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INTRODUCTION

Many aspects of reproduction are controlled by hormones, which serve as chemical messengers linking
together the various reproductive organs to form an integrated and precisely regulated homeostatic
system. Any disruption of this balanced system can lead to inappropriate development, maintenance and
function of reproductive activity, resulting in some cases in mild or severe infertility. It is therefore of
little surprise that there should be such concern over the potential for chemicals to have adverse
reproductive health effects by acting as endocrine disrupters. This chapter will begin with an overview of
the basic components and function of the reproductive system and will be followed by a more detailed
consideration of the endocrine control of male and female reproductive processes. It is intended that this
chapter will provide a broad understanding of how the reproductive endocrine system functions, in order
to understand some of the potential mechanisms by which endocrine disrupters might have their effects.
Key species differences will be highlighted for humans and laboratory animals throughout the chapter.

OVERVIEW OF REPRODUCTIVE ENDOCRINE SYSTEM

An organisational overview of the individual components of the reproductive endocrine system is
presented in Fig. 1. The hormonal control of reproduction begins in the brain. The hypothalamus through
the secretion of gonadotrophin-releasing hormone (GnRH) governs the activity of the pituitary gland, an
organ which serves as an amplifier, transmitting the brain signal via the secretion of the gonadotrophins,
luteinizing hormone (LH) and follicle stimulating hormone (FSH), to act on the gonads. In the female,
LH and FSH stimulate the processes of folliculogenesis and ovulation, and cause the follicles and corpus
luteum to secrete oestrogens and progestagens. In the male LH and FSH control the process of
spermatogenesis and stimulate the secretion of testosterone from the Leydig cells. The sex-steroids have
a wide variety of physiological effects, acting on a number of different targets in the body (see below).
The reproductive endocrine system can also be controlled by external signals such as changes in
daylength, or olfactory signals in the form of pheromones, which appear to influence the way that the
central nervous system controls the secretion of GhnRH.

*Pure & Appl. Chem.1998,70(9)—an issue of special reports devoted to Environmental Oestrogens.

1633



1634 A. N. BROOKS

Anatomical organisation of the hypothalamus and pituitary gland

Hypothalamus

The hypothalamus forms part of the diencephalon, a subdivision of the forebrain, and lies immediately
below the thalamus. It surrounds the third ventricle and is bounded rostrally by the optic chiasma, and
caudally by the mamillary bodies. Many of the cell bodies of neurones within the hypothalamus are
found in specific nuclei. For instance, neurones containing corticotrophin-releasing factor (CRF) which
stimulates the secretion of adrenocorticotrophin (ACTH) from the pituitary gland, are found within a
specialised structure called the paraventricular nucleus (1). In contrast, neurones containing GnRH have
a much more diffuse distribution throughout a larger hypothalamic region called the pre-optic area (2).
Studies in the mouse, rhesus monkey and human have shown that GhRH neurones do not begin their life
in the central nervous system (3-5). Instead, they arise during early embryogenesis from the olfactory
placode and migrate along the pathway of the nervus terminalis-vermonasal complex to their resting
place in the pre-optic area. In mice, GnRH neurones are first detected in the olfactory placode by
embryonic day 9.5 (e9.5), after which time there is a period of rapid mitosis with all cells that make up
the postnatal population being present by day 12.5. Migration into the CNS takes place after €12.5 and is
complete by e16.5 (4). In humans with Kallmans Syndrome (hypogonadotrophic hypogonadism coupled
with anosmia), there are no detectable GnRH neurones in the hypothalamus (3). Instead GnRH neurones
remain in their embryonic birthplace in the olfactory placode. This lack of migration appears to result
from a deficiency in neural cell adhesion molecule which has been shown to form a scaffold through
which the GnRH neurones pass (6). Axons derived from cell bodies located in the various nuclei of the
hypothalamus, project to a number of other parts of the brain, including the hypothalamus and the
median eminence, or to the posterior lobe of the pituitary gland. Once GnRH cell bodies have migrated
to the pre-optic area, axons are then targeted to the lateral median eminence, which is located at the base
of the hypothalamus and is the anatomical link between the neural and endocrine systems. Neurones
projecting to this region form terminal connections with a capillary plexus which feeds into the
hypothalamo-hypophyseal portal blood supply. This blood supply consists of portal vessels which course
down the pituitary stalk and provide the humoral link between the hypothalamus and the pituitary gland
(see Fig. 1). The mechanisms responsible for the migration and functional organisation of the GnRH
neuronal system are poorly understood but aneghioto involve locally produced growth factors, called
neurotrophins, which influence neural survival and target cell recognition (7). The production of these
growth factors is known to be regulated in part by steroid hormones such as oestrogens (8, 9), but the
potential effects if any, of xenobiotic oestrogens on this aspect of developmental neuroendocrinology is
not known. However, if xenoestrogens should act to alter the neuroendocrine organization of the GnRH
neuronal system during development, this could have long-term adverse consequences for reproductive
endocrine function.
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Fig. 1. Organisational overview of the hypothalamo-pituitary gonadal axis.

Pituitary gland

The pituitary gland comprises two main lobes, the anterior lobe and the posterior lobe. The posterior
lobe consists mainly of neural tissue and is linked directly with the hypothalamus by neural fibres whose
cell bodies are located within the supraoptic and paraventricular nucleus of the hypothalamus. The main
hormonal products of the posterior lobe are oxytocin, which is responsible for the ejection of milk from
the mammary gland and for uterine contractility at birth, and arginine vasopressin which is responsible
for controlling blood volume.

