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ABSTRACT

The studies detailed in this thesis were designed to investigate the gonadotrophs
control of ovarian follicular growth and development in the ewe. The differential
actions of exogenous preparations of FSH and LH on follicle population dynamics,
follicle diameter and steroid production were studied in Welsh Mountain ewes which
had previously been rendered hypogonadotrophic through the chronic administration
of the potent GnRH agonist Buserelin.

A series of experiments (Chapter 4) were conducted to determine the effects of 5-
6 weeks of chronic agonist administration on pituitary function, gonadotrophin
secretion and follicle growth in the ewe during the breeding season. In summary the
results indicate that chronic agonist treatment promptly produced a consistent and
reversible hypogonadotrophic state by suppressing the peripheral FSH concentration
by 40-60% and by inhibiting the pulsatile release of LH. This was achieved
through the desensitization and down-regulation of the pituitary gonadotroph receptors
to endogenous GnRH. The suppression of gonadotrophin secretion was associated
with the attenuation of follicle growth at a diameter of 2.5 mm. By eliminating the
physiologically important influences of the hypothalamic-pituitary axis on ovarian
function the GnRH agonist model, evaluated in Chapter 4, provides a novel strategy
for the investigation of the differential actions of pure preparations of FSH and LH in
the control of ovarian follicular function in otherwise intact and healthy animals.

The function of the gonadotrophins in the process of folliculogenesis was

assessed in agonist suppressed ewes by the continuous, intravenous infusion of
different concentrations of FSH alone or in combination with the administration of 4

hourly pulses of LH (Chapters 5, 6, 8 and 9). The effects of FSH and LH pulses on

follicle growth and function were assessed by comparing the number, size and in vitro
steroidogenic capacity of follicles from agonist treated animals with similar parameters
of follicle development measured in control ewes at different stages of the oestrous

cycle (Chapter 3). Interestingly the half-life of the exogenous infused gonadotrophin
preparations was increased in the agonist treated animals (Chapter 7).

The results from the experiments detailed in Chapters 5, 6, 8 and 9 suggest that
the role of FSH- and in particular of LH- in the control of the terminal stages of
follicular development in the ewe must be re-evaluated. FSH is clearly the key extra-
gonadal hormone in the stimulation of folliculogenesis in the ewe as, in the presence of
only basal concentrations of LH and in the absence of LH pulses, FSH can induce
substantial preovulatory follicular development and oestrogen biosynthesis (Chapters
5, 6, 8 and 9). Importantly the large follicles activated by FSH ovulate in response to

iii



hCG and produce CL with normal weight and progesterone production (Chapter 6).
The results from Chapter 9 indicate that there is a threshold for the stimulation of
follicle growth by FSH and upon reaching this threshold FSH readily induces
preovulatory follicular development. Once the FSH concentration has reached the
stimulatory range the subsequent duration of the FSH infusion influences the number
of follicles which develop (Chapter 6). These results suggest that the physiological
determinant of the ovulation rate of the Welsh ewe is the systemic concentration of
FSH in the 48-72h preceding luteal regression with selection of the ovulatory follicle
occurring around 18-24 h after luteolysis (Chapter 3).

The results of the infusion studies undoubtedly bring into question the long held
views on the physiological importance of a pulsatile pattern of LH secretion in the
process of folliculogenesis in the ewe. The findings of Chapter 8 demonstrate that in
the agonist model ewe there is an essential synergism between FSH and the tonic
concentration of LH present throughout the infusion period in the promotion of
follicular maturation and oestrogen biosynthesis. After immunoneutralization of the
basal concentration of LH the infused FSH no longer stimulated normal levels of
oestrogen production or follicle development beyond 2.0 mm diameter. Also, the
infusion of large amplitude LH pulses antagonized the development of the
preovulatory follicles induced by FSH in the presence of basal concentrations of LH
(Chapters 5 and 8). It is hypothesized that the inhibitory effect of large amplitude LH
pulses on the terminal stages of follicular development is mediated through the direct
inhibition of FSH activated aromatase activity and/or through an enhanced thecal
androgen production. These actions of LH drive unselected follicles towards atresia.

As a result of these studies it is possible to hypothesize that the development of
ovulatory follicles and the induction of follicle atresia is dependent on the delicately
balanced interactions of FSH, LH and the follicular steroids. FSH is responsible for
the stimulation of follicle growth and preovulatory maturation whereas LH, while
triggering the preovulatory gonadotrophin surge, also regulates ovulation rate through
the induction of atresia in those follicles which are not destined to ovulate.
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CHAPTER 1

LITERATURE REVIEW

1.1. Introduction

During the breeding season the ovine oestrous cycle is a dynamic endocrine
continuum which is initiated by the process of ovulation. The number of follicles
which ovulate appears to be controlled by the complex relationships between the
gonadotrophins and the intrafollicular milieu of steroids, growth factors, and peptides
and the hypothalamic-pituitary-ovarian feedback systems since gonadotrophin
synthesis and release is regulated by the secretion of the hypothalamic hormone-
gonadotrophin releasing hormone (GnRH). While it is generally considered that the
terminal stages of follicle growth and development are dependent on the secretion of
the pituitary gonadotrophins luteinizing hormone (LH) and follicle stimulating (FSH)
hormone, the precise and individual roles of these hormones remains unclear.

The purpose of this literature review is to evaluate the current level of our
understanding of the components of the hypothalamic-pituitary-ovarian axis in the
ewe, and their actions, interactions and associations with the process of
folliculogenesis. Finally the inhibition of the reproductive axis at the level of the
pituitary, by the use of synthetic analogues of GnRH, may provide us with a tool to
enable us to elucidate the exact role of the gonadotrophins in the control of ovarian
function.

1.2. The Hypothalamic-Pituitary Axis

Gonadal function and reproduction in general are regulated by the complex
interactions between peptides, steroids and a variety of transmitters and
neurotransmitters. Neural control of the oestrous cycle is exerted primarily by the
secretion of the decapeptide GnRH from the hypothalamus. By action on the pituitary
gland this neuropeptide plays an obligatory role in the synthesis and release of the two
gonadotrophins considered in this review, namely LH and FSH. Despite a

considerable amount of research there is still no conclusive evidence for separate LH
and FSH releasing factors, and thus for the purpose of this review, the releasing
hormone for both LH and FSH is designated as GnRH.
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1.2.1. The Hypothalamus And GnRH

GnRH is synthesized by the hypothalamic neurones, transported along the
axons and stored in the nerve terminals of the median eminence (ME) of the

hypothalamus. There are species specific differences in the location of the neurones

secreting GnRH into the hypophyseal portal vasculature (review: Halasz et al., 1988).
In the rat immunohistochemical staining for GnRH indicates that GnRH neurones are

found in the medial preoptic area and to a lesser extent in the olfactory bulbs, anterior
hippocampus and septal areas of the hypothalamus (for reviews see Kalra & Kalra,
1983; Lincoln et al., 1985). GnRH has been identified in the perikarya of the primate
arcuate nucleus (Zimmerman & Antunes, 1976). In the sheep, radioimmunoassays
for GnRH show that high concentrations of this peptide are found in the preoptic and
suprachiasmatic region, the medio-basal hypothalamus (MBH) and the pituitary
stalk/median eminence (Wheaton, 1979; Crowder & Nett, 1984). The presence of
GnRH containing perikarya in the medial preoptic area of the hypothalamus (Lehman
et al., 1986) suggests that this is the site ofGnRH synthesis in this species.

GnRH is released from the nerve terminals of the ME in discrete pulses
(Dierschke et al., 1970; Midgley & Jaffe , 1971) which are discharged into the
hypophyseal portal vasculature (Sherwood et al., 1976) and transported down the
infundibulum to the pituitary gonadotrophs (for a review of this system see Sawyer,
1978). Early studies on GnRH secretion using surgical methods of access for portal
blood collection established the principle of pulsatile GnRH release (Carmel et al.,
1976). These studies lead to the common assumption that the neurohumoral signals
from the hypothalamus generated pulses of gonadotropin secretion from the pituitary
gland. Evidence to support this episodic discharge of GnRH is obtained from 3
sources:-

(1) GnRH has been measured in blood samples collected from the pituitary stalk
portal system of anaesthetized, ovariectomised (OVX) rhesus monkeys (Carmel et al.,
1976) and rats (Sarkar & Fink, 1980; Soper & Weick, 1980).
(2) Immunoneutralizatdon ofGnRH by the injection of GnRH antibodies abolishes the
pulsatile secretion of LH in the ewe (Clarke et al., 1978; McNeilly et al., 1984), ram
(Lincoln and Fraser, 1979) and OVX female rats (Snabels and Kelch, 1979) or
castrated male rats (Ellis et al., 1983). In addition, in the female, this treatment inhibits
the naturally occurring or steroid-induced preovulatory LH surge (Koch et al., 1973a;
Arimura et al., 1974; Blake and Kelch, 1981; Fraser and McNeilly, 1982, 1983;
Esbenshade and Britt, 1985).
(3) The complex neurophysiological experiments of Knobil (1980) in Rhesus
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monkeys demonstrate that after hypothalamic pituitary disconnection (HPD), the so-

called "hypothalamic clamp" model, replacement of GnRH by the delivery of short
regularly spaced pulses activates the episodic pattern of gonadotrophin secretion and
induces regular ovulatory cycles with normal hormonal profiles and follicular
development. In contrast continuous infusion of the same amount of GnRH rapidly
induces pituitary refractoriness and declining gonadotrophin levels, an effect which is
fully reversed after reinitiation ofGnRH pulses. Similar results have been reported in
OVX, HPD ewes (Clarke et al., 1984) and in several clinical models with endogenous
GnRH deficiency (Crowley and McArthur, 1980; Leyendecker et ah, 1980;
Shoemaker et ah, 1981; Santoro et ah, 1986).

More recently elegant techniques for the sampling of conscious animals by: the
portal access model developed in sheep (Clarke & Cummins, 1982); the push-pull
perfusion of the ME (Levine & Ramirez, 1980) or the third ventricle (Van Vugt et ah,
1985); and the sampling of pituitary effluent, in horses (Alexander & Irvine, 1987),
have enabled a detailed analysis to be made of the exact relationships between GnRH
and gonadotrophin secretion. In the sheep Clarke and Cummins (1982) have produced
direct evidence of simultaneous peaks of portal blood GnRH and jugular venous LH.
This confirms the widely held view that each pulse of LH in peripheral serum signals a
prior discharge of GnRH from the hypothalamus. However, peripheral LH
measurements may underestimate hypothalamic activity since the results of Clarke and
Cummins (1982) show GnRH peaks which are not associated with plasma LH
pulses. Further evidence for the connection between the central nervous system and
episodic LH secretion is provided by the observation that GnRH is released from the
tissues of the ME before each LH pulse (Levine et al., 1982). In addition during
anaesthesia (Radford & Wallace, 1974) and after treatment with specific neural
blocking agents (Jackson, 1975,1977) neural activity of the hypothalamus was found
to be concomitant with GnRH pulses. Indeed, in monkeys and sheep increased firing
of the neurones of the arcuate nucleus in the hypothalamus are coincident with peaks
of LH secretion (Thiery & Pelletier, 1981; Kaufman et al., 1985; Knobil, 1988).

In recent years a two-level concept has been proposed for the control of
hypophyseal-gonadotrophic function. This view summarises much work on the rat
(Halasz & Pupp, 1965; Kalra & Kalra, 1983). In the two level concept the ME is
considered to be concerned with tonic hormone secretion, such as occurs during the
luteal phase of the ovine oestrous cycle. The tonic system controls the basal secretion
of LH and FSH which is responsible for steroidogenesis, folliculogenesis and
gameteogenesis. This tonic centre is in turn driven by or influenced by the preoptic
area of the hypothalamus which promotes the surge or phasic secretion of the
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gonadotropins so triggering ovulation. A considerable amount of evidence from the
castrate rat, largely based on the use of lesions and knife cuts (Blake & Sawyer, 1974;
Krey et al., 1975), and the primate (Krey et al., 1975; Zimmerman & Antunes, 1976)
indicates that the tonic generator for GnRH secretion might be contained within the
hypothalamus and in particular the MBH. In the sheep, as in the rat, deafferentation
of the hypothalamus or destruction of the anterior hypothalamic nuclei do not affect
GnRH release since the pulsatile release of LH (Jackson et al., 1978) and ovarian
cyclicity (Radford, 1967) continue provided the tonic centre is left intact. Lesioning
the MBH, however, causes anovulation. Furthermore cells in the MBH are responsive
to oestrogen and in OVX ewes these cells show rhythmic activity which is closely
related to the secretion of LH pulses (Thiery & Pelletier, 1981). Jackson et al., (1978)
have demonstrated that LH discharge in response to oestradiol is prevented if the
connections between the arcuate and suprachiasmatic nuclei are cut. If the connections
between the anterior group of neurones and the ME are severed in OVX ewes

(Jackson et al., 1978; Radford, 1979) or rats (Blake & Sawyer, 1974) the tonic

pulsatile secretion of LH seems to continue, but with greatly reduced amplitude, and
the ability of oestradiol to evoke an LH surge is lost. A relationship may however exist
between the loss of the surge and the "damping" of the pulses- surge pulses being of
larger amplitude than the LH pulses at other stages in the cycle, perhaps because
during positive feedback both sets of neurones are operating at the same time
delivering larger pulses of GnRH into the hypophyseal portal blood. In sheep,
therefore it appears that the neural connections between the anterior hypothalamic
nuclei and the MBH are essential for the surge release of LH but not the tonic release.
In contrast, evidence in the primate suggests that in this species the surge generator

may be equivalent to the positive feedback action of oestradiol on LH secretion
(Knobil, 1974, 1980; Karsch et al., 1973). Superficially, therefore, these data support
the two level hypothesis and indicate that in the sheep the GnRH pulse generator is
localised in the MBH, and to be more specific in the arcuate nucleus.

1.2.2. Other Systems Involved In The Control Of Gonadotrophin
Secretion

Although the influence of GnRH is fundamental to the neural control of the
oestrous cycle, there is little doubt that under physiological circumstances the GnRH
pulse generator is influenced by nervous structures outside the MBH as well as by
ovarian and other hormones and peptides, for example noradrenaline, adrenaline,
substance P, neuropeptide Y, and the opioids. Indeed the secretion of these other
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regulatory peptides may control the release or alter the action of the major peptide
itself (see Kalra, 1985; Lincoln et al., 1985; Halasz et al., 1988, for review).

A considerable amount of work has been carried out on the role of

catecholamine systems in the control of gonadotrophin secretion, in fact many of the
feedback effects of the gonadal steroids which both facilitate and inhibit GnRH and
gonadotrophin secretion are mediated within the brain by the catecholaminergic
neurones (for review see Barraclough & Wise, 1982; Kalra, 1985). Specific neural
blocking agents have been used to indicate the involvement of noradrenergic,
dopaminergic and serotoninergic pathways in the control of GnRH release (Jackson,
1975, 1977). By a direct action on the pituitary (see the review by Dailey et al., 1987)
the noradrenergic system has a stimulatory effect on LH release (Gallo, 1980), an
effect which can be blocked by steroids. In contrast the serotinergic system has an

inhibitory action on the release of gonadotrophin releasing hormones (Domanski et al.,
1980). Dopamine appears to act at the level of the pituitary gland in the regulation of
prolactin secretion.

Another group of neurally active peptides which are involved in the regulation
of GnRH secretion are the opiates (Kalra and Kalra, 1983; Ferin et al., 1984; Kalra,
1985). In general the central opiatergic systems, and the B-endorphin system in
particular, have been shown to have a tonic inhibitory effect on GnRH (review:
Lincoln, 1988a) and in particular on LH secretion (Brooks et al., 1986a; Lincoln,
1988b). A more subtle role for the opioid peptides appears to be the mediation of the
negative feedback effects of gonadal steroids on LH secretion (Lincoln et al., 1985;
Brooks et al., 1986b). The effect of endogenous opioids on hypothalamic control of
the menstrual cycle has been reviewed by Ferin et al., (1984) and Clarke (1987a).

The hypothalamic control of the phasic release of GnRH and concomitant
gonadotrophin secretion may be influencedby other parts of the brain, for example the
amygdala and mesencephalon, and the limbic system for example the hippocampus,
(for review see Domanski et al., 1980).

1.2.3. The Pituitary Gland

The gonadotrophins are synthesized in response to GnRH (Schally et al.,
1971; Chappel et al, 1983) and packaged in distinct and separate granules within the
same gonadotroph cells in the anterior pituitary gland (Herbert, 1976; Childs, 1985).
Both LH and FSH are glycoproteins composed of 2 dissimilar subunits, a non-

covalently linked a-chain and a hormone specific B-chain. The a-subunit which is
common to FSH, LH, thyroid stimulating hormone, and chorionic gonadotrophin, is
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encoded by a single gene (Boothby et al., 1981).
Recent evidence from in vivo studies indicates that pituitary levels of both a-

and LH-13 messenger RNAs (mRNAs) vary with the reproductive status of rats and
sheep (Landefeld et al., 1983; Nilson et al., 1983). The steroid hormones and
possibly inhibin (Miller et al., 1977; Batra and Miller,1985) and GnRH itself act at the
pituitary to influence gonadotrophin subunit synthesis. Although the mechanisms of
steroid action on gonadotropin synthesis are not fully understood major possibilities
include regulation of the rate of gonadotropin synthesis, packaging and storage, and
modulation of the release of the stored hormone under both basal and GnRH

stimulated conditions. Oestradiol and progesterone, for example, exert an inhibitory
effect on gonadotropin synthesis by regulating the expression of the genes coding
for LH and FSH subunit precursors (Jutisz et al., 1988; Spelsberg et al., 1989) and
decreasing the steady state levels of the FSH-a and -6 mRNAs (Landefeld et al.,
1983; Nilson et al., 1983; Phillips et al., 1988) and their transcription (Alexander and
Miller,1982; Hall and Miller, 1986; Phillips et al., 1988). In contrast, GnRH enhances
gonadotrophin glycosylation and production by stimulating the level of subunit
synthesis. The latter is demonstrated by the increase in the radioactivity incorporated
in to both a- and 6- subunits in rat pituitary cell cultures (Jutisz et al., 1988).
Furthermore oestradiol may regulate the biosynthesis of gonadotrophic subunits by
altering GnRH pulse frequency and amplitude or by changing GnRH effectiveness at
the pituitary (Karsch et al., 1984). In addition to the dual regulatory effect of the
steroids and GnRH on gonadotrophin synthesis it is possible that other factors
(opioids, neurotransmitters, thyroid hormones etc.) may have a modulatory action on

this system.
The gonadotrophins exist in different molecular forms in the pituitary and in

the serum of a number of species (Wide,1987; Ulloa-Aguirieet al., 1988). The form of
the hormone appears to depend on the reproductive status of the individual. The
systemic steroid concentration, for example, appears to affect the physiochemical and
functional characteristics of the gonadotrophins by altering the incorporation of
specific carbohydrate residues and/or the degree of terminal sugar sulphonation
incorporated in the hormone during biosynthesis (Ulloa-Aguirreet al., 1988). The
degree of glycosylation of LH and FSH affects the expression of the gonadotrophins
at their target cells and also modifies the biological properties of these hormones by
altering the rate of metabolic clearance of these compounds in the circulation (Wide,
1987).

Pituitary gonadotrophic function is controlled to a great extent by the GnRH
pulse generator in the MBH. The amount of gonadotrophin released in response to a
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bolus injection of GnRH in vitro, ie. the releasable pool, varies during the
reproductive cycle (rat: Pickering and Fink, 1979; human: Hoff et al., 1974) and
appears to be regulated by the endocrine environment to which the gland was exposed
before excision (Aiyer et al., 1976). This evidence indicates that while GnRH is
effective in the secretion of both LH and FSH, modulation of the differing ratios of
LH and FSH released in vitro appears to be achieved by the feedback of the ovarian
steroids and perhaps other ovarian factors (Yen et al., 1975) such as inhibin or activin
(Ling et al., 1986; Vale et al., 1986). This hypothesis is supported by recent

experiments using ovine pituitary cell cultures which demonstrate that oestradiol and
progesterone decrease FSH secretion/synthesis by decreasing the transcriptional
activities of FSH mRNA, (Miller et al., 1977; Batra and Miller, 1985; Hall and Miller,
1986; Phillips et al., 1988). Such decreases in mRNA levels could result from
decreases in subunit gene transcription rates, reduced mRNA stability, or a

combination of both of these factors.

It is now well recognized that GnRH, in common with other oligopeptides and
glycoprotein hormones, initiates its actions through stereospecific, high affinity,
receptors which are predominantly localised on the plasma membrane of the pituitary
gonadotroph (Hopkins and Gregory, 1977; Clayton and Catt, 1981, Hazum and
Conn, 1988). Receptors for GnRH have also been located, to a lesser extent, on
granules within the cytoplasm (Sternberger and Petrali, 1975). Measurement of GnRH
receptor levels in the pituitaries of intact rats during the oestrous cycle (Savoy-Moore
et al., 1980) and OVX rats (Marian et al., 1981) indicates that alterations in receptors

numbers, but not binding affinity, occur during different endocrine events (review:
Clayton et al., 1985). Clayton and Catt (1981) have speculated that the temporal
parallelism, which exists between the fluctuations in GnRH receptor content and the
circulating levels of oestradiol, is indicative of an oestradiol mediated induction of
GnRH receptors. In addition, a functional involvement of hypothalamic GnRH in the
regulation of its own receptors has been reported by Crighton and Foster (1976,
1977), Fraser et al., (1982); Pieper et al., (1982) and Hazum and Conn (1988). This
could be due to GnRH stimulated increased availability of GnRH receptors on the
gonadotroph (Pickering and Fink, 1976), since exposure of the pituitary gonadotroph
to low levels of GnRH may be followed by a significant increase in receptor number
or up-regulation (Loumaye and Catt, 1981; Clayton, 1982). Up-regulation is not

ligand specific since other activators of LH release, for example depolarization, and
ionophores are also effective in increasing receptor numbers in vitro (reviews:
Clayton, 1988; Hazum and Conn, 1988).

The pituitary response to GnRH, in terms of LH release, is biphasic (Clayton,
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1982). In both the rat and ewe this is characterized by an initial increase in LH
secretion within 10 mins of GnRH treatment, followed by a second much larger
increase in LH release after approximately 90 mins (rat: Arimura et al., 1972; ewe:
Martin et al., 1986). This pattern of release could be due to GnRH stimulated receptor
up-regulation or to 2 pools of releasable LH, or both. If the latter is the case, the
initial GnRH stimulates LH secretion from the readily releasable pool, while the
augmented release of LH is due to transfer of LH from a storage pool to the releasable
pool. The carbohydrate content of the gonadotrophin may determine whether the
hormone is in the releasable or non-releasable pool. Evidence to support this concept
is provided by the identification and presence of more than one form of FSH in the
pituitary gland of the hamster (Chappel, 1981) and human (Wide, 1987). In contrast
to receptor up-regulation by GnRH, continued exposure to GnRH causes pituitary
desensitization - reduced LH release in response to GnRH stimulation (Chakraborty et
al., 1974; Nett et al., 1981). Although it is possible that this is due in part to the
disruption of the signal transduction mechanisms (or the uncoupling of receptors
(Clayton, 1988) which will be discussed in the following section), and depletion of
pituitary LH stores (Chakraborty et al., 1974), it is more likely to be due to a net loss
or down-regulation of GnRH receptors (Nett et al., 1981; Clayton, 1982), since
following binding the GnRH receptor complex is rapidly internalized by endocytosis
leading to a decrease in the number of available receptors. Although this in vivo and in
vitro data indicate the self-priming effect of GnRH on pituitary GnRH receptors, Beck
et al., (1978) and Waring and Turgeon (1980) have demonstrated that prior exposure
of the pituitary to oestrogen is required for this phenomenon to be expressed. Further,
pituitary responsiveness to GnRH can be increased by pretreatment with oestrogen
alone (Schuiling and Gnodde, 1976; Moss and Nett, 1980). Indeed the effect of
oestrogen on GnRH induced LH release has been shown to be biphasic both in vivo
(rat: van Dieten et al., 1974; cow: Coppings and Malvern, 1976) and in vitro (rat:
Drouin et al., 1976; cow: Padmanabhan et al., 1978). It is feasible from this data that
the changes in the amounts of FSH and LH released throughout the reproductive cycle
are a reflection of the changes in GnRH receptor numbers, and/or the amount of
gonadotrophin stored in the pituitary which are mediated by the different endocrine
environments present during the oestrous cycle. The integrity of the second messenger

system (described below) will also mediate the action of GnRH.
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Fig.1.1.
Schematic summary of the mechanism of action of gonadotrophs releasing hormone (GnRH) in the synthesis
and release of luteinizing hormone (LH) and follicle stimulating hormone (FSH). Binding of GnRH to its
receptor (R) activates a guanosine nucleotide binding protein (G). This signal in turn activates phospholipase C
which plays a key role in the system hydrolizing inositol phospholipids (e.g., phosphatidylinositol
bisphosphate, PIP2) to a mixture of diacylglycerol (DG), and inositol triphosphate (IP3). Three pathways are
thereby activated: (1) IP3 causes an immediate increase in intracellular Ca^+ concentration (an absolute
requirement for protein secretion) by mobilization of Ca^+ sequestered in intracellular organelles such as
endoplasmic reticulum (ER). In parallel, DG is hydrolized to phosphatide acid (PA), in turn liberating
arac/donic acid (AA). (2) DG causes redistribution of protein kinase C (PKC) from the cytosol to the membrane
activated form and increases the affinity for Ca^+. The activated PKC phosphorates and activates a number of
endogenous substrate proteins (probably enzymes). By this means a number of cytosolic and nuclear functions
are entrained, probably including messenger RNA (mRNA) synthesis to begin synthesis of LH and FSH. (3)
AA is acted upon by epoxygenases to give various epoxyeicosatrienoic acid derivatives (e.g., 5,6-EET). EET
appears to be the messenger activating the Ca^+ -ion channel, causing an influx of extracellular Ca^+. The
elevated Ca^+ binds to calmodulin (CaM) and then acts to cause exocytosis of the secretory granules (SG) and
release of LH and FSH. Other lipoxygenated metabolites of AA, of which the active moiety is probably a
leukotriene (LT) mediate gonadotropin release by promoting fusion of the SG with the cell membrane.
(Redrawn from Vickery and Nestor, 1987).
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1.2.4. The Cellular Physiology Of GnRH Action

Evidence from much work on the rat (reviewed by Conn et al., 1981) supports
a 3 step mechanism for the action of GnRH on the pituitary gonadotrophs. Step 1
involves binding of GnRH to its receptors; step 2 - stimulation of calcium catabolism;
and step 3, gonadotrophin release. Binding of GnRH to its receptors causes

microaggregation- followed by internalization- of the receptor complex and
degradation in the lysosmes. Microaggregation of the receptors sets into action a

cascade of events. Currently it is thought that 3 major pathways participate in GnRH
stimulated gonadotrophin release, see Fig. 1.1. Within minutes of GnRH receptor
activation the membrane Ca2+ channel opens (Mason et al., 1986) and the intracellular
calcium concentration increases (Clapper and Conn, 1985) coincidental with the
activation of calmodulin dependent enzymes. Concurrently protein synthesis is
initiated by the breakdown of polyphosphoinositides to diacylglycerol (DG; Schrey,
1985)- the ligand activator of the phosphorylating enzyme protein kinase C
(Nishizuka, 1984) and its endogenous enzymes substrates, and inositol triphosphate
(IP3; for review see Catt et al., 1985; Huckle and Conn, 1988). As indicated
gonadotrophin release is biphasic with an initial peak of secretion occurring in the first
minute of exposure to GnRH followed by a more sustained release (Turgeon et al.,
1986). It is currently thought that IP3, phosphatidic acid and arachidonic acid
metabolites are the essential mediators of the initial rapid phase of gonadotrophin
release (Naor et al., 1985). The more sustained secondary phase of secretion requires
the activation of protein kinase C and protein phosphorylation, which ultimately
promotes gonadotrophin biosynthesis. The recent observations of Chang et al.,
(1988), indicate that the initiation of the secretory response to GnRH is largely
independent of calcium entry and is related to the mobilization of intracellular calcium.
In contrast prolonged gonadotrophin secretion is maintained by calcium influx through
the opening of receptor activated channels. The role of aracidonic acid metabolites in
GnRH action remains unclear, but may be related to a calcium-independent component
of GnRH-induced LH secretion. Furthermore, since GnRH is secreted episodically
and for short periods, much of its physiological action on pulsatile gonadotrophin
release could be independent of calcium influx from the extracellular fluid.

In addition to acting as a releaser of LH and FSH, it is now clear that GnRH
has genuine trophic actions (review: Clayton et al., 1985). There is evidence that
cyclic AMP (cAMP), which is activated secondary to the rise in intracellular Ca2+,
plays a role in the trophic actions of GnRH (Lui and Jackson, 1981) and GnRH
receptor up-regulation (Young et al., 1983; 1984). The techniques of pulsatile GnRH
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replacement therapy (Young et al., 1983) or hypothalamic transplantation to

hypogonadotrophic hypogonadal mice (Young et al., 1985) demonstrate these trophic
actions of GnRH. At a cellular level while there is only a small increase in
gonadotroph cell numbers, there is a pronounced rise in gonadotroph surface area and
volume. These trophic actions of GnRH appear to be exerted at the nuclear level by
stimulation of specific gene transcription (Abbot et al., 1985; Papavasiliou et al.,
1986).

1.2.5. LH Secretion

During the oestrous cycle in the ewe LH is secreted as a series of small pulses
released at regular intervals. Each discrete pulse of LH represents a release of
approximately 10 pg of LH from the pituitary (McNeilly et al., 1982) which
corresponds to approximately 0.3% of the total pituitary content of the hormone
(Fraser et al., 1981). As each pulse of LH is assumed to represent the response of the
anterior pituitary to a pulse of GnRH (Levine and Duffy, 1988), the primary
determinant of LH pulse frequency is the rate of delivery of GnRH pulses from the
hypothalamic pulse generator. Indeed the relationship between LH pulse frequency
and amplitude has been demonstrated in arcuate nucleus-lesioned OVX monkeys
(Wildt et al., 1981), OVX ewes (Kaynard and Karsch, 1983) and OVX-HPD ewes

(Clarke et al., 1984), pulsed with exogenous GnRH. These experiments indicate that
an inverse relationship exists between GnRH pulse frequency and LH pulse
amplitude. The frequency of LH pulses, in the ewe, ranges from 1 every 24 hours
during anoestrus (Yuthasastrakosol et al., 1977) to more than 1 pulse per hour during
the late follicular phase of the cycle (Baird, 1978a). Clarke (1987b) has proposed that
the relationship between LH pulse amplitude and pulse frequency is directly correlated
to the releasable pituitary stores of LH. This hypothesis states that higher GnRH
pulse frequencies lead to a reduced pool of releasable LH, and that in response to a

fixed pulse of GnRH the same percentage of the releasable pool of LH is always
secreted. Thus, when hourly pulses of GnRH are administered the releasable pool is
smaller than when pulses are administered every 3 hours and the plasma LH pulse
amplitude is therefore reduced in proportion. While this model may account for the
changes in pulse amplitude which occur in the transition from the luteal to the follicular
phase of the cycle (discussed in detail in section 1.3), it does not explain the changes
in LH pulse amplitude which may be due to a direct action of the gonadal steroids on
the pituitary. Also this model does not identify how the systemic concentration of LH
is maintained either between the infrequent, large amplitude, GnRH dependent LH
pulses which occur throughout the oestrous cycle and anoestrus; or at times when the
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pulsatile secretion of LH is inhibited. In a number of species, for example, the
blockade of endogenous GnRH stimulation with GnRH antagonist and agonist
analogues (see section 1.5) abolishes pulsatile LH secretion, but does not reduce
peripheral plasma LH concentration to undetectable levels (Bergquist et al., 1979a;
McNeilly and Fraser, 1987). Recently Gambacciani et al., (1987) have demonstrated
that LH release from isolated human pituitaries in vitro is characterized by high
frequency, low amplitude pulses, which are independent of hypothalamic stimulation.
This spontaneous calcium mediated pulsatile LH release apparently reflects the activity
of an intrinsic, intra-pituitary pulse generating mechanism. Further support for
intrinsic pituitary pulse generation comes from Shin and Reifel (1981) who have
reported spontaneous pulsatile prolactin release from grafted rat pituitaries, and
Stewart et al., (1985) who have demonstrated high frequency, low amplitude release
of growth hormone and prolactin from perifused monkey pituitaries. The
physiological role of intrinsic pulsatile LH release remains unclear. It is possible,
however, that low amplitude, high frequency intrinsic pituitary pulsatile LH secretion
may contribute to the maintenance of the peripheral concentration of LH. A similar
system may exist for FSH secretion.

Tonic LH secretion is modulated by changes in LH pulse amplitude and
frequency which are brought about by the effects of oestrogen and progesterone on

GnRH pulse frequency and amplitude, at the level of the hypothalamus, and on

pituitary responsiveness to GnRH (review: Martin, 1984). The preovulatory
gonadotropin surge appears to be the result primarily of the action of oestrogen
secreted by the preovulatory follicle(s) (Goding et al., 1973) on both the
hypothalamus and the pituitary. The feedback effects of these steroids on LH secretion
are discussed in detail in section 1.2.7.

1.2.6. FSH Secretion

The neuroendocrine factors governing the synthesis and release of FSH are not
well understood. Recently FSH has been shown to be released in a pulsatile manner

in both male (Culler and Negro-Vilar, 1986) and female (Lumpkin et al., 1985, 1989)
gonadectomized rats. There is, however, little evidence to support a pulsatile mode of
FSH release in other species although circhoral fluctuations in FSH concentration have
been observed in the ewe (Salamonsen et al., 1973). This may be due to the long half-
life of FSH in the systemic circulation (Akbar et al., 1974; McNeilly, 1985; Fry et al.,
1987a), the episodes of FSH secretion being less discrete than those of LH. The
presence of heterologous forms of FSH in the circulation may also be a confounding
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factor (Butt, 1979).
Evidence that GnRH is responsible for the release of FSH comes from several

sources:

(1) The chronic removal of GnRH by active- (McNeilly et al., 1986) or passive-
immunization (Lincoln and Fraser, 1979; Fraser and McNeilly, 1983) against GnRH,
or by pituitary stalk disconnection (Clarke et al., 1984) suppresses FSH levels. In the
passive immunization studies the pulsatile release of LH is immediately blocked
(Lincoln and Fraser, 1979; Fraser and McNeilly, 1983) whereas the plasma FSH
levels decline more slowly (Fraser et al., 1984; Culler and Negro-Vilar, 1986). In
addition, in the ewe, secretion of both the gonadotrophins can be suppressed by the
acute (Fraser et al., 1981) or chronic (McNeilly and Fraser, 1987) administration of
GnRH super-agonists. This treatment suppresses FSH levels to 5-20% of normal
level.

(2) Studies using HPD sheep indicate that upon cessation of GnRH replacement
therapy, plasma FSH levels decline in a linear fashion (Clarke et al., 1986).
Interpretation of this experiment indicates that the lack of a suitable GnRH stimulus
prevented FSH synthesis, and as a result of the depletion of the FSH pool by ongoing
secretion, the rate of secretion of FSH declined in proportion to the depletion of the
FSH stores.

(3) In the human (Backstrom et al., 1982; Matsumoto and Bremner, 1984) and the
cow (Walters et al, 1984) FSH pulses are temporally correlated with LH pulses in a

high proportion of cases (90-100% in the cow), providing convincing evidence in
these species that GnRH is responsible for the release of both gonadotrophins.
However, in other species the periodicity of LH and FSH pulses differs (rat: Culler
and Negro-Vilar, 1986; hamster: Chappel et al., 1984). Differences in pulsatile LH
and FSH secretion have been observed in the rat in response to the feedback effects of
ovarian factors such as oestrogen and porcine follicular fluid (Lumpkin et al., 1985).
Porcine follicular fluid lowered FSH pulse amplitude and frequency but had no effect
on LH secretion, whereas oestradiol benzoate lowered LH pulse frequency without
altering FSH pulse frequency or amplitude. When follicular fluid and oestradiol
benzoate were administered together all parameters of LH and FSH secretion were

suppressed (Lumpkin et al., 1985).
(4) The phenomenom of the selective secretion of FSH, such as is seen in many

species during the second FSH peak following the preovulatory gonadotrophin surge,

can be explained in terms of GnRH release. The administration of GnRH in certain
patterns and/or concentrations, or during certain physiological states can selectively
influence the secretion of either LH or FSH and alter the ratio of these gonadotrophins
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in the blood (Knobil, 1980; Wise et al., 1979). In support of this Wise et al., (1979)
demonstrated in phenobarbital-anaesthetized rats that, following an initial priming
injection of GnRH, FSH secretion could be selectively increased by the infusion of
low concentrations of GnRH over several hours. In the ewe the amount (McNeilly et

al., 1979) and frequency (Clarke et al., 1984) of GnRH required to induce and
maintain FSH secretion appears to be less than that required by LH.

It is possible to hypothesise from the data reviewed in (1 )-(4) that GnRH
stimulates FSH synthesis and that secretion is essentially passive. Following the initial
stimulation by GnRH the pituitary gonadotroph may autonomously secrete FSH in the
presence or absence of further hypothalamic GnRH. This theory is supported by the
demonstration that, in the rat, once the pituitary FSH secretory mechanisms are

activated by GnRH continuous FSH release is observed in the absence of further
stimulation by the decapeptide (Turgeon and Waring, 1982). This pattern of FSH
release is unlike that of LH which declines on withdrawl of GnRH. In addition

cultured rat (Sheridan et al., 1979) and sheep (Miller et al., 1977; Tsonis et al., 1986)
pituitary cells autonomously synthesize and secrete FSH. Results such as these
suggest that GnRH alone, through the alteration of its own secretion or through
altering the sensitivity of the pituitary gonadotrophs, could adequately regulate
differing LH/FSH ratios in response to varying signals. The latter being mediated by
oestradiol and inhibin (see section 1.2.7).

While the evidence reviewed so far indicates that GnRH is a determinant of

FSH secretion, the possibility remains that a separate FSH releasing factor exists. An
FSH releasing factor has been postulated for the rat (McCann et al., 1983) and
hamster (Blask et al., 1979), however a number of carefully performed experiments
have failed to support this hypothesis (Brown-Grant and Grieg, 1975; Elias and
Blake, 1981). Equivocal evidence to support the existence of the putative FSH
releasing factor is provided by studies using antisera to GnRH (Culler and Negro-
Vilar, 1985) or GnRH antagonists (de Paolo, 1985) which acutely and selectively
inhibit LH release, but not FSH. Recently Levine and Duffy (1988) proposed that in
the male rat FSH secretion is not consistently associated with GnRH secretion,
suggesting that either the GnRH/FSH relationships were not easily discernible in these
animals or that an FSH releasing factor was regulating FSH secretion. The presence of
a specific FSH releasing hormone would certainly account for the selective secretion
of this gonadotropin. Experimental evidence from electrochemical stimulation and
disconnection studies suggest that specific areas of the dorsal anterior hypothalamus
are involved in the initiation of the selective secretion of FSH by the anterior pituitary
(Chappel and Barraclough, 1976, 1977; Kalra and Kalra, 1979), whereas the LH
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controlling region is thought to be in the preoptic area. Indeed Kimura and Kawakami
(1978) have demonstrated that separate neural pathways control the secretion of FSH
and LH. Finally the results from two experiments in which GnRH was

immunoneutralized suggest that this peptide plays no role in the second oestrous phase
of selective FSH release (Blake and Kelch, 1981; Rush et al., 1982) since the second
FSH peak was not inhibited. The existence of an FSH releasing factor cannot however
be accepted until definitive proof of its chemical identity has been provided.

1.2.7. The Control Of Gonadotrophin Secretion

Both the tonic and surge systems governing the release of LH and FSH are

controlled via feedback loops which maintain the hormone levels within defined limits.
As well as exerting a possible regulatory role on hypothalamic GnRH secretion there
is abundant evidence that gonadal steroids modify gonadotrophin secretion by direct
action on the pituitary gonadotrophs. Three kinds of feedback loop have been
proposed for the hypothalamo-pituitary-ovarian system: long-, short- and ultra short-
loop feedback (review: Clarke, 1987a). Long-loop feedback is analogous to the
situation which exists during the luteal phase of the reproductive cycle and refers to the
regulatory influences of oestradiol, progesterone and inhibin on the hypothalamus
and/or the anterior pituitary. Short- and ultra short- loop feedback refers to the action
of pituitary and hypothalamic hormones respectively (Karsch, 1984), and oestrogen in
the regulation of their own secretion (see sections 1.4.3 and 1.4.4).

(a) The Control Of LH Secretion

It is well established that LH secretion is under the acute stimulatory control of
hypothalamic GnRH (Clarke and Cummins, 1982). The tonic secretion of LH is
regulated by the negative feedback effects of oestradiol and progesterone on pituitary
responsiveness to GnRH and by the direct hypothalamic effects of these steroids on
GnRH pulse frequency (review: Martin, 1984). In summary, oestradiol is reported to

suppress LH pulse amplitude (Goodman and Karsch, 1980a; Rawlings et al., 1984),
whereas progesterone is said to decrease LH pulse frequency (Goodman and Karsch,
1980a; Goodman et al., 1981a; Tamanini et al., 1986). The major inhibitory effect of
oestradiol appears to be exerted by the direct action of this hormone on the pituitary
gonadotrophs (Karsch, 1984; Thomas et al., 1984a) since oestrogen treatment of the
OVX ewe (Goodman and Karsch, 1980a) and the OVX rat (Libertun et al., 1974;
Vilchez-Martinez et al., 1974) have been shown to suppress pituitary responsiveness
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to GnRH. Oestrogen can suppress LH pulse frequency directly through the activation
of the catecholaminergic neurones which inhibit GnRH release (Meyer and Goodman,
1986). In contrast, progesterone does not appear to suppress pituitary sensitivity to
GnRH (Goodman and Karsch, 1980a) but rather, is effective at the hypothalamus to
reduce the frequency of the pulses ofGnRH (Cumming et al., 1972). In addition, the
negative feedback effects of progesterone are enhanced by oestradiol (Karsch, 1984).
Thus oestradiol serves two negative feedback functions in the luteal phase- first it
limits LH pulse amplitude by its action on the pituitary and secondly it sensitizes the
hypothalamic pulse generator to progesterone.

While oestradiol and progesterone affect LH secretion through different
mechanisms, it is clear that these 2 steroids act synergistically during the early luteal
phase to maintain the pattern of LH secretion to within the range observed in the ovine
oestrous cycle (Baird and Scaramuzzi, 1976a; Karsch et al., 1978; Goodman et al.,
1980a; Martin et al., 1983; Martin, 1984; Price and Webb, 1988). During the mid- to
late- luteal phase, progesterone levels alone are probably high enough to regulate LH
pulse frequency on their own (Goodman and Karsch, 1980a; Thomas et al., 1987).
This effect of progesterone does not however occur without prior oestrogen priming
since LH pulse frequency has been shown to be altered in the late luteal phase in ewes

treated with bovine follicular fluid which suppresses FSH levels and reduces follicular
oestrogen production (Wallace and McNeilly, 1986; Wallace et al., 1985, 1988). The
inhibiting effect of progesterone on LH pulse frequency prevents ovulation from
occurring during the luteal phase of the cycle (Goodman and Karsch, 1980a;
Goodman et al., 1980a; Martin et al., 1983). In the follicular phase of the cycle,
oestradiol enhances LH pulse frequency (Karsch et al., 1983). Since the frequency
and the amplitude of LH pulses are inversely related, an increase in pulse frequency at
this time will induce a decrease in pulse amplitude (Goodman and Karsch, 1980a).
During anoestrus oestrogen is thought to be solely responsible for the suppression of
LH pulse frequency, it is possible that LH pulse amplitude may be increased passively
due to the accumulation of GnRH and LH in the hypothalamus and pituitary
(Goodman and Karsch, 1980).

In contrast to the negative feedback effects of oestradiol on the tonic secretion
of LH, this steroid triggers the preovulatory gonadotrophin surge through positive
feedback. The positive feedback events preceding and inducing the gonadotrophin
surge have been studied extensively in a number of species (Karsch et al., 1978;
Martin et al., 1983; Martin, 1984; Clarke, 1987c; Clarke, 1988). At luteolysis the
withdrawal of the inhibitory effects of progesterone on LH pulse frequency permits
the increase in LH pulse frequency observed during the follicular phase of the cycle
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(Foster et al., 1975; Baird, 1978a; Goodman and Karsch, 1980a; Karsch et al., 1983;
Martin et al., 1983; Wallace et al., 1988). Oestrogen may act to accelerate the removal
of the inhibitory influence of progesterone established during the preceding luteal
phase or it may act independently of progesterone and stimulate LH pulse frequency
directly (Kaynard et al., 1988). This heightened frequency of episodic LH release is
correlated with an increased frequency of GnRH episodes (Clarke and Cummins,
1985; Clarke et al., 1987). Oestrogen exerts a facilitatory effect on this elevated
GnRH release by enhancing pituitary responsiveness (Clarke and Cummins, 1984) to
each pulse of GnRH by increasing the number of receptors in the gonadotroph cells
and also by prolonging the secretory response of LH and FSH to individual pulses of
GnRH (Sarkar and Fink, 1979, 1980). The self-priming action of GnRH may also be
important in priming the pituitary to each subsequent pulse of GnRH (Pickering and
Fink, 1976). This effect of GnRH is enhanced by oestradiol (Reeves et al., 1970,
197la,b). There is little doubt that the preovulatory surge of LH and FSH is initiated
by an antecedent rise in circulating oestradiol secretion stimulated by the rising titre of
LH (Baird, 1978a; Baird et al., 1981) or that progesterone can block this effect (Baird
and Scaramuzzi, 1976a; Dierschke et al., 1973; Karsch et al., 1979). To add more

impetus to the cascade which occurs at this time oestrogen, by virtue of positive
feedback, increases the LH pulse frequency further (Karsch et al., 1983). Concurrent
sustained increases in the circulating concentrations of LH and oestradiol can occur

because physiological levels of oestradiol alone cannot inhibit LH secretion during the
oestrous cycle. If it could, oestradiol would inhibit its own secretion by negative
feedback.

(b) The Control Of FSH Secretion

In the ewe the tonic secretion of FSH is under the dual inhibitory control of the
steroids and inhibin (Martin et al., 1988). The regulation of FSH secretion appears to
be of a long term chronic nature, since oestradiol has been shown to decrease plasma
FSH concentration in vivo in rats (Strobl and Levine, 1988), in OVX ewes (Fraser et
al., 1981; Goodman et al., 1981b; Moss et al., 1981) and in vitro in pituitary cell
cultures from different species (Miller and Wu, 1982). In contrast, the short term
administration of oestradiol has been shown to have little effect on FSH secretion

(Ramirez and Sawyer, 1974). Progesterone has previously been reported to have little,
if no effect on FSH secretion (Moss et al., 1981; Clarke and Cummins, 1984;

Rawlings et al., 1984). The recent results of Martin et al., (1988), however, suggest
that progesterone may have a small modulatory influence on FSH secretion during the
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luteal phase through its inhibitory effect on GnRH pulse frequency.
While oestradiol is the main steroid responsible for control of FSH secretion,

inhibin has also been shown to selectively inhibit the release of FSH by the anterior
pituitary (reviews: Franchimont et al., 1979; De Jong, 1987; Tsonis et al., 1987,
1988; McLachlan et al., 1988; McNeilly et al., 1988; Ying, 1988; de Kretser and
Robertson, 1989). Indeed FSH is largely responsible for the production of inhibin by
the granulosa cells and its subsequent secretion into the follicular fluid of the
developing follicle (Franchimont et al. 1979; Henderson et al., 1984). Furthermore, it
has recently been shown in the ewe that FSH secretion is primarily controlled by the
synergistic action of oestradiol and inhibin on the pituitary gonadotrophs (Martin et
al., 1988). Inhibin is a 32 kD glycoprotein composed of 2 a and 6 interlinked
subunits (Ling et al., 1986; Vale et al., 1986). Ovarian inhibin activity has been
demonstrated to correlate with follicle maturation (Henderson et al., 1984a; Marrs et
al., 1984) since the ability of granulosa cells to secrete inhibin increases with the size
of healthy, non atretic follicles. Once released into the ovarian venous plasma (Tsonis
et al., 1986) and ovarian lymph (Findlay et al., 1986) inhibin reaches the anterior
pituitary where it specifically suppresses the secretion of FSH (Hoffmann et al., 1979;
Hermans et al., 1980; Al-Obaidi et al., 1986; Rivier et al., 1986; Ying et al., 1987). In
vitro evidence (reviewed by McLachlan et al., 1988) indicates that inhibin suppresses

pituitary cell synthesis, content and basal release of FSH. In addition, inhibin has
been shown to decrease GnRH-stimulated FSH and LH release in vitro (De Jong et

al., 1979; Scott et al., 1980). It is not however clear whether inhibin regulates the
former in vivo (McLeod and McNeilly, 1988). The mechanism of the inhibitory effect
of inhibin on FSH secretion includes a dose-related decrease in sensitivity of the
gonadotroph to GnRH, mediated by a decrease in GnRH receptor number (Wang et

al., 1988), and an associated decreased FSH secretory capacity (Farnworth et al.,
1988).

