organs for the steroid hormones, e.g. the
uterus or prostate, contain specific proteins or “reccptors” with which
the hormone binds on entering the cell; these “receptors” are different
from the plasma carrier proteins dﬂscnbed above, characteristically ex-
hibiting a far greater specificity for a given steroxd

Control .

In general, as indicated in Vol. 2, the steroid bound to its carrier acts
as a reserve, the active form being that dissociated from the carrier at
the target-site. . Control over steroid activity may well be exerted, not
only through alterations in secretion by the appropriate cells, but also
by the amounts of carrier protein released into the blood (see, for
example, Gueriguian et al., 1974). In addition, control could be modified
by alterations in the number and affinity of specific “receptors” with
which the hormone must interact before it exerts its action’ within its
target cell.
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Binding Sites or Receptors

The results of modern studies of steroid hormone action indicate that
the hormone first binds in the target cell to a protein that has a high
specific affinity for it; as a result of this initial step, the hormone can
now be translocated within the cell to the nucleus where it may ex-
change places with another—nuclear—receptor. These studies* have
been based on isolation of protein material from the target cells with
specific binding capacity for the hormone, and also by observation of
uptake of the radioactively labelled hormone by the tissue, either by
extraction or by radioautography.

Target Tissues ‘

The “target organs” for the sex steroids are the gonads, themselves,
and the secondary reproductive organs such as the prostate, uterus,
mammary ‘glands, and so on. In addition to these organs, the steroid
hormones are able to influence thé secretion of their trophic hormones,
synthesized by the anterior pituitary, or hypophysis, and they may do
this either directly by influencing the secreting cells, or indirectly by
modifying the excitability of the hypothalamic neurones whose sec-
retions, releasing hormones, are carried by the portal system to the anterior
lobe of the pituitary. It is reasonable, therefore, to examine both the
pituitary and the hypothalamus for binding sites or receptor material.

Uptake of Labelled Oestradiol

Some results of Eisenfeld and Axelrod (1966), obtained by injections -
of labelled ocstradlol and extracting the labelled material from target
organs, are shown in Fig. 1.3; uptake of oestradiol into the female
target-organs, such as the uterus, was very high, but it was also high in
the pituitary and the hypotha.lamus regions of feedback of this hormone.
It is interesting in this connection that the uptakes of this “female
steroid hormone” into both male and female pituitaries and hypo-
thalami were very similar.

Autoradiography. Stumpf has developed highly sensitive radio-
autographic techniques for the localization of ®H-labelled steroid in the
tissues; the silver grains deposited by this technique occurred over the
nuclei of target tissues, such as vagina, oviduct, testis and a mammary
tumour, but in the non-target tissues, such as liver and adrenal gland,
there was no concentration over the nuclei. In the uterus, for example,
epithelial cells, connective-tissue cells and muscle cells all showed

* The interaction of labelled steroid hormone with its target tissue, lcadmg to the concept
of the steroid receptor, was described first by Jensen and Jacobsen (1962). 3