The anterior lobe is further subdivided into three regions, the pars distalis, pars intermedia, and pars
tuberalis. The anterior lobe is largely devoid of nerve fibres, apart from sparse innervation of the pars
intermedia. It is instead, linked to the hypothalamus by the hypophyseal-pituitary portal blood supply.
The anterior pituitary gland synthesises and secretes six individual hormones, adrenocorticotrophin
(ACTH) growth hormone (GH), prolactin (PRL), thyroid stimulating hormone (TSH) luteinizing
hormone (LH) and follicle stimulating hormone (FSH). LH and FSH are found within one cell type, the
gonadotroph, whereas the remaining hormones are synthesised within individual cells; ACTH in
corticotrophs, GH in sommatotrophs, PRL in lactotrophs and TSH in thyrotrophs (see Fig. 2). During
early embryogenesis the five specialised cell types of the anterior pituitary gland are derived from a
common progenitor cell, but there is a spatial and temporal pattern to the appearance of each of these
(10). Corticotrophs are the first cell types to appear, followed by thyrotrophs, gonadotrophs and finally
lactotrophs and somatotrophs. A number of homeodomain factors (e.g. Pit 1, Lhx3) have recently been
described which specify the appearance of these cell types (10,11). Each anterior pituitary hormone is
controlled by stimulatory or inhibitory factors which are released from the hypothalamus (see Fig. 2). For
the gonadotrophins there is a single releasing factor, GnRH, although for many years there has been a
great deal of unresolved controversy as the existence of a separate FSH releasing factor (12). ACTH is
under multifactorial control, with CRF and AVP being the main releasing factors and oxytocin and
norepinephrine having minor stimulatory roles by comparison. Growth hormone is stimulated by growth
hormone releasing factor (GRF) and inhibited by somatostatin (SRIF). Thyroid stimulating hormone is
stimulated by thyroid hormone releasing factor (TRH). Prolactin is primarily under inhibitory control by
dopamine, but in rats there is also evidence for the existence of a prolactin releasing factor (13). This
factor which is of unknown identity originates from the intermediate and posterior lobes of the pituitary
gland and is responsible for mediating some of the stimulatory effects of oestrogen on prolactin secretion
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(14). The xenobiotic oestrogen, bisphenol A has recently been shown to stimulate prolactin secretion in
rats via the release of this prolactin releasing factor, illustrating the importance of this pathway in any
consideration of the effects of endocrine disrupters on prolactin secretion (15). The control of prolactin
secretion is further complicated by the presence of two peptides, galanin and vasoactive intestinal
peptide (VIP), in the anterior pituitary gland (16). Galanin and VIP stimulate prolactin secretion and are
themselves inhibited by prolactin and stimulated by oestrogen (16). It is proposed that the local
production of these peptides in the anterior pituitary gland serves as a way of mediating the effects of
oestrogens on the secretion of prolactin, and as such this represents another potential pathway by which
prolactin may be controlled by xenoestrogens.
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Fig. 2. Hypothalamic control of the pituitary gland illustrating the five hormone secreting cell types present in the
anterior pituitary gland, and their control by hypothalamic stimulatory and inhibitory factors.

Gonadotrophin releasing hormone (GnRH)

GnRH is a decapeptide which is derived from a larger precursor molecule called prepro-GnRH. Until
recently, it was thought that the majority of mammals had only one form of GnRH in the brain. This
contrasts distinctly with birds and amphibians which have at least two forms (see pp. 1657-1669).
However, a second form of GnRH has been isolated from stumptail and rhesus monkeys which was
similar in structure to the second form of GnRH found in chickens (cGnRH-II). The functional
significance of this second form of GnRH remains to be determined (17). The regulation of GnRH
synthesis and secretion involves a number of inhibitory and stimulatory neurotransmitters and
neuropeptides located within the central nervous system and this is considered in detaib4vpp6.

GnRH stimulates the synthesis and secretion of LH and FSH in the pituitary gonadotrophs by binding
to a specific cell surface receptor which is part of a family of receptors collectively called G-protein
coupled receptors (GPCRs). GnRH receptors have been cloned from a variety of species and show
structural and sequence homology (18-20). GnRH stimulation of this receptor causes activation of the
phopholipase C signal transduction pathway, which is induced by g-protein and leads to mobilisation of
calcium and activation of protein kinase C (21). GnRH receptor expression is regulated by GnRH itself
but also by oestrogen (22). In rats, ovariectomy increases pituitary GnRH receptor mRNA levels and this
is reversed by treatment with oestrogen. It is not known if xenobiotic oestrogens can alter GhRH receptor
expression, but this could clearly be an important point of regulation.

Gonadotrophins

LH and FSH are glycoprotein hormones composed of two dissimilar subunits, the alpha subunit and the
beta subunit, which are linked by disulphide bonds. The alpha subunit is shared by LH and FSH and also
by the other glycoprotein hormones, TSH and chorionic gonadotrophin (found in humans and equids
only). Each glycoprotein hormone has a hormone specific beta subunit which is encoded in a separate
gene and is responsible for the biological activity of the hormone. The degree of glycosylation of the
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individual gonadotrophin subunits alters the circulatory half-life of each of the gonadotrophins and can
also alter their biological activity. This is thought to be an important mechanism for controlling the
physiological activity of the gonadotrophins at different stages of the reproductive cycle.

In females FSH is responsible for follicular growth and LH stimulates sex-steroid synthesis and
secretion. In males FSH stimulates Sertoli cell replication and function whereas LH acts on the Leydig
cells to control testosterone synthesis and secretion. LH and FSH exert their effects on target cells by
interacting with a cell surface LH or FSH receptor (23). These receptors consist of a large extracellular
domain which is responsible for hormone binding, seven transmembrane regions and an intracytoplasmic
tail. Different species share the same basic receptor structure, but with some differences in amino acid
make up of the polypeptide chain. Overall the human and rat LH receptor share 85% homology, but
despite this the human receptor has a high degree of specificity, and will not bind rat LH. The actions of
LH and FSH via these receptors is mediated by the cAMP second messenger system which is induced by
adenylate cyclase and g-proteins (24).