The sex steroids, and in particular oestradiol, are known to interact with
inhibin in the control of FSH secretion (Clarke and Cummins, 1984; Martin et al.,
1986; Tsonis et al., 1986; Martin et al., 1988). In addition in the ewe, in vivo, the
ovarian secretion rate of this glycoprotein has been shown to be stimulated by FSH
(McNeilly et al., 1989). Observations in the ewe that changes in the level of inhibin are

positively correlated to changes in the concentration of FSH (McNeilly et al., 1987,
1989), with both FSH and inhibin levels declining following luteal regression while
oestradiol is increasing (Mann et al., 1989; McNeilly et al., 1989), suggest that inhibin
does not play a major role in the negative feedback control of FSH secretion.
Oestradiol may, therefore, be the principle inhibitor of FSH secretion, although it
probably acts together with inhibin. The release of inhibin from the ovary into the
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circulation is however dependent on positive stimulation by FSH. Thus as follicles
develop and oestradiol levels increase FSH is decreased and the release of inhibin is
reduced.

Two inhibin related fractions of follicular fluid, which have been isolated and

purified, have been shown to be potent and selective stimulators of FSH release in
vitro (review: McLachlan et al., 1988). These are FSH releasing protein, a homodimer
composed of 2 BA subunits of inhibin (Vale et al., 1986) and activin a heterodimer of
BA and BB subunits (Ling et al., 1986). The role of these factors in controlling FSH
secretion in vivo is unclear, however, it is possible that these peptides are intraovarian
regulators of follicle growth, steroidogenesis and/or atresia.

1.3. Hormone Secretion During The Ovine Oestrous Cycle

The 17 day ovine oestrous cycle may be divided into the luteal phase, lasting
from day 2 to day 13, and the periovulatory phase from day 14 to day 1 (day 0 =

oestrus; Baird and McNeilly, 1981) which encompasses the follicular phase from day
14 until the preovulatory gonadotrophin surge, with ovulation occurring some 24 - 26
hours later, see Fig. 1.2.

1.3.1 The Luteal Phase

During the luteal phase a corpus luteum (CL) forms from the remains of the
recently ovulated follicle. The CL secretes increasing quantities of progesterone so

that between day 6 and 12 of the cycle, a plateau concentration of 3-4 ng/ml is reached
(Hauger et al., 1977; Karsch et al., 1980b). Throughout this stage of the cycle LH
pulses occur at a frequency of 1 pulse every 3-10 hours (Baird et al., 1976b; Baird et

al., 1981; Karsch et al., 1983; Wallace and McNeilly, 1986). During the luteal phase
the frequency and amplitude of the LH pulses are maintained by the synergistic action
of progesterone and oestradiol (see 1.2.7). The rising concentration of progesterone in
the early luteal phase decreases the periodicity of GnRH release and hence reduces LH
pulse frequency. At this time oestrogen is required to sensitize the hypothalamic pulse
generator to an otherwise subthreshold level of progesterone. By the mid luteal phase
progesterone alone is capable of inhibiting LH pulse frequency, although this action
may be potentiated by basal oestradiol concentrations. In addition, oestradiol serves to
limit the amplitude of the LH pulses by reducing pituitary responsivity to each GnRH
episode.

Luteal phase FSH levels remain relatively constant (Pant et al., 1977) and are

20



higher than during the follicular phase (Baird et al., 1976b) however fluctuations in
FSH levels have been reported to occur every 5-6 days (Miller et al., 1981; Bister and
Paquay, 1983). The circulating concentration of FSH is sufficient to allow significant
follicle growth as evidenced by the presence of 1 or 2 large follicles in the ovary which
grow up to 4 mm diameter and then regress (England et al., 1981b). Indeed waves of
follicle growth have been reported to occur every 4-6 days throughout the luteal phase
(Smeaton and Robertson, 1971; Brand and De Jong, 1973; Bister and Paquay, 1983;
Wheaton et al., 1984). The low frequency pulsatile release of LH drives the synthesis
and secretion of oestrogen and androgen by these follicles. The activated follicles
produced during these phases of growth may be responsible for the peaks in oestradiol
secretion observed on days 3-4 (Cox et al., 1974), 6-9 and 11-15 (Mattner and
Braden, 1972) of the cycle, and for the asymmetrical secretion of oestradiol from each
ovary (Baird and Scaramuzzi, 1976a). Furthermore the cyclical changes in the output
of oestradiol and/or inhibin by the activated follicles probably produces the regular
fluctuations of the plasma FSH levels observed in the experiments of Smeaton and
Robertson (1971), Brand and De Jong (1973), Bister and Paquay (1983) and
Wheaton et al., (1984). There is however considerable variation both between animals
and between reports on the timing of these waves of follicle growth and peaks of
oestradiol and FSH secretion. Attempts to define a rhythmical periodicity in these
fluctuations using autocorrelations have concluded that the waves of FSH secretion do
not occur at fixed time intervals (Miller et al., 1981; Bister and Paquay, 1983;
Wheaton et al., 1984). It is probable therefore that the growth of follicles to diameters
of 4-6 mm followed by regression, due to inadequate LH stimulation, occurs

continually throughout the oestrous cycle.
The importance of progesterone as the cycle organizer has been exemplified by

the observations that enucleation of a newly formed CL (Smeaton and Robertson,
1971) or immunization against progesterone (Thomas et al., 1987) result in ovulation
some 4-5 days later. In addition serum oestradiol levels are high during the late luteal
phase, approaching those seen before the LH surge and yet spontaneous oestrogen
induced positive feedback does not arise. The high progesterone levels at this time
prevent this happening so blocking an oestradiol induced LH surge and inhibiting the
final stages of follicle growth and maturation (Baird and McNeilly, 1981; Glencross,
1987). Progesterone is therefore largely responsible for the maintenance of cycle
length through the regulation of pulsatile LH release.

Both progesterone and oestradiol are necessary to prime the uterus for the
synthesis of prostaglandin (PG) F2a which will induce luteolysis (review: Baird,
1978b; Auletta and Flint, 1988) in the absence of an embryo. This prostaglandin is
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released into the uterine vein and reaches the ovary by counter-current transfer
between the utero-ovarian vein and the ovarian artery. By day 12-13 of the luteal
phase, under the influence of basal LH, the CL becomes increasingly sensitive to the
luteolytic effects of PG F2a (Scaramuzzi and Baird, 1976; Fairclough et al., 1975)
and the latter suppresses progesterone production. This in turn stimulates further
release of PG F2a, and leads to the cascade of events which culminate in functional
and eventually structural luteal regression. Several lines of evidence suggests that
oestrogens play a physiological role in the demise of the CL as systemically
administered oestrogen, given during the mid luteal phase causes premature luteolysis
in the ewe (Hawk and Bolt, 1970) also the destruction of the ovarian follicle- the

major source of oestradiol, by X-irradiation prolongs luteal function in sheep (Karsch
et al., 1970). Furthermore, in sheep, the luteolytic effects of oestradiol and PG F2a
are additive (Hixon et al., 1975, 1983) and the action of oestradiol is not through the
inhibition of the steroidogenic response of LH (Hixon et al., 1983). Moreover
oestrogen given systemically or locally causes uterine secretion of PG F2a in sheep
(Hixon et al., 1983) with an ensuing decrease in progesterone production and luteal
regression. The latter observation strongly suggests an oestrogen-PG F2a interaction
during the luteolytic process in sheep.

1.3.2. The Follicular Phase

The frequency of the pulsatile release of LH increases in the transition from
the luteal to the follicular phase to about 1 pulse per hour (Baird, 1978a; Baird et al.,
1981; Karsch et al., 1983) with a concomitant decrease in LH pulse amplitude (Clarke
et al., 1983). This results from a reduction of the negative feedback inhibition of
progesterone on tonic LH secretion which is associated with the lowering of the
circulating progesterone concentration as the CL regresses. The heightened frequency
of LH release is correlated with an increased frequency of GnRH pulses (Clarke et al.,
1987). By 24 hours after the decline in progesterone levels the interval between LH
pulses is 60-75 minutes (Baird et al., 1981) and pulse amplitude is around 1 ng/ml
(Baird, 1978a). Despite the low amplitude, the ovary responds to each pulse of LH
with an increase in oestradiol secretion (Baird, 1978a). Androgen secretion is also
increased during the period from luteal regression to the LH surge but at a much
slower rate than that of oestradiol (Baird et al., 1981; McNatty et al., 1984a). This
results in a progressive increase in oestrogen to androgen ratio, in both ovarian venous

blood and in the antral fluid of the preovulatory follicle(s) (England et al., 1981b).
This suggests that the aromatase activity of the dominant follicle has increased (see
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1.4.3). The sustained rise in circulating LH drives the preovulatory rise in oestradiol
secretion by the dominant follicle(s), which ultimately triggers the LH surge and
thereby induces ovulation (Baird and Scaramuzzi, 1976a; Karsch et al., 1979;
Goodman et al., 1980b; McNeilly et al., 1982).

The increased sysnthesis of oestrogen has 4 functions. First it stimulates
further PG F2a release so hastening the demise of the CL. Secondly oestradiol,
probably in conjunction with follicular inhibin, suppress pituitary FSH release
(McNeilly et al., 1984) so that the FSH concentration falls gradually (Salamonsen et

al., 1973; Baird et al., 1981). During the final 48 hours before the gonadotrophin
surge, the levels of FSH are decreased by 30%. This decline may hasten atresia in the
large antral follicles which are not destined to ovulate. Thirdly oestrogen may limit the
amplitude of LH pulses in the follicular phase either directly by enhancing the
frequency of episodic GnRH discharge of indirectly by reducing pituitary sensitivity to
GnRH (Baird et al., 1981; Martin, 1984). Finally oestrogen induces behavioural
oestrus and the preovulatory gonadotrophin surge.

1.3.3, The Preovulatory Gonadotrophin Surge

The preovulatory surges of LH and FSH occur approximately 60 hours after
luteal regression at about the time of the onset of behavioural oestrus (Baird and
McNeilly, 1981). At oestrus (day 0), the frequent (1 pulse per hour, Baird, 1978a)
high amplitude LH pulses are driven by high frequency GnRH pulses (Sarkar et al.,
1976; Clarke and Cummins, 1985), occurring at a rate of 2 per hour (Clarke and
Cummins, 1985; Clarke et al., 1987). The pattern of GnRH secretion at this time is,
however, variable with 3 patterns ofGnRH secretion having been observed in the ewe
(Clarke et al., 1987). The high amplitude of the LH pulses may be due to: the
heightened GnRH pulse amplitude; to an increased pituitary sensitivity to GnRH
intitiated by GnRH and/or oestrogen; or a combination of the two. Although the
withdrawal of progesterone initiates the above sequence of events, the decline in this
steroid itself is not sufficient to produce the full increase in frequency of LH pulses
characteristic of the follicular and preovulatory phases of the ewe (Karsch et al.,
1983). Instead, maintenance of at least basal serum levels of oestradiol subsequent to
progesterone withdrawal is required for LH pulse frequency to reach a maximum.
Two possible oestrogen related mechanisms may account for this. Oestrogen may

accelerate the removal of the luteal phase progesterone inhibition of pulse frequency,
or alternatively oestrogen may act independently of prior progesterone priming and
stimulate LH pulse frequency directly. The latter mechanism is supported by the
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findings of Kaynard et al., (1988) and most likely reflects an action of this steroid on

hypothalamic GnRH release. These high frequency GnRH pulses at the pituitary are

self priming to further pulses and increase pituitary responsiveness. This is further
enhanced by the positive feedback effects of oestradiol on pituitary LH release with a

resultant increase in LH pulse amplitude. In addition oestrogen may serve to alter LH
pulse contour at this time (Clarke and Cummins, 1986; Clarke et al., 1987) by
prolonging the secretion of LH in response to each GnRH pulse. The prolonged LH
secretion, which may be due to an alteration in the metabolic clearance rate of LH,
could lead to a gradual rise in the LH baseline and hence be a major factor in
generating the LH surge. At some stage, the increase in LH pulse frequency and the
oestrogen response to it results in a net rate of oestrogen secretion which exceeds the
rate of clearance and blood concentrations of oestrogen build up, triggering the surge

(McCracken et al., 1969; Baird et al., 1976a,b; Pant, 1977). The overall effect of this

positive feedback is a 30-100 fold increase in LH levels which lasts about 12-24 hours
and initiates the series of events which culminate in ovulation some 24 hours later

(Cumming et al., 1971; Acritopoulou et al., 1978).
During the surge LH exerts a paradoxical effect on ovarian steroid production.

At the start of the surge (LH > 5 ng/ml) both oestrogen and androgen production are

stimulated (Baird et al., 1981). This phase is antecedent to a marked inhibition of
aromatase activity (Moor, 1974) and a loss of follicular LH receptors (Webb and
England, 1979, 1982a,b) with the result that testosterone and androstenedione
production increase at the expense of oestradiol. This pattern of steroidogenesis is
characterized by a peak in oestradiol production which precedes the gonadotrophin
surge and a peak in androgen production which is coincident with it. The LH surge

induces morphological changes in the preovulatory follicle (see later) and atresia of
most, if not all, other large antral follicles (McNatty et al., 1984a). After the surge

ovarian steroidogenesis is altered and oestradiol secretion is reduced (Webb and
England, 1982b) so that at ovulation the concentration of this steroid is lower than at

any other time during the oestrous cycle. Despite the depressed steroid secretion LH
concentrations remain low due to the depletion of the releasable pituitary pool of LH
(Hansel and Convay, 1983).

FSH concentrations increase to a second peak, of the same duration and
magnitude as the preovulatory surge, some 18-24 hours later (Salamonsen et al.,
1973) around the time of ovulation. There is no corresponding second peak of LH
release and the frequency of LH pulses and ovarian steroid output remain low at this
time (Baird and McNeilly, 1981). Immunization against progesterone (Thomas et al.,
1987) leads to a second LH surge 6 days after the original surge, which results in
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ovulation. This confirms that the lack of a second LH surge is due to the exhaustion
of the releasable pool of LH. The preferential second surge release of FSH does not
appear to be stimulated by a coincidental rise in GnRH output since administration of
GnRH antiserum, after the preovulatory surge, does not abolish the second FSH rise
in either the rat or the ewe (Narayana and Dobson, 1979; Blake and Kelch, 1981). In
contrast, however, administration of GnRH antiserum on the morning of oestrus prior
to the preovulatory surge inhibits the second FSH rise in the rat (Blake and Kelch,
1981) and significantly reduces the second peak in the sheep (Fraser and McNeilly,
1982). Although this does not preclude the possibility that the second peak is an

artefact of preovulatory GnRH stimulation, it is more likely that it is due to the
removal of the negative influences of ovarian steroids and other ovarian factors such
as inhibin (Baird et al., 1980; Hasegawa et al., 1981; Medhamurthy et al., 1987).
Evidence to support this hypothesis comes from the observations that oestradiol alone
(Chappel and Barraclough, 1977) sodium pentobarbitone (Dobson and Ward, 1977)
or GnRH antiserum (Narayana and Dobson, 1979) cannot inhibit the second FSH
peak, but it is abolished by inhibin (Marder et al., 1977) and passive immunization
against testosterone (Gay and Tomacari, 1974) and delayed by bovine follicular fluid
(Medhamurthy et al., 1987). The exact nature of the mechanism, however, remains to
be established.

The significance of the second FSH peak on folliculogenesis in the ewe

remains to be elucidated. In short cycling rodents, neutralization of the second FSH
rise reduces the number of follicles recruited for the next oestrus (Sheela Rani and

Moudgal, 1977; Chappel and Selker, 1979). In the ewe, early claims that the second
peak triggers the development of the follicles which are destined to ovulate in the
following cycle (Cahill et al., 1981) have not been confirmed by studies in which the
peak was artificially reduced or delayed by treatment with follicular fluid (Bindon et

al., 1984; Wallace et al., 1985). It is possible, however, that the 1 or 2 large follicles
present in the ovine ovary on days 2 or 3 of the consecutive cycle (Smeaton and
Robertson, 1971; Brand and De Jong, 1973) develop in response to this increased
secretion of FSH. The large follicles so stimulated produce peaks of oestradiol and
androstenedione (Baird et al., 1976b) on days 3 or 4, but do not ovulate because of
the lack of LH stimulation resulting from the inhibition of the positive feedback of
oestrogen by the rising profile of progesterone. Differential follicle growth rates and
fluctuations in FSH levels (Miller et al., 1981; Bister and Paquay, 1983) then lead to

asynchronous follicle growth until the next preovulatory surge.

25



1.4. The Ovary And Folliculogenesis

Folliculogenesis may be defined as the growth and development of follicles
from the pool of primordial follicles, through the preantral and antral phases, which
culminates usually in atresia or more rarely in ovulation. The fact that 99% of
primordial follicles or oocytes formed during foetal life fail to ovulate (Baker, 1982;
McNatty, 1982) illustrates the complexity of folliculogenesis and the rarity of the
development of an ovulatory follicle. Even in monovular species the total number of
antral follicles greater than 1 mm diameter present during the cycle (5-24 in the ewe;

McNatty, 1982) greatly exceeds the number of follicles which ovulate. Ovarian
follicles consist of an outer layer of thecal cells which encircle inner layers of
granulosa cells; these cells in turn surround the innermost oocyte- cumulus cell
complex and the antral cavity. In response to pituitary gonadotrophin secretion, these
follicular compartments interact in a highly integrated manner to secrete the sex

steroids and produce a fertilizable ovum. Although LH, FSH and prolactin are the
major regulators of follicular development (Richards and Midgley, 1976) and the
blood concentrations of these hormones perfusing the ovary are identical, not all
follicles respond to the gonadotrophins in a given cycle. Indeed, only a minority of
the large antral follicles ovulate during any one cycle (Mauleon and Mariana, 1977) the
majority of the follicles becoming atretic.

Differentiation of the ovulatory follicle(s) is a two step process in which the
large antral follicles are first recruited from a pool of follicles when exposed to
sufficient gonadotrophs stimulation, and then from amongst these a single follicle (in
monotocous species) is selected and continues maturation (diZerega and Hodgen,
1981). The selected follicle develops, becomes dominant, and maintains its dominance
bilaterally over the other follicles, dictating the course of events in the hypothalamus,
pituitary and ovaries, both temporally and spacially for the duration of the reproductive
cycle. After ovulation, the granulosa cells undergo profound changes in their
hormonal responsiveness and in their capacity to produce steroids. These luteinized
granulosa cells constitute a major component of the CL and are the main source of
ovarian progestagens. The demise of the CL reinitiates follicular recruitment and
selection for the next cycle. While follicle growth is generally considered to be under
the control of the pituitary gonadotrophins, the factors regulating the processes of
recruitment and selection, which ultimately affect ovulation rate, are complex and the
exact mechanisms involved remain to be elucidated.
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1.4.1. The Early Stages Of Follicle Growth

The adult ovary contains a large reserve of small primordial follicles (between
12,000 and 86,000 follicles with up to 2 layers of granulosa cells) and a much smaller
number of (100-400) of larger follicles at various stages of growth and development
(review: Cahill, 1981,1984). The primordial follicles consist of an oocyte in the
arrested meiotic dictyate phase surrounded by a single layer of flattened granulosa cells
(Peters, 1978). These follicles account for 90-95% of all ovarian follicles and

represent a heterogeneous pool of non growing follicles from which all dominant
preovulatory follicles are ultimately selected (Cahill, 1981). Evidence from both the rat
(Paesi, 1949) and the sheep (Dufour et al., 1979) suggest that gonadotrophins are not
essential for, but are facilitatory to, the initiation of primordial follicle growth. Indeed
in the rat (Smith, 1930) and hamster (Moore and Greenwald, 1974) in the absence of

gonadotrophins, such as is induced by hypophysectomy or GnRH
immunoneutralization (Nakano et al., 1975), oocytes continue to grow and follicles
with at least 4-5 layers of granulosa cells are formed. The organization of the
membrana granulosa and theca layer in these follicles, however, is abnormal. A
possible role for prolactin in the initiation of follicle growth is indicated by the fact that
prolactin receptors are found on the oocytes of primordial and small follicles (Dunaif et
al., 1982); and in the sheep treated with bromocriptine to reduce prolactin levels the
number of growing follicles is reduced (Cahill et al., 1984). Additional evidence
points to an ovarian paracrine mechanism for the control of primordial follicle growth
since the number of primordial follicles entering the growth phase is inversely related
to the number of follicles in the primordial pool (Mauleon and Mariana, 1977). This
theory is supported by the observation that the number of preantral growing follicles is
increased in the remaining ovary following long-term unilateral ovariectomy (Dufour
et al., 1979) in the absence of any long-term changes in gonadotropin levels (Findlay
and Cumming, 1977).

After leaving the reserve pool, a follicle enters the preantral phase of growth.
Preantral follicles are more numerous (approximately 7:1) than antral follicles and
unlike antral follicles, atresia is rarely seen in this follicle population (Cahill, 1981).
The preantral follicles may act as a short term reservoir between the primordial follicle
pool and the actively growing antral follicles. In the ewe, each follicle takes an

estimated six months to grow from 3 granulosa cell layers (diameter 0.6 mm) to the
preovulatory diameter of 6-8 mm (Cahill and Mauleon, 1980). There is no difference
in the number of follicles with more than 3 layers of granulosa cells in the ewe

between anoestrus and the breeding season (Cahill and Mauleon, 1980), and Webb

27



and Gauld (1985a) have shown that mature follicles are present throughout anoestrus,
in numbers which reflect the ovulation rate for that particular breed of sheep. A
number of studies in the mouse (Ryle, 1971), rat (de Riviers and Mauleon, 1973) and
sheep (Dufour et al., 1979) indicate that preantral follicle growth is dependent on
gonadotrophic stimulation, and in particular on FSH secretion. As atresia is rare, the
main mechanism controlling the number of preantral follicles is the uptake of
primordial follicles into the growth stage and the growth rate of follicles through the
preantral phase.

Other factors affecting primordial and preantral follicle growth in the sheep
include breed and age (Cahill et al., 1979; Cahill and Mauleon, 1980) and nutritional
level (Fletcher, 1974; Lintern-Moore andEveritt, 1978).

1.4.2. The Antral Follicle

Antrum formation occurs in ovine follicles at a diameter of 0.2 mm (Cahill et
al., 1979). Soon after this, at approximately 0.4 mm diameter, the follicle enters a

rapid growth phase with division of granulosa cells reaching a maximum rate when the
follicle is between 1.0 and 1.25 mm diameter (Turnbull et al., 1977; Carson et at.,

1979). The follicle then takes approximately 5 days to grow from 0.5 to 2.2 mm

diameter (Turnbull et al., 1977). The growth rate of the follicle then declines, and it
takes a further 4 days to reach 4-5 mm (Turnbull et al., 1977). It has been estimated
that 3-4 follicles per ewe per day enter the antral phase (Turnbull et al., 1977) and that
it takes 34-43 days for a follicle to grow from antrum formation to the preovulatory
size of greater than 5.0 mm diameter (Turnbull et al., 1977; Cahill and Mauleon,
1980). In the preovulatory phase of the cycle the mitotic index of the granulosa cells
is almost zero (Turnbull et al., 1977; Cahill and Mauleon, 1980). Further increases in
follicle size at this stage of the cycle are therefore largely due to increases in antral
volume rather than granulosa cell proliferation. Follicular growth rates vary between
animals, but not between breeds, time of the cycle, or between seasons (Cahill and
Mauleon, 1980). In contrast, however, the number of antral follicles differs between
breed and the stage of the breeding season (Cahill and Mauleon, 1980; McNatty et al.,
1984c).

The extent of follicular development and maturation may be assessed by a

number of criteria. In early studies the largest follicle present in the ovary was

identified as the preovulatory follicle (Land, 1973); more recently changes in the
patterns of gonadotropin receptors have been used to estimate the degree of follicular
maturation and activation. Receptor studies in the rat and sheep indicate that specific
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receptors for FSH are present only on the granulosa cells of all follicles greater than
1.0 mm diameter (rat: Richards and Midgley, 1976; sheep: Carson et al., 1979;
Henderson et al., 1985) Furthermore granulosa cell FSH receptor number decreases in
atretic follicles (Carson et al., 1979). Specific membrane receptors for LH are located
on the theca interna of all follicles greater than 1.0 mm diameter irrespective of follicle
health (review: Erickson and Magoffin, 1983; McNatty et al., 1986a). In contrast

granulosa cell LH receptor numbers increase markedly in association with increased
follicle diameter and show a higher binding affinity in healthy than in atretic follicles
(Carson et al., 1979; Webb and England, 1982a). Carson et al., (1979) have
demonstrated that there is a 10 fold increase in the number of ovine granulosa cell LH
receptors on follicles greater than 4 mm diameter as compared to follicles 1-4 mm

diameter. The increase in thecal and granulosa cell LH receptor for LH during the
preovulatory period in the ewe is part of the final stages in the maturation process

which ensures that ovulation will occur in response to the LH surge (Webb and
England, 1982a). Thus, mature or activated follicles may be defined as those follicles
which have LH receptors on both granulosa and thecal cells, and which will ovulate in
response to the preovulatory gonadotrophin surge. Support for this theory is provided
by three lines of evidence. First mature preovulatory follicles in the rat (Zeleznik et
al., 1974; Richards et al., 1976; Uilenbroek and Richards, 1979; Richards, 1980) and
the ewe (England et al., 1981b; Webb and England, 1982a,b) exhibit thecal and
granulosa LH binding activity. Secondly the number of activated follicles corresponds
to the ovulation rate in sheep of differing fecundity (Webb and England, 1982a).
Finally cells of antral follicles which are classified as atretic by histological criteria do
not possess LH receptors (Richards et al., 1976) and do not luteinize in response to
LH. The later stages of follicular maturation are dependent on the sequential
development of follicular responsiveness initially to FSH and oestradiol and later to
LH (Zeleznik et al., 1974; Richards et al., 1976). This is associated with an enhanced

granulosa sensitivity to FSH, little change in thecal sensitivity to LH (McNatty et al.,
1986a), and an increase in both thecal and granulosa cell LH receptor number. The
activated follicles are not always the largest follicle present in the ovary, but they
always have a high antral fluid oestradiol concentration (Webb and England, 1982
a,b).
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1.4.3. The Effect Of Gonadotrophins On Antral Follicle Development
And Steroidogenesis

Antral follicles, and especially large antral follicles, are responsible for ovarian
production of oestrogens and androgens (Baird and Scaramuzzi, 1976a). While these
follicles regulate their own growth and development by the feedback control of
gonadotrophs secretion described in section 1.2.7, they may also indirectly influence
the growth and development of other follicles in the growth phase by the production of
intraovarian regulators which are secreted into follicular fluid. Gonadotrophins act on
their target cells by binding to the specific cell membrane receptors described above.
The distribution, number and sensitivity of these receptors can be influenced by the
gonadotrophins themselves, steroids and other peptides. In rats, for example, it has
been demonstrated that while FSH acting alone or synergistically with oestradiol, is
required for the induction of granulosa cell receptors for FSH, LH and oestradiol
(Richards and Midgley, 1976; Richards, 1980), FSH itself causes the maximal
increase in its own receptors and also increases LH receptor sites (Zeleznik et al.,
1974). The effects of oestrogen on the FSH stimulation of its own receptors clearly
precedes that of FSH stimulation of LH receptors (Ireland and Richards, 1978a).
Luteal cell LH receptors have been demonstrated (Mock and Niswender, 1983),
however, in this tissue receptor number appears to be controlled by LH itself
(Niswender et al., 1981).

Receptor binding activates the membrane bound adenylate cyclase enzyme

system which catalyses the conversion of adenosine triphosphate to cyclic adenosine
3',5'monophosphate (cAMP; Catt and Dufau, 1976). The cAMP so produced
influences cell function by activation of the protein kinase system (Marsh, 1976)
which evokes the phosphorylation of the proteins involved in folliculogenesis (Catt
and Dufau, 1976). In concurrence with this system, changes in steroidogenesis in the
preovulatory follicle are preceded by changes in the synthesis of cAMP (Mcintosh and
Moor, 1973). Cyclic AMP probably acts to modulate the kinetic properties of the P450
aromatase enzyme complex by accelerating a number of steps in the steroid pathway
(Marsh, 1976; Hay and Moor, 1978). Once receptor interaction has taken place the
receptor complex is internalized by endocytosis and degraded by lysosomes or

recycled by exocytosis to the cell membrane (review: Posner et al., 1982).
Granulosa cells are the cellular source of oestradiol and progesterone.

Although these cells are capable of producing progesterone independently of other
ovarian cell types, the biosynthesis of oestrogen requires cellular interactions between
the granulosa cells and the neighbouring theca (review: Hay and Moor, 1978;
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Armstrong et al., 1981) and depends on joint stimulation by FSH and LH (Fig. 1.3).
Current evidence suggests that as granulosa cells mature they acquire an active
aromatase enzyme system and become the principle intrafollicular site of androgen
aromatization to oestrogen (Armstrong et al., 1981; Evans et al., 1981; Hillier et al.,
1981; McNatty et al., 1981b,c; McNatty et al., 1984a) or the site of production of 5a-
reduced androgens. Thecal aromatization may also occur but to a much lesser extent
(Evans et al., 1981). Although the mature follicle possesses the biochemical
machinery to synthesize progesterone, this function is inhibited, perhaps by the
intrafollicular oestrogen concentration (Hillier, 1985), until the LH surge induces
follicle rupture and oocyte release.

The existing concept of the cellular sites of the gonadotrophic control of
follicular oestrogen biosynthesis is based on a two-cell, two-gonadotrophin theory
(Armstrong et al., 1981). This paradigm has been supported in the ewe by the
observation that infusion of testosterone antiserum into the ovarian artery decreases
follicular oestrogen secretion (Baird, 1977). In brief, according to this model, LH
stimulates the biosynthesis of androstenedione and testosterone from cholesterol in the
theca interna. These androgens diffuse across the lamina basalis and are converted to

oestrogens by the granulosa cell aromatase P450 enzyme system (McNatty et al.,
1979a; Hillier, 1981). The aromatization of androgens to oestrogens in the granulosa
cells is a function of FSH action. Granulosa cell progesterone, secreted in response to

gonadotrophin stimulation may diffuse into the thecal cells and act as further substrate
for androgen biosynthesis. The recent progress in the purification and characterization
of LH and FSH receptors and in the definition of the sites of interaction between the
gonadotropins and their gonadal receptors have been reviewed by Rajaniemi et al.,
(1989) and Reichert and Dattatreyamurty (1989).

(a) The Action Of FSH

FSH is the prime inducer of ovarian follicular maturation and is responsible for
the development of granulosa cell responsiveness by the induction of specific
membrane receptors for LH, prolactin, epidermal growth factor (EGF) and
lipoproteins both in vivo and in vitro (reviews: Richards, 1980; Dorrington et al.,
1983; Hsueh et al., 1983, 1984). In addition to the heteroregulation of these
membrane receptors, FSH may increase the numbers of its own receptors in vivo and
in vitro (Zeleznik et al., 1974; White and Ojeda, 1981). The secretion of plasminogen
activator, proteoglycans and inhibin from granulosa cells are specifically enhanced by
FSH (Hsueh et al., 1984). At an early stage of follicle development, FSH stimulates
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granulosa cell division (McNatty and Sawers, 1975; Hammond et al., 1982) and
antrum formation (Moore and Greenwald, 1974) and induces the rapid growth phase
of follicles immediately after antrum formation (Richards and Midgley, 1976).
Furthermore in vitro experiments culturing granulosa cells have identified the ability of
FSH to influence the distribution of microfilaments (Tsang et al., 1988) and the
formation of gap junctions and microvilli (Hsueh et al., 1984) in these cells. These
gap junctions provide a means of intracellular communication and transport for
molecules such as cAMP between the granulosa cells (Schultz, 1985). Finally it has
been demonstrated in the rat in vivo (Rao et al., 1978) and in the sheep in vitro
(Monniaux, 1987) that FSH increases the incorporation of tritiated thymidine into
ovarian DNA.

The most significant effect of FSH on steroidogenesis is its ability to stimulate
aromatase activity in granulosa cells (Dorrington et al., 1975; Erickson and Hsueh,
1978) in a dose dependent manner (Hillier et al., 1981; Hsueh et al., 1983; McNatty et

al., 1985b). In the sheep in vitro evidence indicates that FSH stimulates aromatase

activity in long-term granulosa cell incubations, greater than 24 hours (Moor, 1977;
McNatty, 1982), but not in short-term incubations (Tsonis et al., 1984b; Monniaux,
1987). In addition infusion of sheep with exogenous FSH increases granulosa cell
aromatase activity in follicles of all sizes (McNatty et al., 1985b); conversely
suppression of FSH levels by treatment with inhibin reduces aromatase activity. Peak
aromatase activity, however, is not necessarily associated with peak FSH receptor

activity (Farookhi, 1980). In rats and sheep the aromatase enzyme complex is
functionally coupled to FSH activated adenylate cyclase (Daniel and Armstrong,
1980). The in vitro measurement of cAMP production by granulosa cells exposed to
FSH has indicated that as follicle size increases so there is a concomitant increase in

follicular sensitivity to FSH. Furthermore, sensitization of the FSH stimulated
adenylate cyclase system on the granulosa cell membrane is required for FSH to
induce the appearance of granulosa LH receptors (Richards, 1980). It is also evident
that granulosa cells from atretic follicles are less responsive to FSH than similar cells
from healthy, non-atretic follicles (Henderson et al., 1985).

FSH regulates granulosa progestagen biosynthesis by modulating the activities
of various steroidogenic enzymes (review: Hsueh et al., 1983, 1984), namely the
cholesterol side-chain cleavage enzymes and the B-hydroxysteroid dehydrogenase (B-
HSD) enzymes. This provides a source of androgen substrate for the thecal cells since
granulosa cells lack the 3B-HSD and desmolase enzymes required to convert

progestagens into androgens.
It is clear from this evidence that FSH is important in establishing the
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steroidogenic machinery of granulosa cells which is necessary for LH to elicit steroid
production.

(b) The Action Of LH

LH stimulates preovulatory follicle growth, induces ovulation, regulates CL
function, and stimulates the synthesis and release of prostaglandins (PG) PG E2 and
PG F2oo plasminogen activator, proteoglycans and relaxin (Hsueh et al., 1984).
Studies reviewed by Richards et al., (1978) indicate that LH plays an important role in
early follicular cell differentiation, most probably via its actions on thecal cells. Indeed
thecal steroidogenic systems are coupled to the LH receptor system before or during
early antral development and thecal steroid production is initiated before appreciable
amounts of granulosa cell aromatase activity have been noted. Ireland and Richards,
(1978b) have shown that during the final stages of follicle growth, before ovulation,
LH as well as FSH may be capable of stimulating granulosa cell differentiation and an

increase in LH receptor content. A further action of LH is that, indirectly, it causes a

rapid increase in ovarian blood flow (25-30% increase within 30 minutes; McCracken
et al., 1971), an effect which is thought to result from the LH stimulated production of
cAMP, PG and other vasoactive metabolites (Varga et al., 1985).

The main action of the LH is to stimulate the conversion of cholesterol to

pregnenolone (Marsh, 1976) with a resultant increase in the synthesis of all the
steroids on the pathway from pregnenolone to the androgens and oestrogens

(McCracken et al., 1969). Pregnenolone is converted to testosterone and
androstenedione by desmolases (Baird, 1984). These androgens are then transferred
rapidly to the granulosa cells where they are converted to oestradiol by the aromatase
P450 enzyme system (Baird, 1977; Moor, 1977; Armstrong et al., 1979; Leung and
Armstrong, 1980). In the ewe, within 10 mins of the arrival of an LH pulse,
androstenedione and oestradiol secretion increases (Baird et al., 1976b, 1981). Since
thecal androstenedione production does not vary with follicle diameter, or stage of the
cycle (McNatty et al., 1984a), the supply of steroid substrate for follicular oestrogen
synthesis is regulated by the frequency and amplitude of the LH secretory episodes
(McNatty, 1982; Baird, 1983; McNatty et al., 1984e). LH acts on the thecal cells via
cAMP to regulate the enzymes leading to the biosynthesis of androstenedione by
stimulating the conversion of cholesterol to pregnenolone (Marsh, 1976), and
increasing 36-HSD activity (Caffrey et al., 1979). In the mature follicle granulosa LH
receptors share the same membrane associated adenylate cyclase system as granulosa
FSH receptors (Farookhi, 1982), binding of either or both gonadotrophins therefore
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will directly stimulate granulosa aromatase activity (Wang et al., 1981) and so enhance
oestrogen synthesis.

The mechanism whereby LH induces ovulation is unclear. It is thought that
LH stimulated PG, plasminogen activator, proteoglycans and relaxin may be important
(Hsueh et al., 1984). Indeed in the ewe PG is essential for ovulation since blockade
of PG accumulation in follicular fluid prevents follicle rupture (Murdoch et al., 1986).
During the changes leading up to ovulation, alterations occur in follicular steroidogenic
function (Moor, 1973), morphology and physiology (Hay and Moor, 1978). The
hormonal changes includes a decreased or arrested synthesis and output of androgens
and oestrogens and a concomitant increase in progesterone secretion (Richards and
Williams, 1976) these are connected with luteinization of the granulosa cells and
formation of the CL. Increased progesterone synthesis is associated with a decrease in
Ci7,20 lyase activity (Tsafriri and Eckstein, 1986) and an increase in granulosa 3B-
HSD activity (Hay and Moor, 1975a). Combined with LH induced luteinization is a

decrease in the numbers of LH and FSH receptors (Richards et al., 1976) and a

desensitization of LH stimulated adenylate cyclase activity (Lamprecht et al., 1973).
No mechanism has yet been postulated to account for the inhibitory effects of high
levels of LH on oestrogen and androgen production in the preovulatory follicle. It is
possible that the aromatase system is inhibited (Moor,1974; Seamark et al., 1974;
Leung and Armstrong, 1980), the elevated androgen levels which result initiate further
steroidogenic change (Moor et al., 1975). Hillier et al., (1985) have shown that
aromatase activity remains elevated in the human throughout ovulation. This does not
however appear to be the case in the sheep (Baird et al., 1981). A potential and
alternative route of androstenedione and testosterone metabolism is via the 5a-

reductase enzyme system, since 5a-reduced C19 steroids, once formed, cannot be
aromatized to oestrogen. Indeed, certain 5a-reduced androgens have been shown to

be aromatase inhibitors (Schwartzel et al., 1973; Siiteri and Thompson, 1975;
Farookhi, 1980; Hillier et al., 1980a,b). In addition, elevated androgen concentrations
in vitro, in large follicles, stimulate progesterone synthesis (Hay and Moor, 1978).

Secretion of progesterone by the ovine CL is under the direct control of LH.
This has been demonstrated by the administration of LH or GnRH antiserum which
leads to a swift cessation of progesterone release (Fuller and Hansel, 1970;
McCracken et al., 1971), whereas progesterone secretion is increased by exogenous

application of GnRH pulses (Adams et al., 1975). This confirms that progesterone
secretion is dependent on LH (Denamur et al., 1973). The amount of LH required to
maintain normal levels of progesterone production is currently under debate since
McNeilly and Fraser (1987) have shown that CL function in the ewe can be
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maintained in the absence of pulsatile LH release but in the presence of basal
concentrations of the gonadotrophin.

1.4.4. The Mature Preovulatory Follicle

The mature Graafian follicle is characterized by the presence of a large fluid
filled antral cavity. The granulosa cells which are highly differentiated, encircle the
antrum, surround the oocyte (the cumulus oophorus) and are arranged in a stratified
manner on a basement membrane (Moor et al., 1975; Erickson, 1986). The mural

granulosa cells (next to the basement membrane) possess high levels of steroidogenic
adenylate cyclase and aromatase P450 enzyme activity and functional receptors for
LH, FSH, prolactin, epidermal growth factor (EGF), and the steroids, namely
oestrogen (Richards, 1975), progesterone and testosterone (Hsueh et al., 1984;
Erickson, 1986). In contrast, cumulus cells surrounding the oocyte are less responsive
to gonadotrophins (Hillensjo et al., 1981), have few LH receptors (Lawrence et al.,
1980) and no functional aromatase activity (Zoller and Weiss, 1979). Granulosa cells
next to the antral cavity are reported to have higher levels of cAMP than mural
granulosa cells. In vitro FSH appears to cause the dissociation of cumulus cells while
LH has minimal or no effect (review: Thibault and Levasseur, 1988). This specific
response of cumulus cells to FSH can be explained by the absence of LH receptors in
these cells. Surrounding the basement membrane are the well vascularised cell layers
of the theca interna and theca externa. In the theca interna, highly differentiated cells
accumulate until there are eventually 5-8 layers of cells in the dominant preovulatory
follicle (Erickson et al., 1985) which possess functional LH receptors and active 3B-
HSD and desmolases enzyme systems. In the theca externa of mature follicles, the
fibroblasts differentiate into typical smooth muscle cells, which are innervated by
sympathetic and parasympathetic nerves (Erickson, 1986). The late stages of follicle
growth reflect a substantial increase in the size of the fluid filled antral cavity.
Analysis of follicular fluid from ovine follicles indicates that most reproductive
hormones and blood metabolites are present in this fluid (McNatty et al., 1981b)
including LH and FSH (which appear to have differential retention rates; McNatty,
1978), prolactin, steroids, and inhibin (Leversha et al., 1987).The presence of
androgen and oestrogen binding proteins in antral fluid may explain how high
concentrations of steroids can be maintained within the follicle (Vigerski and Loriaux,
1976; Campo et al., 1984, 1985). In addition to these hormones, a number of
chemically defined hormonal and non-hormonal factors including inhibin,
prostaglandins, activin, follistatin, proteoglycans and oocyte maturation inhibitor have
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Table.1.1.
Non steroidal components of follicular fluid thought to regulate ovarian function.

Substance Action Reference

FSH Binding
Inhibitor (FSHBI)

Inhibits binding of FSH to granulosa
cells

Daumeetal., (1§?9)
Reichert et al., (1979)
Sato et al., (1982)
Sluss and Reichert (1984)

FSH Releasing
Protein

Stimulates pituitary release of FSH Valeetal., (1986)

LH Binding Inhibitor
(LHBI)

Inhibits binding of LH to luteal cells
and subsequent LH augmentation of
steroidogenesis

Sanzo and Reichert (1982)
Kumari et al., (1984)
Tonetta and diZerega (1989)

Luteinization Inhibitor
(LI)

Luteinization inhibitor which prevents
the action of LH on cAMP and
progesterone production by granulosa
cells in vitro

Channing et al., (1979)a,b
Kumari and Channing (1979)
Hammond (1981)

Luteinization
Stimulator (LS)

Luteinization stimulator that promotes
LH receptors

Channing et al., (1982)

GnRH-Like Protein Inhibits LH-stimulated cAMP
production by rat luteal cell homogenates

Aten et al., (1986; 1987)

Gonadotxophin Surge
Inhibiting Factor

Blocks preovulatory gonadotrophin
surge

Littman and Hodgens (1984)

Follicle Growth
Inhibitor (FGI)

Blocks granulosa cell division and
promotes atresia

Cahill (1984)
Cahill et al., (1985)
Driancourt (1987)a

Oocyte Maturation
Inhibitor (OMI)

Inhibits the final meiotic division
of cumulus enclosed oocytes

Tsafriri et al., (1976)
Miller and Behrman (1986)

Plasminogen Activator Plasminogen activator in follicle rupture Beers (1975)

Renin-Angiotensin-
Activity

Stimulates angiogenic activity Makris etal., (1984)
Fernandez et al., (1985)

Inhibin Inhibits pituitary FSH secretion and
synthesis and suppresses FSH
stimulated oestrogen production
by granulosa cells.
Modulates FSH stimulated aromatase

activity in vitro and regulates
progesterone production in vitro

Ying et al (1986)b
Findlay and Clarke (1987)
Ying et al., (1988)
Tonetta and diZerega (1989)

Activin Stimulates pituitary release of FSH
in vitro, regulates granulosa cell
function and differentiation and
enhances FSH-stimulated induction
of LH receptors. Suppresses
LH-stimulated androgen
production in cultured thecal
interstitial cells

Adashi and Resnick (1986)
Ling et al., (1986)
Ying etal.,(1986)a
Hutchison et al., (1987)
Ying (1988)

Follistatin Potent and specific inhibitor of
pituitary FSH release in vitro,
inhibitor of oestrogen production
by cultured granulosa cells

Ying (1988)

Follicle Regulatory
Protein (FRP)

Inhibits FSH-stimulated induction of
granulosa cell LH receptors, inhibits
aromatase activity and progesterone
production in vivo and in vitro

diZerega et al., (1982;1984)
Battin and diZerega (1985)
Schreiber and diZerega (1986)
Ujitaet al., (1987)
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been demonstrated in follicular fluid (reviews: Channing et al., 1982; Cahill, 1984;
Ying, 1988; Tonetta and diZerega, 1989). These compounds and their actions are

summarized in Table 1.1. The factors in follicular fluid may exert local autocrine
effects within the cell populations in the follicle as well as a paracrine effect regulating
the growth and development of other cells within the follicle through their complex
interactions. The effects of intrafollicular steroids and growth factors will be discussed
briefly below. The role of inhibin in the regulation of FSH secretion has been cited in
section 1.2.7.