A distinguishing feature of gonadotrophin (and other anterior pituitary hormones) secretion, is its
inherent pulsatility. This is particularly so for LH which is secreted as discrete ultradian bursts whereas
FSH exhibits a more constant pattern with fluctuations which cannot be easily defined as true hormone
pulses. However, both gonadotrophins are under the control of GnRH which itself is secreted in a
pulsatile fashion from the hypothalamus. The differences in the circulating patterns of LH and FSH are
primarily accounted for by differences in the circulatory half lives of the two hormones. LH has a half
life of approximately 20 minutes whereas FSH is about 3 hours. The frequency at which gonadotrophin
pulses occurs is dictated to a large extent by the concentrations of sex-steroids in the circulation through
a mechanism known as negative feedback. Gonadotrophins stimulate the secretion of sex-steroids from
the gonads and these in turn have a negative feedback effect on the hypothalamo-pituitary unit to inhibit
gonadotrophin secretion. Sex-steroids exert these negative feedback effects by acting on the
hypothalamus and the pituitary gland. The pituitary possesses many receptors for sex-steroids and is well
known to be a major site of steroid negative feedback, largely by reducing the sensitivity of the pituitary
gland to the incoming GnRH signal (25, 26). Negative feedback on the hypothalamus is also well
established, but surprisingly, GhnRH neurones do not possess steroid receptors to mediate this effect (27).
Instead it is thought that steroids modulate the activity of other neurones such as those containing the
inhibitory amino-acid neurotransmittgraminobutyric acid (GABA) which in turn controls the activity
of the GnRH neurone (28). This negative feedback system is exquisitely sensitive and maintains
homeostasis within the reproductive system. Steroid hormones are not the only negative feedback
regulators of gonadotrophins. Inhibin, is a glycoprotein hormone secreted from the granulosa cells of the
follicle and the Sertoli cells in the testis (see the section on Inhibins and activins) which specifically
inhibits the secretion of FSH. Inhibin can either act alone or in concert with sex steroids to regulate FSH
secretion. Thus, the role of inhibin in the control of FSH secretion varies between genders, and may also
be species specific. For instance, injection of inhibin antiserum fails to elevate FSH secretion in adult
male rats but results in a significant elevation of FSH in the Rhesus monkey (for review see (29)). One of
the main pathways by which xenoestrogens may act as endocrine disruptors is thought to be by
interfering with these negative feedback pathways resulting in suppressed circulating concentrations of
LH and FSH (see below).

The preovulatory surge of gonadotrophins occurs in females as a result of a switch in the
responsiveness of the hypothalamus and pituitary gland to allow oestrogen to have a positive, rather than
negative feedback effect. This allows oestrogen secreted from the dominant follicle, to stimulate LH and
FSH thereby causing ovulation of that follicle. During the preovulatory surge LH and FSH
concentrations can reach values some 10-20 times higher than seen at other times of the cycle. In rhesus
monkeys the major site for positive feedback effects of oestrogen appears to be the pituitary gland.
Surgical lesions of the mediobasal hypothalamus reduce plasma LH and FSH concentrations. These can
be restored by administering pulses of GnRH, and in this situation oestrogen is able to elicit a
gonadotrophin surge (30). Clearly this must be due to a direct effect on the pituitary gland because the
hypothalamus has been destroyed. The same mechanism is also thought to occur in women. However,
positive feedback can also occur at the hypothalamus as has been demonstrated by a series of
experiments in which GnRH secretion from the hypothalamus has been measured and shown to increase
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dramatically during the gonadotrophin surge in monkeys (31), sheep (32) and rats (33). Oestrogen
therefore appears to be able to exert its positive feedback actions at the level of the hypothalamus and the
pituitary gland.

In rats, the LH surge is coupled to the light-dark cycle and always occurs during the late afternoon;
there is little evidence for a similar link in humans. In rats the gonadotrophin surge is also sexually
differentiated. Sexual differentiation of the central nervous system is mainly affected by gonadal steroids
which induce permanent and irreversible effects on the structure and function of specific regions in the
brain (34). These organisational effects of sex-steroids can only occur during critical windows of
development. Early exposure to androgens secreted from the developing testes, results in the abolition of
cyclic female patterns of gonadotrophin secretion. These animals can no longer produce the LH surge
which is characteristic of ovulation in females. Paradoxically, in rats oestrogen is able to mimic the
effects of androgens and this led to the aromatization hypothesis (34). The brain possesses aromatase
enzyme during foetal and neonatal development which is capable of converting testosterone into
oestradiol (see Fig. 3). It is this local production of oestrogen in the pre-optic area of the hypothalamus
of the male brain which induces sexual differentiation of the surge mode of gonadotrophin secretion in
rats. The critical window for sexual differentiation of the brain varies between species (rats day 18-27
post conception; mouse, postnatal; guinea pig, 30—37 days post conception). Certain aspects of sexual
behaviour are also sexually differentiated. For instance, androgenic hormones given either pre- or post
natally to developing female rats decreases the rate of lordosis behaviour (35). The sexually dimorphic
nucleus of the pre-optic area of the hypothalamus (SDN-POA) is a region believed to be involved in the
control of sexual behaviour, and is larger in volume in males compared with females (36). Recent studies
have shown that administration of phytoestrogens such as genestein during the critical window, can
increase the volume of the SDN-POA of female offspring to that seen in males (37). Administration of
the xenobiotic oestrogen, octylphenol, was found to have no effect on this region, despite having clear
oestrogenic effects to increase uterine weight (38). The effects of individual xenobiotic oestrogens on
sexual differentiation of CNS function therefore remain to be clarified. In humans there is considerable
controversy as to the extent to which sexual behaviour is sexually differentiated (39). There is however,
little evidence for sexual differentiation of the surge mode of gonadotrophin secretion. Oestrogen
administration to men is able to elicit a normal gonadotrophin surge.
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Fig. 3. Simplified biosynthetic pathway illustrating the main enzyme steps involved pradection of the
common sex-steroids from cholesterol precursor.

Sex steroids

The steroid hormones comprise a large group of compounds which are all derived from the precursor
cholesterol. The pathway for the synthesis of the main sex-steroids is shown in Fig. 3. The conversion of
cholesterol to pregnenolone represents the first step in the pathway for steroid biosynthesis. This is an
important rate limiting step which is common to all steroids and takes place on the inner mitochondrial
membrane. Until recently, little was known about the way in which cholesterol gains access to the inner
mitochondrial membrane but a new protein called steroid acute regulatory protein (StAR) has now been
identified whose function is to facilitate the transport of cholesterol from the outer to the inner
mitochondrial membrane (40). There are three main groups of sex-steroids, the androgens, progestagens,
oestrogens. They are all related structurally and are formed by the actions of a series of enzymes which
form the steroidogenic pathway. In brief this pathway causes the conversion of pregnenolone to
progesterone which is the precursors for androgens. Androgens can then be converted into oestrogens.
The extent to which these conversions take place is dependent on the expression of the various enzymes
in specific tissues. For instance, tissues which lack the enzyme aromatase are unable to convert
androgens to oestrogens and are therefore not a site of oestrogen production. The majority of steroids do
not circulate in blood as free hormone, but instead are bound to a variety of serum proteins. Most
oestrogen in the circulation is bound to sex-hormone-binding globulin (SHBG), but compounds such as
ethinyl oestradiol and DES do not bind to SHBG (41). Many environmental oestrogens also fail to bind

to SHBG, and this could increase their bioavailability in the circulation.

Sex steroids have a wide range of effects in many organs and tissues throughody tifendrogens
are essential for normal spermatogenesis but also maintain the normal integrity of the male secondary sex
organs such as the prostate, seminal vesicles, and epididymes. Androgens also influence male sexual and
aggressive behaviour, and act on the hypothalamus and pituitary gland to control gonadotrophin
secretion. Oestrogens have a major influence on uterine physiology. Removal of the major source of
oestrogen by ovariectomy, causes marked atrophy of the uterus. This can be restored by administration of
exogenous oestrogen, which causes generalised oedema and stromal cell proliferation in the
endometrium. This uterotrophic effect of oestrogen forms the basis of the uterotrophic assay which is a
sensitive means of assessing the oestrogenic properties of natural and xenobiotic oestrogens (42).
Oestrogens also regulate female sexual behaviour and secondary sexual characteristics. They participate
in the development of the ovum and prepare the uterine endometrium for progesterone action, by
inducing progesterone receptors. They sensitize the uterine myometrium at birth and are important for
mammary gland development. Oestrogens regulate gonadotrophin secretion and are responsible for some
aspect of sexual differentiation of the central nervous system. Oestrogens also have many non-
reproductive effects on bone, the cardiovascular system, and lipid metabolism. Progestagens are
important for the maintenance of pregnancy, by dampening down the contractile activity of the
myometrium. They prepare the uterine endometrium to receive the developing conceptus, and are
involved in mammary gland development. Tlago regulate gonadotrophin secretion.

In order for steroids to exert these effects in target tissues they must interact with an intracellular
receptor belonging to the superfamily of nuclear hormone receptors (43, 44). Each class of steroid
hormone has a specific steroid receptor, but they all, have certain structural features in common. In
particular all steroid receptors have two specialised regions called the ligand binding domain (LBD) and
the DNA binding domain (DBD). The LBD is the region where the steroid hormone binds the receptor
and the DBD is the region which allows the receptor to interact with the promoter region of target genes.

In their inactivated state these receptors are located in the cytoplasm of cells, but once bound by steroid
hormone (which passes into the cell by passive diffusion) they move into the nucleus. These activated
receptors then dimerize and bind to specific sequences on oestrogen responsive genes called oestrogen
response elements, to initiate the transcriptional process (43, 44).
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For oestrogens, there are known to be two receptors each encoded on a separate geney eaited ER
ERB. Structurally, ER is highly homologous to ERin the DNA binding domain (>95% amino-acid
identity) but shows only 55% homology in the ligand binding domain (45, 46). These structural
differences lead to different relative binding affinities in ligand binding assays, of a number of
oestrogenic ligands including xenoestrogens such as methoxychlor and bisphenol A and
phyto-oestrogens such as coumestrol and genistein (47). For both groups of compounds the relative
binding affinity was greater for ERRcompared with ER. Furthermore, ER shows a discrete tissue
distribution being the most predominant ER in the prostate, ovary and certain regions of the brain such as
the paraventricular nucleus (45, 47-49). Differential oestrogen receptor subtype distribution may account
for the ability of natural and xenobiotic oestrogens to exert tissue specific effects.

Inhibins and activins

Inhibin is a glycoprotein hormone consisting of two dissimilar subunits teomedd 3, linked by
disulphide bonds, which selectively inhibits the secretion of FSH (50). Two forms Bfsgunit have

been isolated, termegh andfg, which combine with the-subunit to produce inhibin A and inhibin B.