(a) The Action Of Intrafollicular Steroids

High concentrations of oestradiol have been measured in follicular fluid. This
steroid acts synergistically with FSH both in the induction and maintenance of
granulosa LH and FSH receptors in vivo and in vitro (Richards et al., 1976; Ireland
and Richards, 1978a; Richards, 1980), and in the increase of granulosa cell
responsivity to gonadotrophins by enhancing FSH dependent cAMP accumulation
(Richards et al., 1976). A possible mitogenic effect of oestrogen on granulosa cells in
conjunction with FSH has been demonstrated in vitro (Goldenberg et al., 1972;
McNatty et al., 1979a), however, in vivo follicular fluid oestrogen levels are at a
maximum when the mitotic index of the preovulatory follicle is at a minimum,
suggesting that a local mitotic inhibiting agent acts in these follicles. Oestradiol appears
to regulate granulosa cell oestrogen secretion via its ability to augment aromatase

activity (Adashi and Hsueh, 1982) and to synergism with LH in the maintenance of
aromatase activity (Zhuang et al., 1982). In addition, oestradiol binds to its own

specific receptor sites present on granulosa cells thereby potentially modulating
granulosa cell function by regulating gene expression (see reviews: Richards et al.,
1978; Richards et al., 1987). Little or no effect of oestrogen is observed unless FSH
acts via its specific receptors to increase intracellular cAMP concentration (Richards,
1980). In a manner not yet understood, cAMP appears to enhance the actions of
oestradiol, for example the action of oestrogen might be increased by cAMP dependent
phosphorylation of the oestradiol receptor site (Green et al., 1986; Maxwell et al.,
1987). As oestrogen has been shown to moderate the number of granulosa FSH
receptors, the effect of this steroid may be to improve the ability of FSH to stimulate
the adenylate cyclase system of its receptor, since FSH stimulates the production of
cAMP. Increased cAMP may lead to the phosphorylation of regulatory proteins
which, in conjunction with the oestradiol receptor, increases the transcription of the
LH receptor adenylate cyclase components (Richards et al., 1987). This would
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enhance LH stimulated aromatase activity as demonstrated in vitro by Zhuang et al.,
(1982). In the thecal compartment oestradiol both inhibits aromatase activity, (Tonetta
et al., 1986) and alters progesterone synthesis (Veldhuis et al., 1982, 1983; Welsh et

al., 1983; Hillier, 1985); the stimulation or inhibition of progesterone secretion
depending upon stage of follicular differentiation and duration of treatment. The
oestrogenic inhibition of progesterone secretion, in cattle (Fortune, 1986), at least,
leads to increased pregnenolone secretion as a result of inhibition of 38-HSD activity.
The pregnenolone so produced acts as a substrate for the thecal androstenedione
production (Fortune, 1986), demonstrating another positive feedback mechanism
whereby oestrogen stimulates further oestrogen synthesis.

Once oestrogen synthesis has come under the direct control of LH, this steroid
coordinates its own function via long-loop positive feedback control of pituitary
gonadotrophin release. Convincing evidence, reviewed by Karsch (1987) shows that
the high level of oestradiol secreted by the preovulatory follicle initiates the release of
LH that precedes ovulation. The resultant elevated plasma LH concentration acts back
on the follicle to alter its steroidogenic function (Moor, 1974) and the morphology of
the thecal and granulosa cells (Hay and Moor, 1978). Together this evidence suggests
that oestrogens within the micro-environment of ovarian follicles may exert an
intraovarian autoregulatory effect on their own production via an ultra-short loop
positive feedback mechanism. The self-amplification of oestrogen production may be
important in the maintenance of dominant follicles, which will be discussed in detail in
section 1.4.8. This feedback in conjunction with the long loop positive feedback of
oestrogens on the hypothalamus-pituitary axis results in the "cascading" positive
control mechanisms which are responsible for the preovulatory gonadotrophin surges

and ovarian oestrogen production as well as ultimately the ovulation process.

A supplementary effect of intrafollicular oestrogen is its possible influence on
the maturational processes occurring within the oocyte. Moor and Trounson (1977)
have reported a beneficial effect of oestrogen added to cultured ovine follicles, on the
subsequent developmental capabilities of oocytes after fertilization. In contrast, in
immature follicles, androgens may participate in the local maintenance of oocyte
meiotic arrest (Daniel et al., 1986).

The ovarian action of androgens are diverse. In the absence of FSH,
androgens exert mainly negative feedback effects at the follicular level by causing
atresia and granulosa cell death, conversely in the presence of FSH, androgens
augment FSH stimulation of progesterone biosynthesis (Nimrod and Linder, 1976;
Leung and Armstrong, 1980; Hsueh et al., 1984; Hillier, 1985) and hence oestrogen

synthesis. Androgen, in addition to serving as the substrate for oestrogen synthesis,
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may play a role in the induction and maintenance of aromatase activity (Daniel and
Armstrong, 1980) since androgen binding proteins which resemble androgen
receptors have been repeatedly identified in granulosa cells (rat: Schreiber et al., 1976;
sheep: Campo et al., 1985). The predominant action of granulosa cell androgens in
synergism with FSH is to promote cAMP dependent granulosa cell differentiation in
vitro (Hillier, 1985); to amplify the subcellular responses to cAMP (Hsueh et al.,
1984; Hillier, 1985); and/or to augment FSH-induced cAMP production (Goff et al.,
1979; Leung et al., 1979). In addition, androgen metabolites such as 5a-
dihydrotestosterone (DHT) may effect acute regulation of steroid biosynthesis by
inhibiting 5B-HSD activity in vitro (Lischinsky et al., 1983; Moon et al., 1983) and in
vivo (Farookhi, 1980).

In direct contrast to the stimulatory effects described above, androgens exert

inhibitory effects on oestrogen synthesis. Ovarian oestrogen receptor content
decreases as a result of androgen treatment (Saiduddin and Zassenhaus, 1978).
Progesterone (Schreiber et al., 1982), the androgen metabolite DHT (Farookhi, 1980;
Tonetta et al., 1986) and testosterone all show antioestrogenic actions, namely the
inhibition of FSH induced granulosa cell LH receptors and aromatase activity. The
inhibitory effects of androgens on oestrogen biosynthesis are further demonstrated by
the high androgen to oestrogen ratio in the antral fluid of atretic ovine follicles (Carson
et al., 1981; McNatty, 1982). This probably reflects low levels of aromatization as

well as a direct inhibitory action of androgens on follicular maturation. The induction
of atresia may also be associated with a loss of granulosa cell oestradiol receptors
(Richards, 1975). Androgens thus exert antagonistic effects on granulosa and thecal
functions. In vivo the precise action of intrafollicular androgen may depend on the
stage of follicular development and/or the prevailing gonadotrophic milieu (Hsueh et

al., 1984). Thus high intra-follicular concentrations of androgen, in the presence of
FSH, such as occur during follicular maturation in the late luteal to early follicular
phases of the cycle, lead to oestrogen and progesterone biosynthesis and the
development of the preovulatory follicle. In contrast high concentrations of androgens
in the follicular fluid of large follicles, not destined to ovulate, with a low or declining
FSH profile such as during the preovulatory period, result in follicle atresia. In
addition to the antioestrogenic effects of progesterone, this steroid directly inhibits
granulosa (Fortune and Vincent, 1983) and thecal (Tonetta et al., 1986) aromatase
activity. The complex interactions between the gonadotrophins and antral fluid steroids
may therefore ultimately determine the fate of the developing follicle.
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(b) The Action Of Intrafollicular Growth Factors

Follicular growth may not be accounted for solely by the changing
concentrations of the gonadotrophins. Rather the developing responsivity of follicles
to stimulation by FSH and LH may result from changes in the production of- and
alterations in the follicular sensitivity to- intraovarian paracrine and/or autocrine
factors. A recent development in the paracrine regulation of follicular function is the
identification and characterization of a number of growth factors and other related and
unrelated peptides (see review: Hsueh et al., 1983, 1984; Foster, 1988; Ying, 1988;
Carson et al., 1989; Tonetta and diZerega, 1989).

The ability of granulosa cells to produce insulin-like growth factors (IGF) and
of thecal cells to produce an EGF-like molecule and transforming growth factor-B
(TGF-B) indicates that follicle cells are a source of growth factors. These compounds
may act directly to control ovarian cell proliferation, differentiation and angiogenesis,
or to modulate the response of these cells to other trophic stimuli. The data gleaned
from several in vitro studies indicate that EGF and fibroblastic growth factor (FGF)
are potent granulosa cell mitogens (Gospodarowicz and Birdwell, 1977;
Gospodarowicz and Bialecki, 1979) and inhibit steroidogenesis (Gospodarowicz and
Birdwell, 1977: Hsueh et al., 1981). In addition, FGF and platelet derived growth
factors have been shown to inhibit and enhance, respectively, the FSH induction of
LH receptors (Mondschein and Schomberg, 1981). Similarly IGFs have been shown
to enhance LH receptor induction by FSH, granulosa cell replication and FSH-induced
progestagen, oestrogen and proteoglycan synthesis (Adashi et al., 1985).

Transforming growth factor-B, which shares sequence homology with the B-
chain of inhibin (Derynck et al., 1985) is secreted by the ovarian theca and enhances
FSH mediated granulosa cell differentiation (Adashi and Resnick, 1986; Dobson and
Schomberg, 1987) by influencing DNA synthesis (Dorrington et al., 1988). The
results of May et al (1988) suggest that the control of granulosa cell growth is
multifactorial and that EGF, somatomedin-C and TGF-B may be important
contributors in this respect. Somatomedin-C and EGF appear to actively promote
DNA synthesis and proliferation in cultured porcine granulosa cells (May et al.,
1988). In contrast TGF-B, its facilitatory effect on DNA synthesis notwithstanding
(Dorrington et al., 1988), can either marginally stimulate or markedly inhibit the
granulosa cell proliferation induced by the other growth factors, depending on the
experimental conditions (May et al., 1988). In addition to these effects TGF-B:
promotes basal pituitary FSH secretion; enhances FSH-induced aromatase activity
(Adashi and Resnick, 1986) and progesterone secretion (Ying et al., 1986b; Dobson
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and Shomberg, 1987); augments the FSH stimulation of LH receptor induction in
cultured rat granulosa cells (Dobson and Shomberg, 1987); and finally directly
stimulates inhibin production from cultured rat granulosa cells (Zhiwen et al., 1988).

In the ewe in vivo experiments demonstrate that a depilatory dose of mouse
EGF inhibits LH secretion by acting on the LH pulse generator, while not affecting
pituitary responsivity to GnRH or LH pulse amplitude (Radford et al., 1987a).
Mouse EGF has a direct effect on the ovary, temporarily impairing its ability to ovulate
in response to exogenous gonadotrophin (Radford et al, 1987a,b) and inducing follicle
atresia (Radford et al., 1987b). Similarly, Shaw et al., (1985) have reported that an
EGF infusion increased LH pulse amplitude and plasma FSH concentration, and
delayed oestrus. The effect of EGF treatment on luteal function is variable and
depends on the stage of the oestrous cycle at which the growth factor is given
(Radford et al., 1987b).

In summary, while it is clear that growth factors are produced by ovarian
tissue, little is known about the regulation of their secretion or their effects in vivo on

follicle growth and maturation. The in vitro data demonstrates a major impact of these
factors on granulosa cell proliferation and the gonadotrophin induced maturational
changes of these follicle cells, especially LH receptor induction. Although these
responses are indicative of a paracrine or possibly an autocrine role for growth factors
in the control of folliculogenesis, it is not clear how these peptides interact or react
with the gonadotropins, steroids, inhibin or the other chemically defined factors
present in follicular fluid which are listed in Table 1.1.

1.4.5. Follicle Atresia

Atresia is the term used to define the process during which an ovarian follicle
which is not destined to ovulate loses its integrity and degenerates. Although the
overwhelming majority of follicles in the ovary will undergo atresia, little is known
about the fundamental nature of this degenerative process. Is is unclear whether
atresia is a sudden, sweeping, irrevocable event or the gradual, uncoordinated, death
of individual cells. Nor is it known if some atretic follicles reverse their degenerative
course and go on to ovulate. While it is generally thought that a follicle may become
atretic at any stage of its development (Pendersen, 1970), atresia is much less common
in non-growing preantral follicles than in antral follicles and in many species the
proportion of follicles which are undergoing atresia increases with follicle
enlargement. In the ewe the number of small atretic follicles remains relatively constant
throughout the cycle and signs of atresia are rarely seen in preantral follicles of less
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than 1.0 mm diameter. In contrast, about two thirds of the follicles between 1.5 and

2.5 mm diameter show traces of atresia (Brand and de Jong, 1973; Turnbull et al.,
1977; Cahill et al., 1979; Carson et al., 1979; McNatty, 1982). As follicle diameter
increases from 1 mm to greater than 6.0 mm so the percentage of follicles in the later
stages of atresia increases from 79% to 93% respectively (Carson et al., 1979). In the
sheep, atresia takes place at all stages of the cycle and during anoestrus (Band and de
Jong, 1973; Cahill and Mauleon, 1980), but is prevalent during the peri-ovulatory
period (review: Hay and Moor, 1978). Once a follicle has become atretic, it ceases to
grow and collapses or gradually decreases in size. Driancourt and Cahill (1984) have
proposed that the size of atretic follicles is reduced by 1.6 mm per day. However after
hypophysectomy in the ewe it takes 8 days for a large follicles to disappear into the
ovarian stroma (Driancourt et al., 1987). It remains unclear, therefore, how long the
degenerated atretic follicle remains in the ovary.

The morphological and functional changes induced by atresia are well
documented (Tsafriri and Braw, 1984; Henderson et al., 1987). In murine (Ingram,
1962; Byskov, 1979) or ovine (Carson et al., 1979) follicles a series of 3-5 stages of
morphological changes are associated with atresia. In the mouse (Wilkinson et al.,
1979) and the rhesus monkey (Clark et al., 1979) in vivo healthy follicles may be
distinguished from atretic follicles by their gross histology as the former are more

translucent and have a richer blood supply. The validity and use of these criteria for
the assessment of atresia in the mouse have been supported by ultrastructural studies
(Wilkinson et al., 1979). The mechanisms that initiate and control the process of
atresia are poorly understood and are exacerbated by the paucity of knowledge of the
physiology of the atretic process. This is typified by the fact that, at present, it is very
difficult to recognize the incipient stages of atresia in intact follicles, for example it is
impossible to distinguish morphologically between "healthy-looking" follicles which
are committed to undergo atresia and those of the same dimensions destined to
ovulate. Also atresia is usually recognized in retrospect, after the follicle has
undergone distinct morphological atretic changes which makes it very difficult to
identify the mechanism responsible for the induction of atretic process.

1.4.6. The Mechanism Of Atresia

The onset of atresia has been ascribed to: an increase in the circulating level of
LH (Harman et al.,1975) or androgens (Payne and Runser, 1958); the lack of
hormonal support (FSH or oestrogen); or a change in the receptor content of the
follicular cells (Richards and Midgley, 1976; Richards and Ireland, 1978) together
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with an associated decrease in follicular sensitivity to the gonadotrophins (Richards
and Midgley, 1976); or a combination of these factors. Arguably both a total absence
of LH receptors (Richards et al., 1976) and a reduced LH binding affinity (Carson et

al., 1979; Webb and England, 1982a; Henderson et al., 1985) have been
demonstrated in atretic follicles. The reduced gonadotrophin binding is most probably
a consequence rather than a cause of atresia since distinct morphological signs of
atresia are evident prior to significant changes in receptor binding capacity (Carson et

al., 1979). In addition, small follicles may become atretic if the hormones required for
LH receptor induction, namely FSH and oestradiol, are insufficient, or if the response
of granulosa cells to these hormones is somehow irrevocably modified, for example
Erickson and Magoffin (1983) have suggested that an uncoupling of the thecal LH
receptor-adenylate cyclase-steroidogenic complex occurs during the atretogenic
process. This occurs in reverse to the sequence of events described for their coupling
during follicle maturation (see section 1.4.3 to 1.4.4).

The association between atresia and the circulating level of FSH is
demonstrated in the human, where the 30-50% reduction in peripheral FSH
concentration occurring in the transition from the mid luteal phase to the late follicular
phase is accompanied by a decrease in the proportion of healthy follicles of greater
than 1mm diameter from approximately 20% to less than 1% (McNatty, 1982). In
contrast, exogenous FSH exerts an atresia preventing action. This action is
demonstrated by the effect of pregnant mare serum gonadotrophin (PMSG) on

ovulation rate. Treatment of ovine follicles with PMSG both in vivo and in vitro alters

the size distribution of follicles and reduces the incidence of atresia (Hay and Moor,
1978). This process could be mediated indirectly through an increase in the oestrogen
synthesizing capacity of the granulosa cells of these follicles (Moor et al., 1973; Peters
et al., 1975; Peters, 1979) with the associated antiatretic effect of oestrogen (see later)
since oestrogen synthesized in response to the exogenous gonadotrophin may induce
granulosa cell proliferation. Additionally or alternatively FSH may rescue follicles in
the incipient stages of degeneration (Hay and Moor, 1978; Byskov, 1979). This
atresia preventing effect of FSH has been demonstrated in human granulosa cells
cultured in vitro (McNatty et al., 1975). The recent evidence presented by Hirshfield
(1989), however, indicates that once a follicle begins to degenerate in vivo it will
probably not return to the ovulatory pathway. This suggests that many of the studies
cited as evidence for a PMSG induced recovery from atresia such as that of Hay and
Moor (1978) and Byskov (1979) could be interpreted as demonstrating the

preventative action of this preparation in the process of atresia rather than the recovery
of follicles from degeneration.
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The atretogenic effect of elevated LH levels on large and small follicles is
demonstrated in sheep by the administration of human chorionic gonadotrophin (hCG)
in conjunction with PMSG, as this treatment increases the proportion of atretic
follicles (Turnbull et al., 1977). In rats, the increase in follicle atresia produced by
hCG is mediated by increased androgen secretion (Louvet et al., 1975b). It is possible
therefore that small follicles without adequate granulosa LH receptors, which are

unable to luteinize in response to the LH/hCG, will respond by increased androgen
synthesis. Similarly, large atretic follicles with reduced granulosa LH receptor
numbers and an uncoupled adenylate cyclase system will also respond by increased
androgen synthesis. The results of a number of experiments in hypophysectomized,
steroid treated, immature female rats support the theory that there is an interaction
between LH stimulated oestrogen and androgen biosynthesis and the process of
atresia. The data demonstrate that: (1) The administration of oestrogen in the absence
of gonadotrophin stimulates granulosa cell proliferation and reduces atresia (Payne and
Hellbaum, 1955; Goldenberg et al., 1972, 1973) indicating the anti-atretic effects of
oestrogen. (2) The coadministration of testosterone suppresses this action of
oestrogen and promotes atresia (Payne et al., 1956; Hillier and Ross, 1979). (3)
Coadministration of anti-androgen or anti-testosterone antisera blocks the atretogenic
response to LH without reducing LH/hCG stimulated thecal interstitial cell
hypertrophy (Louvet et al., 1975b). (4) Small doses of LH or hCG combined with
exogenous oestrogen stimulate thecal/interstitial cell repair and hypertrophy and
increase androgen formation (Louvet et al., 1975a).

It has been postulated that the conversion of androgens to oestrogens and the
response of granulosa cells to these steroids are the key factors in determining whether
a follicle ovulates or becomes atretic (Farookhi, 1980). Since follicles undergoing
atresia have been shown to contain remarkably few gonadotrophin receptors and to

produce little oestradiol, it seems likely that in these follicles receptors and
steroidogenesis either fail to be induced or cannot be maintained adequately (Moor et
al., 1978). Indeed, Carson et al., (1981) have demonstrated that high levels of
androgen production with decreased oestrogen synthesis are characteristic features of
large atretic follicles. In addition, large atretic follicles demonstrate an increased in
vitro capacity to synthesize progesterone (Moor et al., 1978; Henderson et al., 1987).
In contrast, small atretic follicles, of up to 3 mm diameter, show patterns of steroid
concentrations similar to those of small healthy follicles (Carson et al., 1981). As
follicles grow they pass through an androgen-dominated phase (follicular diameter
2.0-3.0 mm) when they have limited ability to convert androgen into oestrogen (Moor
et al., 1978; Carson et al., 1981; England et al., 1981b) and yet these follicles are not
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atretic. The difference between this androgen-dominated phase and that of the atretic
follicle remains an enigma. The reduction in oestrogen synthesis by large atretic
follicles despite the availability of thecal androgen substrate indicates that loss of
aromatase activity is an early event in the degenerative changes of atretic follicles. In
rat follicles in v/vo testosterone and non-aromatizable products of thecal androgen
metabolism, for example DHT, prevent the FSH stimulation of granulosa cell LH
receptors induction (Farookhi, 1980). This prevents LH from stimulating cAMP in
the membrana granulosa but does not inhibit the induction of granulosa FSH
receptors, the adenylate cyclase system or oestrogen biosynthesis which is stimulated
by FSH. Thus androgens may act in the follicle by: altering some step in FSH action
distal to the receptor and cAMP stimulation, perhaps through cAMP binding proteins
(Deangelo et al., 1975); through the prevention of oestrogen mediated events by
competitive interaction with the oestrogen receptor (Ruh et al., 1975); or by preventing
the mechanisms responsible for the replenishment of the cytosolic oestrogen receptor.
Alternatively, or perhaps additionally, androgens may alter other intraovarian or

intrafollicular systems such as progesterone synthesis (Leung et al., 1979).
Reports in a number of different species (rat: Inhaba et al., 1978; cow: Wise

and Fields, 1978) have demonstrated 5a-reductase activity in the ovary. This enzyme
catalyses the conversion of androgen to non-aromatizable products such as DHT. The
activity of 5a-reductase appears to be influenced by oestradiol (Inhaba et al., 1978).
In normal follicular function, the preferential aromatization of androgens to oestrogen
would prevent 5a-reduction. The uncoupling of adenylate cyclase and loss or

reduction of aromatase activity (Carson et al., 1981), which occurs in the atretic
follicle, disrupts the aromatization of androgens to oestrogens and may as a result
drive 5a-reduction and DHT formation. Furthermore the administration of DHT to

hypophysectomized, immature, PMSG treated rats has been shown to induce follicle
atresia and impair the ovulatory response to exogenous hCG; this effect of DHT can

be partially prevented by the coadministration of oestradiol-176 (Bagnell et al., 1982).
Both the accumulation of androgens and their conversion to DHT therefore interfere
with the FSH and oestrogen mediated events in the antral follicle by reducing the
mitotic index of the granulosa cells (Hillier and Ross, 1979), lowering their sensitivity
to the gonadotrophins (Farookhi, 1980), and finally decreasing their aromatase activity
(Hillier et al., 1980a) thus driving the follicle towards atresia.

A possible role for the components of follicular fluid, specifically the
intrafollicular inhibitors, in the mechanism for atresia cannot be ignored (Ledwitz-
Rigby, 1979). Such inhibitors may regulate cellular responses to LH and FSH, and
Channing (1979) and Ledwitz-Rigby (1979) have indicated that the antral fluid content
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of the putative granulosa cell luteinizing inhibitor is reduced as the follicles increase in
size and mature. Follicles that do not experience such a change in fluid composition
may be unable to respond to LH stimulation and be more susceptible to atresia. The
role of growth factors in the mechanism of atresia remains to be determined. In a study
of large atretic follicles in the mare, Condon et al., (1979) has shown that atresia was

associated with lower follicular fluid content of oestrogen and larger amounts of PG-F
than was found in healthy follicles, although these values were within the normal
range for healthy follicles.

In summary, it would appear that in the face of a declining FSH profile and
increased LH stimulation of oestrogen biosynthesis, the impairment of aromatase leads
to androgen build up. The aromatase activity of early atretic follicles may be reduced
either by a local mediator or by a greater follicular susceptibility to declining FSH
concentrations. In this hormonal environment both the accumulated androgens and the
non-aromatizable products of 5a-reductase activity lead to: further decreases in

oestrogen synthesis; a lowered sensitivity to gonadotrophic stimulation; and a

reduction in the mitotic index of the granulosa cells. These processes drive the
morphological changes seen in atretic follicles. While changes in the patterns of
steroidogenesis reflect some of the earliest alterations in the functional capacity of
follicles undergoing degeneration, they are not necessarily the prime cause of atresia.
The exact trigger for this sequence of events remains to be elucidated.

1.4.7. Follicle Recruitment

Recruitment is defined as the mechanism whereby the final grouping of
follicles occurs, from which the follicle(s) destined to ovulate will be selected.

According to one theory a "cohort" of nearly synchronous follicles are recruited at the
beginning of each cycle out of which a single dominant follicle is selected (Hodgen,
1982). However, the data reviewed by Baird (1987) indicates that follicular
development up to the small antral stage continues in a random manner unaffected by
the daily fluctuations in gonadotrophins. In the normal cycle, there is therefore no

"cohort" of synchronous follicles available for recruitment, rather although it is
possible to select more than one ovulatory follicle by gonadotrophin therapy these
follicles are never totally synchronous (Edwards et al., 1972). Indeed recent evidence
in the pig suggests that even in those species in which multiple ovulatory follicles
develop, follicle growth is not synchronized (Grant et al., 1989; Hunter et al., 1989).

A number of studies have established the timing of follicle recruitment. In the
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sheep elimination of only part of the follicle population in the early follicular phase, by
unilateral ovariectomy (Findlay and Cumming, 1977), follicle electrocautery (Tsonis et
al., 1984a) or X-irradiation (Driancourt and Mariana, 1982) never results in an

increase in the interval between luteolysis and ovulation. During seasonal anoestrus
ovulation can be induced in the ewe by the administration of exogenous LH, however
there is a time-lag between the initiation of treatment and the LH peak which occurs

some 30-50 hours later (McNatty et al., 1981a; McNeilly et al., 1982). In addition in
the ovine oestrous cycle Smeaton and Robertson (1971) have demonstrated a 48 hour
delay between follicle recruitment and attainment of preovulatory size. Collectively
these data indicate that in the ewe recruitment occurs around 48 hours before the LH

surge and it is coincidental with luteolysis. Selection occurs some time later.
Selective electrocautery of follicles of varying sizes (Tsonis et al., 1984a)

indicates that the ovulatory follicle(s) is derived from a population of follicles which is
>2 mm diameter at the time of luteolysis. The destruction of follicles of different sizes
does not significantly delay oestrus provided that some follicles >2 mm (either 2-4 mm
or >4 mm) are left untouched. The study of follicle growth kinetics by repeated ink
labeling of follicles in vivo further demonstrates that the ovulatory follicle is selected
from amongst those of >2 mm diameter present at natural (Driancourt et al., 1985a) or
induced luteolysis (Driancourt and Cahill, 1984). Furthermore the number of follicles
>2 mm diameter is not altered by the induction of luteolysis by prostaglandin injection
alone (McNatty et al., 1982) or in conjunction with PMSG (Dott et al., 1979). This
strongly suggests that only follicles >2 mm diameter are able to be recruited. A notable
exception to this evidence is provided by McNatty et al., (1982) who proposed that
only follicles 1-3 mm diameter were involved in recruitment; this discrepancy could
however be due to a breed effect.

The mechanism of follicle recruitment is complex and involves both
gonadotropin and steroidal interactions. The suggestion that, in the ewe, follicle
growth beyond 2.0 mm is acutely dependent on adequate gonadotrophic support

(Dufour et al., 1979; Driancourt et al., 1987) is sustained by evidence from studies
involving active immunization against GnRH (McNeilly et al., 1986) or the chronic
administration of GnRH agonist (McNeilly and Fraser, 1987). Both these treatment

regimes specifically suppress LH and FSH with a resultant attenuation of follicle
growth beyond 2.5 mm diameter. LH is probably the key hormone for recruitment
since preovulatory follicle enlargement and ovulation can be induced in the ewe during
seasonal anoestrus by multiple injections of physiological amounts of LH and hCG
(McNatty et al., 1981a, 1984b; McNeilly et al., 1982, 1985) or GnRH (McLeod et

al., 1982a, b; McLeod and McNeilly, 1987). The disparity in the efficacy of these
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treatments, however, suggests that there is a discrete requirement for FSH in
preovulatory follicular development since repeated injections of GnRH will
consistently induce ovulation, whereas LH alone causes ovulation only in breeds
which have a relatively shallow anoestrus (McLeod et al., 1982a, b; McNeilly et al.,
1982). In contrast, in the Scottish Blackface neither pulsatile LH nor FSH induces
ovulation at this time (McNeilly et al., 1985). Hence it appears that both LH and FSH
are necessary for recruitment, the FSH priming being needed to sensitize the follicles
to LH, ie. for the development of granulosa LH receptors and an active aromatase

system. The magnitude of the FSH changes required for this priming are however
unknown. While there is general agreement that LH is a prerequisite for ovulation, and
LH does not appear to be involved in the control of ovulation rate (McNatty et al.,
1981a) the existence of an appropriate ratio of LH to FSH is crucial to the process of
recruitment. In addition non-steroidal factors present in follicular fluid such as follicle
growth inhibitor (FGI; see 1.4.4) may play a critical role in the process of recruitment
through modulating the ovarian response to gonadotrophins (review: Driancourt,
1987a).

The importance of an appropriate ratio of FSH and LH is demonstrated by the
human with polycystic ovarian disease. This condition is characterized by anovulation
associated with the presence of numerous antral follicles, about 5-10 mm in diameter,
which secrete little oestradiol and large quantities of androgen (Yen, 1980). The
pattern of gonadotrophin secretion is abnormal with chronically elevated levels of LH
and suppressed FSH. Thus the thecal cells of the follicle are stimulated to secrete large
amounts of androgens which cannot be converted to oestrogen because of a deficiency
of the granulosa cell aromatase system. The addition of FSH in vivo or in vitro causes

a rapid increase in oestradiol secretion and normal follicular development (Erickson et

al., 1979).

1.4.6. Follicle Selection

Once recruitment has established a group of follicles capable of ovulating
usually only 1 of these follicles, depending on the breed of sheep, will be selected to

complete preovulatory enlargement and become the dominant follicle while the other
follicles will undergo atresia. The ovulatory follicle is usually, but not always, the
largest follicle (>5 mm diameter in the ewe) and contains a full complement of
granulosa cells (McNatty et al., 1982; McNatty et al., 1984a). Our understanding of
the process of selection is incomplete and is confounded by the limited value of
histological studies of the ovary (Brand and de Jong, 1973; Turnbull et al., 1977)
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since each specimen represents only one point in time. Variation between individual
animals also tends to complicate the physiology of this process.

One of two sets of criteria are generally used to indicate that selection of the
ovulatory follicle has taken place. These are:-

(1) The presence of a large activated follicle(s) (Webb and Gauld, 1987) which bind
LH in both the thecal and granulosa cell layers (sheep: Webb and England, 1982a,b;
monkey: diZerega and Hodgen, 1980b), and which if only one follicle is selected
secretes enough oestradiol to induce an asymmetry in the concentration of this steroid
in ovarian blood (sheep: McNatty et al., 1982: monkey: diZerega et al., 1980a).
Webb and Gauld (1985b) considered that oestradiol secretion was the most important
characteristic in delineating between the selected, active follicle and the non-active
follicles. Indeed in women, for example, several large antral follicles
contemporaneous with the authentic dominant follicle arise and persist in the bilateral
ovary, these follicles contribute little to the oestradiol and androstenedione levels in
ovarian venous blood and appear to be atretic (Bloch, 1951). The selected follicle is,
therefore, highly oestrogenic and has a high oestrogen to androgen ratio (McNatty et
al., 1982).
(2) Alternatively, selection is demonstrated by the presence of a "killer" follicle which
either inhibits the growth of all other follicles (Driancourt, 1987a) or causes them to

degenerate as is shown by their decreased sized in vivo (Driancourt and Cahill, 1984)
and by the lack of a stimulatory effect of exogenous gonadotropins on these follicles
(diZerega and Hodgen, 1980a). The dominant follicle may actively inhibit the growth
of other recruited follicles in both ovaries by the secretion of a selection inducing
factor (possibly an anti-aromatizing protein) into follicular fluid. While there are

indications that these two criteria are dissimilar (Driancourt et al., 1985b) they may not
be mutually exclusive. It is however clear that the dominance exerted by the selected
follicle is fragile, and is dependent on adequate gonadotrophs support. This has been
demonstrated in primates and sheep since any decrease in FSH levels produced by the
injection of oestrogens (primate: Zeleznik, 1981) or bovine follicular fluid (sheep:
Henderson et al., 1986) causes the dominant follicle to undergo atresia. This is
followed by recruitment and selection of a new dominant follicle after the recovery of
serum oestradiol and FSH to pretreatment levels.

Once selected, the ovulatory follicle maintains its dominance by a combination
of the high intra-follicular levels of FSH and oestrogen and increased blood flow.
Although much of the the data concerning blood flow is confusing (rat: Peppier, 1975;
monkey: Wehrenberg et al., 1979) Brown and Driancourt (1989) have demonstrated
that the blood flow rate to atretic ovine follicles is less than the flow rate to healthy
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follicles. Furthermore Carson et al., (1986) have recently shown that the amount of
LH delivered to rat follicles compared to circulating values of the hormone, was
limited and changed with follicle maturation. Morphological studies in monkeys have
demonstrated that the capillary density of the preovulatory follicle is at least twice that
of less mature follicles (Zeleznik et al., 1981). Also although direct evidence is
lacking, the levels of oestrogen generated by an individual follicle may increase the
extent and permeability of the thecal capillaries in that follicle (McNatty, 1978). This
potentially important role for oestrogen in the regulation of the blood supply of
individual follicles not only favours gonadotrophin and nutrient delivery to these
follicles, but also any follicle which develops a capacity to make large amounts of
oestrogen may, in effect, cause a net local reduction in the blood flow to other follicles
with a lower oestrogen synthesizing capability so hastening their demise through
atresia

The fall in serum FSH concentration observed during the follicular phase
ensures that only those follicles in which the granulosa cells (the target cells for FSH
action) have an increased sensitivity to FSH (Henderson et al., 1985, 1987) will
continue their development in the face of low FSH concentrations. Those follicles
which are at a slightly less advancdstage of development are deprived of FSH. This
hypothesis is supported by data from the monkey, where the selected follicle, by way
of its oestradiol secretion, has been shown to indirectly inhibit the maturation of other
follicles by reducing gonadotrophin levels (Zeleznik, 1981). The fall in FSH
concentration which is detrimental to all but the dominant follicle may be quite modest
- as little as 30% (Baird, 1983). Although McNatty et al., (1981b) have demonstrated
that a pool of healthy large follicles have a higher follicular fluid content of FSH than
atretic follicles the preovulatory follicle does not have a particularly high follicular fluid
FSH concentration. It is more likely that the high follicular fluid oestrogen
concentration in the selected follicle plays a crucial intraovarian role in the maintenance
of dominance since oestrogen sensitizes the granulosa cells to the gonadotrophins
(Richards, 1975), possibly by triggering the differentiation of gonadotrophin receptors

(Richards, 1979), so providing a second stimulus for the maintenance of cAMP levels
and thereby allowing the maturing follicle to become less dependent on FSH (Zeleznik
et al., 1985). Indeed the plasma FSH concentration required to maintain preovulatory
follicular maturation is less than that required to initiate preovulatory growth (Zeleznik
and Kubik, 1986).

51



1.4.7. The Mechanism Of Follicle Selection

While the maintenance of the dominant follicle and its "killer" effect on the

remaining population of large follicles have been discussed in detail above, the exact
mechanism by which it is selected in preference to other more or less mature follicles
remains to be elucidated. Current evidence suggest that two alternative theories exist.
One hypothesis proposes that the dominant follicle(s) reduces the gonadotrophic
support to other antral follicles by increasing the feedback inhibition of pituitary FSH
secretion with oestradiol and inhibin (Baird, 1983). A second, but not mutually
exclusive hypothesis is that there are locally produced regulators which act at the
ovarian level to modify the number of large antral follicles allowed to develop
(Hammond, 1981).

(a) The FSH Theory Of Follicle Selection

This theory suggests that follicle selection is a random process which is
dependent on the attainment of an FSH threshold. Each follicle has a threshold beyond
which it must be stimulated by FSH in order to undergo preovulatory development.
On reaching this FSH threshold concentration, follicles readily enter their final stages
of gonadotrophin-dependent maturation. The induction of a critical level of granulosa
cell aromatase activity and LH responsiveness is believed to serve as a type of on-off
switch which is thrown in the responding follicle when the threshold level is achieved
(Brown, 1978; Hillier, 1981; Hillier et al., 1981; Hillier et al., 1988). The thecal

response to tonic LH stimulation may prime the potential responders with low levels
of oestrogen (McNatty et al., 1980). In the human it is the follicle with the lowest
threshold requirement and whose granulosa cells most rapidly acquire the ability to
undertake LH-responsive oestrogen secretion in response to the inter-cycle FSH rise
that is most likely to be selected. The selected follicle will therefore be the first to
aromatize thecal androgen at a rate sufficient to elevate its oestrogen synthesis, further
sensitizing its granulosa cells to FSH. The intrafollicular requirement for FSH
operates within a very narrow range and the difference between a threshold and a sub-
stimulatory dose may be as little as 10-30% (Brown, 1978). In the human this range

corresponds to the elevation in circulating FSH levels which occurs early in the
follicular phase of the normal oestrous cycle. The situation is somewhat different in
the ewe. In this species the peripheral FSH concentration remains above the threshold
requirement throughout the luteal phase of the cycle and selection is thought to occur
when the FSH level falls below the threshold during the early follicular phase. Upon
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reduction of the plasma FSH concentration below the threshold level further entry of
recruited follicles with a higher threshold requirement into the final stages of
maturation is prevented, and atresia is ultimately induced. The selected dominant
follicle(s) however continues to mature as its increased sensitivity to gonadotrophins,
increased blood supply and high intrafollicular oestradiol concentration protect it from
the deleterious effects of the declining FSH profile. As the effective range of FSH is
so small only a very limited number of follicles are likely to reach their FSH threshold
requirement at the same time and thus few follicles will be selected to ovulate in any

one cycle.
The factors which set the level of the hypothetical threshold remain obscure,

but may include one or more variables such as:- (i) local blood supply which regulates
the differential delivery of FSH to each follicle; (ii) follicle cell number and/or
gonadotrophin receptor number per cell - this would determine the gonadotrophin
uptake and affect the amplification of the response of each follicle; (iii) the
intrafollicular levels of substances which modulated gonadotrophin action such as the
androgens (Hillier et al.,1988), FGI and growth factors which would establish a

variable sensitivity of the follicle to a mixed amount of gonadotrophin and thus
contribute to the establishment of the FSH threshold requirement.

Recent evidence to support this theory is derived from work on Rhesus
monkeys (Zeleznik and Kubik, 1986; Zeleznik et al., 1986) where
hypogonadotropism was induced by treatment with GnRH antagonist and increased
concentrations of FSH were infused until the threshold for follicular development had
been reached. Results obtained from women with polycystic ovarian disease (Poison
et al., 1987) indicate that the FSH threshold may vary within individuals between
successive uniovulatory cycles. This supports the suggestion by Brown (1978) that
the biologically significant within-individual variation in the FSH concentration may

be much smaller than differences recorded between individuals. Taking the FSH
threshold theory one step further, Baird (1987) has hypothesized that the period
during which the FSH concentration is above the threshold requirement can be
regarded as a gate through which a follicle must pass if it is to ovulate. The longer the
period that the FSH level remains elevated above the threshold, the wider the gate and
hence the greater the number of selected follicles.

If we accept this model for the selection of the dominant follicle, then the
development of more than 1 preovulatory follicle can be achieved by either of 2
means. First the number of synchronous antral follicles which develop to the crucial
stage could be increased so improving the chance that more than one follicle would be
ready to benefit from the above threshold FSH level. Secondly, by extending the
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period during which the level of FSH exceeds the threshold, ie. widening the gate,
more of the recruited follicles would be able to pass through it. The latter may be
achieved as a result of a reduction in the sensitivity of the hypothalamic-pituitary axis
to the negative feedback effects of oestradiol and perhaps inhibin, so that higher levels
of either of these factors could be tolerated before the secretion of FSH is suppressed.
This may be achieved artificially by immunization against the steroids (for example:
Zeleznik et al., 1987; McNatty et al., 1988) or inhibin (Price et al., 1987).
Alternatively the gate may be effectively widened by any prolonged elevation of the
circulating FSH level. Indeed in vivo McNatty et al., (1985b) have reported that FSH
levels are higher in ewes with twin- rather than single- ovulations. An artificial
elevation of the FSH concentration can be achieved by the use of many of the
pharmacological methods of increasing ovulation rate, for example treatment with
PMSG or purified FSH preparations in a number of species (hamster: Greenwald,
1962; Laster, 1972; rat: Hirshfield and Midgley, 1978; mouse Halpin and Charlton,
1988; ewe: Dott et al., 1979; Wright et al., 1981; McNatty et al., 1982; Baird et al.,
1984; Cognie et al., 1985, 1986; Chupin et al., 1985b; McNatty et al., 1985b;
McNeilly , 1985; Sharpe et al., 1986; Chupin et al., 1987; Driancourt, 1987b;
Henderson et al., 1988; cow: Elsden et al., 1978; Chupin et al., 1985a, b; Donaldson
and Ward, 1985; Wubishet et al., 1986); monkey: diZerega et al., 1981a, b; Zeleznik
and Kubik, 1986; human: Messinis and Templeton, 1986; Poison et al., 1987;
Nakamura et al., 1989). In contrast, a reduction of the plasma FSH level such as may

be achieved by the injection of oestrogens (Clark et al., 1981; Zeleznik, 1981) or
follicular fluid (McNeilly, 1984) effectively narrows or closes the gate so preventing
follicle selection and the final stages of follicle maturation. Recently Henderson et al.,
(1988) have demonstrated that raising the plasma FSH concentration above the normal
threshold requirement may allow follicles to attain preovulatory maturity at a smaller
size, this a characteristic which is usually associated with the follicle selection process

in the prolific breeds of sheep (McNatty et al., 1986b, 1987).
An interesting question which remains to be answered is whether the increased

ovulation rate observed in the prolific breeds of sheep can be explained in terms of the
FSH theory of follicle selection ? The extent to which gonadotrophin concentrations
contribute to the number of follicles ovulating in breeds of different fecundity remains
unclear. Current evidence suggests that discrepancies exist between the concentrations
of FSH in prolific and non prolific breeds of sheep (Cahill et al., 1981;Webb and
England, 1982a; Bindon and Piper, 1984; Bindon et al., 1984,1986; Lalhou-Kassi et
al., 1984; Driancourt et al., 1988; McNatty et al., 1989a). As an alternative, the
increased ovulation rate could be due to differences in the sensitivity of the
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hypothalamic-pituitary axis to the negative feedback effects of steroids (Webb and
Gauld, 1985b). A lower sensitivity to steroids would, for example, ensure the
maintenance of gonadotrophin secretion despite the higher rate of steroid secretion in
the breeds with high ovulation rates (review: Land and Carr, 1979). Support for this
theory is provided by the observation that Romanov and Ile-de-France ewes

(Driancourt et al., 1988) and Booroola and control Merino ewes (Fry et al., 1986; Fry
et al., 1988) retain a close to normal ovulation rate even after hypophysectomy and
treatment with identical regimens of exogenous gonadotrophins. This indicates that
FSH thresholds may be similar between prolific and non prolific sheep breeds.
Furthermore the finding in these experiments that Romanov and Booroola ewes

retained their ovulatory superiority over their local controls, shows that differences in
FSH concentrations between the breeds of differing prolificacy are only associated
with their high ovulation rate and are not causing it. The higher ovulation rates of
these breeds may therefore be due, at least in part, to changes at the ovarian level
through, for example, increased follicular sensitivity to gonadotrophin stimulation
(total number of FSH receptors per follicle, number of FSH receptors per granulosa
cell, or the activity of these receptors) or to some other factor(s) secreted by the
developing follicle.

The FSH theory cannot explain the higher ovulation rate retained by the prolific
breeds at the times when the hormonal environment is markedly different from that
found during the follicular phase of the cycle. During seasonal anoestrus, for example,
Webb and Gauld (1985b) have reported that the number of oestrogenic follicles is
higher in prolific Finns compared to Blackface ewes. The most likely factors involved
in the control of ovulation rate are ovarian sensitivity to gonadotrophins and/or the
production or sensitivity of the follicles to the intraovarian regulators found in
follicular fluid (Ledwitz-Rigby et al., 1981; Hammond et al., 1981; Reichert et al.,
1981; diZerega et al., 1982)

(b) Intraovarian Theory Of Follicle Selection

This theory utilizes the concept that selection occurs by an active process in
which one follicle at a given size and stage of maturity actively inhibits the growth of
other recruited follicles on the same and the contralateral ovary, essentially through the
anti-gonadotrophic actions of ovarian regulators (Hammond, 1981) or a selection
inducing factor - possible an anti-aromatizing protein (Driancourt, 1987a). Anti-
aromatizing activity, however, is apparently limited to the ovary bearing the dominant
follicle (diZerega et al., 1982). With this theory, in the absence of an inhibitory

55



influence from a dominant follicle, any follicle is capable of successfully going
through the development stages that culminate in an activated follicle with the
gonadotrophic support present during most reproductive states. Once established
however, follicular dominance is maintained over both ovaries by the secretion of the
ovarian factor(s). Following luteolysis this dominant follicle will ovulate in response

to the gonadotropin surge.

In the ewe evidence to support this theory is provided by a number of
experiments. The histological examination of all growing follicles in both the right
and left ovary demonstrates that the number of small preantral follicles varies greatly
between sides (Cahill et al., 1979). However, as follicle size increases the number of
follicles per class remains similar suggesting that intra-gonadal communication
increases with enlarging follicle size. The experiments of O'Shea et al., (1983) have
indicated that the active immunization of ewes against partially purified follicular fluid
leads to an increased ovulation rate, despite unaffected FSH levels. This suggests that
the antibodies raised by immunization were not against inhibin but were against some
other factor(s). In addition the results of Cahill et al., (1985) suggest that a mitotic
inhibitor is present in charcoal treated ovine follicular fluid - such a factor could be
involved in follicle selection. The probable existence of an intraovarian inhibitor of
follicle development is further supported by the observations that granulosa and thecal
cells of atretic follicles greater than 2 mm diameter invariably regenerate when they are

dissected free of the ovarian stroma and are placed in tissue culture (Hay et al., 1979).
Further evidence in support of this hypothesis has been obtained after gonadotrophs
administration in the presence or absence of the dominant follicle (diZerega and
Hodgen, 1980b).

A compound follicular regulatory protein (FRP) possibly involved in the
intraovarian regulation of follicle development alters the response of the developing
follicle to gonadotrophs stimulation (diZerega et al., 1983a). This protein which is
secreted by the granulosa cells has been detected in human follicular fluid aspirated
from the dominant follicle (diZerega et al., 1983b), in the follicular fluid of pigs
(Kling et al., 1984), and in ovarian venous blood draining the dominant follicle
(diZerega et al., 1982). This protein fraction has a molecular weight of approximately
15000 and an isoelectric point at pH 4.5 (Ono et al., 1986). Although Se secretion of
FRP does not appear to be regulated by the gonadotrophins or the steroids (Tonetta et

al., 1988) the action of FRP on the cell is altered by the presence of FSH. S addition
FRP does not inhibit the secretion of FSH by cultured pituitary cells (diZerega et al.,
1982, 1984) suggesting that FRP has different properties from those of inhibin. The
actions of FRP are to: (a) block the aromatase and 36-HSD activity in cultured
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granulosa cells (Battin and diZerega, 1985; Chicz et al.,1985) and thecal cells (Tonetta
et al.,1988); (b) inhibit FSH stimulated progesterone synthesis and secretion by
cultured rat and pig granulosa cells (Schreiber and diZerega, 1986); (c) inhibit the
induction of LH/hCG receptors by FSH in pig granulosa cells (Montz et al.,1984) as
well as the FSH responsive adenylate cyclase activity (Ujita et al., 1987); (d) inhibit
the 3B-HSD activity of human placental microsomes (Chicz et al., 1985); (e) and
finally it is found in double the concentration in oestrogen inactive bovine follicles as

in oestrogen active follicles (see the review: Ireland and Roche, 1987). That the action
of FRP is altered by the presence of FSH, has been demonstrated in pig granulosa
cells in vitro where there is a shift in responsiveness to FRP depending on the dose of
FSH present (Westhof et al., 1988). Furthermore large quantities of FSH overcome

the inhibitory effects of FRP on gonadal steroidogenesis (Schreiber and diZerega,
1986). In vivo fractions of follicular fluid containing FRP have been shown to have a

variety of effects on follicular function. In hypophysectomized immature rats treated
with diethylstilboestrol, FRP inhibited the increase in ovarian weight and in the
peripheral concentration of oestradiol in response to treatment with human menopausal
gonadotrophin (diZerega et al., 1982a). When injected into regularly cycling monkeys
and sheep, FRP fractions decreased the peripheral concentration of oestradiol, caused
prolongation of the follicular phase in the monkeys and induced anovulation or luteal
dysfunction in ewes in the presence of normal levels of the gonadotropins (diZerega
and Wilks, 1984). It remains unclear whether the FRP is identical to the follicular
fluid proteins previously described, namely FSH binding inhibitor (Fletcher et al.,
1982) and follicle growth inhibitor (Driancourt, 1987a).

If this theory of selection is correct, then can it be used to explain the increased
ovulation rate resulting from exogenous gonadotrophin therapy (eg. PMSG), or the
increased ovulation rate in the prolific breeds such as Booroola Merino? In the first
case, in the presence of excess gonadotropins, it is likely that any intraovarian
selection process is by-passed. In the Booroola ewe the one unique facet of
folliculogenesis which most probably accounts for its high prolificacy is the extended
period of recruitment. Recruitment in control Merino ewes occurs between days 13
and 15 of the oestrous cycle, while in Booroola ewes this process continues to day 17
(Driancourt et al., 1985a). This presents the possibility that the Booroola may be
deficient in the putative follicular growth inhibitor or exhibit a decreased sensitivity to
it so allowing more follicles to be recruited and thereby increasing ovulation rate.

A major complication of this theory, however, is how the selected follicle
protects itself from the anti-folliculogenic effects of the factor(s) which it secretes. It is
possible that the high intrafollicular concentration of oestrogen and FSH in the
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dominant follicle are important in this respect. It is also plausible that the putative
factor(s) are effective only at specific and early stages in antral follicle development,
for example the factors inhibit the induction of LH receptors by FSH in immature
follicles, a stage through which the dominant follicle has already passed.

(c) A Model For Follicle Selection

The two theories described above may not necessarily be mutually
exclusive. It is likely that the gonadotrophins have a permissive action on the growth
of large follicles, once their level exceeds a threshold, recruitment and selection of the
ovulatory follicles can proceed under the control of the other regulatory mechanisms.
After recruitment has occurred the FSH concentration controls the number of follicles

with an active aromatase system and their stage of development. The action of FSH in
recruitment is perhaps modulated by FGI so that as the FSH threshold is reached
selection of a follicle at the appropriate stage of development occurs. The selected
follicle may overcome the inhibitory effects of the intraovarian factors as a result of its
prior exposure to-, or high intrafollicular concentration of- or sensitivity to- FSH. The
intra-follicular steroids modify the action of FSH and thereby contribute to the
establishment of the follicular FSH threshold. Once selected, the activated follicle may

secrete significant amounts of an inhibitor, possibly FRP, which prevents further
selection and follicle growth occurring. The action of the regulatory protein(s) may be
to restrict the maturation of follicular steroidogenesis in adjacent follicles, thus
inducing or allowing for the generalized atresia in these follicles. Concurrent with this
the reduction in peripheral FSH levels in conjunction with the regulatory protein(s),
prevents further follicular development and perhaps triggers the mechanism for atresia
in the unselected follicles. If ovulation does not occur, in the face of a declining FSH
profile, the concentration of FRP increases in the dominant follicle inhibiting its
capacity to synthesize oestradiol with a resultant build-up of progesterone and
androgen in the follicular fluid. The latter results in atresia. Any additional FSH,
whether exogenous or endogenous, would effectively override the equilibrium
between the stimulatory and regulatory process, so changing the number of follicles
with an active aromatase system which can potentially be selected in response to the
threshold FSH level.

Although from the evidence reviewed above it appears that the interactions
between the gonadotrophins, especially FSH, and the putative regulatory protein(s)
are responsible for the selection of the ovulatory follicle, the exact mechanism which
controls this process remains to be elucidated.
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1.5. Manipulation Of The Reproductive Cycle By GnRH And
Its Analogues

The pulsatile nature of hypothalamic GnRH in the control of gonadotrophin
secretion provides us with a physiological basis for the investigation of the activation
of the pituitary gonadal axis and the induction of ovulation. Traditionally 3 surgical
techniques have been used in a number of species to eliminate the hypothalamic
pituitary function which regulates gonadotrophin secretion. These are

hypophysectomy, pituitary stalk-sectioning and radiofrequency or electrical lesioning
with disconnection of the MBH. While these surgical models are useful, the results
obtained may be complicated by the radical alteration in both thyroid and adrenal
function and in the synthesis and/or release of the other pituitary hormones. A more

acceptable physiological model may be achieved by the chemical manipulation of
pituitary function by GnRH and its analogues. As indicated earlier (section 1.2.3.)
GnRH binds to specific receptors in the anterior pituitary gonadotroph; this stimulates
the synthesis and secretion of LH and FSH. Inhibition of this binding will therefore
prevent gonadotrophin synthesis and/or release. This may be achieved by 3 different
means:- (1) GnRH can be prevented from reaching its pituitary receptors by
immunoneutralization of GnRH in the hypophyseal portal blood; (2) the pituitary
GnRH receptor sites may be competitively blocked by chemical antagonists ofGnRH;
(3) or desensitized and down regulated by the chronic administration of GnRH or its
super-agonists. The most potent antagonistic and agonistic analogues of GnRH have
similar binding affinities which are approximately 20 times greater than that of GnRH
itself (Rivier et al., 1984). These non-surgical methods offer an alternative and
reversible medical hypophysectomy and chemical castration as a tool for studying the
gonadotrophic control of ovarian function.

To date GnRH agonists and antagonists appear to exert their major effects
through interaction with the pituitary receptor sites and prevent the post receptor-site
cellular events responsible for gonadotrophin secretion and release. However, in some

species other foci - namely the ovary and testis may be affected to a lesser extent
(review: Sharpe, 1982). Hsueh and Jones (1981) have documented extra-pituitary
effects of GnRH and its analogues on the rat ovary where they bind to high affinity
receptors similar to those found in the pituitary (Clayton et al., 1979). Similarly
binding of GnRH and its agonists has been demonstrated in human luteal tissue
(Bramley et al., 1985; Bramley and Menzes, 1986). In contrast, GnRH binding sites
have not been identified in luteal tissue from the monkey (Asch et al., 1981), sheep,
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cow or pig (Brown and Reeves, 1981) which casts doubt on the role of GnRH-like
peptides as intragonadal regulators in these species. Although striking differences
exist in the response of different species to the antigonadal and antipituitary effects of
GnRH agonists and antagonists (review: Thau et al., 1985) for the purpose of this
thesis the site of action of GnRH and its analogues in the ewe, will be considered to be
at the level of the anterior pituitary only - the ovarian effects of such treatments being
indirectly mediated through the stimulation or inhibition of pituitary gonadotrophin
secretion. The effects of these treatments on gonadotrophin secretion and follicle
growth and ovulation will be considered. For details of the effects of GnRH
manipulation in the male, the reader is referred to a number of reviews (Hsueh and
Jones, 1981, 1982; Fraser, 1982; Sharpe, 1982; Yen, 1983; Vickery, 1986;
Balmaceda et al., 1987; Bhasin and Swerdloff, 1987; Clayton, 1987; and Crosignani
and Edwards, 1987).

1.5.1. Immunoneutralization Of GnRH

The effects of passive immunoneutralization of GnRH have been studied in
the rat (Culler and Negro-Vilar, 1986), hamster (review: Fraser, 1980), ewe and
primate (Fraser et al., 1984). The results of these studies indicate that GnRH is an

essential element in the preovulatory events since GnRH antisera blocks the
preovulatory gonadotrophin surge and prevents ovulation. In a more recent

experiment, however, GnRH antibodies failed to block the preovulatory surge in
Macaques (Fraser et al., 1986b). In the sheep passive immunization against GnRH
prevents the episodic secretion of LH in the ram (Lincoln and Fraser, 1979) and
inhibits the preovulatory surge of LH and FSH in the ewe (Narayana and Dobson,
1979). Injection of GnRH antibodies during the follicular phase of the ovine oestrous

cycle causes an immediate abolition of pulsatile LH release (Fraser et al., 1984) but
has either no effect or causes a slight elevation in the peripheral concentration of FSH.
The lack of efficiency of this treatment on FSH release could be accounted for by:
inadequate immunoneutralization of GnRH; a greater autonomy of FSH secretion; or
the existence of a separate FSH releasing factor. The slight elevation in FSH levels
may result from changes in the negative feedback effects of oestrogen and inhibin on

pituitary FSH secretion as a result of the reduced LH stimulation of folliculogenesis
and steroidogenesis (McNeilly et al., 1984). In addition it would appear that
immunoneutralization disrupts the positive feedback effects of oestradiol since
exogenous oestradiol will not elevate LH concentrations in progesterone primed OVX
ewes previously immunized against GnRH (Fraser et al., 1981) whereas LH surges

60



can be induced by this method in non-immunized OVX ewes.

Long-term active immunization against GnRH, over 2-3 months, both inhibits
ovulation in rats and primates (rat: Fraser et al., 1975; Fraser and Baker, 1978;
primate: Fraser, 1980) and causes a gradual decline in the synthesis and release of
both of the gonadotrophins. Similar experiments in the ewe blocked ovulation and
oestrous activity but this was apparently associated with the abolition of pulsatile LH
secretion (Clarke et al., 1978; Fraser et al., 1981) and normal levels of FSH secretion.
Also after ovariectomy, immunized ewes do not show the expected increase in FSH
(Clarke et al., 1978). In contrast McNeilly et al., (1986) reported that such treatments

suppressed the peripheral FSH concentration. In addition immunized animals show
little or no response to injections of GnRH or its potent analogues in concentrations
which are sufficient to produce maximal or surge concentrations of the gonadotrophins
in control animals (Marmoset: Hodges and Hearn, 1977; ewe: Siddall and Crighton,
1977; Clarke et al., 1978). Reduced pituitary content of the gonadotrophins could
account for this poor response to exogenous GnRH (Clarke et al., 1978).
Alternatively GnRH may be required for the maintenance of its own receptors on the
pituitary gonadotroph. If the latter is the case, the chronic removal of endogenous
GnRH would reduce receptor number and/or impair receptor function thereby
preventing maximal gonadotrophin release. Indeed both prolactin and LH have been
shown to regulate their own target organ receptors (Rao, 1979). Plasma prolactin
levels are significantly higher in GnRH-immune ewes than in control animals (Clarke
et al., 1978).

At the ovarian level it is clear that the suppression of gonadotrophin levels
produced by GnRH immunization impairs normal follicular development and
oestradiol secretion- the latter in itself prevents ovulation and causes involution of the
ovaries and uterus (rat: Fraser and Baker, 1978; ewe: Clarke et al., 1978; McNeilly et

al., 1986; monkey: Hodges and Hearn, 1977; Fraser, 1980). In the immunized ewe

follicles fail to grow beyond 2.5 mm diameter (McNeilly et al., 1986), exhibit
increased atresia and a reduced ability to synthesize progesterone in response to hCG
stimulation. These follicles retain a similar capacity to synthesize androstenedione and
testosterone to that of equivalent sized follicles from control ewes. This suggests that
immunization has altered thecal steroidogenic pathways such that androgen production
is maintained, but progesterone synthesis is reduced.

A number of problems are associated with the technique of active immunization
against GnRH. Individual variation in immune response can lead to incomplete
inhibition of follicular growth and also variation in the return to normal cyclicity if
antibody levels are left to decline naturally (Fraser, 1980). It is possible, albeit
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difficult, to artificially reverse the inhibitory effects of high GnRH antibody titres.
This may be achieved by the administration of sufficiently large amounts of GnRH to
saturate the binding capacity of circulating antibodies and to allow excess GnRH to
stimulate the anterior pituitary gland. Alternatively treatment with an immunologically
distinct analogue of GnRH, which would not cross react with the antibodies, would
be effective in stimulating the pituitary in the face of a continued high antibody titre.
The reversibility of the effects of active immunization have been discussed by Keeling
and Crighton (1984).

1.5.2. Antagonistic Analogues Of GnRH

Experimental evidence indicates that antagonistic analogues of GnRH
induce a medical castration by competing with the endogenous peptide for pituitary
binding sites (Heber et al., 1982). Unlike the native hormone or GnRH agonists, once
bound to the receptor the antagonists are not generally internalized and do not therefore
cause receptor down regulation (Catt et al., 1985). The most effective antagonists
with high receptor affinity are probably processed by plasma membrane protein
turnover, so that they have extremely slow receptor dissociation rates (Loumaye et al.,
1984) even though their association rates are similar to those of the agonists.
Desensitization of the pituitary gonadotrophs does not occur with antagonists and LH
release may be evoked at any time during pituitary blockage provided that a sufficient
challenge with a GnRH agonist is given (Kenigsberg and Hodgen, 1986). Unlike the
agonists, antagonists cause an immediate suppression of gonadotrophin release
without causing an initial stimulatory phase. They must, however, be present

continuously at the receptor to block the binding of the endogenous ligand, for as little
as a 10% receptor occupancy by GnRH can cause LH release (Clayton, 1982).

It is clear from animal studies that antagonists produce a profound suppression
of gonadal function. The differential effect of antagonists on the secretion of LH and
FSH is similar to that described after GnRH immunoneutralization. In the ram,

Lincoln and Fraser (1987) have shown that antagonist treatment induces an immediate
blockade of pulsatile LH secretion and a parallel decline in testosterone without
significantly or consistently affecting plasma FSH or prolactin concentrations. Indeed
blood concentrations of FSH tended to increase after antagonist treatment probably
due to withdrawal of the inhibitory influence of testosterone or inhibin which normally
acts at the level of the pituitary (Lincoln and Fraser, 1987). The continuous infusion of
GnRH antagonist to male Rhesus monkeys by subcutaneously implanted osmotic
minipumps, suppresses the serum LH concentration and reduces the pituitary LH
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response to a challenge of native GnRH by 30-75% (Mann et al., 1987). In the female
primate antagonist administration at any stage of the luteal phase of the cycle inhibits
luteal function (Fraser et al., 1985, 1986a) and causes a suppression of bioactive
serum LH and progesterone. The antagonist, however, has a less suppressive effect
on the concentration of FSH and oestradiol and no apparent affect on prolactin
secretion (Fraser et al., 1986a). In general, the animal data indicates that GnRH
antagonists block ovulation by blocking the preovulatory gonadotrophin surge

(review: Fraser, 1981a, 1982). The degree of pituitary suppression achieved by
antagonist administration appears to be affected by the timing-, the dose-, and the
potency- of the analogue used. Large doses of highly potent antagonists are required
to cause a severe suppression of gonadotrophin secretion and a hypogonadotrophic
state (Kenigsberg et al., 1984). The timing of administration is also important, for
example antagonists are able to suppress luteal function more easily during the mid to
late luteal phase than during the first few days after ovulation (Fraser et al., 1985).

While collectively the data reviewed indicate that treatment with GnRH
antagonist can cause a specific medical hypophysectomy, interruption of
administration results in a prompt recovery of reproductive function. A number of
practical problems are, however, associated with the use of GnRH antagonists. These
relate both to the expense of the large doses of antagonist required to produce a

significant suppression of gonadotrophin secretion and to the difficulties encountered
in dissolving these doses in a reasonable volume of oil or adjuvant since most of these
compounds are insoluble in water (review: Fraser, 1980). Another major drawback of
the antagonists is their ability to cause mast cell degranulation and thereby elicit an
anaphylactoid response in animals (Schmidt et al., 1984). Finally, extra-pituitary sites
of antagonist action have been postulated (review: Bowers et al., 1980), however,
there is as yet no firm evidence to support this in sheep.

1.5.3. Agonistic Analogues Of GnRH

There are 2 main types of GnRH agonist examples of which are shown in
Table 1.2. The first group of GnRH analogues incorporate amino acid substitutions at

position 6 and have a structure closely resembling native GnRH. The second group,

the GnRH (1-9) nonapeptide-ethylamide agonists differ from GnRH in their C
terminal sequences, with an ethylamide group in place of the C-terminal glycinamide
residue. This group includes the Hoechst GnRH agonist buserelin- [D-Ser(Bu1)6]
LHRH-(l-9)- ethylamide (review: Geiger et al., 1986). Agonist analogues of GnRH
are generally biologically more potent than endogenous GnRH for a number of
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Table 1.2.
Structural changes of commercially available GnRH agonist analogues.

Position 1 2 3 4 5 6 7 8 9 10

Enzyme
Inactivation (a) (b) (c) (C) (d)
Site*

GnRH PylO-Glu His Trp Ser Tyr Gly Leu Arg Pro Gly-NH2

Buserelin D-Ser(tBu) Des NHEt

Naferelin D-Nal(2)

Leuprolide D-Leu Des NHEt

Gonaderel n D-Ala Des NHEt

Zoladex D-Ser(tBu) Azgly

Des = elimination of 10th amino acid; NHEt = ethylamide
(a) = cleavage site for pyroglutamyl-peptidase
(b) = cleavage sit for neutral endopeptidase
(c) = cleavage site for chymotrypsin
(d) = cleavage site of post-proline cleaving enzyme which inactivates GnRH only
* these enzyme inactivation sites, between the amino acids at the positions shown, apply specifically to

GnRH and Buserelin.

reasons (review: Sandow et al., 1981, 1985). The structure of some agonists
facilitates receptor interaction and intrinsic agonistic activity (receptor stimulus-
response coupling, Geiger et al., 1986). A number of reports have indicated that
correlations exist between potency and resistance to proteolysis (Swift and Crighton,
1979) receptor affinity (Clayton and Catt, 1980; Loumaye et al., 1982) or

hydrophobicity. Naturally occurring GnRH is degraded by hypothalamic and pituitary
peptidases (Hersh and McKelvy, 1979) which cleave the molecule at the Gly6-Leu7
bond and at position 9; in the agonist, however, the substitutions at positions 6 and 10
protect the molecule from the enzyme catabolism. As a consequence agonists are

degraded more slowly and hence have a prolonged biological activity. The reduced
metabolic inactivation of the agonists is also associated with the enhanced steroid
suppression for which they are responsible. The bioactivity of buserelin, for example,
is mainly regulated by pyroglutamyl-peptidase, an enzyme present in the liver and
pituitary tissue of mammals; any intact buserelin which reaches the duodenum is
inactivated by chymotrypsin (see Table 1.2). There is, however, a marked species
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specific correlation between the biological activity of buserelin and its rate of
metabolism (Sandow et al., 1987). The measurement of serum concentrations of
buserelin in the sheep by radioimmunoassay has demonstrated that there is a

multiphasic elimination of the analogue from the circulation with an initial phase of
decrease in the half life of 3 to 6 minutes followed by a second slow component of
between 18 and 30 minutes (Swift and Crighton, 1979). In contrast the native peptide
has a rapid half-life of approximately 6 minutes in the blood of OVX ewes (Nett et al.,
1973).

1.5.4. The Mechanism Of Action Of GnRH Agonists

Chronic treatment with GnRH or its agonists inhibits a range of reproductive
functions in the female by specifically suppressing gonadotrophin secretion and hence
follicular development, ovulation, luteal function, implantation and pregnancy

(reviews: Fraser, 1981a, 1982; Yen, 1983; Nillius, 1985; Vijayan, 1985; Vickery,
1986; Balmaceda et al., 1987; Clayton, 1987). Suppression of pituitary gonadotroph
function occurs largely as a result of receptor down-regulation (Clayton, 1982;
Crowder et al., 1986). Complete receptor loading, such as occurs with the
superagonists like buserelin with very high receptor affinity, results in increased
receptor down-regulation following the internalization and degradation of the receptor
ligand complex by intracellular proteolysis (Pelletier et al., 1982). Indeed, after one
dose of buserelin there is a rapid reduction of pituitary binding capacity lasting 10-12
hours (Sandow et al., 1985b). As indicated in section 1.2.4. receptor down-regulation
is associated with pituitary desensitization (Nett et al., 1981), although how much of
this is directly attributable to down-regulation remains unclear. In the ewe, for
example, a 24 hour continuous infusion of GnRH results in a 50% reduction of
GnRH receptor numbers (Crowder et al., 1986) and an associated 82% reduction in
LH response to exogenous GnRH, with no apparent effect on FSH release. Crowder
et al., (1986) has demonstrated in the ewe, that de novo receptor synthesis occurs

within 6 hours of the termination of the infusion of GnRH agonist, whereas maximal
LH responsivity is not achieved until 6 hours later suggesting that both down-
regulation and desensitization are responsible for the effect of agonist inhibition of
pituitary gonadotroph function. A similar sequence of results has been reported in the
rat by Loumaye and Catt, (1983) after infusion of native GnRH. Pituitary
desensitization occurs independently of the gonadal steroids since it has been observed
in postmenopausal women during GnRH infusion (Heber and Swerdloff, 1981).
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synthesis and release of luteinizing hormone (LH) and follicle stimulating hormone (FSH).
Binding of native GnRH to its receptor (R) activates a guanosine nucleotide binding protein (G). This signal in

turn activates phospholipase C which plays a key role in the system hydrolizing inositol phospholipids (e.g.,
phosphatidylinositol bisphosphate, PIP2) to a mixture of diacylglycerol (DG), and inositol triphosphate (IP3). Three
pathways are thereby activated: (1) IP3 causes an immediate increase in intracellular Ca^+ concentration (an absolute
requirement for protein secretion) by mobilization of Ca2+. In parallel, DG is hydrolized to phosphatidic acid (PA), in
turn liberating araciidonic acid (AA). (2) DG causes redistribution of protein kinase C (PK-C) from the cytosol to the
membrane activated form and increases the affinity for Ca^+. The activated PK-C phosphorilates and activates a number
of endogenous substrate proteins (probably enzymes). By this means a number of cytosolic and nuclear functions are
entrained, probably including messenger RNA (mRNA) synthesis to begin synthesis of LH and FSH. (3) AA is acted
upon by epoxygenases to give various epoxyeicosatrienoic acid derivatives (e.g., 5,6-EET). EET appears to be the
messenger activating the Ca^+ -ion channel, causing an influx of extracellular Ca^+. The elevated Ca^+ binds to
calmodulin (CaM) and then acts to cause exocytosis of the secretory granules (SG) and release of LH and FSH.

The disruptive action of GnRHa on the synthesis and secretion of FSH and LH may occur early in the cellular
process and be related to the activation of polyphosphoinositides breakdown and IP3 and DG generation (A) so
inhibiting the actions of phospholipase C and /or PK-C and leading to the disruption of pathways 1 and 2 (shown by
the stippled arrows). Interruption of the second pathway would lead to suppressed gonadotropin synthesis as a result
of the reduction of the protein receptors required for gene transcription (B). In addition as a result of the high receptor
affinity of GnRHa increased receptor microaggregation followed by internalization of the agonist-R complex and
degradation in the lysosomes by proteolysis will occur leading to receptor down-regulation.
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The relationship between desensitization and GnRH induced changes in its
own receptors are complex, for example, short term exposure to GnRH can induce
desensitization without any change in GnRH binding to cells (Smith et al., 1983;
Young et al., 1985b). Conversely, high dose exposure to GnRH in vitro produces
receptor down-regulation in conjunction with desensitization (Zilberstein et al., 1983).
These studies together with the in vivo data of Clayton (1982) demonstrate that
pituitary desensitization to GnRH is both time and concentration dependent.
Desensitization has been observed after acute or chronic administration of GnRH or its

agonist analogues in rats (Clayton, 1982), sheep (Chakraborty et al., 1974; Rippel et
al., 1974; Clayton, 1982; Crowder et al., 1986), monkeys (Fraser et al., 1980), and
women (Bergquist et al., 1979c). It appears that this process, in the ewe at least, is
unrelated to the pituitary LH content (Crowder et al., 1986) and probably involves a

post-receptor mechanism defect such as receptor-effector uncoupling. Such a

disruption may occur early in the cellular process (Fig. 1.4.) and be related to the
activation of polyphosphoinositides breakdown and IP3 and DG generation so

inhibiting the actions of phospholipase C and/or protein kinase C. Interruption of the
second pathway described in section 1.2.4. would thus lead to a reduction in pituitary
LH and FSH synthesis as a result of the lack of the protein effectors required for
gonadotroph gene transcription (Clayton, 1982). The intracellular stores of LH and the
"release" machinery of the gonadotroph do not appear to be affected by chronic
agonist- or GnRH- therapy since GnRH desensitized cells still respond to Ca2+
ionophores and depolarization (Young et al., 1985b). Further, desensitization appears

to be independent of changes in calcium concentration (Conn et al.,1985). This is
important as the calcium/calmodulin complex may play a role in the de novo synthesis
of receptors (Loumaye and Catt, 1983), followed by the recoupling of the
phospholipase pathway, as both of these processes are involved in the recovery from
the inhibitory effects of this type of therapy. Pituitary receptor loss and desensitization
will be fully reversible after long-term treatment with buserelin, because this
compound does not interfere with endogenous GnRH synthesis.

The level of pituitary inhibition of the agonists may reflect an action of these
compounds at the hypothalamus or higher centres in the short loop feedback inhibition
of the synthesis and/or release of the recently discovered precursor for GnRH. The
polyprotein precursor is enzymatically processed to form GnRH and a gonadotrophin-
associated peptide (GAP) which inhibits prolactin release (Nikolics et al., 1985).
Inhibition of this feedback loop by GnRH agonists may explain the elevation of
prolactin levels (Mais and Yen, 1986) observed in hypogonadal women after GnRH
agonist therapy or in ewes after GnRH immunoneutralization (Clarke et al., 1978). In
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this scenario the negative feedback effects of GnRH would suppress the release of the
precursor molecule and hence release the pituitary lactotroph from its inhibitory
control.

While the studies described above provide an insight into the molecular
mechanism of desensitization pituitary down-regulation after the chronic
administration of GnRH and its agonists, it is difficult to extrapolate these to the
dynamic changes in gonadotrophin secretion and pituitary responsiveness that occur in
the intact animal. During chronic treatment with either the native peptide or its agonist
there is an initial and transient stimulatory effect of the treatment on gonadotrophin
release followed by a decrease in their secretion. Initially during a prolonged infusion
of GnRH or its agonists, there is a biphasic increase of LH (human: Bremner and
Paulson, 1974; de Kretser et al., 1975; ram: Bremner et al., 1976), but a gradual and
progressive increase in FSH. In the ewe, prolonged GnRH infusion causes a rise in
serum LH values to maximal levels at approximately 3 hours, followed by a decline
towards basal values, in spite of continued GnRH administration (Crowder et al.,
1986). The biphasic release of LH can be explained by the dual pool concept described
in section 1.2.4. The first LH pool is released as a result of acute stimulation of the
gonadotroph receptors by the agonist together with an initial high receptor occupancy.
This results in the rapid phase release of the gonadotrophin secretion which is
followed subsequently by the slower release of LH as the storage pool is gradually
converted into the releasable form of the hormone. In the normal pituitary gland,
however, the storage pool of LH will only be mobilized at the cost of the gradual
depletion of the pituitary stores of LH (Koiter et al., 1982), this accounts for the
second slow phase of the response and the decreased gonadotrophin secretion and
synthesis. Indeed in sheep receiving a continuous GnRH infusion from osmotic
minipumps the pituitary LH content is reduced by 95% (Amundson and Wheaton,
1979). Recently there have been several observations of a decreased biological activity
of the gonadotropins secreted during agonist treatment. It is possible, for example,
that buserelin interferes with gonadotrophin synthesis by altering the rate of synthesis
of the gonadotrophin sub-units or by changing the amount of carbohydrate residues in
the gonadotrophins. The latter may be enhanced by the reduced steroidal output

/ (Clayton and Catt, 1981).

1.5.5. Daily Administration Regimes For GnRH Agonists

In general, daily injection regimes of GnRH agonists suppress reproductive
function (rat: Cusan et al., 1979: Johnson et al., 1976: Sharpe et al., 1979: dog:
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Sandow et al., 1980: sheep: Rippel et al., 1974; Fraser and Lincoln, 1980; Dobson,
1985; stumptailed monkeys: Fraser, 1983; Rhesus monkeys: Balmaceda et al., 1984;
and women: Bergquist et al., 1982; Nillius, 1985; Balmaceda et al., 1987). As
described earlier the pharmacological effects of treatment lead to an initial
hyperstimulation of LH and FSH secretion followed by a marked decline in the release
of both hormones as the pituitary becomes desensitized. Flowever, reports on the in
vivo effects of treatment on gonadotropin secretion remain equivocal. Surprisingly,
an early report in the rat (Cusan et al., 1979) shows no suppression of gonadotropin
secretion. More recent observations in the primate, however, indicate that high daily
doses of GnRFl agonists cause a profound suppression of circulating steroids (Fraser
et al., 1980). In contrast, a study by Shaw and Matta (1986) in women shows that
twice daily agonist treatment causes a significant reduction of oestradiol and FSH
secretion, but has no effect on LH levels. In the ram, daily agonist treatment reduces
LH levels as compared to controls, but has no effect on the systemic concentration of
FSH (Fraser and Lincoln, 1980).

Studies in women and monkeys demonstrate that daily agonist treatment may
result in inadequate luteal phases and induce premature luteolysis and menstruation
(Casper and Yen, 1979; Bergquist et al., 1980b; Balmaceda et al., 1987). These
effects are, however, dependent on agonist dose rate (Nillius et al., 1978; Fraser et
al., 1980; Schmidt-Gollwitzer et al., 1981, 1982; Lemay et al., 1982) and are manifest
only when the commencement of treatment is appropriately timed (Bergquist et al.,
1980a; Balmaceda et al., 1987). Indeed Sheeham et al., (1982) have demonstrated
that GnRH agonist administered to women failed to induce luteolysis consistently
when treatment began at 5 days, or less, after the LH surge. Treatment of monkeys
by repeated daily injections of agonist, when initiated early in the follicular phase,
stimulates gonadotrophin release and leads to the increased secretion of oestradiol
(Fraser et al, 1980) indicating that follicular development has taken place. The high
levels of LH induced by agonist treatment and the disturbance of the normal pattern of
LH pulses to which the follicle is normally exposed presumably causes a disruption of
the follicular maturation process (Fraser et al., 1980). In addition, chronic agonist
treatment inhibits ovulation by desensitizing the pituitary before the preovulatory
surge (Fraser et al., 1980; Bergquist et al., 1982; Fraser, 1983; Balmaceda et al.,
1984) and prevents the LH surge response to exogenous oestrogen treatment in
monkeys (Fraser, 1981b) and sheep (Rippel et al., 1974). Whilst ovulation and
progesterone secretion are uniformly suppressed, there is a marked individual
variation in the effect of daily agonist therapy on follicular development as shown by
variations in the serum concentration of oestradiol (human: Hardt and Schmidt-
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Gollwitzer, 1983; monkey: Fraser, 1983). In 30% of the monkeys (Fraser, 1983) and
20-25% of the women (Schmidt-Gollwitzer et al., 1981, 1982) receiving a

contraceptive agonist regime, serum oestradiol levels remain within the range found
during the early follicular phase, while in the remainder the levels increase
intermittently to those found in the late follicular phase. These oestrogen rises,
unopposed by luteal progesterone, may lead to induced endometrial growth and
breakthrough bleeding at irregular intervals in these species. While episodes of
follicular development in women may be followed by a rise in blood progesterone

indicating the formation of an inadequate CL, or luteinization of an unruptured follicle
(Schmidt-Gollwitzer et al., 1981, 1982) serum rises in progesterone are not apparent
in monkeys (Fraser, 1983).

The value of commencing agonist therapy during the late luteal phase of the
cycle, in contrast to the early follicular phase, has been demonstrated both in the
monkey (Fraser and Sandow, 1985) and in women (Healy et al., 1986). The initiation
of treatment in the luteal phase causes a suppression of both LH and FSH secretion.
Most importantly starting the treatment at this time prevents the initial stimulation of
oestrogen release in an environment which is unopposed by progesterone, before the
prolonged suppression of oestrogen secretion occurs.

It is important to note that during long term daily agonist therapy, a slight but
significant elevation in gonadotrophin secretion is measured during the first 2 hours
after each daily episode of agonist administration. This increased gonadotropin
release may induce a transitory rise in oestradiol (Schmidt-Gollwitzer et al., 1981;
Hardt and Schmidt-Gollwitzer, 1983). The small "day to day" stimulation of
gonadotrophin secretion may reflect the accumulation of stores of releasable hormone
in the pituitary gonadotrophs which are secreted only after the transient daily agoistic
stimulation of these cells before desensitization occurs again. Further evidence to
demonstrate that pituitary responsiveness recovers slightly between daily or twice
daily agonist or GnRH treatments has been provided by Rippel et al., (1974). This
phenomenon is only apparent when the response to treatment is monitored sequentially
during the day and is not noted when only daily basal hormone values are determined.
Evidence from rats demonstrates that ovarian function is inhibited because this daily
exposure to elevated levels of gonadotrophins causes both a decrease in gonadal
gonadotrophin receptors (Sharpe, 1976; Sharpe et al., 1979) and reduced
responsiveness to these hormones (Kledzik et al., 1978). Indeed, in women, daily
injection of hCG during the follicular phase of the cycle inhibits or postpones
ovulation by causing luteinization of the thecal cells and degeneration of the granulosa
cells in tertiary follicles (Friedrich et al., 1975). It remains to be seen, however,
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whether the variation in the levels of follicular maturation in animals treated by daily
agonist administration is due to the elevated gonadotrophin levels produced
immediately after daily agonist treatment, or to the basal gonadotrophin levels
produced when the stimulatory effect of the agonist subsides. Studies using the
continuous agonist delivery systems (detailed in the next section) indicate that the
former is the most likely explanation (Fraser and Sandow, 1985; McNeilly and Fraser,
1987). It is clear, therefore, that to reduce pituitary responsiveness to agonist therapy,
agonist treatments must be sufficiently close together to prevent pituitary recovery.

To date there is a paucity of evidence on the effect of long term agonist
treatment on adrenal function, pituitary function other than gonadotrophin secretion,
and on antibody production. The limited data available suggests that chronic agonist
treatment in the macaque has no marked effect on adrenal function - serum Cortisol
levels remaining unaltered. There is, however, a slight rise in thyroxine concentration
which may be due to changes in oestradiol secretion (Fraser, 1983). Failure of some
individuals to respond to GnRH agonists may be due to the production of antibodies
against these potentially immunogenic analogues (Lindner et al., 1981). Minimal, or
no cross reaction has, however, been recorded between native GnRH and antisera
raised against the agonist buserelin (Fraser and Sandow, 1977), this suggests that the
endogenous hormone is immunochemically different from buserelin. The data on the
potential immune response to GnRH agonist treatment is equivocal. There have been
two reports of antibody formation in patients being treated with GnRH agonists for
isolated gonadotrophin deficiency (Van Loon and Brown, 1975; Lindner et al., 1981).
In contrast the prolonged exposure of monkeys to daily injections of buserelin, over
11-16 months, has revealed no detectable antibody formation (Fraser, 1983). In
addition, no antibodies have been measured in plasma from rabbits, rats or dogs
receiving a continuous infusion of buserelin from osmotic minipumps, or in humans
receiving agonist administered by subcutaneous injection or nasal spray (Fraser et al.,
1983). It seems unlikely, therefore, that the failure of an individual to respond to

agonist therapy is related to antibody production.

1.5.6. Sustained Delivery Systems For GnRH Agonists

While it is clear that inhibition of ovarian cyclicity can be induced by long term
intermittent agonist administration, the so-called sustained delivery systems have been
shown to be more effective at suppressing the pituitary/gonadal axis in monkeys
(Akhtar et al., 1983; Fraser and Sandow, 1985), bitches (McRae et al., 1985), sheep
(McNeilly and Fraser, 1987) and men (Mann et al., 1984). Studies using rats and
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sheep have shown that continuous agonist therapy by osmotic minipump leads to a

rapid reduction in the number of pituitary GnRH receptors and in the pituitary content
of LH and FSH (Amundson and Wheaton, 1979; Nett et al., 1981). These changes
are not found when daily injections of the agonist are given over the same period
(Clayton, 1982). Also the onset of pituitary suppression produced by the agonist
treatment is dose dependent and may be accelerated by the initial high doses or

infusions. The effectiveness of constant treatment by osmotic minipumps has led to
the development of long acting agonist implants (Fraser et al., 1987a,b; Sandow et al.,
1987) and slow release preparations (Walker et al., 1984; West and Baird, 1987;
Waxman et al., 1989). These preparations are suitable for the long term suppression
of gonadal activity and achieve a near constant sustained release profile so ensuring
ovarian quiescence and avoiding intermediate rises of oestradiol. A comparison of the
release rates for the agonist buserelin (as measured by the urinary buserelin/creatinine
ratio) from osmotic minipumps and two types of implants in stumptailed monkeys is
shown in Fig. 1.5.

180n
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Fig. 1.5.
Urinary buserelin concentrations in stumptailed monkeys obtained after sc
implantation of: 5 mg implants of 30,000 molecular weight polyhydroxybutyric acid
(PHB) coated with cyanoacrylate; 2.6 mg implants of polyactide/glycolide copolymer
(molar ratio 75:25, PLG); or osmotic minipumps containing 2.2 mis of buserelin at a
concentration of 2.0 mg/ml. (Redrawn from Fraser and Sandow, 1985,1987b).
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The continuous infusion of a number of GnRH agonists by any of these
methods, after an initial transient stimulation of gonadotrophin release results in a

substantial suppression of plasma LH and FSH secretion (nafarelin in the bitch:
McRae et al., 1985; zoladex in women: West and Baird, 1987; and buserelin in the
ram: Lincoln et al., 1986; ewe: McNeilly and Fraser, 1987; macaque: Fraser and
Sandow, 1985a,b; Rhesus monkey: Bint Akhtar et al., 1983). In addition, a

preferential suppression of FSH secretion after agonist administration has been
reported in rams (Lincoln et al., 1986), and in OVX ewes after GnRH infusion (Nett
et al., 1981). This differential response could be due to a more rapid desensitization
of the FSH secreting mechanisms in the pituitary gonadotroph or, in the intact animal,
it could be due to the negative feedback effects of the sex steroids and inhibin acting
directly on the pituitary cells to specifically inhibit FSH release. The LH response to a

bolus injection of GnRH is completely abolished after continuous agonist infusion
(Bint Akhtar et al., 1983; Lincoln et al., 1986). In contrast, a bolus injection of ovine
LH delivered to agonist suppressed rams (Lincoln et al., 1986) induced a normal
increase in testosterone concentration, confirming that chronic agonist therapy
desensitizes the pituitary gonadotroph without markedly affecting the responsiveness
of the gonadal steroid secreting cells. The suppressed pituitary is, however, sensitive
to changes in the release rate of GnRH agonist as a transient rise in serum LH has
been noted in the first few days after minipump removal and replacement (Fraser and
Sandow, 1985). As with daily agonist administration regimes it is clear that the timing
of the initiation of pituitary suppression, by continuous agonist infusion, is crucial for
an early effect on follicle growth and maturation. By starting the treatment in the luteal
phase, the initial stimulatory effect of agonist therapy which involves a rise in plasma
gonadotrophins, oestradiol and progesterone, can be restricted to the luteal phase, thus
avoiding stimulation of the recruited follicle population in the follicular phase, and also
abolishing the preovulatory gonadotrophin surge (Fraser and Sandow, 1985).

The suppressive effects of continuous agonist therapy are fully reversible (Bint
Akhtar et al., 1983; Fraser and Sandow, 1985; Lincoln et al., 1986; McNeilly and
Fraser, 1987). The latter two groups have reported a rebound recovery for both LH
and FSH on termination of the treatment. McNeilly and Fraser (1987) reported a 2-4
fold increase in LH release within 24 hours of the removal of sc implanted osmotic
minipumps containing the agonist, followed by a 2-8 fold increase 8 days later. In this
study plasma FSH concentrations increased 3-7 fold within the first 48 hours of the
end of the treatment (McNeilly and Fraser, 1987). Similarly a rebound effect has been
observed in the ram during the recovery from daily agonist injections (Fraser and
Lincoln, 1980). The reason for this rebound is unclear as it is unlikely to be due to the
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de novo synthesis of GnRH receptors since in the sheep receptor number and LH
responsivity return to normal within 12 hours of the termination of agonist treatment
(Nett et al., 1981; Crowder et al., 1986). A similar FSH rebound response has
however been shown in the ewe at the end of treatment with bovine follicular fluid

(McNeilly, 1984, 1985; Wallace and McNeilly, 1985). This may indicate that a lack
of inhibin and steroidal inhibition of pituitary FSH secretion exists after the effects of
GnRH agonist on the pituitary have worn off.

There is a relative paucity of data on the effect of continuous agonist
administration on follicle population dynamics and, in the majority of reports, the
effect of treatment on follicle growth has been assessed indirectly by the measurement
of peripheral steroid concentrations. The data of McNeilly and Fraser (1987) indicate
that the suppression of gonadotrophin secretion by agonist treatment prevents follicles
growing beyond 2.5 mm diameter, without altering the total number of follicles per

ewe. A similar situation is produced by the suppression of FSH secretion using
bovine follicular fluid (Wallace et al., 1985), by hypophysectomy (Dufour et al.,
1979), or by GnRH immunoneutralization (McNeilly et al., 1986). The steroidogenic
capacity of these small follicles is similar to that of equivalent sized follicles from
control ewes (McNeilly and Fraser, 1987). Since developing follicles and CL are both
important sources of androgen (McNatty et al., 1976), the ovarian component of
circulating testosterone could be expected to fall during agonist therapy. Indeed West
and Baird (1987) have shown that this is the case. These authors did not, however,
demonstrate a similar degree of suppression of androstenedione production. It is, of
course, possible that the sustained secretion of this steroid reflects the increased
proportion of small and/or atretic follicles within the follicle population after agonist
treatment (McNeilly and Fraser, 1987), which are not capable of converting
androstenedione to testosterone or oestradiol.

1.5.7. A Model For The Investigation Of The Gonadotrophic Control
Of Ovarian Function

It is clear from this review that protracted treatment with the GnRH agonist
buserelin lowers the basal level of LH and FSH and inhibits follicular development
and ovulation (Bergquist et al., 1979a; Fraser et al., 1987a; McNeilly and Fraser,
1987) without any direct antigonadal activity (Casper et al., 1984; Lincoln et al., 1986;
McLachlan et al., 1986). This facility creates the unique opportunity to transform
individuals, from any species, into a condition of hypogonadotrophism at any stage of
the reproductive cycle. This chemically-induced hypogonadotrophism model avoids
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complications due to inappropriate pituitary activity. The suppression of the
endogenous pituitary gonadotroph^ output, produced by the chronic administration of
buserelin, together with the elimination of the ovarian feedback influences on

hypothalamic-pituitary function will enable the ovarian response to exogenous

gonadotropin therapy to be clearly distinguished. Indeed buserelin has been used in
women with functional pituitaries to facilitate the procedure of ovulation induction by
exogenous gonadotropin therapy (Bentick et al., 1987; Fleming et al., 1987; Sagle et

al., 1987). Using this model it will be possible to determine the relative importance of
exogenous LH or FSH alone, or in combination, in the processes of follicle
recruitment, growth, selection and ultimately ovulation and luteal function.

The experimental component of this thesis will examine the efficacy of the
buserelin induced hypogonadotrophism model in the ewe and will attempt to elucidate
the precise and individual roles of FSH and LH in the process of folliculogenesis in
this species.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1. Experimental Animals

Welsh mountain ewes which were 3-6 years old and weighed 37.8 ± 0.4 kg
(mean ± sem, n=100; range 29-51 kg) were used throughout the experiments detailed
in Chapters 3-9. The animals were of known fertility, with a mean ovulation rate of 1-
1.25. The experiments were carried out between October 1985 and January 1988
during the breeding season which, for the Welsh ewe, extends from October to March.
The ewes were purchased by the Institute of Animal Physiology and Genetics
Research (I.A.P.G.R.) and were held at pasture from October 1985 to January 1987
at the I.A.P.G.R. Dryden Field Station, Roslin, Midlothian, or housed in the
University of Edinburgh's Marshall Building, Dryden Field Centre, Roslin,
Midlothian from January 1987 to January 1988. None of the animals had been used
previously for experimental purposes. Throughout the winter the ewes were fed hay
and Moredun sheep nuts (Dalgety Agriculture Ltd, Bristol). During periods of
intensive sampling or infusion, the animals were kept in individual pens or metabolism
crates, respectively, and were offered hay and Moredun sheep nuts, twice daily. All
animals had ad libitum access to water. Unless otherwise stated the experiments were
carried out under natural lighting conditions.

2.2. Oestrus Synchronization

Oestrus was initially synchronised by the withdrawl of synthetic progestagen

impregnated intra-vaginal sponges (Veramix Sheep Sponge, Upjohn Ltd, Crawley,
Sussex; each sponge contains 60 mg medroxyprogesterone acetate), the sponges were

removed 12 days after their insertion. All animals displayed oestrous activity
(designated day 0) within 48 hours as determined by raddled, vasectomized, Finnish
Landrace rams. Luteolysis was then induced on day 10 of the second cycle by the
injection of a potent analogue of prostaglandin F2a (100 |lg cloprostenol; Estrumate,
Coopers Animal Health Ltd., Crewe, Cheshire). Oestrus was detected as described
previously and the animals were then allocated into treatment groups or implanted with
GnRH agonist according to the experimental protocol.
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2.3. Blood Sampling

Blood samples which were collected at weekly intervals or once to twice daily
were withdrawn using 7 ml heparinized vacutainers (Becton Dickinson UK Ltd,
Oxford). During more intensive sampling regimes, ewes were chronically cannulated.
The cannulae (Braunula, 14 G; Dunlop Veterinary Supplies, Dumfries) were placed in
the jugular vein, stitched securely to the neck and attached to a 3-way stopcock (Viggo
Products, Helsingborg, Sweden; sterilised by BOC Health Care) via 60 cm of
polythene manometer connecting tubing with luer lock fittings (Portex Ltd, Kent).
The system was kept patent with sterile saline (9 g NaCl/1) containing heparin at a

concentration of 20 iu/ml (Leo Laboratories Ltd., Aylesbury, Bucks.). Samples were
withdrawn using 5 ml plastic syringes (plastipak) and immediately placed in 7 ml
plastic tubes (Sarstedt, Leicester) containing heparinized beads (Lithium Heparin
Barrier Beads, Sarstedt, Leicester). The samples were spun at 1000 rpm for 15
minutes, and the separated plasma decanted into 2 ml plastic sample tubes (Teklab
Medical Laboratories Ltd, Sacriston, Durham), which were then stoppered and stored
at -20°C until assayed. To avoid unnecessary stress, the animals were cannulated and
placed in individual pens or metabolism crates several hours before the start of each
experiment.

2.4. Agonist Treatment

All the experimental animals detailed in Chapters 4-10 received a continuous
infusion of the potent GnRH agonist D-Ser (Bul)6GnRH(l-9)-nonapeptide-
ethylamide (buserelin; Hoechst A. G., Frankfurt, FRG). A constant infusion of the
agonist may be effectively provided by means of osmotic minipumps (Fraser and
Sandow, 1985; McNeilly and Fraser, 1987). More recently two types of slow-
releasing implant preparations containing buserelin have been developed which will
release the peptide over a period of weeks or months. These implants have been
described by Fraser et al (1987a,b). Throughout the course of these experiments
buserelin was administered either by osmotic minipump or 1 of 2 implant preparations,
as detailed below.