In addition dimerisation of thB-subunits results in the formation of activins (activinfAf3a , activin

AB; BaBg or activin B;BgPg) which have been shown to stimulate the synthesis and secretion of FSH
(51). Recent cDNA cloning and sequence analysis from several species has revealed that the three
inhibin subunits @, Ba, Bg) are encoded by three separate genes (52). It is generally accepted that the
main sites of production of inhibin reside within the gonads, primarily the Sertoli cells in the testis and
the granulosa cells in the ovary. Although one of the primary functions of circulating inhibin is to inhibit
FSH secretion it is now clear that inhibins and related peptides can act as paracrine and autocrine factors
in other parts of the body, such as the central nervous system, pituitary gland and (8&}enta

ENDOCRINE CONTROL OF THE FEMALE REPRODUCTIVE SYSTEM

Every mammalian species with the exception of humans displays oestrous behaviour at ovulation, and
this gives rise to the term oestrous cycle. In humans the only outward sign of cyclicity is menstruation
and we therefore refer to the human menstrual cycle. Within these broad categories there are many
species differences in the type and length of cycle. Animals can be grouped according to whether they
are spontaneous or induced ovulators. Induced ovulators include the rabbit, in which the act of coitus is
necessary to induce ovulation. The majority of mammals fall into the category of spontaneous ovulators
which do not require the act of coitus to trigger ovulation. However, laboratory rats and mice are
spontaneous ovulators but also require the act of coitus to produce a fully functional corpus luteum.
Mating stimulates the secretion of prolactin which forms part of the luteotrophic complex and maintains
the lifespan of the corpus luteum. Animals can also be classified according to whether their cycles occur
at particular times of the year, in which case they are referred to as seasonally oestrous. In the female,
xenoestrogens have been shown to have direct effects on target organs such as the uterus and mammary
gland, and in the case of the uterus this has lead to the development of a sensitive assay for detecting the
oestrogenic activity of chemicals. However, the effects and consequences of xenobiotic oestrogens acting
on the endocrine control of the female reproductive system remain largely unknown. The endocrine
control of the human, rat and rabbit cycles will now be considered in detail.

Human

The human menstrual cycle can be divided into two phases, the follicular phase and the luteal phase.
Throughout the menstrual cycle, primordial follicles undergo gonadotrophin independent follicular
growth to form early preantral follicles. In humans only one preantral follicle will be selected to form a
dominant preovulatory follicle, a mechanism which is dependent on the secretion of LH and FSH from
the pituitary gland (see Fig. 4). Preantral follicles which are not selected undergo a process of atresia and
die (54). Following luteolysis, oestrogen, progesterone and inhibin concentrations fall, thus reducing
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negative feedback and allowing gonadotrophin concentrations to rise. The rise in LH and FSH stimulates
the developing follicles to produce steroids and inhibin. Androgens produced in the thecal cells serve as
a substrate for oestrogen synthesis in the granulosa cells (55). Aromatase expression in the granulosa
cells is stimulated by androgens and FSH, so as to facilitate oestrogen synthesis (55). In this way a local
positive feedback loop is established which causes ever increasing amounts of oestrogen to be produced
from the most active follicle, and this culminates in a surge release of oestrogen. The surge in oestrogens
triggers the preovulatory surge in LH and FSH by a positive feedback mechanism, and this causes
ovulation (30). Oestrogens and FSH also play an important role in inducing LH receptors on granulosa
cells, which is a crucial step in the process of ovulation (56) .
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Oestradiol
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Theca cells  Granulosa cells feedback
! \Q
Androgens +» Oestradiol

/
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Fig. 4. Overview of the hormonal interrelationships between the hypothalamus, pituitary gland and ovary during the
follicular phase of the cycle.

Following ovulation, the corpus luteum develops and progesterone levels rise. Progesterone has a
negative effect to slow the frequency of GnRH pulses, and gonadotrophin concentrations decline (see
Fig. 5). In women, the corpus luteum also makes inhibin and oestrogen, which serve as potent inhibitors
of FSH secretion from the pituitary gland (57, 58). This results in suppressed follicular growth, other
than gonadotrophin independent development from the primordial to early preantral stage. The end of the
luteal phase is triggered by a process called luteolysis which may involve programmed cell death, or
apoptosis (59). In species such as sheep and guinea pig, luteolysis is actively triggered by the release of
prostaglandin F& from the uterine endometrium, and this in turn is stimulated by oxytocin released from
the corpus luteum (60, 61). This feedback loop is not found in women, and the mechanisms for inducing
luteal regression are not known.
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Fig. 5. Overview of the hormonal interrelationships between the hypothalamus, pituitary gland and ovary during the
luteal phase of the cycle.

Rat and Mouse

The rat/mouse oestrous cycle is divided into four phases, pro-oestrus, equivalent to the human follicular
phase; oestrus; met-oestrus, immediately following oestrus; and di-oestrus which is equivalent to the
luteal phase in humans. The main feature of the rat and mouse oestrous cycle is that its length is
dependent on whether mating has taken place. In the absence of mating, the luteal phase of the cycle is
2-3 days, but following mating with a vasectomised male, the luteal phase is extended to 11-12 days (62,
63). This extended life-span of the corpus luteum is dependent on the secretion of prolactin from the
pituitary gland (64). Mechanical stimulation of the cervix during mating activates an afferent neural
pathway to the central nervous system which reduces the amount of dopamine released from the
hypothalamus, and prolactin increases (65). Prolactin is an essential part of the complex of hormones
required to maintain luteal function, and without it the corpus luteum dieaflatays (62, 64).

Rabbit

The rabbit is an induced ovulator. In the absence of mating, the doe is endocrinologically in a persistent
follicular phase. There are waves of follicular growth, which are accompanied by elevated blood
oestrogens, and low progestagens. However, mating with a vasectomised buck, causes ovulation some
10-12 hours later, and this is followed by the formation of a corpus luteum and elevated progesterone
concentrations (66). The luteal phase lasts 12 days, and if there is no longer a buck present, the doe
returns to her persistent follicular state. Like the rat, mechanical stimulation of the cervix activates a
neural pathway to the central nervous system, but in this case, results in the generation of an LH surge
which triggers ovulation.

ENDOCRINE CONTROL OF THE MALE REPRODUCTIVE SYSTEM

The endocrine mechanisms that regulate testicular activity are similar in many ways to those which
regulate ovarian function, and are summarised in Fig. 6. GnRH secreted as pulses from the hypothalamus
into the hypophyseal pituitary portal supply stimulates the secretion of LH and FSH. LH acts on Leydig
cells to stimulate testosterone synthesis and secretion whereas FSH acts on the Sertoli cell which acts as a
nurse cell to support the process of spermatogenesis.
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Fig. 6. Overview of the hormonal interrelationships between the hypothalamus, pituitary gland and testis.

Regulation of steroidogenesis

In animals in which the pituitary gland has been removed (hypophysectomy) there is a marked reduction
in the rate of androgen synthesis. Androgen synthesis can be restored by exogenous administration of LH
(67). The mechanism of action of LH includes the regulation of steroid acute regulatory protein (StAR)
which is responsible for the transport of cholesterol from the outer to the inner mitochondrial membrane
(40). This makes cholesterol available for conversion to pregnenolone, the first step in the steroid
biosynthetic pathway (see Fig. 3). LH is also a trophic hormone for Leydig cells; hypophysectomy causes
Leydig cell atrophy, as well as reduced testosterone synthesis and secretion. Prolactin can also stimulate
Leydig cell function. Receptors for prolactin are found on Leydig cells, and in rats but not in man,
prolactin is known to increase the numbers of LH receptors, thus increasing the capacity for LH to induce
steroidogenesis (68).

Regulation of spermatogenesis

Testosterone is essential for the maintenance of normal spermatogenesis. Hypophysectomy in rats halts
the process of spermatogenesis but at the same time testosterone production from the Leydig cells is
reduced. If these animals are given LH or testosterone at the time of hypophysectomy, Leydig cell
function and spermatogenesis is maintained, albeit at a reduced rate (69). In primates this decline in
spermatogenesis after experimental hypophysectomy is much more severe. LH or testosterone are
insufficient to restore normal spermatogenesis, but if FSH is also given, sperm production returns to
normal. The precise role of FSH in the process of spermatogenesis is unclear. FSH acts on Sertoli cells to
stimulate the output of many different Sertoli cell proteins including inhibin, androgen binding protein
(ABP), and androgen receptor (70, 71). The increase in androgen receptor allows the Sertoli cell to
become more responsive to androgen secreted from Leydig cells. The role of FSH in spermatogenesis is
also species dependent. Immunoneutralization of FSH using specific antibodies to FSH, results in a
marked decline in spermatogenesis in nonhuman primates but has virtually no effect in rats (72, 73). In
men with reduced FSH levels, testosterone alone can restore sperm production, although FSH is
necessary for this to be complete (74). The difference between species is thought to be due to differences
in the effects of FSH on spermatogonial phases of the spermatogenic cycle.

One of the key determinants of sperm output is the number of Sertoli cells in the testis. Each Sertoli
cell can only support a finite number of developing sperm cells, so that the number of Sertoli cells sets
the upper limit for sperm production. Sertoli cell replication can only occur during a critical window of
development in foetal and neonatal life. In rats this window of Sertoli cell replication begins at day 19—
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20 of foetal life and finishes at postnatal day 14-15 (75). A similar time span is observed in mice and
rabbits. The window for Sertoli cell replication in man is far less clear, but begins during mid-foetal life
and extends to at least 1 year post-natally (76). FSH is the single most important determinant of Sertoli
cell number (77). Inhibition of FSH secretion during neonatal life in rats will reduce the number of
Sertoli cells and this can be reversed by FSH administration (78). By contrast thyroid hormones act by
changing the duration of critical window in which FSH can have its effects (79). Thus, neonatal
hypothyroidism prolongs the period of Sertoli cell replication giving larger testes with a greater capacity
for sperm production. As discussed in previous sections, FSH secretion is subject to negative feedback
inhibition by circulating oestrogens. Sertoli cells from neonatal rats secrete oestrogens in response to
FSH stimulation (80). These oestrogens maintain the correct concentration of FSH to achieve optimal
Sertoli cell replication during the critical window. If exogenous oestrogens are administered during early
neonatal life, this results in reduced FSH secretion, and smaller testes with reduced sperm output, in adult
life (80). It is therefore also possible for exogenous xenobiotic oestrogens to interfere with this negative
feedback pathway, and reduce FSH secretion during the window of Sertoli cell replication. This would
lead to a reduction in Sertoli cell numbers and a reduction in the capacity for sperm production in adult
life (80—82). This mechanism has been proposed to explain the link between exposure to xenoestrogens
and the apparent decline in sperm counts in humans.

CONCLUSIONS

Oestrogens are crucial for the normal development, maintenance and function of the reproductive
systems of male and female mammals. On a theoretical basis, xenobiotic oestrogens have the capability
of mimicking any of the actions of endogenous oestrogens. Thus, inappropriate exposure to xenobiotic
oestrogens could alter the finely balance homeostatic mechanisms which constitute the reproductive
endocrine system. The challenge now is to determine if the theory is really translated to reality, by
establishing if exposure to xenoestrogens can alter endocrine function in such a way as to have adverse
effects on reproductive health.

REFERENCES

1 F. A. Antoni.Endocrine Review$986,7, 351-378.

2 A.-J. Silverman, I. Livine, J. W. Witkin. Iifhe Physiology of Reproducti¢g. Knobil and J.D. Neill, ed), pp.
1683-1709. Raven Press Likw York,1994.

3 M. Schwanzel-Fukada, D. Bick, D. W. Pfdffolecular Brain Research989,6, 311-326.

4  S. Wray, P. Grant, H. Gaindtroceedings of the National Academy of Scier8#9,86, 8132-8136.

5 0. K. Ronnekleiv, J. A. ReskBndocrinology1990,126 498-511.