(a) Osmotic Minipump
A continuous infusion of buserelin was delivered from osmotic minipumps (Alzet

osmotic pump, model 2ML4; Alza Corp., Palo Alto, CA, USA) placed
subcutaneously (sc) under aseptic conditions. The mean pumping rate of these
minipumps was 71.8 |il/24 h, to release a mean fill volume of 2.26 mis over a
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maximum period of 31 days. Each pump was filled to capacity with buserelin solution,
at a concentration of 2 mg/ml. The pumps were pre-incubated in sterile 0.9% saline at
room temperature for 24 h. This procedure allows the immediate release of buserelin
after the pump has been implanted but prevents dumping of the agonist when the pump
is first inserted. To implant the pumps a small incision (approximately 3 cm long) was
made in the skin overlying the ribs, under local anaesthesia (Lignovet, C-Vet Ltd.,
Bury St. Edmunds, UK). The pump was then inserted sc, the wound was treated with
antibiotic powder (Optocol, Willingtons) and closed with Michel clips. A second
minipump was implanted into the opposite flank 3 weeks later.
(b) PHB Disc Implant

Polyhydroxybutyric acid (PHB) was used as matrix material to contain 5 mg

buserelin in a disc of 0.6 cm diameter and 0.15 cm thickness. To reduce the initial

release rate of buserelin, PHB disc implants were coated with medical grade
cyanoacrylate. Each animal was sc implanted with 2 discs to give a total of 10 mg

buserelin/ewe. The discs were inserted into the axillary region of the forelimb, through
a centimetre long incision. The wound was treated with antibiotic powder and closed
with a Michel clip.
(c) PLG Biodegradable Rod Implant

The buserelin was incorporated into rod implants made of a slowly biodegradable
polylactide/glycolide (PLG) copolymer (molar ratio 75:25 polylactide to glycolide).
The rods were sterilized by y-radiation. Polylactide/glycolide copolymers are

established biodegradable suture materials which are non-irritant and non-toxic. Each
0.8 x 0.12 cm rod implant contained 3.3 mg of buserelin and 2 rods implants were

used to give a total of 6.6 mg buserelin per animal. The implants are active for several
months depending on drug load and polymer composition. The PLG rods were

injected sc into the axillary region of the forelimb using a sterile cannula (inner
diameter 1.4 mm) and mandrin. This procedure was very simple and required no

sutures.

2.5. Gonadotrophin Infusion Studies

During the sixth week of agonist treatment, experimental animals were randomly
allocated into treatment groups and both the left and right jugular veins were

cannulated as described in 2.3. The animals were then placed in metabolism crates for
the remainder of the experiment. Throughout the infusion period blood samples were
collected from the left jugular vein. The right jugular cannula was connected to a

Watson-Marlow peristaltic infusion pump or a Harvard infusion pump via 240-360 cm
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of polythene manometer tubing (Portex Ltd, Kent). Details of the infusion pumps,

their calibrations and the flow rates used during the infusion experiments are shown in
Table 2.1. The Watson-Marlow and Harvard pumps were run for 12 h and 6 h,
respectively, prior to the start of the infusion to enable calibration of the pump flow
rates to be made. Due to mechanical problems, uneven wearing of the infusion tubing
and the inconsistancy of the flow rates produced by the Watson-Marlow Peristaltic
pumps, the experiments detailed in Chapters 8 to 9 used only the Harvard infusion
pumps.

Table 2.1.
Details of the infusion pumps

Pump Model
%Calibration

or

Setting

Tubing
or

Syringe Size

Flow
(ml/

calibrated
flow rate

Rate
h)
measured
flow rate

A Watson-Marlow
Cassette Pumpa

(202u/l)

52%c orange/red
vinyl manifold tubing

2.95 4.3±0.2e

(n=17)

B Watson-Marlow
Cassette Pump
(202U/AA)

59% orange/red
vinyl manifold tubing

3.06 3.0±0.2e
(n=18)

C Harvard Infusion

Pump'3
(2 channel)

10d 50 ml 1.75 1.62±0.08f
(n=8)

D Harvard Infusion
Pump

(2 channel)

10 50 ml 1.75 2.07±0.1f
(n=8)

E Harvard Infusion
Pump

(2 channel)

10 50 ml 2.12 1.95±0.06f
(n=10)

F Harvard Infusion
Pump

(3 channel)

10 50 ml 5.2 4.5±0.4f
(n=4)

G Harvard Infusion
Pump

(4 channel)

10 50 ml 1.78 1.68±0.02f
(n=12)

a Watson-Marlow Ltd., Falmouth, Cornwall,
b Harvard Apparatus Co., Millis, MA, USA.
c = % calibration
d = pump setting
e = rate measured after 120h infusion
f = rate measured after 72h infusion
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(a) FSH Infusion

Ovine FSH (NIAMDD-oFSH-14 or NIADDK-oFSH-16, NIH Bethesda, MD,

USA) was delivered, at varying concentrations, by continuous infusion into the right
jugular vein. The duration of the FSH treatment varied from 24 to 120 h. A stock of
oFSH (at lmg/ml of sterile saline (9g NaCl/1)) was prepared for the infusions. The
stock solution was diluted in saline (9g NaCl/1) which contained: 1% by volume
filtered plasma, previously obtained from each ewe; and heparin (200,000 iu/1).
Plasma was added to the hormone preparation as this prevents non-specific absorption
of the hormone onto the plastic storage bag and the infusion tubing (A. S. McNeilly,
unpublished observations). The biological activities of the hormone preparations used
for the stock solutions are shown in Table 2.2. Immediately before the start of the
infusion, all the tubing leading from the pump to the right jugular was flushed with the
infusion solution and the dead volume of the tubing filled.

Table 2.2.
Details of the infused hormones.

Biological
Activity Contamination

Hormone Source (U/mg) LH FSH

oFSH-14 NIAMDD* 9§ 0.02 times -

(NIH, Bethesda, MD, USA) NEH-LH-S l/mgA
oFSH-16 NIADDK** 20§ 0.04 times -

(NIH, Bethesda, MD, USA) NIH-LH-S 1/mg
oLH-23 NIAMDD 2.3+ - <0.5% by weight
oLH-25 NIADDK 2.3+ - <0.5% by weight

* NIAMDD= National Institute of Arthritis, Metabolism and Digestive Diseases
**NIADDK=National Institute of Arthritis, Diabetes and Digestive and Kidney Diseases
A=NIH-LH-SI standard preparation
§ 1 unit = activity of lmg of NIH-FSH-S1 using NIH-FSH-S12 standard preparation,
t 1 unit = activity of lmg NIH-LH-S1.

(b) LH Infusion

Ovine LH (NIAMDD-oLH-23 or NIADDK-oLH-25, NIH, Bethesda, MD, USA)
was delivered in discrete pulses of differing amplitudes at 4 h intervals. A stock
solution of oLH (at 1 mg/ml of sterile saline (9 g NaCl/1)) was prepared and diluted, as
required, in saline (9 g NaCl/1) which contained plasma and heparin as detailed above.
Two routes of administration were used: (i) a 2 ml bolus of LH was injected into the
left jugular cannula by hand, 5 mis of heparinized saline was used to flush the bolus
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into the animal; (ii) a 2 ml bolus of LH was infused into the right jugular vein by
peristaltic pump over a 2 min. period. The LH infusion was delivered through tubing
attached to a "Y" luer connector (Portex Ltd, Kent) joined directly to the cannula at the
neck of the animal. Prior to the start of the infusion the tubing leading from the LH-
pump to the right jugular was flushed with the LH infusion solution and the dead
volume of the tubing filled. The biological activities of the hormones used for the stock
solutions are shown in Table 2.2.

At the end of each experiment, the animals were killed with an overdose of
sodium pentobarbitone (Euthatal; May & Baker Ltd., Dagenham, Essex) and the
ovaries were immediately removed.

2.6. Follicle Dissection

All follicles >1 mm diameter were dissected. Follicle diameter was measured to

the nearest 0.1 mm using a stereomicroscope fitted with an occular graticule. The mean

of the two perpendicular diameters was recorded. After dissection, each follicle was

incubated for 2 h in 1 ml of medium 199 as described by McNeilly & Fraser (1987) to
determine the basal in vitro steroid production. Over this time period, the in vitro
follicular steroid production has been shown to reflect both in vivosteroid production
(Webb & Gauld, 1985a) and follicular fluid steroid production (Webb & Gauld,
1987). After 2 h the incubation medium was replaced with medium 199 containing
oLH (NIAMDD-oLH-23) at a concentration of 1 |ig/ml, to determine the effect of LH
on steroidogenesis, the incubation was continued for a further 2 h. After each
incubation, the medium was removed and stored at -20°C in 2 ml plastic sample tubes
until it was assayed for testosterone and oestradiol-176.

Protein Hormone Assays

2.7. Radioimmunoassay For Ovine FSH

Plasma FSH concentrations were measured in peripheral blood samples by the
specific double antibody radioimmunoassay described by McNeilly et al., (1976). The
reference standard used was NIH-S14 (NIAMDD, Bethesda, MD, USA). The anti-
human FSH antibody M94 was used in the assays at an initial dilution of 1:2000,
however, due to the deterioration of the binding capacity of the antibody over the
course of the experiments the working dilution was later adjusted to 1:1500. The lower
limit of detection of the assay was 4 ng/ml. The intra assay coefficient of variation
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(c.o.v.) for the duplicates of 3 quality control plasma pools run in 31 assays was 7.1
%. The mean inter assay c.o.v. was 27.9 %. Assay details and protocols are shown
in Tables 2.3 and 2.4 respectively.

Using M94 antisera, a comparison was made between the reference standard
NIH-S14, the NIH hormone preparation for iodination (1-1), NIH reference
preparation (NIH-RP1), and both of the NIH oFSH preparations used for infusion
NIAMDD oFSH-14 (oFSH 14) and NIADDK-oFSH-16 (oFSH 16) over the range of
concentrations normally used in the oFSH assay. The standard curves from this
comparison are shown in Fig. 2.1.

• NIH S-14 Standard Preparation

Log FSH Concentration
(ng NIH S-14/ml)

Fig.2.I.
Standard curves for oFSH NIH-S14, the pure oFSH iodination material (1-1), the
NIH reference preparation (NIH RP-1) and the FSH preparations NIAMDD oFSH-14
and NIADDK oFSH-16 used in the infusion studies detailed in Chapters 5 to 10. The
M94 antiserum was used in the assay. Each point is the mean of duplicate values.
%B/B0 is the amount of label bound per tube expressed as a percentage of the amount
of label bound in tubes containing no unlabelled hormone.
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Table 2.3.
Protein assay details

FSH (M94) FSH (NIAMDD-1) LH

Standard NIH-FSH-S14 NIH-FSH-S14 NIH-LH-S18

Source NIAMDD NIAMDD NIAMDD

Concentration 4-1000 ng/ml 0.5-125 ng/ml 0.2-50 ng/ml range

First antibodj Rabbit
anti-human FSH

M94

Rabbit
anti-ovine FSH
NIAMDD-1

Rabbit
anti-ovine LH

R29

Initial dilution 1:1500 1:12,000 1:120,000

Iodination
material

NIAMDD
oFSH-I-1

NIAMDD
oFSH-I-1

Reichert
oLH LER-1056-C2

Iodination
procedure Lactoperoxidase Lactoperoxidase Lactoperoxidase

Specific activity
(|iCi/mg)

78.7±6.3 78.7±6.3 110.2±23.6

Range 46-168 46-168 49-148

N 19 19 8

Limit of
detection 4 ng/ml 0.5 ng/ml 0.2 ng/ml

2.8. A New Radioimmunoassay For Ovine FSH

As indicated in 2.7. over the course of these studies the binding capacity of the
M94 antiserum decreased and the assay became increasingly unreliable. It was
therefore necessary to use a new FSH antiserum. For the experiments detailed in
Chapter 9, the assay system described in 2.7. was modified to use the anti-ovine FSH
antiserum provided by NIAMDD (Bethesda, MD, USA); the antiserum NIAMDD anti-
oFSH-1 was used at an initial dilution of 1:12,000. The NIH-S14 reference standard
was used. A comparison of the standard curves for NEH-S14 using M94 and the
NIAMDD-1 antisera is shown in Fig. 2.2. There was little difference between the
%bound /total between the two antisera. The NIAMDD-1 antisera was, however,
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found to be more sensitive over a lower standard range (0.5-125.0 ng/ml) than M94.
The intra- and inter- assay c.o.v. for the same quality control pools were 8.7 % and
27.7 % respectively for 11 assays. The assay details are shown in Tables 2.3 and 2.4.

.1 1 10 100 1000
Log FSH Concentration
(ng NIH FSH-S14 /ml)

Fig.2.2.
Comparison of the standard curves for oFSH NEH-S14 in radioimmunoassays based
on the M94 and NIAMDD-1 antisera. Each point is the mean of duplicate
determinations. %B/B0 is the amount of label bound per tube expressed as a
percentage of the amount of label bound in tubes containing no unlabelled hormone.

2.9. Comparison Of The Two Radioimmunoassays For Ovine FSH

To assess the relative efficiencies of M94 and NIAMDD-1 in the

radioimmunoassay for oFSH, blood samples collected during the experiment to
measure the half-life of infused FSH in the agonist treated ewe (experiment 2, chapter
7) were assayed in duplicate using both antisera. In addition, 73 samples were

selected at random from an intensive bleed from 8, day 8 luteal phase control animals,
described in Chapter 3; the control samples were assayed in duplicate using both
antisera. Using the Student's t test on paired samples to analyse the data there was no

significant difference (at p>0.05) between the FSH concentrations measured with
either antisera in day 8 luteal phase control animals or in the FSH-infused animals.
The results for group 1 animals (experiment 2, chapter 7) are shown in Fig. 2.3. The
values obtained using NIAMDD-1 were however consistently higher than those
obtained using M94. There was a high positive correlation between plasma FSH
concentrations measured with M94 antiserum compared with the level measured using
NIAMDD-1 antiserum in both the infusion experiment (r=0.93, n=186) and in the day
8 luteal phase control samples (r=0.75, n=73).
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Table 2.4
Protein assay protocols.

ASSAY VOLUME (|il)
FSH (M94) |FSH(NIADDK-i; LH

Sample

Buffer (BSA/PBS)

First Antibody

Tracer 125 I
(15,000 cpm)

Donkey Anti
-Rabbit (dilution)

Normal Rabbit
Serum (dilution)

Binding (%)

150

150 (1%)

50

incubated 2 days
at4°C

50

incubated 2 days
at 4°C

100(1:25)

100 (1:400)

150

150(0.1%)

50

incubated 1 day
at 4°C

50

incubated 1 day
at 4°C

100 (1:32)

100 (1:800)

100

200 (1%)

100

incubated 1 day at 4°C

100

incubated 2 days at 4°C

100(1:32)

100(1:200)

100 (1:32)*

100 (1:800)*

ncubated overnight at 4°C. Add 1 ml of 0.9% saline and centrifuge for
30 mins at 2500 rpm, decant supernatant and count precipitate.

18

Quality Control (ng/ml)

- very low
- low
- medium
- high
- very high

3.8 - 18
16.8 - 29.8

106.6 - 262.1

Assay Coefficients of Variation

Intra-assay c.o.v. (%)

Inter-assay c.o.v.

N

7.1

27.9

31

31

2.9 - 12.2
15.8 - 33.8

%)

8.7

27.7

11

26 25

0.3 - 1.8 0.4 - 2.1
1.25 - 2.5 0.8 - 2.4
4.6 - 11.8 3.2 - 8.4
9.7 - 16.8 6.2 - 15.9
16.2 - 57.7 11.7-40.6

5.4 8.6

22.8 26.4

18 17

* Over the duration of the experiments a new batch of normal rabbit serum (NRS) was used in the
LH assay. To reduce plasma /buffer interactions in the assay to a minimum it was necessary to use
the new NRS at a concentration of 1:800. The % binding, quality control and c.o.v. results for each
batch of NRS are shown.
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Time (hrs)

Fig.2.3.
Relationship between the concentration of FSH measured using M94 or
NIAMDD-1 antisera. The comparison was made on plasma samples
collected in Experiment 2, Chapter 7. Values are means ± s.e.m., n=3.

2.10. Radioimmunoassay For Ovine LH

Peripheral concentrations of LH were measured in duplicate by the
radioimmunoassay described by McNeilly et al., (1986). The reference standard used
was NEH-0LH-SI8 (NIAMDD, Bethesda, MD, USA.). The first antibody R29 was

used at an initial dilution of 1:120,000. The lower limit of detection of the assay was

0.2 ng/ml. The intra- and inter- assay cov for 5 quality control plasma pools and all
other assay details are shown in Tables 2.3 and 2.4.

The LH concentration of the FSH NEH-RP1, the pure FSH iodination material (I-
1; detailed in 2.7) and the FSH preparations used during the infusion studies in
chapters 5 to 9 (oFSH 14 and oFSH 16) over the normal range of concentrations of
the FSH standards were measured against NIH-0LH-SI8. The results, expressed as

the percentage of hormone bound/total, are shown in Fig. 2.4. As the LH
contamination of the infused FSH preparations is low (see Table 2.2) the data in Fig.
2.4. indicate that at an FSH concentration of 60-100 ng/ml there is a substantial cross-
reaction of the infused FSH in the R29 oLH assay. When the concentration of oFSH-
14 and 0FSH-I6 exceeded 60 ng/ml each doubling of the concentration of the infused
preparation of FSH resulted in an approximate doubling of the LH concentration
measured against the oLH standard preparation SI8.
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(ng NIH oLH-S18/mI)

Fig.2.4.
Measurement of the LH content of: pure FSH iodination material (1-1); the NIH oFSH
reference preparation (RP-1); and NIAMDD oFSH-14 and NIADDK oFSH-16 used in
the infusion studies detailed in Chapters 5 to 10. The FSH preparations were assayed
over the range of concentrations used for the FSH standards (shown in Fig. 2.1.) LH
measurements were made against the NIH-S18 LH standard preparation using the R29
antiserum. Each point is the mean of duplicate determinations. %B/B0 is the amount
of label bound per tube expressed as a percentage of the amount of label bound in
tubes containing no unlabelled hormone.

Steroid Hormone Assays

2.11. Non-Extraction Radioimmunoassay For Progesterone

The peripheral progesterone concentration in plasma was measured in duplicate
without prior extraction using the 125 I-labelled progesterone double antibody
radioimmunoassay described by Djahanhakhch et al., (1981). This assay has been
validated for sheep using extracted plasma (McNeilly, 1984) and subsequently
modified to allow the use of plasma as detailed by McNeilly and Fraser (1987). The
reference standard used was P0130 Preg-4-ene 3, 20-dione (Sigma Chemical Co.
Ltd.). The antibody R31/12 was used at an initial dilution of 1:9000. The lower limit
of detection was 7.8 pg/tube. The intra- and inter- assay c.o.v. for 3 plasma pools
were 6.0% and 20.1% in 6 assays. Assay details are shown in Tables 2.5 and 2.6.
Cross reactivities with other physiological steroids are as detailed by Wallace (1985).
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Table 2.5.
Steroid assay details

Testosterone Oestradiol-176 Progesterone

Standard T-1500 E8875 176-oestradiol P0130
Pregn-4-ene-3,20 dione

Source Sigma Chemical
Co. Ltd.

Sigma Chemical
Co. Ltd.

Sigma Chemical
Co. Ltd.

Concentration
range

2.5 - 640 (pg/0.1 mi; 2.5- 300 (pg/0.1ml) 7.8 - 1000 (pg/0.1ml)

First antibod; t Sheep
anti-testosterone

#505

Rabbit
anti-oestradiol
35 (2-2-83)

Rabbit
anti- progesterone

R31/12

Initial dilution 1:350,000 1:7500 1:9000

Iodination Testosterone-CMO- 176-Oestradiol-11a- Progesterone
material Histamine succinyl tyrosine methyl

ester
lla-glucuronide-
tyramine conjugate

Iodination
procedure Chloramine-T Chloramine-T Chloramine-T

Limit of
detection 5 pg/tube 5 pg/tube 7.8 pg/tube

2.12. Radioimmunoassay For OestradioI-176

The concentration of oestradiol-176 in follicle incubation medium was assessed in

duplicate by double antibody radioimmunoassay using 125I-labelled 176-oestradiol-
lla-succinyl tyrosine methyl ester conjugate, as described by Webb et al., (1985a).
The antiserum E35 (2-2-83), which was raised in rabbits against oestradiol 176-1 la-

tyrosine methyl ester, was used at an initial dilution of 1:7500. The reference standard
was E8875 176-oestradiol (Sigma Chemical Co. Ltd.). The lower limit of detection of
the assay was 2.5 pg/tube. The intra- and inter- assay c.o.v. for 3 quality control
pools of medium 199 spiked with E8875, were 9.4% and 17.6% respectively in 20
assays. Assay details are shown in Tables 2.5 and 2.6. Cross reactivities with other
physiological steroids are as detailed by Wallace (1985).
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Table 2.6.
Steroid assay protocols.

ASSAY VOLUME (pi)
Testosterone Oestradiol-176 Progesterone

Sample

Buffer

First antibody

Tracer ^5 j
(12-15,OOOc.p.m.)

Donkey anti-sheep
serum (dilution)

Normal sheep
serum (dilution)

Donkey anti-
rabbit serum (dilution)

Normal rabbit
serum (dilution)

50

50 (0.1% PGBSa)

100

100

50

50 (0.1% PGBS)

100

100

50

100 (0.1% PCB +Gb)
100

100

Incubated for 3h at room temperature

100(1:25)

100(1:1000)

100 (1:40)

100(1:800)

Incubated over night at 4°C. Add 1 ml
of 0.9% saline + 0.1% triton-X , spin
for 30 mins at 2500 rpm, decant, blot
and count precipitate.

Binding %
(range)

64

(32 - 83)

Quality Control (ng/ml)

- low
- medium
- high

4.0 - 12.0
34.0 - 53.0
98.0 - 159.0

Assay Coefficients of Variation (%

Intra-assay c.o.v. (%)

Inter -assay c.o.v. (%)

N

8.9

17.2

19

33
(26 - 44)

5.3 - 11.2
19.0 - 30.1
94.0 - 145.1

9.4

17.8

20

100 (1:30)

100(1:800)

Incubated overnight
at 4°C. Add 1 ml of
0.9% saline, spin for
30mins at 2500 rpm,
decant, blot, and
count precipitate.

33
(26 - 42)

1.6 - 2.9
3.6 - 6.3

6.8

20.1

5

a PGBS = Phosphate gelatin buffer
b PCB + G = Phosphocitrate buffer with gelatin.
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2.13. Radioimmunoassay For Testosterone

The testosterone concentration in follicle incubation medium was assayed in

duplicate by a double antibody radioimmunoassay using 12^I-testosterone 3-
carboxymethyl-oximino-histamine (testosterone-3-CMO-histamine), as described by
Webb et al., (1985a). The reference standard was T-1500 4-androsten-17B-ol-3one
(Sigma Chemical Co. Ltd.). The first antibody sheep anti-testosterone #505 (12-6-81),
antisera conjugated at the 3-CMO position, was used at an initial dilution of
1:350,000. The lower limit of detection for the assay was 2.5pg/tube. The intra- and
inter- assay c.o.v. for 3 quality control pools of medium, spiked with differing
concentrations of the testosterone standard were 8.9% and 17.2% respectively in 19
assays.

2.14. Data Reduction

Both protein and steroid assays were counted in a NE 1600 gamma counter

(Nuclear Enterprises, Edinburgh) linked to a digital data logger (Mutek Data Grabber).
When data collection was complete the information was read from the data grabber into
an Apple Macintosh computer and the raw counts were processed by the AssayZap
universal assay calculator program (Elsevier, Biosoft, UK). The program employs
log-logit transformation of the binding data for the standards and linear interpolation
between the standard points so that the curve is assumed to be made up of 42 straight
lines joining successive standard points. Transformation of the data into the log-logit
form affects the errors inherent in the original measurements. Also, and more

seriously, the non-specific binding (NSB) is often a very poor estimate of the response
at infinite dose and even the zero value (B0) may not be a perfect estimate at zero dose.
To cope with this AssayZap uses a weighted four parameter logistic which
automatically adjusts the NSB, the B0, the slope of the curve at is steepest point and
the point of inflection of the curve and also minimizes the effects of outlying bad
points, until the optimum fit is obtained. Calculation of the results is achieved by first
determining which of the 42 sections of the curve the measurement lies on, and then
interpolating linearly. In order to maintain assay consistency over a period of time and
to evaluate the quality of the current assay AssayZap keeps a record of the history of
previous assays allowing the current set of results to be compared with the mean ± 1-3
standard deviations of all the standard curves which have previously been generated
using this method. Also the system keeps a continuously updated estimate of the
between assay and within assay c.o.v. for each assay method. Thus assays could be
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judged as unsatisfactory if (i) the standard curve did not lie within the mean ± 3
standard deviations of the standard curves of previous assays; or (ii) the quality
controls did not lie within the normal range of values measured. In addition samples
with >10% variation between replicates were re-assayed.

2.15. Statistical Analysis

Details of the statistical analysis used for each experiment are presented in the
methods section of each chapter. The analysis programs used were run on the Apple
Macintosh computer. The CLR Anova (Clear Lake Research) program was used to

perform analysis of variance. Simpler tests such as Student's t test and linear
regression and correlation were conducted using the Statview 512+ (Brainpower Inc,
Calabasas, CA) and Statworks (Data Metrics Inc.) programs. The Munro pulse
analysis program (Elsevier-Biosoft, UK) was used to analyse the pulsatile secretion of
LH. This program is essentially an adaptation of the Pulsar algorithm (Merriam and
Watcher, 1982). To identify pulses using Munro 5 different threshold criteria are

applied. These are the G parameters where G1 is the minimum acceptable height of a
pulse which is one point wide relative to the LH baseline measured in standard
deviation units for the assay; G2 is the criteria for a pulse which is 2 points wide and
so on to G5.

To date a dichotomy exists on the method of presentation and analysis of follicle
data. Follicle in vitro steroid production data are for example most often presented as

mean ± s.e.m. values for the total number of follicles incubated in vitro for each type
of treatment (for example: Webb and England, 1982a; Tsonis et al., 1983; Henderson
et al., 1984; Webb and Gauld, 1985a). It is, however, statistically more preferable to

present follicle data as mean ± s.e.m. values per ewe per treatment, especially where
measurements of in vitro steroid production are made in conjunction with
measurements of peripheral gonadotrophin concentrations. In practice this is not

always feasible, particularly where follicles have been categorized on the basis of their
diameter or stage of atresia prior to analysis. To determine whether the method of
analysis will affect the interpretation of follicle data both types of analysis are

presented in chapters 3 and 4. The results show that the same trends in the data are

exhibited irrespective of the method of analysis. For chapters 5-9, therefore, follicle
diameters and in vitro steroid production values are expressed as mean ± s.e.m. per

follicle for each treatment group.
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CHAPTER 3

HORMONAL AND FOLLICULAR PARAMETERS OF
REPRODUCTIVE FUNCTION IN THE WELSH MOUNTAIN

EWE

Introduction

It has long been recognised that the initiation and maintenance of normal
follicular development in the ewe is dependent on the provision of adequate
gonadotrophic support. Current evidence suggests that follicles are continuously
developing and that most stages of growth are represented in the ovary at any one time
(Brand and de Jong, 1973). During the luteal phase of the ovine oestrous cycle, for
example, FSH secretion is considered to have a permissive role on follicle growth
(Baird, 1983) and is normally sufficient to ensure the development of large antral
follicles (4-6 mm diameter).The frequency of pulsatile LH release- the main determinant
of the reproductive status of the ewe is too low during the luteal phase, about 1 pulse
every 3 h (Baird et al., 1976b), to induce these large follicles to ovulate.

In the follicular phase of the ovine oestrous cycle, within 10 h of the onset of
luteolysis, changes in the pattern of the secretion of both FSH and LH can be detected
(Baird, 1978a; McNatty et al., 1981a; Wallace et al., 1988). The preovulatory
gonadotrophin surge is preceded by a 40-50 h interval when the secretion rate of LH is
significantly raised above that found during the mid-luteal phase (Baird and
Scaramuzzi, 1976a; Karsch et al., 1980a), to about 1 pulse/h (Baird, 1978a; Baird et

al., 1981). This increased LH secretion is accompanied by a 30% reduction in the
concentration of FSH (Baird et al., 1981). These follicular phase changes in
gonadotrophin secretion are associated with the promotion of 1 or 2 follicles to
ovulation. Indeed within 10 h of luteolysis, before the CL has ceased to function, a

presumptive preovulatory follicle (>5 mm diameter and secreting >1 ng oestradiol/min)
emerges from the pool of small oestrogenic follicles (1-3 mm diameter; McNatty et al.,
1982). In addition it has been demonstrated that follicular size is positively correlated
with follicular fluid steroid concentrations, but only during the preovulatory period of
the cycle (England et al., 1981a). Moreover it has been shown that the 1 or 2 largest
ovarian follicles produce significantly more oestradiol in vitro than the smaller follicles
taken from the same ewe (Moor, 1973). Furthermore the capacity of follicles to secrete

oestrogen in vitro increased when the follicles were collected from the animals during
the follicular phase of the cycle.

While there is a relative abundance of data on the hormonal profiles and
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follicular growth and function in a number of different breeds of sheep, to date there is
little quantitative information available on the endocrinology and follicular development
in the Welsh mountain ewe during the breeding season. The aim of the experiments
detailed in this chapter were therefore two fold: (1) to provide a detailed analysis of the
characteristics of LH and FSH secretion from the early- to late- luteal phase and during
the follicular phase of the oestrous cycle; and (2) to compare follicle growth and
turnover during the luteal phase of the cycle with the dynamics of antral follicle
development and function, including that of the presumptive preovulatory follicle,
during the follicular phase of the cycle.

Materials And Methods

Thirty four Welsh mountain ewes were used in 3 experiments. Experiments 1
and 2 were undertaken to provide detailed hormonal information on the luteal and
follicular phases of the oestrous cycle, respectively; experiment 3 compared the
follicular development and function in the follicle populations recovered at two different
time points during the luteal phase (day 8 and 14) and at oestrus and the onset of the
preovulatory LH surge (oestrus +16 h) during the follicular phase of the cycle.

Experiment 1

Two groups of animals were utilized in this experiment. Group 1 animals (n=8)
were studied between October and November 1985 and during the experiment the
animals were housed only during the 24 h windows of intensive blood sampling.
Group 2 animals (n=5) were studied between October and November 1987, and
throughout this period the ewes were housed in the barn of the Marshall Building. The
oestrous cycles of both groups of ewes were synchronized as detailed in section 2.2;
oestrous activity was detected by a raddled vasectomized ram and oestrus was

designated as day 0. Jugular blood samples were collected twice daily at approximately
10.00 h and 17.00 h throughout the cycle following synchronization until oestrus was
detected again 16-18 days later (group 1) or the animals were killed on day 14 (group
2) by an overdose of sodium pentobarbitone.

In addition to the daily collection of blood samples on days 4, 8 and 12 of the
synchronized cycle animals from group 1 were cannulated and placed in metabolism
crates. Two hours after cannulation, jugular blood samples (2.5 ml) were collected at
15 min intervals for a period of 24 h.

All the samples collected from groups 1 and 2 were assayed for LH and FSH;
progesterone was measured only in the twice daily samples.
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Experiment 2

The oestrous cycles of 15 Welsh ewes were synchronized by the removal of
progesterone impregnated intravaginal sponges. On day 10 to 12 of the second natural
cycle following sponge removal all animals received an i.m. injection of 100 |ig of
cloprostenol, a potent analogue of prostaglandin F2a (Estrumate: Coopers Animal
Health Ltd, Crewe, Cheshire). Oestrous activity was detected by a raddled,
vasectomized ram. Nine days after oestrus all the animals were cannulated and placed
in individual pens. On day 10 of this cycle 8 ewes were selected at random and
subjected to intensive blood sampling (2.5 ml) at 10 min intervals for 6 h. The
remaining 7 animals were sampled at hourly intervals. After 6 h luteal regression was

induced in all 15 animals by a second injection of cloprostenol and the 2 sampling
regimes were continued.

From 24 h after cloprostenol, all the ewes were tested every 2 h for their
response to a vasectomized ram. At each heat test the animals were removed from their
pens and placed in a separate enclosure with the ram, for 5 mins. As soon as oestrus

was detected the ewes were randomly allocated into 2 groups which were treated as

detailed below:

Group 3 (n=5): Immediately oestrus was detected the animals were killed and their
ovaries removed (see experiment 3).
Group 4 (n=5): At oestrus the ewes were replaced in their pens and blood samples
were collected at hourly intervals for 16 h to determine the timing and magnitude of the
preovulatory gonadotrophin surge. After 16 h the animals were killed and their ovaries
removed (see experiment 3).

In the remaining 5 ewes the blood sampling regime was stopped when oestrus
was detected. Two of the animals sampled at 10 min intervals were allocated to each of
groups 3 and 4. All the blood samples were assayed for LH, whereas FSH and
progesterone concentrations were measured only in hourly and 4 hourly samples,
respectively.

Experiment 3

The ovaries were removed from group 2 animals on day 14 of the luteal phase,
from group 3 animals at oestrus and from group 4 animals 16 h after oestrus. In
addition the oestrouscycles of a further 6 animals (group 5) were synchronized (oestrus
= day 0) these animals were killed on day 8 of the luteal phase of this cycle and the
ovaries were immediately removed. For groups 2-5 all follicles >1 mm diameter were
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dissected, the diameter of each follicle was measured and its basal in vitro steroid

production was determined by a 2 h incubation in media 199 at 37°C, as described in
section 2.6. The incubation media from each follicle was assayed for oestradiol-176
and testosterone.

Statistical Analysis

In experiment 1 the differences in hormone concentrations between groups 1
and 2 throughout the cycle were assessed by 2-way analysis of variance (ANOVA).
Within each sampling group the effect of stage of the cycle on hormone concentration
was determined by 1-way ANOVA (of split plot type of design which allows for sheep,
and sheep x time contributions to the random variability) followed by Duncans new

multiple range test. Similarly in experiment 2, 1-way ANOVA was carried out for
groups 3 and 4 on 2 hourly LH and FSH measurements and on 4 hourly progesterone
concentrations.

It was noted that individual animals in groups 1 and 2 exhibited fluctuations in
FSH levels throughout the oestrous cycle as has previously been recorded by Miller et
al., (1981); Bister and Paquay, (1983); Wallace (1985); Campbell (1988). The Munro
pulse analysis program (Elsevier; Biosoft) for the Apple Macintosh computer was used
to assess the characteristics of these fluctuations. The following parameters were used:
smoothing window = 6 days; maximum separation between peak and preceding nadir,
window = 2.5 days; minimum pulse interval = 3 days; minimum rise threshold = 0;
Baxter parameters, calculated for the FSH assay, b 1=0.9449, b2=0.0381, b3=0.009;
pulsar parameters, Gl=20, G2=10, G3=1.68, G4=1.24, G5=0.93. The smoothing
window, minimum pulse interval and G1 and G2 values were chosen so that the
program would ignore short term fluctuations in FSH levels. Only fluctuations during
the luteal phase were submitted for analysis as the second FSH peak was considered to
be of a different nature. Differences between group 1 and 2 in the number and
amplitude of the fluctuations, and the mean nadir level of FSH were compared using
the unpaired Student's't' test, (the data on the number of fluctuations having been
subjected to V(x +1/2) transformation prior to analysis).

In experiment 1, group 1, on days 4, 8 and 12 of the luteal phase the FSH
concentrations measured in eight, 15 minute samples were pooled to give the mean 2
hourly FSH level. Within day changes in FSH secretion were then assessed by 1-way
ANOVA in a split plot design, and between day differences were determined by 2-way
ANOVA followed by Duncans new multiple range test. To analyse the characteristics
of pulsatile LH release in the 15 min samples collected from group 1 animals (n=8) on
these 3 days and the 10 min samples collected from the 8 animals during the follicular
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phase (experiment 2), the Munro pulse analysis program was used with the following
parameters: smoothing window=60 min; maximum separation between peak and
preceding nadir, window= 30 min; minimum pulse interval=30 min; minimum rise
threshold=0.5; Baxter parameters bl=0.0157, b2=0.1787, b3=0.0017, pulsar
parameters Gl=3.9799, G2=2.3999, G3=1.6799, G4=1.2399, G5=0.9300. The
luteal phase data were analysed in 24 h blocks whereas the follicular phase results were
assessed in 6 h blocks. Complete sets of data from at least 3 animals were required for
each 6 h time point for that data to be included in any further analysis. The pulse
characteristics on days 4, 8 and 12 of the luteal phase were compared using 2-way
ANOVA followed by Duncans new multiple range test. Statistical tests on the profile
of LH secretion during the follicular phase were conducted using 1-way ANOVA in a

split plot design followed by Duncans new multiple range test. Data on the mean

number of pulses, mean pulse amplitude and mean nadir level of LH were subjected to

V(x + 1/2) or logio(x+l) transformations, as appropriate, prior to analysis.
The differences in ovulation rate, the total number of follicles, the mean

diameter of these follicles, and the number of follicles in each size category on day 8,
day 14, at oestrus and 16 h after oestrus were compared by ANOVA followed by
Duncans new multiple range test. Regression analysis was used to determine the
relationship between: follicle diameter and basal in vitro steroid production; and the
percentage reduction in the FSH concentration during the follicular phase and the total
in vitro oestrogen production by the follicle populations. All steroid data was

transformed by logio x or logio(x+l) prior to analysis. The mean steroid production by
each of the different follicle categories and the total oestradiol production per animal for
groups 2, 3, 4 and 5 were compared using ANOVA followed by the Students't' test or
Duncans new multiple range test where appropriate.

All the Tables presented are of untransformed data.
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Results

Experiment 1

Hormone Concentrations Throughout The Luteal Phase

(a) FSH
There was no difference between the patterns of FSH, LH or progesterone

secretion measured throughout the luteal phase for groups 1 and 2. The mean overall
changes in the systemic FSH concentration for group 2 animals are shown in Fig. 3.1.
The profile demonstrates the second FSH peak on day 1-2 of the cycle. Neither the
second peak FSH concentration reached on day 1-2 (group 1, 28.5 ± 7.7; group 2,
46.3 ± 6.8 ng/ml), nor the mean luteal phase FSH concentration (group 1, 21.2 ± 0.4;
group 2, 24.4 ±1.4 ng/ml) were significantly different between the groups (the values
are mean ± sem). On examination of the FSH profile from each animal in both groups

1 and 2 it was clear that individuals exhibited rhythmical fluctuations in their peripheral
FSH concentration. Two typical examples from each group are shown in Fig. 3.2.
After the second FSH surge plasma levels declined and then increased to a broader
second peak on day 5-7 with subsequent, but less well defined fluctuations, occurring
at intervals of 3-4 days on days 9-11 and 13-14 (Table 3.1). There was, however,
considerable variation between animals in both the timing and amplitude of these peaks
of FSH secretion.

Table 3.1.
Characteristics of luteal phase FSH secretion.
(Values are means ± s.e.m.).

Number of
Fluctuations

Interval
(days)

Amplitude
(ng/ml)

Nadir
(ng/ml)

Group 1
(n=8)

Group 2
(n=5)

3.2±0.2*

2.410.4*

3.8±0.5

3.6±0.6

16.9±1.9

15.9±1.3

14.611.7

15.410.9

Significance p<0.05 NS NS NS
* Group 1 measurements were made over a 16 day period; group 2 values were determined over 14
days.

On comparison of the mean 2 hourly FSH concentration (mean of 8 samples)
measured during the 24 h sampling period on days 4, 8 and 12 of the luteal phase in
group 1 animals (Fig. 3.3) it was evident that not only was the overall mean day 8 FSH
concentration (25.9 ± 5.4 ng/ml) significantly higher (p<0.01) than that from either day
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4 (18.3 ± 6.3 ng/ml) or day 12 (19.2 ± 7.6 ng/ml) but also the concentration at 12 of
the 13, 2 hourly time points was significantly higher on day 8 of the luteal phase
(p<0.05) than on either day 4 or day 12. On examination of the profiles when all the
15 minute samples were included there was no evidence of pulsatile FSH secretion on

any of the days studied.

o 25
c

> 20

0-
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

Fig. 3.3.
Changes in the concentration of FSH in blood samples collected at 2 h intervals on day
4, 8 and 12 of the luteal phase. Values are means ± s.e.m., n=8. * refers to significant
differences (p<0.05) between the FSH concentrations at the different stages of the
luteal phase.

(b) LH
The mean overall change in systemic LH concentration throughout the luteal

phase of the cycle is shown in Fig. 3.1. There was a gradual decline in peripheral LH
concentration, following the preovulatory surge, to basal values on day 5-6 of the
cycle.

The pulsatile patterns of LH secretion on days 4, 8 and 12 of the luteal phase
are illustrated in Fig. 3.4 which shows representative profiles from 2 individual, group
1 animals. Detailed analysis of the LH pulse parameters for group 1 ewes on these
days are summarised in Table 3.2. Although LH pulses tended to be more frequent and
consequentially of smaller amplitude during early luteal phase (day 4) due to the
considerable variation which existed between animals these effects were not significant
(p>0.05). Indeed there was no significant (p>0.05) effect of stage of cycle on either
the number of pulses, interpulse interval, pulse amplitude or the mean nadir level of LH
measured. The overall mean values for each of these parameters can therefore be
considered to be representative of the pulsatile pattern of LH secretion throughout the
luteal phase. Thus for the Welsh ewe, there are on average 5.5 ± 0.4 pulses per 24 h
with an interpulse interval of 4.7 ± 0.3 h, and a pulse amplitude of 8.9 ± 1.6 ng/ml.
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Table 3.2.
Characteristics of luteal phase LH secretion.
(Values are mean ± s.e.m. for group 1 animals, n=8)

Day 4 Day 8 Day 12 Significance
(p<0.05)

No of Pulses
in 24 h

6.7±1.0 4.410.5 5.410.5 NS

LH Pulse
Interval (h)

3.9±1.5 5.610.6 4.510.4 NS

LH Pulse
Amplitude(ng/ml)

5.911.4 12.113.9 8.812.1 NS

Mean Nadir
(ng/ml)

2.010.2 1.310.1 1.510.2 NS

(c) Progesterone
The mean overall changes in progesterone concentrations measured throughout

the luteal phase for groups 1 and 2 are shown in Fig. 3.1. Both groups exhibited a

similar pattern of progesterone secretion with peripheral concentrations increasing after
day 3 to reach a plateau between days 6 and 13. The mean plateau concentration of
progesterone was 3.6 ± 0.2 ng/ml.

Experiment 2

Oestrus Detection

The mean time from prostaglandin induced luteolysis until oestrus was detected
(minus 1 h as the heat testing occurred at 2 hourly intervals) was 38.8 1 2.3 h (n=10).
The onset of the preovulatory LH surge was defined as the time when the first of two
consecutive LH concentrations exceeded 5 ng/ml, since it has been reported that once
the basal LH level rises above 5 ng/ml, the follicle is unable to respond to any further
increase in LH concentration (Baird, 1978a; Baird et al., 1981). For the Welsh ewe the
mean time from oestrus until the onset of the preovulatory LH surge was 9.8 ± 3.8 h
(n=5).
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Hormone Concentrations Throughout The Follicular Phase

(a) FSH
The mean overall FSH profile for groups 3 and 4 centred around PG induced

luteolysis, and for group 4 centred around the onset of the LH surge are shown in Fig.
3.5a and b respectively. By 8 hours after cloprostenol, in the early follicular phase, the
FSH concentration (37.2 ± 0.7 ng/ml) had fallen significantly (p<0.01) below the day
10 luteal phase FSH concentration (39.4 ± 0.4 ng/ml) recorded in the 6 h period prior
to the prostaglandin injection. This depression continued until a relatively constant
level of 23.5 ± 0.3 ng/ml, was reached 12 h after cloprostenol and was maintained in
the 24 h prior to the preovulatory FSH surge. This concentration was on average 39.6
± 0.6% lower than the luteal phase level measured in the 6 h prior to PG. The
percentage reduction in the peripheral FSH concentration at this time varied greatly
between animals (range 0-72%) and was not correlated (p>0.05) to the total in vitro
oestradiol concentration measured in the follicle population recovered from these
animals (see later). Due to the spread in time of the onset of behavioural oestrus, the
sampling period encompassed the complete FSH surge in only 2/5 of the animals in
group 4. The surge characteristics from these animals indicate that the mean amplitude
was 78.2 ± 10.8 ng/ml, which exceeds the magnitude of the secondary FSH surge

recorded in the luteal phase animals from groups 1 and 2 (Fig. 3.1). A typical FSH
profile for 1 animal from group 4 is shown in Fig. 3.6.

(b) LH
The mean overall LH profiles for groups 3 and 4 centred around the

cloprostenol injection and for group 4 aligned to the onset of the LH surge are shown in
Fig. 3.5 a and b respectively. After luteolysis there is a gradual increase in the basal
LH concentration, relative to the day 10 luteal phase LH level, followed by a 90-100
fold increase in the LH concentration during the preovulatory surge. Due to the spread
of the onset of behavioural oestrus in the 5 ewes allocated to treatment group 4, the
complete LH surge was recorded in only 2 animals. The data from these animals
indicates that the preovulatory LH surge for the Welsh ewe is of mean amplitude 108.5
± 15.3 ng/ml. The changes in the pulsatile pattern of LH secretion throughout the
follicular phase is more clearly demonstrated in Fig. 3.6 which shows the LH profile
from 1 of the animals (group 4) sampled at 10 min. intervals until oestrus was detected
in this individual 48 h after PG.

The detailed analysis of the pulsatile pattern of LH secretion for the 6 h blocks
during the follicular phase until the onset of behavioural oestrus is shown in Fig. 3.7.
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Fig. 3.7.
Changes in (a) the number of LH pulses/6h, (b) LH pulse amplitude,
and (c) the nadir concentration of LH after the injection of
prostaglandin (PG=time 0) on day 10-12 of the cycle. Values are
means ± s.e.m. The numbers in the circles refer to the number of
animals for which data was analysed in each 6 h block. Letters a, b,
and c refer to differences which are significant at p<0.01; letters d
and e are significantly different at p<0.05.
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In the transition from the luteal to the follicular phase, there was a significant (p<0.01)
and rapid increase in LH pulse frequency with a corresponding decrease in the
interpulse interval from 1 pulse every 3.7 ± 0.7 h to 1 pulse every 1.6 + 0.1 h within
6 h of the cloprostenol, thereafter a plateau of approximately 1 pulse / h was reached
and maintained until oestrus. Despite the rapid increase in pulse frequency the
amplitude of these LH pulses was not significantly lower (p<0.01) than luteal phase
values (1.8 ± 0.3 ng/ml) until 36 h after cloprostenol (0.6 ±0.1 ng/ml). In addition the
mean pulse amplitude 6 h after prostaglandin induced luteolysis was significantly
higher (p<0.01; 2.3 ± 0.3 ng/ml) than that between 6 and 24 h after cloprostenol (1.7 ±
0.2 ng/ml). The nadir LH concentration remained relatively constant throughout the
follicular phase until 18 h after cloprostenol when there was a significant increase
(p<0.01; 2.4 ± 0.24 ng/ml) over the luteal phase level (1.2 ±0.1 ng/ml).

(c) Progesterone
The mean overall changes in progesterone secretion in groups 3 and 4, centred

around PG induced luteolysis are shown in Fig. 3.5 c. There was a rapid decline in the
production of this steroid at the time of luteolysis so that 1 h after cloprostenol,
progesterone levels had fallen significantly (p<0.01) below the high luteal phase
concentrations. Seventeen hours after PG progesterone levels were low (0.9 ng/ml ±
0.1) and remained relatively constant.

Experiment 3

Ovulation Rate

Ovulation rates, assessed by the number of CL present on day 8 (group 5) or
day 14 (group 2) of the luteal phase and at oestrus (group 3) and oestrus + 16 h (group
4) are shown in Table 3.3. There was no significant difference (p<0.01) between the 4
groups in this parameter.

Ovarian Follicular Development And Function

The size distribution of follicles dissected from ovaries on day 8 and 14 of the
luteal phase and at oestrus and oestrus +16 h are shown in Fig. 3.8. Although there
was a greater total number of follicles recovered from ewes during the follicular phase
than from animals during the luteal phase, these increases were not significant
(p>0.05), see Table 3.3. Similarly there were no significant differences in either the
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total number of small follicles/ewe <2.5 mm or large follicles >2.5 mm diameter
(p>0.05). During the breeding season therefore an average of 31.8 ± 5.4 follicles of
>1 mm diameter were dissected from Welsh ewes, 24.3 ± 4.9 follicles were < 2.5 mm

diameter and 7.5 ±1.3 follicles were >2.5 mm diameter.