6 M. Schwanzel-Fukada, K. L. Jorgenson, H. T. Bergen, G. D. Weesner, D. W Bafidtrine Review$992,

13, 623-634.

7 P.Voigt, J. Ma, W. H. Gonzalez, W. H. Fahrenbach, W. C. Wetsel, K. Berg-Von Der Emde, D. F. Hill, K. G.
Taylor, M. E. Costa, N. G. Seidah, S. R. Ojdgiadocrinology1996,137, 2593-2605.

C. D. Toran-AllerandJournal of Steroid Biochemistry and Molecular Biold®96,56, 169-178.

9 F. Sohrabji, R. C. G. Miranda, C. D. Toran-AlleraRdoceedings of the Nathal Academy of Science (USA)
1995,92 11110-11114.

10 D. M. Simmons, J. W. Voss, H. A. Ingraham, J. M. Holloway, R. S. Broide, M. G. Rosenfeld, L. W. Swanson.
Genes and Developmel®90,4, 695-711.

11 M. Treier, M. G. Rosenfelcurrent opinion in cell biology996,8, 833—843.

12 W. H. Yu, S. Karanth, A. Walczewska, S. A. Sower, S. M. McCBnoceedings of the Natnal Academy of
Science (USA}997,94, 9499-9503.

13 J. F. Hyde, N. Ben-Jontha@ndocrinology1988,122 2533—-2539.
14 1. Murai, N. Ben-Jonatha&ndocrinology1990,126 3179-3184.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1633-1646



Reproductive endocrine system in laboratory rodents and humans 1645

15 R. Steinmetz, N. G. Brown, D. L. Allen, R. M. Bigsby, N. Ben-JonatEalocrinology1997,138 1780—
1786.

16 P. J. Hammond, N. Khandan-Nia, D. J. Withers, P. M. Jones, M. A. Ghatei, S. R. Blmomal of
Endocrinologyl1997,152 211-219.

17 D. W. Lescheid, E. Terasawa, L. A. Abler, H. F. Urbanski, C. M. Warby, R. P. Millar, N. M. Sherwood.
Endocrinology1997,138 5618-5629.

18 N. C. Fan, C. Peng, J. Krisinger, P. C. K. Lewvglecular and Cellular Endocrinolog¥995,107, R1-R8.

19 K. A. Eidne, R. E. Seller, G. Couper, L. Anderson, P. L. TaMatecular and Cellular Endocrinolog$992,
90, R5-R9.

20 J. Reinhart, L. M. Mertz, K. J. Cafiournal of Biological Chemistr§992,267, 21281-21284.
21 S. S. Stojilkovic, K. J. CatRecent Progress in Hormone Reseat®97,50, 161-205.
22 U. B. Kaiser, A. Jakuboeiak, A. Steinberger, W. W. CBirdocrinology1993,133 931-934.

23 G. R. Bousfield, W. M. Perry, D. N. Ward. Tine Physiology of Reproductigg. Knobil and J.D. Neill, ed),
pp. 1749-1792. Raven Press Lgw York, 1994.

24 T.H.J.Ji, K-S. Ryu, R. Gilchrist, |. Recent Progress in Hormone Reseat&87,52, 431-454.
25 J. A. Vichez-Martinez, A. Arimura, L. Debeljuk, A. V. SchalBndocrinology1974,94, 1300-1303.
26 C. Libertun, R. Orias, S. M. McCartBndocrinology1974,94, 1094-1100.

27 B.D. Shivers, R. E. Harlan, J. I. Morrell, D. W. Pfafature1983,304 345-347.

28 A. E. Herbison, R. P. Heavens, S. Dye, R. G. Djairnal of Neuroendocrinologi©®91,3, 101-106.

29 W. Vale, L. M. Bilezikjian, C. Rivier. IThe physiology of reproductiofie. Knobil and J.D. Neill, ed), pp.
1861-1878. Raven Press, Lidew York,1994.

30 J. Hotchkiss, E. Knobil. Ithe physiology of Reproducti¢i. Knobil and J.D. Neill, ed), pp. 711-749. Raven
Press Ltd, New Yorkl.994.

31 L. Xia, D. Van Vugt, E. J. Alston, J. Luckhaus, M. FeEindocrinology1992,131, 2812-2820.
32 S. M. Moenter, A. Caraty, A. Locatelli, F. J. Karsehdocrinology1991,129 1175-1182.

33 D. K. Sarkar, G. Finklournal of Endocrinologyt979,80, 303-313.

34 N.J. MacLusky, F. NaftolirSciencel981,211, 1294-1303.

35 D. W. Pfaff, S. Schwartz-Giblin, M. M. McCarthy, L.-M. Kow. Tine physiology of Reproductidg. Knobil
and J.D. Neill, ed), pp. 107—220. Raven PressNéiy York,1994.

36 R. A. Gorski, J. H. Gordon, J. E. Shryne, A. M. SoutHairain Researcl1978,148 333-346.
37 K. A Faber, C. L. HugheBiology of Reproductiod991,45, 649-653.

38 R. J. Bicknell, A. E. Herbison, J. P. Sumptiyurnal of Steroid Biochemistry and Molecular Bioldb§95,
54, 7-9.

39 R. Swaab, A. Hoffma.rends in Neuroscienck95,18, 264-270.
40 D. M. StoccoProceedings of the Society for Experiemntal Biology and Medi®88,217, 123-129.
41 D. M. Sheehan, M. Youngndocrinologyl1979,104, 1442—-1446.

42 J. Odum, P. A. Lefevre, S. Tittensor, D. Paton, C. A. Harris, N. A. Beresford, J. P. Sumpter, J. Ashby.
Regulatory Toxicology and Pharmacolot§97,25, 176-188.

43 M. J. Tsai, B. W. O'MalleyAnnual Review of Biochemistt®94,63 451-486.
44 M. Beato, P. herrlich, G. Schutzell 1995,83, 851-857.

45 G. G. J. M. Kuiper, E. Enmark, M. Huikko-Pelto, S. Nilsson, J.-A. Gustaf§soneedings of the Natnal
Academy of Sciend®96,93, 5925-5930.

46 G. B. Tremblay, A. Tremblay, N. G. Copeland, D. J. Gilbert, N. A. Jenkins, F. Labrie, V. Giyledeeular
Endocrinology1997,11, 353-365.

47 G. G. J. M. Kuiper, B. Carlsson, K. Grandien, E. Enmark, J. Haggblad, S. Nilsson, J.-A. Gustafsson.
Endocrinologyl1997,138 863-870.

48 P. J. Shughrue, M. V. Lane, |. Merchenthaldée Journal of Comparative Neurolo@997,388 507-525.
49 M. Byers, G. G. J. M. Kuiper, J. Gustafsson, O.-K. Park-SMgkcular Endocrinology1 997,11, 172-182.
50 H. G. Burger, M. IgarashiEndocrinology1988,122 1701-1702.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1633-1646



1646

51

52

53

54

55

56
57

58
59

60
61
62
63
64
65
66

67
68

69
70
71

72

73
74

75
76
77
78

79
80
81
82

A. N. BROOKS

W. Vale, J. Rivier, J. Vaughan, R. McClintock, A. Corrigan, W. Wood, D. Karr, J. Spiakge 1986,321,
776-779.

J. K. Findlay, I. J. Clarke , M. R. Luck, R. J. Rodgers, L. Shukovski, D. M. Robertson, R. Klein, J. F. Murray,
R. J. Scaramuzzi, B. M. Bindon, T. O'Shea, C. G. Tsonis, R. G. Faagm®mal of Reproduction and Fertility
Suppl1991,43, 139-150.

H. Meunier, C. Rivier, R. M. Evans, W. VaRroceedings of the Natnal Academy of Science U%888,85,
247-251.

A. G. Byskov. InThe verterbrate ovary; comparative biology and evolufiBrE. Jones, ed), pp. 533-562.
Plenum, New York1978.

S. G. Hillier, L. E. J. Reichert, E. V. van Halburnal of Clinical Endocrinology and Metabolisi®81,52,
847-856.

P. S. LaPolt, J. L. Tilly, T. Aihara, K. Nishimori, A. J. W. Hsughdocrinology1992,130, 1289-1295.

J. Zander, E. Brendle, A. M. von Muenstermann, E. Diczfalusy, B. Martinsen, K. G. Tillkggr Obstet
Gynaecol Scand959,38, 724-736.

S. R. Davis, Z. Krozowski, R. I. McLachlan, H. G. Burgeurnal of Endocrinology987,115 R21-23.

F. M. Young, P. J. lllingworth, S. F. Lunn, D. J. Harrison, H. M. Fradsennal of Reproduction and Fertility
1997,111, 109-119.

N. L. Poyser, E. N. Hortodournal of Endocrinologyt975,67, 81-88.

F. J. Auletta, A. P. F. FlinEndocrine Review$988,9, 88—-105.

M. S. Smith, M. E. Freeman, J. D. Nelithdocrinologyl1975,96, 219-226.
M. S. ErskineEndocrine Review$995,16, 508-528.

M. S. Smith, B. McLean, J. D. NeilEndocrinology1976,98, 1370-1377.
W. J. deGreef, J. D. NeiEndocrinology1979,105 1093—-1099.

V. D. Ramirez, W. Lin Soufi. IThe Physiology of Reproducti¢g. Knobil and J.D. Neill, ed), pp. 585-611.
Raven Press Ltd, New York994.

P. F. Hall, K. B. Eik-NesBiochim Biophys Act4962,63, 411-419.

E. D. Clegg, J. C. Cook, R. E. Chapin, P. M. D. Foster, G. P. D&pnoductive Toxicolog¥997,11, 107—
121.

R. Santulli, R. L. Sprando, C. A. Awoniyi, L. L. Ewing, R. B. Zirkindocrinology1990,126 95-102.
G. Verhoeven, J. Caillaebndocrinology1988,122 1541-1550.

D. W. Lincoln, A. S. McNeilly, R. M. Sharpe. Recent Advances imHocrinology and MetabolisfC.R.W.
Edwards and D.W. Lincon, ed), pp. 77-107. Churchill Livingstone, Edinburgh, 1989.

R. V. Davies, S. J. Main, M. S. Laurie, B. P. Setcldelirnal of Reproduction and Fertilit¥979,26, 183—
191.

E. J. Wickings, E. Nieshlagertility and Sterility1980,34, 269-274.

A. M. Matsumoto, A. E. Karpas, C. A. Paulsen, W. J. Bremhmrnal of Clinical Investigatior1983,72,
1005-1015.

F. NagyJournal of Reproduction and Fertilit}972,28, 389—-395.
D. Cortes, J. Muller, N. E. Skakkebabkernational Journal of Androlog$987,10, 589-596.
J. M. OrthEndocrinology1984,115 1248-1255.

S. J. Meacham, R. |. McLachlan, D. M. de Kretser, D. M. Robertson, N. G. WrBfolagy of Reproduction
1996,54, 36—44.

P. S. CookAnn NY Acad Sdi991,637, 122-132.

R. M. Sharpelournal of EndocrinologyL993,136 357-360.

R. M. Sharpe, N. E. Skakkeba&ke Lancefl993,341, 1392-1395.

T. S. Sweeney, A. N. Brook¥ournal of Reproduction and Fertility Abstract Serl€96,17, 46.

© 1998 IUPAC, Pure and Applied Chemistry 70, 1633-1646