Table 3.3.
Ovulation rate and the number, diameter and in vitro steroid production of ovarian
follicles dissected from ewes throughout the oestrous cycle. (Values are means ±
s.e.m. per ewe; different letters signify significant differences as indicated;
comparisons are confined to columns).

Day 8
(n=6)

Day 14
(n=5)

Oestrus
(n=5)

Oestrus + 16 h
(n=5)

Significance

Ovulation rate

Total Number
(range)

1.5±0.1

21.7±1.8
(16-29)

1.810.2

28.814.3
(20-45)

1.410.2

46.6114.3
(17-88)

1.210.4

31.216.0
(21-54)

NS (p>0.05)

NS (p>0.05)

Follicles < 2.5 mm

Number
(range)

Diameter (mnf

Oestradiol
(pg/follicle/h)

Testosterone
(pg/follicle/h)

16.311.9
(11-24)

1.7±0.2a

26.214.6a

233.0162.63

18.413.2
(13-30)

2.0±0.lb

154.8140.7b

501.51113.3a

37.6113.8
(9-84)

1.910.06b

46.617.13

409.8164.93

25.816.3
(12-49)

2.0±0.06b

98.2131.3ba

1753.5±416.0b

NS (p>0.05)

p<0.01

p<0.01

p<0.01

Follicles > 2.5 mm

Number
(range)

Diameter (mm;

Oestradiol
(pg/follicle/h)

Testosterone
(pg/follicle/h)

5.411.4
(3-11)

4.510.3

365.4138.0

471.4150.0

10.411.7
(7-15)

3.810.2

230.9145.2

10491315.6

9.012.8
(4-20)

4.110.3

1697.41860.1

1891.21351.7

5.411.2
(4-10)

4.810.2

702.41212.4

2379.01582.8

NS

NS

NS

NS
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Table 3.4.
In Vitro steroid production by small and large follicles collected at different stages
of the oestrous cycle. (Values are means ± s.e.m. for the number of follicles shown.
Different letters signify significant differences; comparisons are confined to columns).

Day 8 Day 14 Oestrus Oestrus
+ 16 h

Significance

Follicles <2.5 r

Number

Diameter (mm)

Oestradiol
(pg/follicle/h)

Testosterone
(pg/follicle/h)

nm

95

1.710.04 a

25.3±2.ia

208.3138.0a

70

2.010.06 b

152.2122.5b

573.2188.6b

156

1.910.03 b

45.113.ia

386.5126. lb

95

2.010.03 b

96.8131.5ba

1796.21174.4°

p<0.01

p<0.05

p<0.01

Follicles >2.5 r

Number

Diameter (mm)

Oestradiol
(pg/follicle/h)

Testosterone
(pg/follicle/h)

nm

27

4.310.3

342.9194.3

482.9171.6

47

3.710.2

226.2138.7

1179.91243.2

35

4.210.3

959.21301.5

2167.91715.9

27

4.710.4

617.51208.6

2397.81355.8

NS(p>0.05)

NS (p>0.05)

NS (p>0.05)

(a) The Effect Of Stage Of The Cycle On In Vitro Steroid Production By Follicles
The basal oestradiol and testosterone production measured during the 2 h

incubation in vitro varied widely between individual follicles of the same size, both
within and between ewes. The relationship between in vitro oestradiol production and
follicle diameter at the 4 time points studied is shown in Fig. 3.9. There was a

significant, positive correlation between basal steroid production and follicle diameter at
each time point (oestradiol, overall r=0.46, p<0.0001; testosterone, overall r=0.44,
p<0.0001, n=529). If, however, the follicles were divided into the two size categories
<2.5 mm diameter and >2.5 mm diameter there was no correlation between basal

oestradiol production and follicles of <2.5 mm diameter, conversely there was a

positive correlation between testosterone production and diameter in these follicles
(overall r=0.39, p<0.05; n=393). In contrast, there was a significant positive
correlation (p<0.05 in the luteal phase; p<0.001 in the follicular phase) between
follicles >2.5 mm diameter and their in vitro oestradiol production (day 8, r=0.48,
n=27; day 14, r=0.34, n=47; oestrus, r=0.79, n=35; oestrus + 16 h, r=0.70, n=27;
where n is the total number of follicles) despite the fact that oestradiol secretion varied
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widely in these follicles. The in vitro testosterone production was positively correlated
with follicle diameter only on day 14 (r=0.31, p<0.05) and at oestrus (r=0.69,
p<0.0001).

The overall mean in vitro follicular steroid production per ewe and per follicle in
both these size classes are detailed in Tables 3.3 and 3.4 respectively. The steroid
producing capacity of follicles on day 8 of the luteal phase was significantly lower than
at the 3 other stages of the oestrous cycle studied, irrespective of the method of data
analysis. In addition the large follicles, >2.5 mm diameter, secreted significantly more
(p<0.05) oestradiol in vitro than the small follicles, <2.5 mm diameter, at all the time
points studied.

(b) Potential "Ovulatory" Follicles
Follicles >2.5 mm diameter were classified as being potential ovulatory follicles

when their basal in vitro oestradiol secretion exceeded 1000 pg/h (England and Webb,
1979; Webb and England, 1982b). Using this classification it was possible to compare

the number of ovulatory follicles present in the ovaries, the mean diameter and
oestrogen output from these follicles at the different time points studied (Table 3.5).

Generally the oestrogenic follicles were the largest follicles present in the ovary,
but this was not always the case. The small number of these follicles (range 0-3 per

ewe) has precluded any meaningful statistical analysis, however, at oestrus animals had
an average of 1.6 ± 0.4 ovulatory follicles (range 1-3 per pair of ovaries), a figure
which corresponds to the mean ovulation rate for theWelsh ewe (1.5 ± 0.1, n=21).

One animal from each of group 2 and group 4 possessed small (< 2.5 mm)
follicles with in vitro oestrogen production of >1000 pg/h.

Table 3.5.
Characteristics of the potential ovulatory follicles.
(Values are means ± s.e.m. for the number of follicles shown).

Day 8 Day 14 Oestrus Oestrus
+ 16 h

Number of Ewes with
Ovulatory Follicles

Total Number of
Follicles

Mean Diameter (mm)

Oestradiol Production
(pg/follicle/h)

Testosterone Productioi
(pg/follicle/h)

2/6

3

5.2±0.3

1405.7±292.0

ill70.3±340.3

2/5

2

4.1±1.25

1172.4±170.0

380.2±160.6

5/5

8

6.5±0.5

3896.7±563.6

4979.4±1109.7

3/5

4

7.4±0.5

2835.5±699.1

3131.0±1279.9
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(c) Total Ovarian Steroid Production
The total basal in vitro oestradiol production per pair of ovaries per ewe was

calculated as an estimation of the amount of oestradiol normally leaving the ovary to
feedback on the hypothalamic-pituitary axis. The total oestrogen production at the 4
time points studied is shown in Fig. 3.10. At oestrus the total in vitro oestradiol
production was significandy higher (p<0.01) than that on day 8 of the luteal phase.

There was no correlation (p>0.4) between the total in vitro oestradiol
production, the total number of follicles, or the number of ovulatory follicles present at
oestrus or at the onset of the LH surge, and the percentage reduction in the peripheral
FSH concentration measured in the transition from the luteal to the follicular phase of
the cycle. A relationship did however appear to exist between the total in vitro
oestradiol production by the preovulatory follicles and the pattern of LH secretion
throughout the follicular phase. Those animals in which the potential ovulatory follicles
secreted < 3000 pg/h of oestradiol showed fluctuations in the nadir LH concentration
throughout the follicular phase with an increase in the LH baseline occurring
consistently 18 to 24 h after PG. This increase in the basal concentration of LH is
shown both in the detailed individual profile in Fig. 3.6 and in the mean hourly LH data
Fig. 3.5a. In contrast the LH profiles obtained from the animals where the production
of oestradiol by the ovulatory follicles exceeded 3000 pg/h showed no such fluctuations
in the nadir LH concentration.

Day 8 Day 14 Oestrus Oestrus+16h
, 1A Day of CycleFig. 3.10.

Total in vitro oestradiol production (ng/h) by follicles dissected from ewes on day 8
and day 14 of the luteal phase, at oestrus and 16 h after oestrus. The numbers in circles
represent the number of animals studied at each time point. Values are means ±
s.e.m.; Different letters signify a significant difference at p<0.01.
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Discussion

FSH Secretion Throughout The Oestrous Cycle

The general pattern of FSH secretion seen in groups 1-4 throughout the
oestrous cycle for the Welsh ewe is similar to that reported for the Welsh ewe by
Wallace (1985) and for other breeds of sheep (L'Hermite et al., 1972; Salamonsen et

al., 1973; Pant et al., 1977; Baird et al., 1981; Cahill et al., 1981; McNeilly, 1984;
Wallace and McNeilly, 1986; Wallace et al., 1988). There was a general depression in
the FSH concentration after luteolysis followed by 2 peaks of secretion- the first
coincident with the preovulatory LH discharge and the second occurring some 20 to 30
h later. A 45 % reduction in the peripheral FSH concentration in the transition from the
luteal to the follicular phase of the cycle has previously been reported for the Welsh ewe

by Baird et al., (1984). The 40% suppression of FSH concentration during the
follicular phase was probably due to the increased secretion of oestradiol by all follicles
but in particular by the presumptive ovulatory follicle as was indicated by the in vitro
oestradiol production in the present study. This has been demonstrated in vivo by Baird
et al., (1981). The decline in the systemic FSH concentration may also be due to the
increased secretion of inhibin as the concentration of both inhibin and oestradiol

increase in parallel with the development of the preovulatory follicle (Tsonis et al.,
1983). The absence of changes in inhibin secretion throughout the follicular phase
before the preovulatory LH surge, however, supports the suggestion that oestradiol not
inhibin is the principle inhibitor of FSH secretion during the follicular phase in the ewe
(Tsonis et al., 1987). The second FSH peak probably occurs as a result of the removal
of the negative feedback influences of the ovarian steroids and inhibin (Baird et al.,
1980; Hasegawa et al., 1981; Medhamurthy et al., 1987) since as the CL from the
previous cycle regresses, progesterone levels fall and oestradiol to feedsback positively
on the hypothalamic-pituitary axis during the preovulatory period (see 1.2.7).

After the second FSH peak FSH concentrations declined until a broader peak
was reached on days 5-6 thereafter subsequent regular fluctuations occurring at
intervals of 3-4 days throughout the luteal phase of the cycle. It is the variation between
animals in the timing of these fluctuations which is responsible for the relatively
constant mean FSH levels recorded in the late luteal phase. The changes in FSH
secretion appear to correlate inversely with the previous reports of variations in
oestradiol concentration during the luteal phase (Cox et al., 1971; Mattner and Braden,
1972; Baird and Scaramuzzi, 1976a) which presumably reflect the sequential
development and regression of activated follicles (Miller et al., 1981; Bister and
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Paquay, 1983). The synchronization of FSH peaks around days 5-6 is probably
indicative of the effects of the preovulatory LH surge in promoting atresia in all large
non-ovulatory follicles so synchronizing folliculogenesis at this point in the cycle. The
second FSH surge then stimulates the growth of the 1 or 2 large follicles which are

present in the ovary on days 2 or 3 of the consecutive cycle (Smeaton and Robertson,
1972; Brand and de Jong, 1973) and which are thought to be responsible for the peaks
in oestradiol and androstenedione secretion (Baird et al., 1976b) on days 3-4 of the
cycle. These follicles cannot ovulate, however, because of the lack of LH stimulation
resulting from the inhibition of the positive feedback of oestrogen by the rising profile
of progesterone. As a result they become atretic and the reduced output of oestradiol
and inhibin feedback on the hypothalamic-pituitary axis leading to an increase in FSH
secretion on days 5-6. Thereafter follicle growth is less synchronous and as a result the
fluctuations in FSH levels are more variable between animals. The difference in the

mean FSH concentrations on days 4, 8 and 12 of the luteal phase most probably reflect
these fluctuations in FSH secretion.

LH Secretion Throughout The Oestrous Cycle

It is now generally accepted that during the luteal phase the low frequency of
LH pulses is maintained by the interaction of luteal progesterone and follicular
oestradiol (see Chapter 1). Indeed it appears that oestradiol is required in the first 4
days of the luteal phase (Wallace and McNeilly, 1985; Wallace et al., 1985) to sensitize
the GnRH pulse generator to progesterone, and to cause the decrease in LH pulse
frequency associated with the increase in progesterone secretion from the developing
CL. In the present study the LH pulse frequency was higher on day 4 of the luteal
phase, at a time when the progesterone profile was increasing, than on day 8 or 12
when luteal progesterone production was maximal. This difference was not however
significant. In contrast the mean amplitude of the LH pulses did not change in the early
to late luteal phase despite the increasing progesterone levels. This suggests that by day
4 luteal progesterone secretion together with the oestradiol secreted by large follicles
stimulated by the second FSH surge, are sufficient to suppress LH pulse frequency and
amplitude respectively. Wallace and McNeilly (1986) also reported no change in LH
pulse amplitude in Damline ewes between days 1, 6 and 10 of the luteal phase.
Surprisingly, as can be seen from the individual pulse profiles shown in Fig. 3.4, LH
pulse amplitude varied greatly within animals on each of the days studied during the
luteal phase, and it was not uncommon for an individual to exhibit pulses whose
amplitude varied by as much as 30-40 ng/ml during the 24 h sampling period. There is
no obvious explanation for this phenomenon, which is apparently peculiar to the Welsh
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ewe, as comparable results have not been reported for other breeds of sheep.
The results from experiment 2 indicate that, for the Welsh ewe, LH pulse

frequency was significantly higher in the follicular phase than in the luteal phase.
These data extend the observations of Foster et al., (1975); Baird et al., (1976b); Baird
(1978a); Martensz and Scaramuzzi (1979); and Baird et al., (1981) and confirm the
recent observations ofWallace et al., (1988). The LH pulse frequency increased rapidly
within 6 h of luteolysis probably as a result of the declining progesterone levels in the
face of the increased follicular oestrogen synthesis. Although it is apparent that the
effect of the acute withdrawal of progesterone alone is sufficient to account for the
elevated pulse frequency in the first 6 h (Karsch et al., 1983), increased oestradiol
secretion does not occur until 6-12 h after cloprostenol injection (Baird et al., 1981).
The initial increase in pulse frequency observed in this study may be due in part to the
self priming effect of GnRH reported in Chapter 1. However, no increased pulse
amplitude was observed at this time (Fig. 3.7). In direct contrast to a number of
reports (Baird et al., 1981; Karsch et al., 1983) the results from this study clearly
indicate that while LH pulse frequency increase, pulse amplitude decreases in the
transition from the luteal to the follicular phase of the cycle. This effect was evident
within 6 h of luteolysis. These observations are consistent with the findings of Baird
(1978a) and Martensz and Scaramuzzi (1979), however, the more recent report of
Wallace et al., (1988) shows no change in this parameter. The LH stimulated increased
in the intra-follicular oestrogen synthesis at this time would be expected to maintain or

decrease LH pulse amplitude.
Interestingly a transient increase in the nadir concentration of LH was

demonstrated 18-24 h after PG. This pattern of LH secretion was however observed
only in those animals where the in vitro oestradiol secretion by the ovulatory follicles
was < 3000 pg/h. If the oestrogen secretion by the active follicles exceeded 3000 pg/h
then the LH baseline showed no fluctuations throughout the follicular phase. It is
possible that this increase in LH secretion marks the timing of the selection of the
ovulatory follicle and the transition from the negative feedback effects of oestradiol on
the hypothalamic-pituitary axis to the positive feedback effects of this steroid which
ultimately induce the preovulatory surge of LH.

The physiological importance of these changes in pulsatile LH secretion remain
uncertain, indeed it appears that the pulsatile stimulation of the ovary by LH is not a
prerequisite for follicular development since this can be achieved by single daily
injections of large amount of gonadotropin (Gemzell, 1965). Similarly in anoestrus

sheep ovulation can be induced by LH infusion or injection of human chorionic
gonadotropin (hCG) or PMSG ( Karsch et al.,1979; 1980; Goodman and Karsch,
1980a). During the oestrouscycle in the ewe, however, follicular phase increases in
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basal LH levels have been reported both here and by Foster et al., (1975); Baird and
Scaramuzzi (1976a) and Hauger et al., (1977). The concomitant increases in the
circulating LH, elevated follicular androgen and oestrogen, and increases in the
concentration of LH receptors in both the thecal and granulosa cells (see section 1.4.3)
all suggest that the follicular secretion of oestrogen may be dependent on the increased
basal concentrations of serum LH and upon the presence of an adequate pool of
aromatizable androgen. In view of these results and the literature reviewed in chapter 1
it seems reasonable to suggest that the high frequency of follicular phase LH pulses is
the most efficient way in which the sustained LH level necessary for the final stages of
maturation of the ovulatory follicle can be maintained. The findings from this
experiment together with supportive data from another study (Baird, 1978a) suggest
that in the normal oestrous cycle the increases in LH pulse frequency and the mean

levels of LH immediately preceding the preovulatory LH surge may be the critical
physiological stimulus required to mature the presumptive preovulatory follicle to the
level required for its successful transformation into a fully functional CL (Baird and
McNeilly, 1981; McNeilly et al., 1982), and also initiating the degeneration of the
unselected follicles.

Follicle Growth And Development

The results demonstrate that antral follicle development is relatively constant
throughout the oestrous cycle of the Welsh ewe although the number of follicles did
increase, albeit not significantly, at oestrus when the frequency of pulsatile LH release
was at its highest. The proportion of small (< 2.5 mm diameter) and large (> 2.5 mm

diameter) follicles also remained constant throughout the cycle. These data support the
findings ofMoor (1973) that large follicles are capable of producing more oestradiol in
vitro than small follicles despite the wide variations in in vitro oestradiol and
testosterone production by follicles of the same size both within and between animals at
the 4 time points studied. Irrespective of the stage of the cycle at which the follicles
were collected these data emphasise the large variations which exist in the micro-
environment of individual follicles of equivalent size- with no 2 follicles within the
ovaries of Welsh ewes producing the same steroidal milieu in vitro. In the small
follicles at all the time points studied there was no relationship between oestradiol
production and follicular size. The relationship between the diameter and testosterone

production by these small follicles was, however, to be expected since as follicles grow
they pass through an androgen dominated phase, between 2-3 mm diameter, when they
have a limited capacity to convert androgens to oestrogens (Moor et al., 1978; Carson
et al., 1981; England et al., 1981a, b). In large follicles the in vitro oestradiol synthesis
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increased with follicular diameter in agreement with previous studies on the oestrogen
content of antral fluid from large sheep follicles (Carson et al., 1981; England et al.,
1981a). The results demonstrate that although there was no change in the number of-
or proportion of- large to small follicles at the different time points studied during the
cycle, the amount of oestradiol produced in total and per individual follicle varied
throughout the cycle and was maximal at oestrus. These changes in the production of
oestradiol do not appear to be consistently related to alterations in the follicular secretion
of testosterone- the major precursor for oestrogen production in the sheep (Scaramuzzi
et al., 1980a; see Table 3.4). As LH pulses are thought to be essential for the
maintenance of follicular oestrogen production (McNeilly et al., 1982, 1984) the
enhanced ability of follicles to synthesize oestradiol in the face of similar levels of
testosterone in the late luteal phase and at oestrus suggests that there is increased
aromatase activity in the granulosa cells of the follicles recovered at oestrus.

Activated follicles >2.5 mm diameter defined as being potentially ovulatory,
using the criteria of England and Webb (1979) and Webb and England (1982b) ie
oestradiol production >1000 pg/follicle/h, were present throughout the luteal phase, at
oestrus, and at the time of the onset of the preovulatory LH surge (oestrus + 16 h). At
oestrus only, the activated follicles were present in a number which closely resembled
the ovulation rate for the Welsh ewe. A close correlation between the number ofmature

or activated follicles and ovulation rate has previously been reported in Welsh ewes

(Webb and Gauld 1985a, 1987) other breeds of sheep during the follicular and luteal
phases of the cycle and during seasonal anoestrus (England et al., 1981b; McNatty et

al., 1984c; Webb and Gauld, 1985a,b). The instances observed on day 8 and 14 of the
luteal phase where the agreement between the number of activated follicles and the
ovulation rate were less than perfect were probably a consequence of applying a rigid
time-based sampling regime on the dynamic process of follicular growth and/or too
strict a definition for a potential ovulatory follicle. Based on the mid-late luteal phase
FSH fluctuations reported in this study an activated follicle grows and regresses every
3-4 days. It was likely therefore that some animals sampled during the luteal phase
would not have an activated preovulatory-type follicle, indeed this was the case in 3/5
animals in group 2 and 4/6 ewes in group 5. The animals which did not have a

presumptive preovulatory follicle, however, all possessed at least 1 large follicle with
an in vitro oestradiol production in the range 500-1000 pg/h. This suggests either that
these follicles had not yet attained preovulatory status, or alternatively that these
follicles were in the early stages of atresia and were beginning to regress as the low
frequency, high amplitude luteal phase LH pulses were insufficient to sustain an

adequate supply of thecal androgen substrate for the synthesis of oestradiol (McNatty,
1982). As no histological examination was carried out on the follicles it was not
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possible to establish whether these follicles were still developing or whether they were
regressing. Evidence to support the results from this experiment is provided by
England et al., (1981b) who demonstrated that activated follicles were present during
the luteal phase of the cycle but not in numbers representative of the ovulation rate for
the breed of ewe studied. An important limitation of the present study is that no
assessment of follicular well-being was made in conjunction with the in vitro hormone
measurements. Nevertheless it is reasonable to assume that the follicles with high levels
of oestradiol (>1000 pg/follicle/h) were healthy in terms of their granulosa cell number
and oocyte status, and that such follicles would probably have a potential for further
maturation in vivo (McNatty et al, 1979b).

As has been reported in section 1.4.8, selection of the ovulatory follicle occurs

between luteolysis and oestrus and hence at oestrus all of the animals in the present

study possessed at least 1 presumptive ovulatory follicle. Indeed McNatty et al., (1982)
have shown that by 10 h after the onset of luteolysis, a large ovulatory follicle (>5 mm

diameter and secreting >1 ng oestradiol/min) emerges from the pool of small
oestrogenic follicles (1-3 mm diameter). In the face of the declining FSH profile,
induced largely by the increased oestradiol synthesis and secretion by the preovulatory
follicle, the unselected follicles become atretic. Although the non-ovulatory follicles
have a reduced capacity to produce oestradiol they can still secrete significant amounts
of testosterone (Table 3.4; Webb and England, 1982a,b; England et al., 1981b),
however both in this and the aforementioned studies the in vitro testosterone production
decreased after the peak of the preovulatory gonadotrophin surge. In addition accurately
timed studies in ewes indicate that oestradiol synthesis ceases before the peak of the
preovulatory LH surge (England et al., 1981b) so there is a rapid fall in the peripheral
oestradiol concentration approximately 2 h before the peak of the surge (Webb et al.,
1981). Indeed Baird et al., (1981) have shown that once the follicular phase basal LH
levels rise above 5 ng/ml the follicle is unable to respond by any further increase in
steroid production. In the present study the lack of agreement between the number of
presumptive ovulatory follicles present at the onset of the LH surge which occurred 9.8
± 3.8 h after oestrus and the ovulation rate for the Welsh ewe can therefore be attributed

both to the reduced oestrogen synthesis by the selected follicles at this time and to the
incipient atresia of the unselected follicles.

While it is unclear whether there is an important relationship between the
peripheral oestrogen concentration and ovulation rate (Land, 1976) the oestrogen

synthesized by the ovarian follicles undoubtedly affects LH secretion through the
feedback pathways described in section 1.3.4. Also a highly significant correlation
exists between the in vivo oestradiol production from the ovary and the in vitro
oestradiol production by follicles removed from the same ovary (Webb and Gauld,
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1985b). Thus in the present study the total in vitro oestradiol production, by all the
follicles from each ewe, was assumed to be a reasonable estimate of the amount of
oestradiol normally leaving the ovary to feedback on the hypothalamic-pituitary axis in
the mid- to late- luteal phase and in the follicular phase. During the mid- to late- luteal
phase when the peripheral progesterone levels are maximal, the in vitro follicular
oestradiol production was lower than during the follicular phase indicating that the low
frequency and amplitude of pulsatile LH release at this time is under the dual inhibitory
control of ovarian oestradiol and progesterone- but predominandy the latter (Scaramuzzi
and Baird, 1976 ; Hauger et al., 1977; Karsch et al., 1979, 1980b; Goodman and
Karsch, 1980a; Goodman et al., 1980b; Martin et al., 1983; Martin, 1984).
Withdrawal of progesterone at luteolysis, however, permits the increase in LH pulse
frequency and decrease in amplitude shown in this study and the resulting rise in
circulating LH drives the preovulatory rise in oestradiol (Baird, 1978a; Baird et al.,
1981) so that by oestrus in vitro oestradiol secretion is higher than during the luteal
phase and feedsback positively on the hypothalamic-pituitary axis to induce the LH
surge. Sixteen hours after the onset of the preovulatory LH surge when the basal
concentration of LH exceeds 5 ng/ml (Baird et al., 1981), the ovulatory follicle is
unable to respond to any further increase in LH concentration and follicular oestradiol
synthesis begins to decline rapidly. This, together with the incipient atresia in all
unselected follicles leads to the fall in in vitro oestrogen production shown. Evidence
to support these findings has been reported by McNatty et al., (1981b) who recorded a

significant increase in antral fluid oestradiol concentration immediately prior to oestrus
followed by a rapid decline to low levels later on the same day, when the LH was still
elevated in both the plasma and antral fluid. Together these data suggest that the
granulosa cells and the oocyte in the sheep follicle are exposed to peak levels of
oestradiol for less than 24 h.

In conclusion these experiments on the Welsh ewe confirm and extend the
findings of numerous studies on the gonadotrophic status of other breeds of sheep
during the breeding season, and in addition combine these findings with a

comprehensive survey of the dynamics of follicular growth and development
throughout the luteal and follicular phases of the cycle. The results show that
throughout the different stages of the oestrous cycle in the Welsh ewe there is no

alteration in the number or size distribution of follicles > 1 mm diameter, however the

large follicles do show an altered capacity to produce oestradiol. Establishment of the
characteristics of LH and FSH secretion and folliculogenesis in the Welsh ewe will also
provide a relatively complete reference atlas of the changes in these parameters which
will be utilised in the subsequent experimental chapters of this thesis.
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CHAPTER 4

EVALUATION OF THE EFFECTS OF CHRONIC GnRH

AGONIST TREATMENT ON REPRODUCTIVE FUNCTON

IN THE EWE

Introduction

It is now well documented that treatment with pharmacological doses of GnRH
agonists inhibits the reproductive function of a wide range of species (1.5.5). After a

transient stimulation of gonadotrophin release, the chronic administration of superactive
GnRH analogues ultimately leads to decreased gonadotrophin secretion which induces
a state of hypogonadotrophic hypogonadotrophism. Although there are striking species
specific differences in the response to the antigonadal and antipituitary effects of GnRH
agonists (Thau et al., 1985), to date there is no evidence of any direct antigonadal
action of this type of treatment in the ewe. Evidence from studies in rats, monkeys,
and sheep (Amundson and Wheaton, 1979; Nett et al., 1981; Clayton, 1982; Akhtaret
al., 1983; Fraser and Sandow, 1985; Lalloz et al., 1988; Sandow et al., 1988; Clayton,
1989) show that long term infusions of GnRH agonists are more effective than
repeated daily treatments in suppressing pituitary-gonadal function. The agonists act

by reducing the binding capacity of the pituitary gonadotrophin receptors and
decreasing the pituitary content of LH and FSH. Indeed a complete inhibition of the
pituitary-gonadal axis has been obtained in monkeys (Aktar et al., 1983; Fraser and
Sandow, 1985) and sheep (Lincoln et al., 1986; McNeilly and Fraser, 1987) when the
agonist is administered continuously from sc implanted osmotic minipumps and in
humans when the agonist is sc delivered from cannulae leading to external osmotic
minipumps (Schurmeyer et al., 1984; Lemay et al., 1988). The effectiveness of this
constant treatment has led to the development of long acting agonist implants and slow
releasing depot formulations suitable for the long-term suppression of gonadal activity
(Walker et al., 1984; Zorn et al., 1988; Fraser et al., 1987a,b; West and Baird, 1987).
The use of continuous treatment with the agonist from osmotic minipumps or the slow
releasing preparations avoids the intermittent increases in gonadotrophin secretion
associated with the repeated daily treatment regimes detailed in chapter 1 (1.5.5), so
increasing the biological efficacy of the agonist therapy in suppressing LH and FSH
levels.

The purpose of the present study is to document in detail the changes in
gonadotrophin secretion and ovarian follicular growth and development which occur in
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the ewe both during the treatment with- and during the recovery from- the chronic
administration of the superactive GnRH agonist analogue buserelin (HOE 766,
Hoechst A.G., Frankfurt, FRG). The effects of buserelin release from sc placed
osmotic minipumps and 2 slow-releasing implant preparations consisting of buserelin
in polyhydroxybutyric acid (PHB) or buserelin in a matrix of polyactide/glycolide
copolymers (PLG) were evaluated in the Welsh ewe. The release rate of the minipumps
and implants were assessed by measuring the concentration of immunoreactive
buserelin in urine and plasma. The efficiency of the 3 different delivery systems in
suppressing the reproductive axis of the ewe was determined by measuring
gonadotrophin secretion. In order to improve our understanding of the mechanism of
action of the agonist, the degree to which gonadotroph desensitization occurs during
the treatment period was studied by examining the changes in pituitary responsiveness
to a GnRH challenge. It was hoped that the development and evaluation of the
buserelin-induced hypogonadotropism model in the ewe would enable us to use this
paradigm in the subsequent experimental chapters of this thesis to investigate the effect
of different replacement regimes of LH and FSH in the control of follicle growth and
development in the ewe.

Materials And Methods

One hundred and twenty one Welsh Mountain ewes were used in 3 experiments.
All of the animals received continuous treatment with buserelin for a period of 5-6
weeks. Experiment 1 was undertaken to detail and compare the effect of continuous
buserelin administration on pituitary-ovarian function both in terms of gonadotrophin
secretion and follicle growth and development. The buserelin was administered from
sc placed osmotic minipumps, coated PHB disc implants or PLG rod implant
preparations. Experiment 2 monitored the buserelin release profiles in blood and urine
collected from animals during agonist treatment by the 3 methods of administration
detailed above. Experiment 3 investigated the duration of the suppression of the
pituitary-ovarian axis produced by buserelin released from PHB disc implants and also
monitored the recovery of pituitary responsiveness after the cessation of agonist
therapy from these implants. The pituitary responsiveness to an exogenous GnRH
challenge was measured in both experiments 1 and 3.
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Experiment 1

Three groups of animals were used in this experiment.
Group 1 (n=36): Animals were studied between October and December 1985.
Throughout this period the ewes were held at pasture and run with a raddled
vasectomized ram for oestrus detection. At the beginning of the study the reproductive
cycles of the animals were synchronized as detailed in 2.2. On day 5-8 of the
prostaglandin-synchronized cycle all 36 animals were sc implanted (as detailed in
section 2.4) with osmotic minipumps containing approximately 2.2 mis of buserelin at
a concentration of 2 mg/ml. A second minipump was implanted 21 days later. The
agonist was administered for a total of 42 days. During this treatment period jugular
blood samples were collected twice a week.

Twelve days after the onset of agonist treatment 6 ewes were selected at random,
cannulated and placed in metabolism crates. The next day (day 13) the animals were

subjected to intensive blood sampling, samples (2.5 mis) were collected at 15 min
intervals for 8 h. This sampling schedule was repeated in a second random group of 6
ewes, 6 days after the placement of the second minipump i.e. 27 days after the start of
buserelin treatment. On day 27, only, after 8 h of intensive sampling all 6 animals were
given a bolus i.v. injection of 1 (ig LHRH (Ayerst, Ayerst Laboratories Ltd.) diluted in
2 ml of sterile saline solution and flushed down the cannula with an additional 5 ml of

saline. The intensive sampling was then continued for a further 2 h. The first 5 ml of
blood collected after the LHRH injection was discarded to reduce the possibility of
contamination.

Group 2 (n=6): The oestrous cycles of 6 control ewes were synchronized (as detailed
in 2.2) during October 1986. Luteolysis was then induced in these animals during the
mid- to late- luteal phase by a second injection of 100 (ig of cloprostenol. On day 9-11
of the luteal phase of the induced cycle the ewes were cannulated and placed in
metabolism crates. The following day (day 10-12 of the luteal phase) the animals were
sampled (2.5 ml) at 15 min intervals for 1 h prior to receiving an i.v. bolus injection of
1 |ig LHRH. The 15 min sampling regime was then continued for a further 2 h. The
LHRH challenge to these animals was run concurrently with that of group 1 ewes.
Group 3 (n=45): Animals were sc implanted (as detailed in 2.4) with 2 non-degradable
PHB disc implants which were coated in cyanoacrylate and contained a total of 10 mg
of buserelin. The ewes were implanted in batches of 12, 18, and 15 during September
and December 1986 and January 1987 respectively. Throughout the 6 week treatment
period the animals were held at pasture and jugular blood samples were collected at

weekly intervals.
Group 4 £n=32): This group of ewes was sc implanted (as detailed in 2.4) with 2
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PLG rod implants containing a total of 6.6 mg of buserelin. The animals were

implanted in groups of 24, 5 and 3 during September and November 1987 and
February 1988 respectively. Throughout the 6 week treatment period the animals were
housed in the barn of the Marshall building. Blood samples were collected at weekly
intervals from the 5 animals implanted in November only and from all animals after 6
weeks of agonist therapy.

No oestrus detection or synchronization were undertaken in either group 3 or

group 4 animals. All blood samples collected from animals in groups 1-4 were assayed
for FSH and LH.

After 6 weeks of agonist treatment 12 animals, randomly selected from groups 1
and 2, were killed by an overdose of sodium pentobarbitone and the ovaries
immediately removed. All follicles >1 mm diameter were dissected from the ovaries,
their diameters measured and their basal in vitro steroid production determined as

detailed in section 2.6. The testosterone and oestradiol-176 concentration were

measured in the incubation medium from each follicle. The follicle data from the 12

randomly selected animals from groups 1 and 2 constitutes the control data which is
cited again in chapters 5, 6, 8 and 9. Those animals which were not killed during the
sixth week of agonist therapy were allocated into the treatment groups detailed in the
following experimental chapters. After the group 1 animals had been killed the
minipumps were removed and the volume of any buserelin remaining in the pumps was
measured enabling the daily agonist release rate to be calculated.

Experiment 2

Ten ewes were selected at random from the group 4 animals implanted with PLG
rods during September 1987. Jugular blood samples were collected from these ewes

on days 1, 7, 13, 19, and 26 after implantation (day 0). In addition on these days each
animal was held in a metabolism crate so that a urine sample could be collected into a

tray placed under the crate. At the time of rod placement 2 additional ewes were sc

implanted with osmotic minipumps containing 2.2 ml of buserelin at a concentration of
2 mg/ml. Blood and urine samples were collected concurrently from these animals and
the group 4 ewes on days 1, 7, 13, and 19 after pump placement (day 0).

Urine samples were collected by the above method from 10 ewes selected at
random from group 3 animals implanted in September 1986, 35 days after the
placement of the PHB disc implants.

All blood and urine samples were assayed for buserelin and its metabolites by Dr J
Sandow (Hoechst, Frankfurt, FRG) using the specific radioimmunoassay described by
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Sandow et al., (1984, 1985, 1986). One major problem with measuring buserelin is
that it is slowly degraded in serum and urine by enzymes and/or bacteria. All samples
therefore had to be handled carefully to avoid enzyme degradation. This loss was

prevented by mixing both blood and urine samples immediately on collection with a

10~2 molar solution of the enzyme inhibitor bacitracin which acts as a preservative.
Blood samples with added bacitracin were centrifuged at 4°C, aliquoted into 2 ml
plastic sample tubes and frozen at -20°C until assayed. The urine samples containing
bacitracin were aliquoted into 20 ml plastic universal flasks (Sterilin, England) which
were frozen immediately and stored at -20°C until they were assayed for buserelin and
its metabolites. The large amounts of immunoreactive buserelin excreted in urine makes
monitoring of buserelin release by urinary assay a suitable and convenient method of
assessing the release rate of the minipump infusion systems or the implant
preparations. The buserelin excretion can be expressed as fig buserelin per sampling
period, however in this experiment quantitative urine collection was dispensed with as

the buserelin release was expressed in relation to creatinine excretion.

Experiment 3

Ten ewes were implanted with 2 PHB discs during October 1986. Jugular blood
samples were collected at weekly intervals over 5 weeks, through this period the
animals were held at pasture. After 33 days of agonist delivery the animals were

allocated into 2 groups and treated as follows:-
Group 5 (n=5): Five of the ewes were cannulated and placed in metabolism crates.
Blood samples (4 mis) were collected at 10 min intervals for 3 h when an i.v. bolus
injection of 1 |ig GnRH (Gonaderelin, Intervet Laboratories) dissolved in 2 ml of
sterile saline solution was flushed down the cannula by a further 5 ml of saline. The 10
min sampling was then continued for 1 h. The first 5 ml of blood collected after the
injection was discarded to reduce the possibility of contamination. At the end of the
sampling period the cannula were removed and the animals returned to pasture with a

raddled vasectomized ram to detect oestrus.

To determine how long the PHB disc implants would maintain the suppression of
the pituitary-ovarian axis the implants were not removed from this group of animals.
Blood samples were collected 3 times per week from the beginning of November 1986
until the onset of seasonal anoestrus in March 1987, thereafter the animals were

sampled once a week throughout anoestrus until oestrous activity had been detected in
2 consecutive cycles at the start of the next breeding season.

All blood samples were assayed for LH; FSH and progesterone were measured in
weekly samples only.
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Group 6 (n=5): The remaining 5 animals were cannulated and placed in individual
pens. Blood samples (4 mis) were collected at 30 min intervals for 1.5 h to provide a

baseline against which to monitor the recovery of pituitary function after implant
removal. The disc implants were removed with sterile forceps through a small incision
(approximately 1 cm long) which was placed above where the implants lay in situ, the
wound was then dusted with antibiotic powder (Optocol, Wellingtons) and closed with
a Michel clip. An hour to an hour and a half after implant removal blood samples (4
mis) were collected at 10 min intervals for 4 h. Similar 4 h sampling regimes were

carried out in this group of animals 1, 2, 3, 4,9 and 18 days after implant removal (day
0). This sampling schedule on day 0 ran concurrently with the 4 h sampling window in
group 5 ewes. Throughout the periods of intensive sampling the animals were held in
individual pens. On completion of the sampling the cannulaswere plugged and the
animals released into a large pen with a raddled vasectomized ram to detect oestrus.
Daily blood samples were collected on days 4-8, 10-17 and 19-39. All blood samples
were assayed for FSH and LH.

Twenty days after implant removal mid-ventral laparoscopics were carried out on

group 6 ewes to determine if ovulation had occurred after the termination of the agonist
treatment. The animals were starved of food and water on the evening before the
operation. General anaesthesia was induced prior to surgery with an i.v. injection of
sodium intraval (May and Baker Ltd, Dagenham, Essex) on a volume/kg body weight
basis. An endotrachael tube was then inserted into the windpipe and anaesthesia was

maintained with an oxygen, flurothane mixture. The ewe was placed on its back on a

trolley which was tilted at an angle of approximately 20°, and the ventral abdominal
area was shaved and disinfected (Hibitane, I.C.I.). Two skin incisions were made
within about 5 cm of the mid-line and 10 cm anterior to the mammary glands. The
incisions were 1 cm long on the left and 2 cm long on the right. A large trochar (8 mm
diameter) and cannula were inserted medially via the 2 cm incision into the abdominal
cavity, and then manipulated posteriorally towards the pelvic canal. The trochar was
withdrawn and a fibre-optic light laparoscope (R. Wolf, U.K. Ltd., Surrey) was
inserted through the cannula. A 3 mm trochar and cannula were inserted through the
smaller incision on the left side, the trochar was then withdrawn and a manipulator
introduced through the small cannula. Carbon dioxide was passed through the cannula
until the ewes abdomen was firm to touch. Both ovaries were then manipulated as

necessary and viewed. The number of CL and corpora albicantia (CA), if present,
were counted and an estimate of the follicular activity of the ovary was made by
counting the number of large follicles visible on the surface of the ovary. After
examination the instruments were withdrawn and the abdomen deflated. The incisions

were treated with antibiotic powder and closed with Michel clips. Immediately after the
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operation all the ewes were injected i.m. with 4 mis of antibiotics (Streptopen,
Glaxovet Ltd.). All of the laparoscopics were carried out by Miss Marjorie Fordyce at
the Ovum Transfer Unit at the I.A.P.G.R. Field Station, Dryden, Roslin with the
assistance of the author.

Statistical Analysis

In experiment 1 the differences in the mean concentration of FSH and LH at the
end of the agonist treatment period were analysed by 2-way ANOVA followed by
Duncans new multiple range test. Similarly the mean gonadotrophin concentrations for
each 4 h window on day 0-4, 9, and 18 after implant removal (experiment 3) were
compared in this manner. All the values for the mean LH concentrations were

transformed by log (x+1) prior to analysis, the FSH data was analysed untransformed.
The Munro pulse analysis program (using the parameters detailed in chapter 3) was
used to determine the characteristics of pulsatile LH release in each 4 h window bleed
during the recovery of pituitary function in group 6 animals.

Samples collected at weekly intervals only were used to determine the changes in
the pattern of gonadotrophin secretion after the onset of agonist therapy. The within
treatment changes with time in the concentration of FSH and LH were analysed by 1-
way ANOVA in a split plot design; between treatment differences were determined by
2-way ANOVA followed by Duncans new multiple range test.

The within treatment changes in the urine concentration of buserelin (experiment 2)
on days 1, 7, 13, 19 and 26 after the the start of agonist treatment were assessed by 1-
way ANOVA in a split plot design; between treatment differences were determined by
2-way ANOVA followed by Duncans new multiple range test. At the end of the
treatment period the urinary level of buserelin from ewes implanted with osmotic
minipumps and both types of implant were compared by 2-way ANOVA followed by
Duncans new multiple range test. Regression analysis was used to determine the
relationship between urinary- and serum- buserelin concentrations and between the
urine buserelin level and the FSH concentration at the end of the treatment period. All
urine and serum buserelin concentrations were subjected to log transformation prior to
analysis.

The differences in the number of follicles, follicle diameter, and in the mean in
vitro steroid production between day 8 luteal phase ewes and animals treated with
agonist delivered from sc implanted osmotic minipumps and PHB implants were

compared by 2-way ANOVA followed by Duncans new multiple range test.
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Regression analysis was used to determine if any relationship existed between follicle
diameter and basal steroid production. Follicle steroid data was transformed by
logio(x+l) and follicle numbers were transformed by V(x) prior to analysis.

All Tables presented are of untransformed data.

Results

Experiment 1

Hormone Levels

(a) FSH
The mean concentration of FSH measured after 6 weeks of agonist treatment

compared to the level measured in day 8 luteal phase control animals (for details see

chapter 3) is shown in Fig. 4.1(i). Where the animals were implanted in batches during
different months (groups 3 and 4) the data from each sub-group were analysed
individually. If therewas no significant difference (p>0.05) between the batches of
animals in the level of FSH suppression for each type of implant then the data were

pooled- this was the case for all the animals implanted with PHB discs. It is evident
from the data that buserelin administered by minipump, PHB disc and PLG rod- the
latter only when the animals were implanted between October and February, caused a

significant suppression of FSH secretion (p<0.01) as compared to day 8 luteal phase
control ewes. In addition there was no significant difference (p>0.05) between the 3
routes of administration in the mean suppressed level of FSH. There was however no
apparent suppression of immunoreactive FSH in the animals which were treated with
PLG rod implants during September 1987, indeed these animals showed FSH levels
which were significantly higher (p<0.01) than the day 8 luteal phase ewes. There was

no explanation for this as the gonadotrophin concentrations in ewes treated with PHB
disc implants at the same time during September of the previous year were suppressed.

The mean overall changes in the concentration of FSH measured over 35 days of
agonist treatment in the suppressed animals only are shown in Fig. 4.1 (ii). By all 3
methods of administration buserelin treatment caused a decline in the amount of FSH

secreted, this suppressive effect was significant (p<0.05) after only 1 week of
treatment. In group 1 and 3 the concentration of FSH plateaued after 3 weeks. In
addition the suppression of FSH secretion was most marked and rapid in ewes

implanted with minipumps and there was no apparent increase in the concentration of
FSH following the placement of the second minipump. Also over the first 35 days the
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pattern of the suppression of FSH secretion produced by minipump and PHB disc
implants were not significantly different from each other (p>0.01) but both these routes
of buserelin administration afforded a significantly greater (p<0.01) degree of
suppression of FSH secretion than that produced by the rod implants. The increased
suppression of FSH with time is further illustrated in Fig. 4.2 which shows the FSH
concentration in group 1 animals, 13 and 27 days after the onset of agonist infusion
from sc placed osmotic minipumps.

Plasma FSH concentration in blood samples collected at 15 min intervals for
8 h on days 13 and 27 after the onset of chronic agonist delivery from sc
implanted osmotic minipumps. Values are means ± s.e.m., n=6.

(b) LH
The mean LH concentration after 6 weeks of agonist therapy as compared with

day 8 luteal phase ewes is shown in Fig. 4.3(i). The LH levels were significantly
lower (p<0.05) in buserelin treated ewes than in the controls irrespective of the method
of agonist administration and no LH pulses were recorded in the 2, 8 h pulse bleeds in
group 1 animals on days 13 and 27 after the onset of agonist treatment. This suggests
that the LH level after 6 weeks of agonist delivery corresponds to the baseline LH
concentration measured in control ewes during the luteal phase. The basal LH
concentration measured in the animals where buserelin was infused from minipumps
was however significantly higher (p<0.05) than that recorded in ewes treated with
either type of implant.

The mean overall changes in LH concentration measured throughout the
experimental period are shown in Fig. 4.3(ii). After a transient stimulation of LH
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secretion in the first 7 days of treatment there was a gradual decline in LH secretion to
basal levels after 21 days. The suppressive effect of buserelin on LH secretion was less
rapid than that on FSH secretion.

Response To The Exogenous GnRH Challenge

The mean LH responses to exogenous GnRH in group 1 and group 6 ewes 27 and
33 days after the start of agonist delivery from osmotic minipumps and PHB disc
implants, respectively, are shown in Fig. 4.4. The single injection of GnRH produced
no stimulation of LH secretion in either group of agonist treated ewes. In day 10-12
luteal phase animals (group 2), however, a similar test elicited a rapid and marked
increase in LH release within 15 mins of the injection which was sustained for the
duration of the sampling period. Similarly GnRH induced a slight increase in FSH
secretion in the control ewes. There was however considerable variation between the

control animals in the magnitude of their FSH response to the GnRH and the response
was in general poorly defined and much less marked than that of LH. In the agonist
treated ewes GnRH had no effect on FSH secretion.

Time (mins)
Fig. 4.4.
Effect of an LH RH challenge on plasma LH secretion in luteal phase control ewes and
in animals after 27 and 33 days of chronic treatment with GnRH agonist delivered from
sc placed osmotic minipumps or PHB disc implants, respectively. Values are means ±
s.e.m., n=6. The standard error bars for the agonist treated animals have been plotted
but are too small to be seen.
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The Effect OfAgonist Treatment On Oestrous Activity And Follicle Growth

Two of the animals in group 1 showed behavioural oestrus 8-9 days after the
placement of the first minipump; this activity occurred 16-17 days after the previous
oestrus at a time when the ewes would have been expected to show heat. The mean

cycle length recorded in Welsh Mountain ewes in these studies (group 1) prior to
agonist treatment was 16.2 ± 0.3 days, range 14-20 days (n=24). No further oestrous
behaviour was detected in these animals after the placement of the second minipump.

Table 4.1.
Effect of GnRH agonist treatment from sc placed osmotic minipumps and PHB disc
implants on the number, diameter and in vitro steroid production of follicles per ewe.
(Values are means ± s.e.m. per ewe; different letters are significantly different).

Luteal Phase GnRH Agonist Treatment Significance
Day 8 Osmotic Minipump PHB Disc Implant (p<0.05)
(n=6) (n=6) (n=6)

Total Number 21.7 ± 1.8 30.0 ± 6.0 26.4 ±4.8 NS
(range) (16-29) (9-48) (14-44)

Follicles < 2.5 rnm

Number 16.3 ± 1.9 30.0 ± 6.0 26.4 ±4.8 NS
(range) (11-24) (9-48) (14-44)

Diameter (mm) 1.7 ±0.2 1.6 ±0.03 1.7 ± 0.08 NS

Oestradiol 26.2±4.6a 12.0±1.9a 48.1±3.3b p<0.05
(pg/follicle/h)

Testosterone 233.0±62.6 237.1±101.7 257.2±45.5 NS
(pg/follicle/h)

The size distribution of the follicle populations recovered from ewes treated
with buserelin delivered from minipumps (n=6) and PHB disc implants (n=6) as

compared to those from the day 8 luteal phase ewes detailed in chapter 3 (n=6) are
shown in Fig. 4.5. No follicles > 2.5 mm diameter were recovered from either group
of agonist treated ewes, this was in contrast to the control ewes were 75.0 ± 5.1% of
all follicles dissected were < 2.5 mm diameter. In addition no CL or CA were

recovered from these animals indicating that the oestrous activity recorded in the 2 ewes

treated with minipumps (detailed above) was not followed by ovulation. The ovaries
and uteri of agonist treated ewes were smaller than those recovered from the control
animals and resembled those of an anoestrus reproductive tract. Despite considerable
between animal variation, there was no significant difference (p>0.05) in the mean total

134



number of follicles >1 mm diameter recovered from the agonist treated ewes and day 8
luteal phase controls (see Table 4.1). After agonist treatment all of these follicles were
< 2.5 mm diameter. There was, however, no significant difference (p>0.05) between
the mean diameter of the small follicles from the control ewes and those dissected from

the animals implanted with PHB disc implants. In contrast the average diameter of the
follicles recovered from ewes implanted with osmotic minipumps was significantly
smaller (p<0.05) than that of either the control- or PHB disc- implanted animals.

Table 4.2.
In vitro steroid production per follicle by follicles < 2.5 mm diameter.
(Values are means ± s.e.m. for the number of follicles shown; different letters are
significantly different).

GnRH Agonist Treatment
Luteal Phase Osmotic PHB Disc Significance

Day 8 Minipump Implant
(n=6) (n=6) (n=6)

Number of 95 180 146
Follicles

Diameter (mm) 1.7±0.04a 1.6±0.03 b 1.7±0.01a p<0.01

Oestradiol 25.3 ± 2.1a 13.7 ± 1.0b 50.1 ± 1.9C p<0.01
(pg/follicle/h)

Testosterone 208.3 + 38.0a 170.2 ± 13.9a 253.3 ± 18.6b p<0.01
(pg/follicle/h)

The overall mean in vitro steroid production of the follicles is shown in Table 4.2.
The small follicles from the animals infused with buserelin from minipumps produced
significantly less (p<0.01) oestradiol in vitro than the small follicles from control- and
disc implanted- ewes, the latter having the highest in vitro oestradiol production. This
trend was also evident in the in vitro testosterone secretion which was lowest (p<0.01)
in the smaller follicles from the ewes implanted with minipumps and highest (p<0.01)
in the larger follicles recovered from the animals implanted with PHB discs. In addition
there was a highly significant (p<0.0001) positive correlation between testosterone

production and follicle diameter in both groups of agonist treated ewes (group 1:
r=0.39, n=180; group 3: r=0.38, n=146) and in the day 8 luteal phase control animals
(r=0.47, n=94). There was no such correlation between the in vitro oestradiol
production and follicle diameter in any of the animals.
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Experiment 2

The urinary buserelin release profiles from minipumps and PLG rod implants are

shown in Fig. 4.6. These data indicate that over the first 19 days of treatment the
minipump infusions and the slow releasing rod implants produce concentrations of
buserelin and its metabolites in urine which do not differ significantly (p>0.05).

Irrespective of the method of agonist administration there was a significant reduction
(p<0.01), after the first week, in the amount of buserelin released over the treatment

period. It is important to note that the drug release profiles from the PLG rod implants
were recorded in the batch of group 4 ewes which were implanted during September-
these were the animals in experiment 1 which showed no suppression of FSH secretion
(Fig. 4.1). The pharmokinetics of buserelin release in experiment 2 indicate that this
apparent lack of suppression was not due to inadequate buserelin release or secretion at
a rate which was not comparable with the release rate of the drug from a minipump.
There was no significant difference (p>0.05) between the mean urinary buserelin
concentration from animals treated with PHB discs for 6 weeks (61.2 ± 11.1, n=14)
and those implanted with PLG rods (39.8 ± 7.9, n=8) there was, however,
considerable between animals variation in both groups. Furthermore the data indicated
that a significant correlation (p<0.05; r=0.56; n=8) existed between the serum buserelin
concentration and the concentration of the agonist in the urine of animals implanted
with the PLG rods. There was, however, no correlation (p>0.05) between the
concentration of FSH after 5-6 weeks of treatment and the concentration of the drug in
either the urine, from animals implanted with both types of implant, or in the serum

from animals treated with PLG rod implants.

Fig. 4.6.
Changes in the urinary buserelin concentration during the first 19 days
of agonist delivery from sc placed osmotic minipumps (n=2) or PLG rod
implants (n=8). Values are means ± s.e.m.
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The volume of buserelin solution remaining in the second minipump was

recovered and measured at the end of the experimental period in experiment 1 (group
1). This enabled the daily release rate of the compound from the minipumps to be
calculated. According to the residual volumes the mean estimated amount of buserelin
delivered every day (178 ± 2 (ig/day) would have varied between 160 (ig and 206 (ig.

Experiment 3

The Duration Of Agonist Suppression Produced By PHB Disc Implants

The overall mean changes in the peripheral concentration of FSH, LH and
progesterone in group 5 ewes are shown in Fig. 4.7. As has been indicated in
experiment 1 the disc implants caused a gradual suppression of FSH and LH secretion
over the first 3 weeks of treatment after which the levels of both gonadotrophins
plateaued. There was no significant difference (p>0.05) between the profiles of the
suppression of FSH and LH secretion in this experiment and those reported for either
of the gonadotrophins in the animals implanted with PHB discs in experiment 1. After
the initial fall in FSH secretion there followed a period when FSH levels recovered to
values which lay within the normal range of concentrations measured in Welsh ewes

during the luteal phase of the cycle (see chapter 3), thereafter the levels gradually
declined again until the onset of seasonal anoestrus in March. In contrast to the
recovery of FSH secretion LH release remained basal throughout the study and no

oestrus activity was recorded in these animals. This inhibitory action of the agonist on
ovarian cyclicity is supported by the progesterone profile (Fig.4.7b) which shows that
the peripheral progesterone concentration declined after the onset of agonist treatment
and remained low and in many cases undetectable from the end of October 1986,
throughout anoestrus, until the start of the next breeding season in October 1987.
During anoestrus FSH remained low and near the limit of detection of the assay until
the concentration rose gradually during September of the following year. Similar
changes were observed in the pattern of LH secretion in these animals. These data
suggest that 10 mg of buserelin released from 2 PHB disc implants was sufficient to
inhibit the reproductive axis in the Welsh ewe for up to 6 months until the effects of the
agonist were masked by the onset of anoestrus. This suppression of the reproductive
activity was reversible as all 5 animals showed oestrus in the following breeding
season.
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(a) Daily FSH And Progesterone Concentration And
Oestrus Activity After Agonist Implant Removal
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Fig. 4.8.
Changes in the plasma concentration of FSH and progesterone in 5 animals during the
recovery of reproductive function after 5 weeks of chronic treatment with GnRH agonist
(time 0 = time of PHB disc implant removal), (a) Shows the mean ± s.e.m. for all 5 animals
throughout the 40 day monitoring period. The open bars indicate the timing of oestrous
activity in the 3 animals which were shown at laparoscopy on day 20 to have ovulated. The
stippled bars shows oestrous activity in the 2 animals which had not ovulated, (b) Shows the
FSH concentration and (c) the progesterone concentration, respectively, in the 3 animals
which had ovulated (open symbols) and in the 2 animals which did not ovulate (closed
symbols) in the first cycle after implant removal (time 0).
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Recovery of Pituitary-Ovarian Function After Implant Removal

Oestrus Detection And Ovulation

Oestrus was detected in 3 of the 5 animals 9-10 days after the PHB disc implants
had been removed. A second oestrus was recorded in these ewes 14-17 days later. At
laparoscopy, 20 days after implant removal, all 3 of these animals possessed a number
of follicles of differing sizes and a single CL indicating that ovulation had taken place at
the first oestrus.

The remaining 2 animals showed an extended behavioural oestrus 13-16 days after
implant removal. At laparoscopy no CL were evident on either ovary, however both
animals possessed 3-4 large follicles suggesting that the behavioural oestrus was

induced by the high levels of oestrogen secreted by these follicles. Both ewes showed
a second heat 10-11 days later.

Hormone Levels

(a) FSH
The mean overall changes in the daily FSH concentrations after implant removal

are shown in Fig. 4.8. The recovery of pituitary FSH secretion was rapid and within 2
days of the termination of agonist therapy the peripheral FSH levels had returned to the
range measured during the normal luteal phase of the Welsh ewe (see chapter 3). The
concentration of FSH peaked around the time of the first observed oestrus after which
levels declined again until a second broader peak was reached 5-7 days after oestrus
with smaller and less well defined fluctuations occurring on days 10-11 and 13-15.
This pattern of FSH secretion resembled the regular fluctuations which were observed
during the luteal phase of the Welsh ewe recorded in chapter 3 (Fig. 3.1 and Table
3.1). A comparison of the FSH concentrations in the 3 ewes which ovulated at the first
oestrus with the FSH levels measured in the 2 animals which did not ovulate at this

time (Fig. 4.8b) shows that the plasma concentration of this gonadotropin was lower,
and in some cases was below the sensitivity of the assay, in the 2 animals which did
not ovulate.

On examination of the detailed 4 h profiles collected on day 0-4, 9 and 18 after
implant removal when all the 10 min samples were included, there was no evidence of
pulsatile FSH secretion. The mean FSH concentrations measured on each of these days
is shown in Fig 4.9. The FSH levels on days 1-4, 9, and 18 in this experiment and on

day 8 of the luteal phase, detailed in chapter 3, were not significantly different (p>0.05)
from each other but all were significantly higher than the concentration measured on the
day of implant removal.
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Time After Implant Removal (days)
Fig. 4.9.
Changes in the plasma concentration of FSH and LH in 5 animals during
the recovery of reproductive function after 5 weeks of chronic treatment
with GnRH agonist (time 0 = time of PHB disc implant removal). Values
are means ± s.e.m.; * refers to a significant (p<0.05) increase over the
concentration measured on the day of implant removal.

(b) LH
The LH profiles recorded after the termination of agonist treatment are less easy to

interpret than the FSH data. The mean LH level on days 0, 1-4, 9 and 18 are shown in
Fig. 4.9. It is clear from the results that there was no significant (p>0.05) difference
between the basal concentration of LH on day 0 and the first 3 days after implant
removal despite the fact that 2 of the 5 animals exhibited LH pulses of small amplitude
and high frequency (2-3 pulses in 4 h) on day 3. No LH pulses were measured on

days 0-2 after implant removal. Four days after the cessation of agonist treatment
there was a slight, but not significant (p>0.05) increase in the basal LH concentration
as by this time 3/5 animals showed small amplitude, high frequency LH pulses (2-5
pulses per 4 h). There was a highly significant (p<0.05) increase in the basal LH
concentration 9 days after implant removal, indeed this day corresponded to oestrus ±
12 h in the 3 animals which were shown to have ovulated at laparoscopy. Furthermore
surge levels of LH were recorded in 1 of these 3 ewes (Fig 4.10); the LH pulses in the
other 2 animals were of high frequency (4-6 pulses /4 h) but varying amplitude, and
corresponded to the type of profile recorded in the Welsh ewe during the follicular
phase of the cycle (see chapter 3). The remaining 2 animals which did not show
oestrus on day 9-10 and were found not to have ovulated at laparoscopy and showed a

luteal phase pattern of pulsatile LH release with 1 pulse / 4 h at this time. By day 18
after implant removal the 3 animals which had ovulated (day 18 corresponded to day 8-
9 of the luteal phase in these animals) showed regular LH pulses however the
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frequency of these pulses was higher than that observed on day 8 or 12 of the luteal
phase in the control ewes in chapter 3. The pattern of LH secretion in the 2 animals
which had not ovulated was irregular on day 18.

(c) Progesterone
The overall mean progesterone profile recorded in group 6 ewes after implant

removal is shown in Fig. 4.8. There was no change in progesterone levels immediately
after implant removal and levels remained low, if not undetectable, until oestrus and
ovulation established a CL 12 days later. In the 3 animals which ovulated, the
progesterone profiles (Fig. 4.8c) increased 3 days after oestrus, a similar observation
was reported in the control ewes in chapter 3 (Fig. 3.1). The plateau progesterone
concentration was similar in the agonist treated and in control ewes. The progesterone
levels in the 2 ewes which did not ovulate remained low throughout this period. The
mean progesterone profile recorded in the second oestrus cycle more closely resembled
the pattern of progesterone secretion observed in the control animals detailed in chapter
3, however 1 animal still showed no increase in progesterone concentration after
oestrus. These data indicate that the suppressive effect of the agonist treatment was
fully reversed in 4/5 animals within 40 days of implant removal.

Discussion

Hormone Levels

The most prominent endocrine changes recorded in this study were: (i) the
suppression of FSH levels to 40-60% of the normal mid-luteal phase values
irrespective of both the stage of the oestrus cycle at which the agonist therapy was

initiated and the route of buserelin administration- agonist treatment by the 3 methods
was effective in suppressing FSH secretion in 79% of the animals treated; and (ii) the
suppression of pulsatile LH secretion. Plasma concentrations of LH remained
detectable throughout the 5-6 week treatment period despite the lack of pulsatile
secretion. Similar findings for LH have been reported after both active and passive
immunoneutralization of GnRH (McNeilly et al., 1984; McNeilly et al., 1986) and after
GnRH agonist treatment of ewes (McNeilly and Fraser, 1987) and rams (Lincoln et al.,
1986). In the ewes implanted with PHB discs (experiment 3) the basal concentrations
of LH, in the absence of LH pulses, were not sufficient to maintain progesterone
secretion by the CL after the usual duration of the reproductive cycle had been
exceeded. The results of McNeilly and Fraser (1987) have previously demonstrated
that the basal concentrations of LH, in ewes treated with agonist from osmotic
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minipumps, were sufficient to maintain luteal progesterone production for the duration
of a normal cycle. Together these studies cast doubt on the concept that the pulsatile
release of LH plays a critical role in the maintenance of the ovine CL. In contrast a

complete failure of luteal progesterone secretion has been reported in ewes after the
removal of LH by hypophysectomy (Schroff et al., 1971; Denamur et al., 1973) or by
treatment with anti-LH antiserum (Fuller and Hansel, 1970). This suggests that basal
LH is sufficient to stimulate normal levels luteal progesterone secretion in this species.

In the ram the detectable levels of LH after agonist treatment were shown to be bio-
active in the mouse Leydig cell bioassay (Lincoln et al., 1986). Although the
radioimmunoassay used in the present experiments has been shown previously to
measure biologically active LH (McNeilly et al., 1986), no estimation was made of the
bioactivity of either the LH or FSH levels recorded in the ewes in the studies reported
in this chapter. In the ensuing discussion it has, however, been assumed that both the
LH and FSH concentrations measured were bio-active.

The results from these experiments support the findings of a number of studies in
women (Heber and Swerdloff, 1981; Dowsett et al., 1988; Lemay et al., 1988) and
monkeys (Fraser et al., 1981; Fraser and Sandow, 1985; Fraser and Lunn, 1989)
which indicate that the effect of agonist treatment on pituitary FSH secretion is more
acute and more rapid than the effect of the agonist on the release of LH, both in terms
of the initial suppression of gonadotrophin secretion and also in the recovery of the
secretory function of the pituitary gonadotroph after the termination of agonist
treatment. In the current experiments the suppression of FSH secretion occurred more

rapidly than the suppression of LH secretion and conversely FSH concentration
returned to normal values within 1 day of implant removal, whereas the pulsatile
release of LH was not re-established until 4-9 days after the termination of the agonist
treatment. Furthermore during prolonged exposure to the agonist (experiment 3) FSH
levels decreased rapidly after the first week of treatment, remained low during the
following 4-5 weeks, and then progressively increased as the oestrogen and inhibin
feedback mechanism which control pituitary FSH release were re-established until the
FSH concentration reached pretreatment levels after approximately 10 weeks of agonist
delivery. There was no similar increase in the basal concentration of LH. Lemay et al.
(1988) and Fraser and Lunn (1989) have shown a similar trend in the FSH profiles of
women and monkeys, respectively, treated with GnRH agonist. This differential
secretion of FSH may be either autonomous due to the withdrawalof the negative
feedback influences of oestradiol and inhibin on pituitary FSH release, or it may be due
to the existence of a separate FSH releasing hormone. Alternatively the differential
effect of GnRH agonist on LH and FSH release may relate to differences in the
quantitative control of the secretion of the 2 gonadotrophins and/or a greater sensitivity
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of the FSH secreting cells to the paradoxical inhibitory effects of the agonist. This
suggests that the continued presence of high amounts of the agonist desensitizes FSH
release to a lesser extent than LH release. If, as has been suggested by McNeilly
(1988), the normal pituitary release of FSH is more closely related to the rate of FSH
synthesis than is the secretion of LH with 60-80% of the total pituitary content of FSH
being released every 24 h in contrast to 1-8% for LH, then at the onset of chronic
agonist treatment it will be easier to exhaust the releasable pool of FSH than LH. Also
the inhibition of gonadotrophin secretion will occur secondary to the depletion of the
readily releasable pool of FSH. Conversely at the termination of therapy the FSH
synthetic machinery of the pituitary gonadotroph may re-establish its functional
integrity more rapidly than that of the LH producing cells and hence the FSH levels will
return to normal more quickly than the peripheral concentration and pattern of LH
secretion.

It is evident from these experiments that the effect of the GnRH agonist on FSH
and LH levels was due to a direct inhibitory effect of the agonist on pituitary
responsiveness to GnRH. This has been previously reported in a number of species
(Fraser et al., 1980; Nett et al., 1981; Wright et al., 1983; McRae et al., 1985; Lincoln
et al., 1986; Lamming and McLeod, 1988; Dowsett et al., 1988; Fraser and Lunn,
1989). The results from these authors are consistent with our findings of a virtually
total lack of pituitary responsiveness to GnRH administered after 4-5 weeks of agonist
treatment.

It is clear from the data reviewed in chapter 1 that the efficiency of daily agonist
treatment regimes in suppressing pituitary-ovarian function is dependent on both the
timing of the start of treatment (Bergquist et al., 1980a; Balmaceda et al., 1987) and
the dose of agonist used (Fraser et al., 1980; Schmidt-Gollwitzer et al., 1981, 1982;
Lemay et al., 1982). In the present study however, it is evident that continuous
administration of the agonist from minipumps or implant preparations is highly
effective in suppressing gonadotrophin secretion in the ewe regardless of the timing of
the onset of the treatment. The sustained sc release of buserelin from the osmotic

minipumps achieved a profound and consistent inhibition of the pituitary-ovarian axis
as gonadotrophin levels remained low and stable after the placement of the second
pump 3 weeks after the start of agonist treatment. Also despite the different drug
loadings of the 3 methods of agonist administration there was no difference in the
release rates of buserelin or the level of suppression of gonadotrophin secretion after 6
weeks of treatment. Indeed the endocrine effects of the implant preparations in these
ewes were similar to the effects observed during long term infusion of buserelin from
osmotic minipumps and implants in macaques (Fraser and Sandow, 1985; Fraser et al.,
1987a,b) or by portable infusion pumps in women (Healy et al., 1986). In all these
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studies the initial stimulatory effect on gonadotropin release was modest and lasted
only 3-4 days. While it is desirable for an implant to release sufficient agonist in the
first few days to achieve rapid receptor loss in the pituitary gonadotrophs, it may be
that the high buserelin concentration released from the PLG rod implants in this study
during the first few days of treatment is not essential to achieve accelerated down
regulation of the pituitary receptors as the use of a more constant infusion from the
minipump or the coated PHB disc implant both in this study and others (Fraser and
Sandow, 1985; Fraser et al., 1987a,b; Healy et al., 1986) can also achieve early
suppression of gonadotrophin secretion. Thereafter the relatively low amounts of
buserelin released are sufficient to continue the suppression of the pituitary-ovarian
axis.

One batch of ewes treated with the PLG rod implants in September (group 4)
showed no suppression of FSH secretion. The study of the pharmokinetics of
buserelin release from the implants in these animals (experiment 2) indicated that there
was no difference between the drug release rates from these implants and those from
osmotic minipumps and PHB discs when the latter 2 treatments were successful in
suppressing FSH levels. The lack of suppression of FSH secretion in this group of
PLG implanted ewes cannot therefore be attributed to an inadequate buserelin release
rate. One possible explanation for the apparent failure of this treatment to suppress

FSH levels could be the production of antibodies to the agonist, although GnRH
analogues would not be expected to be highly immunogenic and also the animals
treated with the agonist delivered from osmotic minipumps or PHB disc implants
would have been equally susceptible to antibody production. However, no attempt
was made to asses antibody production against the agonist in any of the animals in the
present experiments as antibody production had not previously been demonstrated in
monkeys after long-term daily agonist therapy (Fraser et al., 1983) or after the
intermittent administration of buserelin implants to monkeys over a 3 year period (H.
M. Fraser, personal communication). It is unlikely therefore that the failure of the
PLG implants to suppress FSH secretion was due to antibody production and it
remains unclear why the FSH levels were not suppressed in these animals.

Follicle Growth And Development

The suppression of the plasma concentration of FSH and the absence of pulsatile
secretion of LH prevented the normal development of follicles beyond 2.5 mm

diameter. Similar observations have been made in ewes after treatment with GnRH

agonist (McNeilly and Fraser, 1987), or bovine follicular fluid (Wallace et al., 1985),
and after immunoneutralization against GnRH (McNeilly et al., 1986) or
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hypophysectomy (Dufour et al.,1979). These data therefore support the concept that
follicle growth beyond 2.5 mm is dependent on both an adequate concentration of FSH
and on the pulsatile secretion of LH although the relative importance of each of the
components in the final stages of follicle development remains to be elucidated. The
differences in the mean steroidogenic capacities of the small follicles recovered from
the agonist treated animals and day 8 luteal phase ewes is likely to be a function of
follicle diameter, as the smaller follicles from the ewes treated with agonist from
osmotic minipumps are likely to be at an earlier stage of development with fewer thecal
LH receptors and granulosa steroid receptors. One potential problem with chronic
agonist treatment is that follicles which have developed but have not ovulated may

become cystic, producing excessive amounts of androstenedione. Although no attempt
was made to measure serum androstenedione in this study, as indicated at the end of
treatment the steroidogenic capacity of the small follicles in the agonist treated ewes

was similar to that of the small follicles from the control ewes and none of the ovaries

from the treated animals contained any cystic structures. Similar results have been
reported in monkeys (Fraser, 1983). Also the addition of LH to the incubation medium
of the small follicles from both the agonist treated- and the day 8 control- animals
significantly increased (p<0.01) the in vitro secretion of testosterone by the follicles
from both control and treated animals and also increased, but not significantly
(p>0.05), the in vitro secretion of oestradiol (Picton and McNeilly unpublished
observations) suggesting that agonist treatment had not disrupted the steroidogenic
response of these small follicles to stimulation by LH. It is unlikely that the inhibition
of follicular development in response to the agonist treatment is due to a direct action of
the agonist on the ovary as, to date, no receptor sites for either native GnRH or its
agonists have been identified in the ovine ovary (Brown and Reeves, 1983; T. A.
Bramley unpublished observations).

Reversibility And Duration Of Suppression Of Reproductive Function In
The Agonist Treated Ewe

The data from group 5 animals indicates that the inhibitory effects on reproductive
function of 5 weeks of chronic agonist delivery from PHB disc implants can be
maintained for at least 6 months or until the effect is masked by seasonal anoestrus.
Similar findings were observed in studies on macaque monkeys receiving long-term
daily agonist therapy (Fraser, 1983), women treated daily with nasal spray for 3-6
months (Bergquist et al., 1979a,b; Schmidt-Gollwitzer et al., 1981; Healy et al., 1986)
and in monkeys and women receiving long-term agonist therapy from sc implanted
osmotic minipumps and implants (Fraser et al., 1987a,b) and slow releasing
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preparations (West and Baird, 1987). In the animals in this study the long-term
suppression of the pituitary-ovarian axis was fully reversed by the onset of the next

breeding season. It is not clear whether the FSH concentrations measured during
anoestrus were 71% lower than the mean luteal phase levels measured in chapter 3 as a

result of the agonist treatment or whether these FSH concentrations were in fact
representative of the normal anoestrus FSH values in the Welsh ewe. In a previous
report, however, McNeilly et al., (1985) recorded only a 22% reduction in the systemic
concentration of FSH measured in Welsh ewes during anoestrus as compared to the
level measured during the breeding season. A 20-26% depression of FSH secretion has
also been recorded for Scottish Blackface, Damline and other breeds of ewe during
anoestrus by Findlay and Cumming (1976) and McNeilly et al., (1985). In contrast in
2 other reports the peripheral FSH concentration was found to be equivalent to- (Bister
and Paquay, 1983) or higher than- (McNatty et al., 1984c) luteal phase levels. It is
likely that this discrepancy is due to breed differences. It is evident, however, that the
low anoestrus levels of FSH in these Welsh ewes has prevented follicular growth and
development as, unlike the findings of Bister and Paquay (1983), no periodic
fluctuations in FSH secretion were recorded at this time. At the beginning of the next

breeding season there was a marked increase in the peripheral FSH concentration,
similar increases have been reported by Montgomery et al., (1987).

Crowder et al., (1986) demonstrated that GnRH receptor numbers and the LH
response to GnRH returned to normal within 12 h of the termination of a short term
infusion of GnRH in OVX ewes. In addition McNeilly and Fraser (1987) recorded a

3-8 fold biphasic increase in LH within 24 h and again 8 days after the cessation of
chronic agonist treatment. In contrast to both these reports no similar LH response was

shown in the present study. There was however a rapid increase in FSH secretion
within 24 h of implant removal but there was no concurrent increase in LH release until
a slight increase was observed 3 days later. It is possible that the longer duration of
agonist therapy in the present experiment extended the recovery time for pituitary LH
responsiveness. Also unlike the results of McNeilly and Fraser (1987) there was no

apparent rebound response in the FSH concentration at the end of treatment in this
study as the FSH levels remained within the normal range of values recorded in the
luteal phase control ewes in chapter 3. This suggests that the agonist impairs both the
synthesis and secretion of FSH by the pituitary gonadotrophs. If FSH secretion alone
was disrupted then on the removal of the agonistic inhibition of pituitary function in
experiment 3 we would have expected to observe a marked rebound release of FSH
from the accumulated FSH stores. This was clearly not the case.

Oestrus was observed in all the ewes (experiment 3) within 9-15 days of the
termination of agonist therapy and in 3 cases was accompanied by ovulation and the
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establishment of normal luteal progesterone secretion. This suggests that it took 9-15
days for the oestradiol secreted by the preovulatory follicle (Baird et al., 1981) to rise
to levels which would induce behavioural oestrus. The data of Tsonis et al., (1984a)
indicates that with adequate gonadotrophic support it takes approximately 4 days for
follicles of 2 mm diameter to develop to preovulatory size and steroidogenic capacity.
The evidence from the present study suggests that the extra 5-11 days taken by the
small follicles from the agonist treated ewes to develop the capacity to secrete sufficient
oestradiol to induce oestrus, after implant removal, may be related to the time taken by
the individual animal to return to a normal pattern of pulsatile LH release. However an
irregular pattern of LH secretion was observed in 1 of the 3 animals which ovulated
and in both of the animals which did not ovulate at the first oestrus. Although the
plasma concentration of FSH was lower in these 2 ewes large follicles were detected at

laparoscopy. The reason for the failure of these 2 animals to ovulate therefore remains
unclear but is more likely to be due to the complete inability of these individuals to

generate a preovulatory LH surge rather than the inability of the follicles to ovulate in
response to the LH surge. These data are in agreement with the results obtained for
monkeys (Fraser, 1983; Fraser et al., 1987a,b) and women (Bergquist et al., 1982;
Zorn et al., 1988; Lemay et al., 1988) where normal follicular development and
ovulation occurred immediately after the cessation of agonist treatment and are in
contrast to the observations of McNeilly and Fraser (1987) in the ewe where the
behavioural oestrus at the end of treatment was not accompanied by ovulation. The
preovulatory decline in FSH concentration at the time of oestrus in the 3 ewes which
ovulated and the rhythmical fluctuations in FSH secretion thereafter suggest that in
these animals follicles were developing and secreting normal amounts of oestradiol and
inhibin for the negative feedback control of FSH secretion. Similar fluctuation in FSH
secretion were reported for Welsh ewes throughout the oestrus cycle in chapter 3.

During anoestrus the absence of cyclical ovarian activity has largely been attributed
to a reduction in LH secretion (Scaramuzzi and Baird, 1977) which may occur as a

result of a change in the sensitivity to oestradiol feedback or it may be secondary to an

inhibition of the activity of the hypothalamic neurones responsible for the secretion of
GnRH (Karsch et al., 1980a). Throughout anoestrus follicular development and
ovulation can be induced in ewes by the administration of exogenous GnRH or LH. In
most published studies, however, ovulation occurs in only a proportion of the treated
animals and is followed by a high incidence of short or inadequate luteal phases which
are characterised by low progesterone production and premature luteal regression
(Crighton et al., 1973, 1975; Shareha et al., 1976). While the failure to induce
adequate luteal phases has been attributed to the lack of a suitable gonadotrophic
priming of the follicles (McNeilly et al., 1982) which is required to induce functional
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changes such as an increase in LH receptor numbers (see 1.4.3. for references), it has
been found that progesterone pretreatment increases the incidence of normal cycles in
these animals (Hunter et al., 1986). The progesterone is thought to delay the onset of
the LH surge so prolonging the period of follicular development prior to ovulation
(McLeod et al., 1982b; Martin and Scaramuzzi, 1983; Stirling, 1986). It is still
uncertain, however, whether this is due to a direct effect of progesterone on the
follicles. After 6 weeks of agonist treatment the endocrine environment of the ewes in
group 6 (experiment 3) resembles that of the Welsh ewes during anoestrus (Group 5)
with suppressed LH and FSH release and no luteal progesterone secretion. It is unclear
therefore why, after the cessation of agonist therapy and in the absence of
progesterone, the 3 animals which ovulated showed normal luteal function. The data
recorded for these animals suggests that 9-10 days after implant removal, despite the
lack of pulsatile LH release and the reduction of ovarian size resulting from the agonist
induced hypogonadotropism, normal patterns of LH secretion, normal follicular
binding of LH and normal vascularization and ovarian blood flow have been re¬

established. All of these factors are important determinants of adequate luteal function
in the ewe (Niswender et al., 1976; Stirling, 1986). While these observations support
the concept that a critical period of gonadotrophin priming is required by the follicle
before it is capable of ovulating and forming an adequate CL, they also suggest that as
follicle growth has been synchronized up to 2.5 mm diameter by the agonist treatment
the progesterone priming requirement in the period prior to ovulation is no longer
necessary to ensure normal luteal function.

There are indications from a number of studies in monkeys (Fraser, 1983) and
women (Bergquist et al., 1979b; Schmidt-Gollwitzer et al., 1981) that the first and
second agonist treatment cycles are the most resistant to the suppressive effects of the
agonist, thereafter a more stable situation arises. The treatment period of 5-6 weeks in
the experiments described in this chapter encompasses 2 cycles, after this period we

have shown that the pituitary-ovarian axis remains suppressed for at least 6 months.
This suggests that in the studies reported in the subsequent experimental chapters,
which utilize the model of agonist induced hypogonadotropism in the ewe to investigate
the use of different replacement regimes of LH and FSH on follicle growth, it is not
essential but preferable to start gonadotrophin therapy within 5-6 weeks after the onset
of agonist treatment.

In conclusion it is clear from the experiments detailed above that the chronic
administration of the GnRH agonist buserelin from sc implanted osmotic minipumps,
PHB discs or PLG rods produces a uniform response in terms of the suppression of
gonadotrophin secretion and ovarian follicular development. All 3 methods of sc
administration achieve a near constant sustained release profile of the drug so ensuring
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ovarian quiescence over the 5-6 weeks of treatment. The PHB disc implants were

efficient in suppressing gonadotropin levels and reproductive function for up to 6
months. The PLG biodegradable rods implants were the least effective in suppressing
FSH secretion, however this method of agonist administration afforded an advantage
over the other 2 routes through its simplicity and ease of application. The

hypogonadotrophism produced in the Welsh Mountain ewes by the chronic
administration of GnRH agonist, evaluated in these studies, will be used in the

subsequent experimental chapters of this thesis as a model to study the role of LH and
FSH in follicle growth and development.
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CHAPTER 5

THE EFFECT OF GONADOTROPHIN INFUSION ON
OVARIAN FOLLICULAR DEVELOPMENT IN THE

AGONIST SUPPRESSED EWE

Introduction

The final stages of follicle growth and development prior to ovulation are thought
to be acutely dependent on the provision of adequate gonadotrophic support. This
theory is substantiated by the results from chapter 4 and the observations ofMcNeilly
and Fraser (1987) in these experiments follicle growth beyond 2.5 mm diameter was
inhibited as a result of the specific suppression of LH and FSH secretion produced by
chronic treatment with the GnRH agonist buserelin. Further evidence to support this
thesis is provided by the inhibition of follicle growth which occurs after
hypophysectomy (Dufour et al., 1979; Driancourt et al., 1987), active immunization
against GnRH (McNeilly et al., 1986) or treatment with bovine follicular fluid (Wallace
et al., 1985). The precise role of FSH and LH in the control of follicular growth and
development beyond 2.5 mm diameter remains unclear. Dogma insists that both of
these gonadotrophss are required to accommodate their synergistic action for the
stimulation of follicular maturation. In brief the 2 cell theory of follicular
steroidogenesis holds that thecal cell androgen production is a function of LH action
and that granulosa cell aromatization of these androgens is a function of FSH action
(see 1.4.3. for references). In part because of these concepts typically the
gonadotrophs preparations employed for ovulation induction, such as PMSG, contain
both FSH and LH activity and often in near equal proportions. AlSough the efficiency
of these preparations is beyond question, the optimal FSH/LH ratio and the relative
importance of each of these compounds in determining follicle growth and ovulation
rate are unresolved (Chupin et al., 1985a,b, 1987; Cognie et al., 1986).

In the ewe the fact that preovulatory follicular enlargement can be induced during
seasonal anoestrus by the injection of LH, in amounts which produce plasma
concentrations of LH which mimic those of the follicular phase, points to LH as being
the key hormone S the process of folliculogenesis (McNeilly et al., 1982; McLeod et

al., 1982a,b). The studies detailed in chapter 3 and by others (Baird and Scaramuzzi,
1976a; Karsch et al., 1980a; Wallace et al., 1988) indicate that the preovulatory surge

of LH is preceded by a 40-50 h interval when the rate of secretion of LH is
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significantly raised above that found during the mid-luteal phase of the cycle. These
findings together with supportive data from other studies (Baird, 1978a; Karsch et al.,
1979; McNatty et al., 1981a) suggest that an increase in the plasma levels of LH
immediately preceding the preovulatory LH surge may be critical for maturing a follicle
to the level required for successful transformation into a fully functional CL. However
it is also evident from the results reported in chapter 3 and by Brand and de Jong,
1973; Driancourt et al., (1985b) that there is a high degree of follicular activity during
the luteal phase of the cycle and during anoestrus (McNatty et al., 1984c; Webb and
Gauld, 1985a; Webb et al., 1985b) when the frequency of pulsatile LH secretion is
much lower than that recorded in the follicular phase, with some follicles reaching
preovulatory size and steroidogenic capacity. In addition studies in anoestrus ewes

have shown that ovulation can be induced by the non-pulsatile infusion of LH
(McNatty et al., 1981a), GnRH (McLeod et al., 1983) or hCG (Karsch et al., 1979).
However both the non- pulsatile and pulsatile exogenous LH treatments during
anoestrus have been associated with variable luteal function. In summary these data
suggest that preovulatory follicular enlargement and maturation can be induced under a
wide range of hormonal conditions and LH pulse frequencies. Furthermore there are a

number of conflicting reports on the role of LH in determining the ovulation rate of
ewes. Bindon (1984), for example, concluded that the ovulation rate of Booroola and
control Merino ewes was independent of the amount and pattern of LH secreted in the
preovulatory period. Similarly Haresign, (1981) and Rhind et al., (1984), during
studies of the nutritional stimulation of ovulation rate, found no effects of pituitary LH
content or the basal LH concentration before or after the preovulatory LH surge on

ovulation rate. In contrast the mean basal concentration of LH and LH pulse frequency
have been shown to be elevated in ewes with higher ovulation rates by Thomas et al.,
(1984b) and Wallace and McNeilly (1985). Thus although a strict pulsatile pattern of
delivery of LH may be most effective in promoting follicular maturation (McNatty et

al., 1981a) pulsatile secretion of LH per se may not be an absolute requirement for the
final stages of the developmental process. It is not clear therefore which of the
components of the LH signal during the follicular phase of the cycle- namely the
increased in LH pulse frequency or the increase in basal LH secretion which results
from the high frequency of the LH pulses at this time, are required by the follicle to
ensure successful maturation, ovulation and normal luteal function.

The precise role of FSH in the control of follicle growth and ovulation is not clear
(Baird and McNeilly, 1981; McNatty, 1982; Baird, 1983; Scaramuzzi and Radford,
1983). The results of McNeilly (1985) indicate that during the follicular phase many
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follicles can develop into normal preovulatory follicles. This suggests that preovulatory
follicles can be selected from any of the pool of follicles available at the time of luteal
regression (McNatty, 1982; Driancourt and Cahill, 1984; Tsonis et al., 1984a). The
number of follicles developing may be dependent on the plasma concentration of FSH
(Baird, 1983). This hypothesis is supported by the observation, in a number of
species, that increasing the concentration of FSH by exogenous gonadotrophin
treatment increases the ovulation rate (see 1.4.9 for references). It is however unclear
whether FSH is primarily responsible for this increased follicular selection or what
contribution to the alteration in the ovulation rate is played by (i) the LH contamination
of the FSH preparations or (ii) changes in the endogenous pattern of LH secretion
throughout these treatment regimes. Two recent studies in normally cycling monkeys
indicate that pure FSH given during the follicular phase induced supraphysiological
stimulation of the ovaries without increasing the tonic (basal) level of LH in the
circulation (Schenken and Hodgen, 1983; Schenken et al., 1984). However despite the
multiple follicular development, multiple ovulations subsequent to a spontaneous LH
surge never occurred (Schenken and Hodgen, 1983). The follicles were however
competent to ovulate in response to exogenous LH /hCG (Schenken et al., 1984).
While there is a general agreement that LH is a prerequisite for the process of ovulation
and although LH is thought to be the key hormone in folliculogenesis, several lines of
evidence suggest that follicles must be primed with FSH before they are able to

respond to this LH. The FSH is required for the development of granulosa cell LH
receptors and an active aromatase enzyme system (see 1.4.3. for references). In the
sheep, however, it is not known whether FSH influences aromatase activity directly by
modulating enzyme activity, or indirectly by influencing follicle viability.

The objective of this study were therefore to determine the differential actions of
varying concentrations of exogenous FSH or LH alone, versus combined FSH/LH
treatment on follicular growth and development. The effects of these gonadotrophins
were related to:- quantitative features of the follicle populations such as the total number
of follicles and their in vitro steroid production; and to qualitative features such as

follicle size distribution. The precise and individual actions of FSH and LH on

follicular growth and function were determined in the GnRH agonist induced
hypogonadotrophic ewes in which the endogenous pituitary gonadotrophin output had
been significantly reduced and complications due to the ovarian feedback influences on
the pituitary-ovarian axis had been minimized.
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Table5.1. Experimentalprotocol.

GonadotroDhinTreatment

Treatment Group

MethodofAgonist Delivery

Hormone

FSH Concentration
InfusionPumpc
Hormone

LH Concentration
Methodof Delivery

1MinipumpControl
Minipump

-

-

-

-

-

-

2PHBDiscControl
PHBDisc

-

-

-

-

-

-

3LH

Minipump

saline

0.9%

A

oLH-23

9pg/pulse

PumpB

4LowFSH

Minipump

oFSH-14

3|lg/h

A

-

-

-

5LowFSH+LH
Minipump

oFSH-14

3|ig/h

A

oLH-23

9pg/pulse

PumpB

6MediumFSH

Minipump

oFSH-14

9pg/h

A

-

-

-

7MediumFSH+LH
Minipump

oFSH-14

9(ig/h

A

oLH-23

9(ig/pulsc

PumpB

8HighFSH

PHBDisc

oFSH-16a

9pg/h

A

-

-

-

9HighFSH+LH
PHBDisc

oFSH-16

9|ig/h

B

oLH-25b

9pg/pulse

Hand

aThebioactivityofoFSH-16=2.2xthebioactivityofoFSH-14(seeTable2.2). bThebioactivityofoLH-25=thebioactivityofoLH-23(seeTable2.2).
cThepumpswerecalibratedtogiveaconstantflowrateofapproximately3ml/h(seeTable2.1).



Materials And Methods

Fifty four Welsh Mountain ewes pretreated for 5 weeks with buserelin were

utilized in this experiment. Of these animals 36 were recruited from the ewes which
had been treated with buserelin delivered from sc implanted osmotic minipumps as

detailed in chapter 4, experiment 1, group 1. The remaining 18 animals were pretreated
for 5 weeks with buserelin dispensed from sc implanted PHB discs (chapter 4,
experiment 1, group 3).

Gonadotrophin Infusion Studies

The infusion studies were carried out in December 1985 for the 36 animals

implanted with the osmotic minipumps, and during October 1986 for the 18 ewes

pretreated with the PHB disc implants. The day before the start of the gonadotrophin
infusion the animals were allocated to their infusion treatment group as detailed in Table
5.1, both jugular veins were chronically cannulated and the animals placed in
metabolism crates. The gonadotrophin infusion system was set-up according to the
methodology detailed in chapter 2. Throughout the 5 day experimental period the
animals were given a continuous i.v. infusion of ovine FSH (oFSH) with or without 4
hourly LH pulses.

Three different concentrations of FSH were infused in these experiments; the
concentrations were designed to produce subphysiological-, physiological- or

supraphysiological- concentrations of FSH in the peripheral circulation. The FSH
concentrations used were calculated according to the results of previous FSH infusion
studies (Baird et al., 1984; McNeilly, 1985). The animals were infused with FSH for
a period of 5 days as this time period corresponded to the length of time taken by ewes

treated with bovine follicular fluid to show oestrus after luteal regression had been
induced on day 10 of the luteal phase (McNeilly, 1985). This follicular fluid treatment

prevented follicles from growing beyond 2.7 mm diameter.
The concentration of ovine LH (o-LH) used, 9 p.g/pulse, has previously been

shown to produce measurable LH pulses in the systemic circulation with an amplitude
of 4-6 ng/ml when delivered to Welsh Mountain ewes during seasonal anoestrus
(Wallace et al., 1986) and other breeds of sheep (McNeilly et al., 1982). The LH
pulses were delivered by 2 different methods:
(i) By peristaltic pump. The pump was connected to an electronic timing device which
had previously been adjusted to allow infusion of the pulses at 4 hourly intervals. The
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LH pulses were delivered through the right jugular catheter over a 2 minute period,
(ii) By hand. The LH pulses were delivered by injection through the left jugular
catheter.

The LH pulses were infused at 4 hourly intervals since the mean interpulse interval
measured during the luteal phase for the Welsh ewe was 4.7 ± 0.3 h (see chapter 3).

Each day to ensure that no blockages were obstructing the gonadotropin infusion
lines a small air bubble (approximately 0.2 ml) was introduced into the tubing through
a 3 way tap. Slow movement of the air bubble down the plastic infusion line indicated
that the infusion catheter was not being obstructed by a blood clot. If the cannula was

blocked the infusion tubing was immediately disconnected at the animals neck and the
obstruction cleared, if this was not possible the animal was recannulated before the
infusion line was reconnected.

At the end of the 5 day treatment period all of the animals were killed by an

overdose of sodium pentobarbitone and the ovaries were immediately removed. The
ovaries from the animals in Groups 1 and 3-7, only, were weighed. All follicles > 1
mm diameter were dissected, the diameter of each follicle was measured and the basal

(all groups) and LH-stimulated (Groups 1 and 3-7 only) in vitro steroid production
were determined by incubation of each follicle in medium 199 for 2 h at 37°C using the
methodology detailed in chapter 2. The concentration of oestradiol and testosterone in
the follicle incubation media were measured by radioimmunoassay.

Blood Sampling

All blood samples (2.5 mis) were collected through the indwelling catheter in the
left jugular vein. The animals infused with FSH only (groups 4, 6, and 8) were

sampled at 30 min intervals for 1 h prior to the start of the infusion (time=0, day 1) and
then 30 min, 1 h, 2 h, 4 h, and 8 h after the start of the infusion. Thereafter the
animals were were sampled at 08.00 h, 10.00 h, and 16.00 h on days 3 and 5, and at
09.00 h and 17.00 h on days 2 and 4 of the infusion. A similar sampling regime was

adopted for the treatment groups 3, 5, 7 and 9 which received LH pulses at 4 hourly
intervals from 9 am on day 1 of the FSH infusion. In addition the groups receiving LH
pulses were sampled at 30 min intervals for 1 h prior to the 09.00 h LH pulse on days
1, 3 and 5 of treatment, the animals were then sampled at 10 min intervals for 1 h after
the pulse had been delivered. The 09.00 h LH pulses on days 1, 3, and 5 of the
treatment period were taken as representative of the LH pulses received on these days.

All blood samples were assayed in duplicate for FSH and LH.
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Statistical Analysis

The between treatment differences in the peripheral FSH and LH concentrations
throughout the infusion period were compared by 2-way ANOVA followed by
Duncans new multiple range test. The within treatment differences between the basal
FSH and LH concentration and the plateau concentration of the infused gonadotrophin
measured after 24 h of infusion were analysed by the Student's "t" test carried out on

paired samples. The characteristics of the infused LH pulses were assessed using the
Munro pulse analysis program with the parameters detailed in chapter 3. Statistical tests
on the mean pulse amplitude and the nadir LH levels were calculated by 2-way
ANOVA followed by Duncans new multiple range test. The pulse data collected at
09.00 h on days 1, 3 and 5 were taken as representative of the pulses throughout the
infusion period. All the LH data were subjected to logio(x) or logio(x+l)
transformations, as appropriate, prior to analysis.

The between treatment differences in the overall total ovarian 'weight, the total
number of follicle per ewe, the number of follicles < 2.5 mm or >2.5 mm diameter, the
diameter of these follicles and their basal in vitro steroid production were assessed by
2-way ANOVA, the data having been transformed as appropriate prior to analysis.
The differences between the treatment groups were established by Duncans new

multiple range test. Any variation between the mean weight of the left and right
ovaries and any effect of the addition of LH to the follicle incubation medium were

determined using the Student's "t" test on paired samples. Regression analysis was used
to determine the relationship between follicle diameter and basal steroid production and
follicle number and mean ovarian weight. All follicle steroid data was transformed by
logio (x+1) prior to analysis.

All Tables presented are of untransformed data.

Results

Hormone Levels

(a) FSH
The mean infused FSH concentrations measured throughout the 5 day infusion

period are shown in Fig. 5.1. Prior to the start of the infusion there was no significant
difference (p>0.01) in the mean agonist suppressed FSH concentration between the
ewes implanted with the minipumps and those treated with the PHB disc implants (as
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Table 5.2.
Peripheral FSH and LH level measured before the start of the gonadotropin infusion
(basal concentration) and 24-120 h after the start of treatment (plateau concentration).
The mean gonadotrophin concentrations measured in day 8 luteal phase control
animals are also shown. (Values are means ± s.e.m., n=6 per treatment).

Treatment
Group

Hormone Basal3
Concentration

(ng/ml)

Plateau b
Concentration

(ng/ml)

Significance

Luteal Phase Day 8 FSH
LH

25.9±5.4
1.3±0.1

3. LH FSH
LH

9.2±0.2
1.5±0.2

8.210.2
*

NS (p>0.05)

4. Low FSH FSH
LH

8.0±1.2
1.7±0.1

14.011.5
1.910.1

p<0.01
NS (p>0.05)

5. Low FSH + LH FSH
LH

8.3+0.9
1.4±0.06

16.012.5
*

p<0.01

6. Medium FSH FSH
LH

10.2±2.0
1.5±0.3

34.111.2
1.710.1

p<0.01
NS (p>0.05)

7. Medium FSH
+ LH

FSH
LH

11.812.4
1.910.2

30.912.3
*

p<0.01

8. High FSH FSH
LH

11.711.4
2.310.2

62.018.3
5.110.7

p<0.01
p<0.01

9. High FSH + LH FSH
LH

12.410.8
2.310.3

61.714.5
*

p<0.01

a The basal concentration is the mean of 3 samples per animal.
b The plateau concentration is the mean concentration measured throughout the infusion period for
each animal, the number of samples varies according to the treatment group (see text for details).
* See Table 5.3 for values.
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indicated in chapter 4). Throughout the treatment period in group 3 ewes which
received no FSH infusion there was no significant difference (p>0.05) between the
mean FSH concentration measured throughout the infusion period (8.2 ± 0.2 ng/ml)
and the basal FSH level measured before the start of the infusion (9.2 ± 0.2 ng/ml). In
contrast there were significant increases (p<0.01) in the peripheral FSH concentration,
over the pre-infusion FSH levels measured in treatment groups 4-9 after only 2, 4 and
8 h of FSH infusion. After 24 h of infusion there was no further significant increase
(p>0.05) in the peripheral FSH level in these treatment groups and the FSH levels
reached the plateau concentrations shown in Table 5.2. In addition there was no

significant difference (p>0.05) between the systemic FSH levels measured in the
treatment group pairs which were infused with the same concentration of FSH.
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Fig. 5.2. Time (h)
Plasma concentration of LH in agonist treated ewes infused for 5 days with
different concentrations of oFSH-14 alone (Groups 4 and 6) and oFSH-16 alone
(Group 8). Values are means ± s.e.m., n=6 per treatment.

(b) LH
The mean basal LH concentration recorded throughout the infusion of FSH for

groups 4, 6 and 8, which received no LH pulses, are shown in Fig. 5.2. There was no

significant difference (p>0.05) between the basal concentration of LH in groups 4 and
6 and the mean level of LH measured throughout the infusion period. In group 8
animals which received the infusion of the biologically more potent FSH preparation
the peripheral LH concentration increased markedly, after only 24 h of the FSH
infusion, to 2-3 times the basal level measured before the start of the gonadotrophin
treatment. The addition of 4 hourly LH pulses for 48 h to the FSH infusion caused a

significant 49% increase (p<0.01) in the nadir LH level for treatment groups 2, 5 and 7
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as compared to the basal concentration measured before the start of the infusion (Table
5.2), thereafter there was no further change in the nadir LH level. A similar trend was

observed in group 9 ewes however these animals showed both a doubling of the
peripheral LH concentration as a result of the infusion of the high potency FSH
preparation and an 82% increase in the nadir concentration of LH after 48 h of LH
pulses. On analysis of the mean amplitude of the exogenous LH pulses (Table 5.3) it
was evident for all the treatment groups that the first LH pulse delivered on day 1 had a

smaller amplitude than the subsequent pulses measured on days 3 and 5 of the
treatment period, these differences were however significant only for group 3 ewes

(p<0.01). The mean amplitude of the pulses delivered to animals from group 7 (23.5 ±
3.3 ng/ml) and 9 (25.5 ± 2.0 ng/ml) was significantly higher (p<0.05) than that of the
LH pulses measured on day 8 of the luteal phase of the cycle (12.1 ± 3.9 ng/ml); these
values were calculated from the pooled pulse amplitude data detailed in Table 5.3. The
different method of delivery of the pulses to the ewes in groups 7 and 9 did not

significantly (p>0.05) affect the measurable amplitude of these pulses in the peripheral
circulation. However, the LH pulse profiles produced by the 2 methods of pulse
administration were clearly different (Fig. 5.3) since the pulses delivered from the
infusion pump were infused slowly over a 2 min period.

(a) Infused LH Pulses (b) Injected LH Pulses

The LH pulse profile measured in agonist treated ewes to which exogenous pulses of (a) 9 fig
oLH-23 (Groups 3, 5 and 7) were infused at 4 hourly intervals by a peristaltic infusion pump
over a period of 2 mins, or (b) 9 |ig oLH-25 (Group 9) were injected by hand at 4 hourly
intervals. Values are means ± s.e.m., n=6 per treatment.
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Table 5.3.
Characteristics of the exogenous LH pulses infused into GnRH agonist treated animals and of
endogenous LH pulses measured on day 8 of the luteal phase in control animals. (Values are
means ± s.e.m., n=6; different letters are significantly different).

LH Concentration (ne/mll
Treatment
Group

Characteristic
of Pulse

Day 1 Day 2 Day 3 Significance

Luteal phase Day 8 Amplitude
Nadir

12.1±3.9
1.3±0.1

- -

-

3. LH Amplitude
Nadir

6.8±2.0a
1.5±0.2a

18.2±1.5b
2.1±0.1b

17.7±0.08b
2.2±0.05b

p<0.01
p<0.05

5. Low FSH+LH Amplitude
Nadir

8.4±2.4
1.4±0.06a

26.6+10.1
2.4±0.1b

20.9+3.9
1.9+0.2b

NS

p<0.05

7. Medium FSH+LH Amplitude
Nadir

31.7±9.4
1.9±0.2a

18.2±1.3
2.6±0.2b

20.7+1.1
2.9±0.2b

NS

p<0.01

9. High FSH+LH Amplitude
Nadir

25.2±2.4
2.3+0.3a

25.9+4.9
6.8±1.0b

25.5+3.5
6.5±0.8b

NS

p<0.01

Follicle Growth And Development

Agonist treatment and the infusion of FSH with or without the addition of LH
pulses had a significant effect on the total weight of the ovarian tissue recovered from
the animals in groups 1, and 3-7 as compared to the total ovarian weight of day 8 luteal
phase ewes, Fig. 5.4. Treatment with GnRH agonist alone, or in combination with:
LH pulses alone; low concentrations of FSH with or without LH pulses; or the
infusion of the medium concentration of FSH with LH pulses significantly reduced
(p<0.05) the weight of the ovaries. There was no significant difference (p>0.05)
between the weights of the ovaries recovered from the animals infused with the
medium concentration of FSH in the absence of LH pulses and those of ewes receiving
only 4 hourly LH pulses. There was no significant difference (p>0.05) between the
weights of the left and right ovaries for any of the treatment groups. Attempts to
correlate the mean ovarian weight with the total number of follicles dissected from each
ovary did not produce any consistent relationship between these parameters.

A comparison of the follicle populations dynamics after 5 weeks of agonist
treatment alone and after 5 days of gonadotrophin infusion is shown in Fig. 5.5.
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Analysis of these data indicated that treatment of the agonist suppressed ewe with LH
pulses alone (group 3), low concentrations of FSH with or without LH pulses (groups
4 and 5), physiological concentrations of FSH alone (group 6), and supraphysiological
concentrations of FSH with or without LH pulses (groups 8 and 9) did not

significantly alter (p>0.05) the total number of follicles >1 mm diameter dissected from
the ovaries of the treated ewes when these data were compared to the number of
follicles from the GnRH agonist control ewes and from day 8 luteal phase control
animals. The addition of large amplitude LH pulses to the infusion of physiological
concentrations of FSH (group 7) significantly increased (p<0.01) the total number of
follicles, but none of these follicles grew beyond 2.5 mm diameter. In the absence of
the LH pulses the same concentration of FSH stimulated follicular development beyond
2.5 mm. In contrast similar large amplitude LH pulses in group 9 ewes did not inhibit
the hyperstimulation of follicular growth beyond 2.5 mm diameter induced by the
presence of supraphysiological concentrations of FSH (group 8). The number of large
follicles >2.5 mm diameter after the infusion of physiological and supraphysiological

3.0t

Luteal Agonist LH Low Low Medium Medium
Control Control FSH FSH + LH FSH FSH + LH

I GnRH Agonist '
Fig. 5.4. Treatment
Comparison of the total mass of ovarian tissue in day 8 luteal phase control
ewes and in agonist treated ewes after a 5 day infusion of different
concentrations of FSH ± 4 hourly pulses of LH. Values are means ± s.e.m..
n=6. * signifies a significant (p<0.05) difference between the treated and
control animals.
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Table5.4. Effectofgonadotrophininfusiononthediameterandinvitrosteroidogeniccapacityoffolliclesrecoveredfromewestreated withdifferentconcentrationsofFSH±4hourlypulsesofLH.Dataforday8lutealphasecontrolanimalsandGnRHagonist controlanimals(groupsland2)areshown.(Valuesaremeans±s.e.m.peranimal,n=6.Valuesfollowedbydifferentletters aresignificantlydifferent;comparisonsshouldbeconfinedtorows). Follicles<2.5mmDiameter

Follicles>2.5mmDiameter
InVitroSteroidProduction1
InVitroSteroidProduction

Treatment Group

Diameter (mm)

Oestradiol (pg/follicle/h)
Testosterone (pg/follicle/h)
Diameter (mm)

Ocstradiol (pg/follicle/h)
Testosterone (pg/follicle/h)

Day8LutealPhase
1.7±0.2

26.214.6a

233.0162.6a
4.510.3ad

365.4138.04
471.4150.04

1.GnRHAgonist MinipumpControl
1.6±0.03

12.011.9ab

237.11101.7®

-

-

-

2.GnRHAgonist PHBDiscControl
1.710.08

48.113.3ac

257.2145.54

-

-

-

3.LH

1.610.05

19.213.la

1135.21402.14

-

-

-

4.LowFSH

1.710.09

10.011.5a

160.0i25.5a
1.010.7b§*

8.215.5b§*
243.91124.2b§*

5.LowFSH+LH
1.510.05

26.413.5a

792.81238.44

-

-

6.MediumFSH

1.610.02

42.4111.5a

241.2159.44
3.710.4td
302.71154.2+4
2764.Ot685.9t4

7.MediumFSH+LH
1.510.06

14.913.4a

719.01301.64

-

-

-

8.HighFSH

1.410.3

386.01107.3C*
221.61190.1to
5.810.24C

5193.11567.4c
1651.21825.2c

9.HighFSH+LH
1.710.1

1770.11402.0d*
568.712944
5.810.24C
5925.511403.lc
1326.21795.6c

Significance

NS (p>0.05)

p<0.05 *p<0.01

p<0.01

p<0.05
*p<0.01

p<0.05 *p<0.01

p<0.05 *p<0.01

Aonly5animalspossessedfollicle<2.5mm
§only2animalspossessedfollicles>2.5mm tonly5animalspossessedfollicles>2.5mm
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S I1 GnRH Agonist 1
pjg ^ ^ Treatment Group
Number of follicles dissected from day 8 luteal phase control ewes, GnRH
agonist control ewes (minipump- and PHB disc- control) and agonist treated
ewes infused with different concentrations of FSH ± 4 hourly pulses of LH.
Values are geometric means ± 95% confidence limits, n=6 per treatment.
* refers to a significant (p<0.01) difference from luteal phase control animals.

M Total

0 <2.5 mm

H >2.5 mm

concentrations of FSH was significantly higher (p<0.01) than the number of large
follicles in day 8 luteal phase ewes. The alteration in the distribution of the follicle
populations produced by these different gonadotrophin treatments is shown in Fig.
5.6. Treatment of the ewes with LH pulses alone (group 3) or in combination with the
low (subphysiological) concentrations of FSH (groups 4 and 5) did not stimulate
significant follicle growth beyond 2.5 mm. Several of the follicles >2.5 mm diameter
in group 4 (1 follicle- 4.0 mm diameter of a group total of 9 follicles) and group 5
animals (4 follicles of a group total of 4, all 3.0 mm diameter) were burst during
dissection, the estimates of the diameter of these burst follicles were therefore
inaccurate.
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Table5.5. Effectofgonadotrophintreatmentonfolliculardiameterandinvitrosteroidproductionperfollicledissectedfromanimalsinfusedwith differentconcentrationsofFSH±4hourlypulsesofLH.Dataforday8lutealphasecontrolewesandGnRHagonistcontrolanimals (groups1and2)areshown.(Valuesaremeans±s.e.m.forthenumberoffolliclesshowninparenthesis.Valuesfollowedbydifferent lettersaresignificantlydifferent;comparisonsshouldbeconfinedtorows). Follicles<2.5mmDiameter
Follicles>2.5mmDiameter

InVitroSteroidProduction

InVitroStei
oidProduction

Treatment Group

Diameter (mm)

Oestradiol (pg/follicle/h)
Testosterone (pg/follicle/h)
Diameter (mm)

Oestradiol (pg/follicle/h)
Testosterone (pg/follicle/h)

LutealPhaseDay8 NumberofFollicles

1.7±0.048 (95)

25.312.18

208.3138.08
4.310.38 (27)

342.9194.38
482.9171.68

1.GnRHAgonist MinipumpControl

1.6±0.03b (180)

13.711.0b

170.2113.98b

-

-

-

2.GnRHAgonist PHBDiscControl

1.7±0.01b (146)

50.111.9c

253.3118.6b

-

-

-

3.LH

1.6±0.05b (204)

17.411.9b

1221.91284.9c
-

-

-

4.LowFSH

1.6±0.06b (218)

8.811.1d

143.219.48d
3.110.2b (7)

25.7116.3b
481.61124.58

5.LowFSH+LH

1.510.02b (173)

26.611.88

724.2151.8c

-

-

-

6.MediumFSH

1.610.03b (137)

40.9110.08

268.21568bd
4.510.48 (73)

486.1153.68
500.8145.88

7.MediumFSH+LH

1.510.03b (328)

16.411.9b

821.9192.7<=

-

-

-

8.HighFSH

1.710.078 (25)

439.0140.0e
363.91259.2e
5.810.2c (119)

5742.911531.3c
1456.41643.3b

9.HighFSH+LH

1.710.18 (25)

1378.51335.8f
387.51114.5ad
5.410.2"c (101)

5362.611392.4c
1140.61533.9b

Significance

p<0.05

p<0.01

p<0.01

p<0.01

p<0.01

p<0.05



(a) In Vitro Steroid Production By Follicles <2.5 mm Diameter

The overall mean in vitro production of oestradiol and testosterone per ewe and per
follicle are shown in Tables 5.4 and 5.5 respectively. Although the basal production of
these steroids varied widely between follicles of approximately the same diameter there
was a highly significant positive correlation (p<0.0001) between follicle diameter and
the basal production of testosterone, (group 3, n=204, r=0.63; group 4, n=218,
r=0.46; group 5, n=173, r=0.45; group 6, n=137, r=0.41; group 7, n=328, r=0.27;
group 8, n=25, r=0.41). No significant correlation (p>0.05) existed between the basal
testosterone production and the diameter of the small follicles from group 9 ewes.

Similarly and, in contrast to the results for luteal phase ewes, there was no significant
correlation between the basal in vitro production of oestradiol and follicle diameter.

In general, treatment with LH pulses stimulated an increased testosterone

production by the small follicles from the treated animals as compared to that by the
small follicles from ewes infused with FSH alone or from luteal phase control animals.
This increase was not, however, always associated with a corresponding increase in
oestradiol secretion when the infused FSH concentrations were below or within the

physiological range measured during the luteal phase of the cycle (Tables 5.4 and 5.5).
Infusion of the medium/physiological concentration of FSH (group 6) resulted in the
production of small follicles with an in vitro steroidogenic capacity which was not

significantly different (p>0.05) from that of the small follicles recovered from ewes on

day 8 luteal phase or at oestrus (see chapter 3). The addition of large amplitude LH
pulses to this FSH infusion however significantly increased (p<0.01) the basal in vitro
production of testosterone but decreased (p<0.01) the basal production of oestradiol.
The infusion of a supraphysiological concentration of FSH resulted in the production
of highly active small follicles with a significantly increased testosterone (p<0.01)
production and a 17-fold increase in their oestrogen secretory capacity. The addition of
large amplitude LH pulses to the high concentration infusion of FSH enhanced the
steroid production by the small follicles.

(b) In Vitro Steroid Production By Follicles >2.5 mm Diameter

It was shown in chapter 3 that large follicles >2.5 mm diameter at different stages
of the cycle showed a significant positive correlation between oestradiol production and
follicle diameter. Similarly in the present study a significant positive correlation existed
between the basal oestradiol production and the diameter of the large follicles recovered
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from the ewes infused with physiological concentrations of FSH alone (group 6, n=73,
r=0.54, p<0.01) or supraphysiological concentrations of FSH in the presence (group
9, n=103, r=0.59, p<0.0001) or absence of LH pulses (group 8, n=120, r=0.28,
p<0.004). In addition, unlike the situation in day 8 luteal phase control animals a

positive correlation also existed between the basal testosterone production and the
diameter of the large follicles from group 6 ewes (r=0.26, p<0.004). These low
values of "r" were significant because of the high value of "n" for each group.

The results clearly indicate that increasing the infused FSH concentration above the
physiological range shown in group 5 ewes increased the in vitro oestradiol production
above that found in Welsh ewes during the luteal phase and at oestrus (see Tables 5.4
and 5.5). The mean oestradiol production by the large follicles from the animals
infused with the physiological concentration of FSH was not significantly different
(p>0.05) to that measured in the luteal phase or at oestrus. The follicles with the
greatest diameter in this size category did not necessarily have the highest steroid
production levels and the mean basal steroid production varied greatly both between
animals and between treatments.

(c) Effect Of LH Stimulation On Follicular Steroid Production

The mean in vitro steroid production response of the follicles from both size
categories to the addition of 1 |ig oLH to the incubation medium is shown in Fig. 5.7.
It is clear that all follicles irrespective of their diameter, basal steroid production or

treatment, responded to the LH stimulation by a significant increase in testosterone

production (p<0.01) in the second incubation period. However despite this increased
testosterone production the addition of LH to the incubation medium: (1) did not

significantly alter (p>0.1) the in vitro oestradiol production in the large follicles
collected from the day 8 luteal phase ewes detailed in chapter 3, or from the animals in
treatment group 3; (2) did not significantly affect (p>0.05) the oestradiol production by
the small follicles from luteal phase control ewes, the minipump agonist control ewes,
and also the follicles from animals in treatment groups 5-7; (3) significantly increased
(p<0.05) the oestradiol production by the small follicles from groups 3 and 4 and the
large follicles from group 6 ewes.
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(d) Potential Ovulatory Follicles

Follicles >2.5 mm diameter were classified as being potentially ovulatory
according to the criteria detailed in chapter 3. Using this categorisation the number of
ovulatory follicles stimulated by the different gonadotropin treatments and the mean

diameter and oestrogen output of these follicles, were compared with similar
parameters measured in the preovulatory follicles recovered from Welsh ewes during
the mid-luteal phase or at oestrus (Table 5.6). The results show that the infusion of
physiological concentration of FSH, in the absence of LH pulses, stimulated the
growth of large oestrogen active follicles. In group 6 ewes 14% of the large follicles
>2.5 mm diameter could be classified as preovulatory. Only 9% and 18% of the large
follicles recovered on day 8 of the luteal phase or at oestrus, respectively, were
classified according to these criteria. Increasing the infused FSH concentration to

supraphysiological levels irrespective of the addition of LH pulses enhanced this
stimulation of follicular development further, with 74% and 68% of the large follicles
from groups 8 and 9 respectively classified as preovulatory follicles. The average

diameter of these follicles was comparable (p>0.05) with that measured in normal ewes
in the luteal phase and at oestrus. The mean oestrogen secreting capacity of the
preovulatory follicles recovered from group 6 ewes was not significantly different
(p>0.05) from that of day 8 luteal phase ewes but was significantly lower (p<0.05)
than that of follicles from oestrus ewes or ewes receiving high FSH with (group 9) or
without LH pulses (group 8). The in vitro oestrogen production from the preovulatory
follicles of group 8 and 9 ewes was not significantly different (p>0.05) from that of
similar follicles recovered from Welsh ewes at oestrus. The results from chapter 3
indicated that preovulatory follicles recovered from ewes at oestrus secreted
significantly more (p<0.05) oestradiol in vitro than comparable follicles from luteal
phase animals.

In addition 1 animal from treatment group 6 and all animals from groups 8 and 9
possessed highly active small follicles < 2.5 mm diameter with an in vitro basal
oestrogen production of >1000 pg/h.
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Table 5.6.
Characteristics of the potential ovulatory follicles from control animals on day 8 of
the luteal phase and at oestrus and from agonist treated ewes infused with different
concentrations of FSH ± 4 hourly pulses of LH.
(Values are means ± s.e.m. for the number of follicles shown; different letters
signify differences as shown).

Treatment or
Stage of the cycle

Number of
Animals

Total No of
Ovulatory
Follicles

Diameter
(mm)

In vitro
Oestradiol
production
(pg/follicle/h)

Luteal Phase Day 8 2/6 3 5.1±0.3 a 1321.01254.0 a

Oestrus 5/5 8 6.5±0.5 b 3876.01381.6 b

6. Medium FSH 2/6 11 6.410.26 b 1318.4151.1 a

8. High FSH 5/6 105 6.310.3 b 5348.611537.4 b

9. High FSH + LH 6/6 88 5.810.2 b 5924.511403.1 b

Significance p<0.05 p<0.05

Discussion

The Effect Of FSH On Follicle Growth

These results clearly demonstrate that a 5 day infusion of FSH, which produces a

measurable physiological concentration of FSH in the peripheral circulation, stimulates
the growth and development of large active follicles in the presence of only tonic
endogenous LH secretion and in the absence of LH pulses. Conversely infusion of
subphysiological concentrations of FSH, with or without the addition of LH pulses, or
the addition of LH pulses to the basal concentration of FSH present in the agonist
suppressed ewe were not sufficient to stimulate appreciable follicular development
beyond 2.5 mm. In contrast it was possible to cause ovarian hyperstimulation by
raising the systemic FSH concentration to levels above the normal range of values
observed during the oestrous cycle. FSH and LH are known to act synergistically in
regulating both follicle growth and steroidogenesis (Greep, 1961). In the present
studies the failure of low doses of FSH alone (group 4) to stimulate appreciable follicle
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development beyond 2.5 mm may be a reflection of inadequate endogenous LH to

bring about the required synergism. If this was the case, as has been suggested in FSH
infusion studies in the rat by Armstrong et al., (1989), the addition of LH pulses to the
low FSH infusion (group 5) would be expected to overcome the postulated deficiency
of LH. The lack of induction of follicle growth beyond 2.5 mm in group 5 ewes,

however, together with the stimulation of the development of follicles of >2.5 mm

diameter in group 6 ewes infused with the medium concentration of FSH alone indicate
that this was not the case in the present experiments. This suggests that in the presence

of only basal concentrations of LH the stimulation of follicle development beyond 2.5
mm is an attribute of the plasma concentration of FSH. Stimulation of follicular growth
and ovulation rate resulting from treatment with pure preparations of FSH alone have
previously been observed in sheep (Wright et al., 1981; Baird et al., 1984; Cognie et

al., 1985; McNatty et al 1985b; McNeilly, 1985; Chupin et al., 1987; Henderson et al.,
1988), cattle (Laster, 1972; Chupin et al., 1985a,b, 1987; Donaldson and Ward, 1985;
Wubishet et al., 1986), monkeys (Schenken and Hodgen, 1983; Schenken et al.,
1984), women (Erickson et al., 1979; Rebar and Yen, 1979; Messinis and Templeton,
1986; Meissinis et al., 1986; Diedrich et al., 1988) and rats (Opavsky and Armstrong,
1985; Armstrong and Opavsky, 1986, 1988, 1989; Chandrasekhar et al., 1989). This
stimulatory effect of FSH on follicular development and ovulation rate occurred
irrespective of whether the FSH was delivered by continuous infusion (McNeilly,
1985) or by injection (Wright et al., 1981; Sharpe et al., 1986).

The elevation of the tonic concentration ofLH observed in treatment groups 8 and
9 which were infused with the high potency FSH preparation could be attributed in part
to the higher LH content of the infused FSH preparation (the LH content of oFSH-16
is approximately twice that of oFSH-14) since the increase in the peripheral LH
concentration occurred concurrently with the increase in the peripheral level of FSH.
These results suggest that the continuous infusion of high concentrations of high
potency FSH preparations which contain substantial contamination with LH will
stimulate follicular growth and development. The amount of contamination of the
infused FSH preparation with LH cannot, however, account for the substantial increase
in the peripheral LH concentration measured in group 8 and 9 animals. The data
presented in chapter 2, Fig. 2.4, suggest that the infused FSH preparation cross reacts
with the anti-LH antiserum used in the radioimmunoassay for LH. An increase in the
concentration of oFSH-16 from 62 ng/ml to 125 ng/ml was accompanied by a doubling
of the LH concentration measured against the 0LH-SI8 standard preparation. In the
present experiment the increase in the LH baseline can therefore be accounted for by
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both an increase in the LH contamination of the infused FSH preparation and by the
cross reaction of the infused FSH preparation in the LH assay.

We have shown in chapter 4 that no follicles >2.5 mm were present in the ovaries
of ewes after 5 weeks of treatment with GnRH agonist. It was clear from the present

experiments therefore that follicles of 1-2.5 mm diameter, present at the start of
gonadotrophin treatment, could respond to physiological and supraphysiological
infusions of FSH in the absence of pulsatile LH release. The mean number of follicles
>1 mm, however, remained relatively constant between the different groups which
were treated with FSH alone. The FSH treatment therefore altered the distribution of

follicle sizes within the follicle populations, stimulating follicular growth beyond
2.5mm. This result is supported by the finding that the number of follicles >1.0 mm

is unchanged after PMSG administration (McNatty et al., 1982) while the number of
follicles >2.0 mm increases (Dott et al., 1979). In addition the proportions of non-
atretic and atretic follicles (large follicles with very low in vitro oestradiol secretion
levels) was influenced markedly by the systemic concentration of FSH- no such
follicles were observed in the animals treated with the very high concentrations of FSH
(groups 8 and 9) and only 34% of the follicles >2.5 mm diameter recovered from the
group 6 ewes had low in vitro oestrogen production levels. Approximately 60% of the
follicles recovered from day 8 luteal phase ewes could be classified as atretic using
these criteria. The data from these studies indicate that preovulatory follicles can be
selected from any of the follicles between 1 mm and 2.5 mm diameter. This result is
supported by the observations of Driancourt and Cahill (1984), Tsonis et al., (1984a)
and McNeilly (1985) who suggest that preovulatory follicles in the ewe can be selected
from any of the follicles >1.0 mm diameter available at the time of luteal regression.
Also the present experiment suggests that FSH alone is responsible for the growth of
the preovulatory follicle since LH pulses in the absence of physiological concentrations
of FSH did not stimulate the growth of follicles of >2.5 mm diameter. The infusion of
a constant level of FSH into the systemic circulation after 5 weeks of GnRH agonist
pretreatment reduced, but did not totally remove, the variation in the ovarian responses

of the different animals to the FSH treatment. The residual variation of individual

animals to the same infused FSH concentration may be due to between animal
variations in the basal gonadotrophin level produced by the agonist treatment and/or to
differences in the ovarian sensitivity of the individual animals to the FSH preparations.

Classically FSH has been shown to stimulate the growth and development of egg
bearing follicles (Greep, 1961) and, as has been detailed in chapter 1 (1.4.3) FSH
undoubtedly plays a crucial role in stimulating the division of granulosa cells in vitro.
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In the sheep receptors for FSH are present on the granulosa cells of the smallest antral
follicles while LH receptors are found on the thecal and granulosa cells of mature
follicles between 4 and 6 mm diameter (Carson et al., 1979). Both oestradiol and FSH
are thought to be important in generating these granulosa LH receptors. In the absence
of granulosa LH receptors instead of luteinizing and secreting progesterone in response

to the preovulatory LH surge the follicles become atretic. The data ofMcNatty et al.,
(1985b) indicates that infusing sheep with FSH to raise the plasma FSH concentration,
increases granulosa cell aromatase activity in the cells from follicles of all sizes. These
experiments were however carried out in anoestrus ewes which had endogenous pulses
of LH. Despite the fact that aromatase activity was not assayed directly in the present
studies the results from these experiments extend the observations ofMcNatty et al.,
(1985b) and indicate that the infusion of physiological concentrations of FSH, in the
absence of pulsatile LH secretion stimulates increased aromatase activity as indicated by
the increased production of oestradiol in vitro. Presumably the high levels of oestradiol
production in vitro , and by inference aromatase activity, in the present studies can be
attributed to the FSH treatment although some augmentation of the response by the
effects of the elevated tonic LH concentration in the groups treated with the high
potency FSH preparation cannot be ruled out. The animals infused with the lower
concentration of FSH demonstrated reduced in vitro oestrogen secretion and therefore
reduced aromatase activity. Furthermore in the animals infused with the physiological
concentration of FSH, oestrogen production was equivalent to the production of this
steroid in the follicles from luteal phase control animals where the follicles had been
exposed to endogenous low frequency pulses of LH. These results suggest therefore
that the low frequency luteal phase LH pulses are not required for the follicles to

acquire and maintain aromatase activity and oestrogen production as basal levels of LH
can stimulate sufficient thecal androgen precursor production to enable this to occur.

The intrafollicular action of the FSH stimulated oestrogen production together with the
infused FSH itself stimulated:- granulosa cell proliferation and hence the follicular
growth beyond 2.5 mm in the agonist suppressed ewes; and also possibly the
formation of LH receptors; both of these changes are essential to bring the follicle to the
final stages of ovulatory maturity.

On the basis of these results it is reasonable to suppose that follicular growth,
development and viability during the oestrous cycle of the Welsh Mountain ewe are

influenced by the plasma concentration of FSH. The results from these experiments
indicate that preovulatory follicle growth and steroidogenesis can be induced by the
infusion of FSH to produce a systemic FSH concentration which corresponds to the
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level measured in the mid- luteal phase of the cycle. However it cannot be assumed
that follicular growth and development during the normal ovine oestrous cycle would
be influenced by FSH in precisely the same way as described in the present

experiments which utilize GnRH induced hypogonadotrophic animals.

The Effect Of LH On Follicle Growth

In direct contrast to the stimulatory effect of FSH on follicle growth and
development, the administration of high amplitude LH pulses alone, or in combination
with low or physiological concentrations of FSH, did not stimulate preovulatory
follicular development. Also, interestingly, the addition of these high amplitude LH
pulses: (i) prevented follicle growth beyond 2.5 mm diameter but doubled the number
of small follicles when given in conjunction with a physiological concentration of FSH;
and (ii) reduced the ovarian hyperstimulation induced by the supraphysiological FSH
concentration. The latter was achieved by reducing the number of large oestrogenic
follicles without altering the total number of follicles per ewe. These data clearly
indicate that the inhibitory effects of the large amplitude LH pulses was antagonistic to
the stimulatory action of FSH on follicular function in the agonist suppressed ewe.

This result is supported by the apparent inhibitory effect of LH on the superovulatory
response to FSH which has been observed in sheep (Wright et al., 1981; Chupin et al.,
1987), cattle (Murphy et al., 1984; Donaldson and Ward, 1985; Chupin et al.,
1985a,b, 1987) and rats (Opavsky and Armstrong, 1985, 1989; Armstrong and
Opavsky, 1986, 1988; Armstrong et al., 1989; Chandrasekha et al., 1989).

The results of Baird et al., (1981) indicate that the enhanced secretion of oestradiol
from the preovulatory follicle is due to stimulation by the increased frequency of the
LH pulses which occurs after luteal regression. Also within 10 mins of an LH pulse
androstenedione and oestradiol secretion increases (Baird et al., 1976a; Baird et al.,
1981). Since thecal androstenedione production does not vary with follicle diameter or
the stage of the cycle (McNatty et al., 1984a,d) the supply of steroid substrate for
follicular oestrogen synthesis is thought to be regulated by the frequency and amplitude
of the LH secretory episodes (McNatty, 1982; Baird, 1983; McNatty et al., 1984e).
The sustained rise in LH which occurs during the preovulatory surge initially stimulates
and then inhibits aromatase activity and eventually all steroid secretion by the follicle
(Chamley et al., 1972; Baird and Scaramuzzi, 1976a; Baird et al., 1981). That the
secretion of oestradiol is inhibited before that of either testosterone or androstenedione

(Baird et al., 1981) is compatible with the suggestion that LH in large amounts inhibits
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aromatase activity (Moor, 1974). The results from the present experiments clearly
indicate that in the agonist suppressed ewe, in the absence of pulsatile LH release, basal
concentrations of LH in conjunction with at least physiological concentrations of FSH,
stimulate sufficient androgen production to enable normal preovulatory follicular
development and steroidogenesis to occur. In addition these basal concentrations of LH
must stimulate the conversion of granulosa derived progesterone to androgens by thecal
3B-HSD and desmolase enzymes. In the mature follicle granulosa cell LH receptors
share the same membrane associated adenylate cyclase system as the granulosa cells
FSH receptors (Farookhi, 1982), and the binding of either or both of the
gonadotrophins will therefore directly stimulate granulosa cell aromatase activity (Wang
et al., 1981) and so enhance oestrogen biosynthesis. It is likely therefore that in the
infusion system used in the present study in treatment groups 6 and 8 the increased
granulosa cell aromatase activity and oestrogen production is stimulated by the infused
FSH rather than by the basal levels of LH. It is also likely that the only limiting factor
which may result from the presence of only basal concentrations of LH is the activity of
the 3B-HSD and desmolase enzymes in the thecal cells. The concept that the aromatase

enzyme system is functionally competent in the presence of basal LH but absence of
pulsatile LH release is supported by the observation that the addition of LH to the
incubation medium stimulated the in vitro production of testosterone and its conversion
to oestrogen by the follicles from the treated animals in groups 4 and 6 in a manner

similar to that shown by the follicles from normal day 8 luteal phase control ewes. The
high intrafollicular oestrogen concentration produced in the follicles stimulated by the
medium or high levels of FSH may enhance the developmental competence of the
oocytes from these follicles (Moor and Trounson, 1977). The choice to maintain the
delivered LH pulses at a constant frequency and amplitude throughout the study did not

permit us to evaluate any potential changes in ovarian responsiveness to LH during
follicular growth or any potential role of slight changes in the basal concentration of LH
in the process of follicular selection.

The mechanism by which the high amplitude LH pulses inhibited the FSH induced
stimulation of follicle growth in the animals from group 7 is unclear. While it may be
argued that large amplitude LH pulses were observed naturally during the luteal phase
of the Welsh ewe (chapter 3), these pulses occurred randomly and the high pulse
amplitude was not maintained throughout the 24 h sampling window on day 4, 8 or 12
of the luteal phase. It is possible in the present study that the excessive amplitude of the
infused LH pulses down regulated the thecal LH receptors and as a result compromised
follicular development (Campbell et al., 1979). Alternatively hypersecretion of cAMP
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may have resulted from the large amplitude LH pulses interacting with their thecal
receptors and FSH binding to its granulosa receptors. This would lead to a marked
increase in follicular androgen production. However Hsueh et al., (1984) and Hillier
(1985) have demonstrated that the predominant action of granulosa androgens in
synergism with FSH is to promote cAMP dependent granulosa cell differentiation in
vitro. In contrast testosterone and its 5 a-reduced metabolites, for example DHT,
have been demonstrated in vitro and in vivo to inhibit both the FSH-induced

stimulation of granulosa cell LH receptors and the induction of aromatase activity
(Farookhi, 1980; Hillier et al., 1980b; Tonetta et al., 1986) which ultimately leads to
the disruption of the conversion of androgens to oestrogens. In the present study we

demonstrated that the small follicles from ewes in treatment groups 3, 5 and 7 which
received LH pulses had a higher basal in vitro testosterone production than the follicles
from luteal phase control ewes or from animals which were infused with FSH alone.
This elevated testosterone production was not, however, accompanied by a measurable
increase in the basal oestrogen production by the same follicles. This suggests either
that the aromatization of androgens to oestrogen is already maximal in these follicles, or
that the large amplitude LH pulses may have impaired the aromatase activity of these
follicles directly. Also the addition of LH to the incubation medium stimulated a marked
increase in the testosterone secretion by the follicles from all of the treatment groups but
had no consistent or significant effect on oestradiol production from either small or
large follicles. In group 7 ewes the LH-induced increase in testosterone production by
the small follicles was not accompanied by a significant change in oestradiol
production. The addition of LH pulses to the medium FSH infusion therefore
stimulated an increase in the androgen:oestrogen ratio in follicles as compared to that in
either day 8 luteal phase control animals or GnRH agonist controls. The data from
group 7 therefore supports the hypothesis that large amplitude LH pulses disrupt
aromatase activity. Alternatively it is possible that the follicles from group 7 animals
were atretic. It has been observed previously that the administration of hCG to

hypophysectomized immature rats increased the incidence of follicle atresia, an effect
that was attributed to an intraovarian action of elevated androgen and an elevated
androgen:oestrogen ratio (Louvet et al., 1975b). Although no detailed histological
examination of the follicle populations was carried out in the present experiment there
was no evidence of atresia from the gross morphology of these follicles. It is possible
therefore that the large amplitude LH pulses stimulated an increased thecal androgen
production which in turn, as a result of the inhibition of aromatase activity in these
follicles, stimulated 5a-reductase activity and hence the production of 5-a reduced
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androgen metabolites. Also as the granulosa cell layer in these small follicles was not

yet responsive to LH it may have been more susceptible to direct detrimental androgen
effects such as inhibited cAMP dependent granulosa cell differentiation which will lead
to arrested follicle growth at 2.5 mm diameter. A doubling of the number of small
follicles was also observed in group 7 animals. It is plausible that in the presence of
the androgen-induced inhibition of follicle growth beyond 2.5 mm the infused
physiological concentration of FSH stimulated the growth and development of follicles
from the recruitable pool of follicles of <1 mm diameter. This hypothesis is supported
by the observation that no comparable stimulation of follicular recruitment was
observed in groups 3 and 5 which received similar LH pulses but in the presence of
sub-physiological concentrations of FSH. The infusion of a supraphysiological
concentration of FSH which caused ovarian hyperstimulation (group 9) overrides the
inhibitory effect of the large amplitude LH pulses on follicle growth beyond 2.5 mm

diameter possibly as the high levels of FSH directly stimulate the induction of
granulosa cell LH receptors and/or granulosa aromatase activity so preventing the thecal
androgen build-up. As a result follicle growth beyond 2.5 mm was stimulated in this
group but to a lesser extent than that induced by the infusion of supraphysiological
concentrations of FSH in the absence of LH pulses.

It was clear from these experiments that ovarian weight was not well correlated
with follicle growth and was not a reliable index of the superovulatory efficiency of the
FSH preparations used. In general, in the present study, it was evident that the
treatments which stimulated the production of large antral follicles also increased the
mean ovarian weight although this effect was not always significant. In contrast

doubling the number of small follicles < 2.5 mm diameter (group 7) also markedly
decreased the mean weight of the ovaries from group 7 animals. A similar increase in
ovarian weight has been observed after the LH induced inhibition of the superovulatory
response to FSH in the rat (Opavsky and Armstrong, 1985; Armstrong and Opavsky,
1986; Armstrong et al., 1989).

In conclusion these experiments support the interpretation that a 5 day continuous
infusion of pure preparations of ovine FSH can stimulate ovarian follicular growth,
maturation and oestrogen production in the ewe in the presence of only basal
concentration of LH. The addition of large amplitude LH pulses to the FSH infusion
inhibited the stimulatory effect of FSH on follicular development and function. The
data presented raise far reaching questions about the relative importance of FSH versus

LH in the ovine oestrous cycle. Although these findings do not warrant the discarding
of the dogma that insists upon the essential nature of an FSH/LH synergism in the
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promotion of follicular maturation, these data surely bring into question the long held
views on the importance of the pulsatile pattern of LH secretion in the final stages of
the development of the preovulatory follicle. Clearly FSH is the pre-eminent hormone
during folliculogenesis in the ewe as the above experiments indicate that substantial
oestrogen biosynthesis and advanced follicular development are possible in the absence
of a pulsatile pattern of LH secretion. While LH is undoubtedly required for the
process of ovulation and also perhaps for the priming of the positive feedback
mechanisms of the hypothalamic-pituitary-ovarian axis which induce behavioural
oestrus and the spontaneous LH surge, the precise role played by the LH pulses in the
final stages of folliculogenesis in the ewe needs to be re-evaluated. These data support
the findings of other groups and demonstrate that high doses of LH are antagonistic to
the stimulatory effects of FSH on follicular development and ovulation. This study also
demonstrates that follicles capable of ovulating can be selected from those of between 1
mm and 2.5 mm diameter under particular circumstances. This emphasizes the
flexibility of the sheep ovary in its final selection of the ovulatory follicle.
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CHAPTER 6

EFFECT OF ALTERING THE DURATION OF FSH
TREATMENT ON FOLLICULAR DEVELOPMENT IN

AGONIST TREATED EWES

Introduction

The results from chapter 5 indicate that a 5 day continuous infusion of oFSH, in
the presence of only basal levels of LH stimulates the growth and development of
apparently normal preovulatory follicles. The rationale for the duration of the
gonadotrophin treatment was based on the observations made in ewes treated
throughout the oestrus cycle with repeated injections of bovine follicular fluid. This
treatment prevents the growth and development of follicles beyond 2.7 mm diameter
(Wallace et al., 1985), delays the onset of oestrus by 71- 82 h (McNeilly, 1984, 1985)
and extends the interval from oestrus to the onset of a spontaneous LH surge by

approximately 8 h (Wallace and McNeilly, 1985). Also Tsonis et al., (1984a) showed
that in the ovine ovary electrocautery of all follicles > 2.0 mm diameter delayed the
onset of the LH surge by 24 h and that 97% of the animals had shown oestrus or an
LH surge within 120 h of cloprostenol induced luteolysis. Since behavioural oestrus is
an oestrogen dependent event (Robinson, 1959) the delay in oestrus observed after
follicular fluid treatment or electrocautery probably occurs as a result of insufficient
oestradiol secretion by the developing follicle population immediately after luteal
regression. It would appear from these experiments that it takes approximately 3-5 days
for follicles of up to 2.7 mm diameter to become functionally competent in terms of
granulosa cell LH receptor content (Webb and England, 1982a) to respond to the
follicular phase pattern of pulsatile LH release by synthesizing sufficient oestradiol to
induce behavioural oestrus, and to ovulate in response to the preovulatory surge of LH
and produce fully functional CL. Interpretation of this literature together with the
results of chapter 4 suggests that a 5 day gonadotrophin infusion schedule such as that
used in chapter 5 would stimulate the preovulatory follicular growth and development
from the pool of follicles between 1.0 and 2.5 mm diameter which are present in the
ovaries of the agonist treated ewe.

Recent evidence in the monkey suggests that once FSH concentrations are

elevated to a stimulatory range the subsequent duration of the FSH rise influences the
number of follicles which are stimulated (Zeleznik and Kubik, 1986). Prolonging the
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FSH rise from 1-5 days increased ovarian activity in a time dependent manner as

indicated by the number of follicles developing and the plasma oestradiol concentration.
This evidence together with that reviewed by Webb and Gauld (1985b) supports the
suggestion that follicles can mature to the ovulatory stage within 3 days, depending on

the experimental conditions. In the agonist suppressed ewe it is not known whether
changing the duration of the FSH infusion would alter either (i) the number of follicles
stimulated to develop by the FSH or (ii) the functional integrity of these follicles both in
terms of their in vitro steroid production and their ability to ovulate in response to an

exogenous ovulatory stimulus.
The objectives of the present study were therefore two-fold. The first aim was

to determine whether the delivery of a constant infusion of FSH to the agonist
suppressed ewe would influence ovarian follicular activity in a time dependent manner.
This concept was assessed by measurement of the number of follicles, follicle size and
in vitro steroid production at 4 different time points relative to the onset of a 5 day
infusion of oFSH alone. Secondly the study was undertaken in an attempt to determine
whether the activated follicles produced by the 5 day FSH infusion were functionally
competent to ovulate in response to an ovulatory stimulus of hCG and whether
luteinization of these follicles would produce normal CL as assessed by luteal weight
and progesterone production.

Materials And Methods

Twenty one Welsh ewes were selected at random from the animals which had
been pretreated for 5 weeks with PHB disc implants of buserelin. The experiments
were carried out between December 1985 and January 1986. During the sixth week of
agonist treatment the animals were double cannulated as detailed in 2.3, allocated into 4
treatment groups, and placed in metabolism crates. The treatment groups are detailed in
Table 6.1. Using the infusion set-up detailed in 2.5, all the ewes were given a

continuous infusion of FSH for 24 h, 48 h, 72 h or 120 h. The infused FSH
concentration used- 6|ig oFSH-16 per h (calculated from the levels infused in chapter
5) was designed to produce a systemic concentration of FSH which was at the upper

limit of the normal physiological range of values of FSH measured during the luteal
phase of the cycle in normal Welsh ewes.

At the end of the infusion period the animals from groups 1-3 were killed by an

overdose of sodium pentobarbitone, the ovaries were immediately removed and all
follicles >1.0 mm diameter were dissected out, the mean diameter and the basal steroid
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production were determined for each follicle using the methodology detailed in 2.6.
The concentration of oestradiol and testosterone were measured in the incubation

medium from each follicle.

Table 6.1.
Experimental protocol.

Treatment Number of Duration Concentration
Group Animals of Infusion of oFSH-16

(h) (M-g/h)

1 5 24 6

2 5 48 6

3 5 72 6

4 6 120 6

After 120 h of infusion group 4 animals were disconnected from the infusion
system and all 6 ewes were hemiovariectomized. The animals had been starved of food
and water for 6-8 h before the operation. General anaesthesia was induced prior to
surgery by an i.v. injection of sodium intraval (May and Baker Ltd., Dagenham,
Essex) on a volume/kg body weight basis. Each animal was prepared for surgery as

detailed in chapter 4, experiment 3. Unilateral ovariectomy was then performed by
exteriorizing the uterus and ovaries through a 10 cm mid-ventral abdominal incision.
For each ewe the ovary to be removed was selected at random. After the ovary had
been removed the peritoneal incision was stitched with Dexon synthetic, absorbable
surgical suture (Davis and Geek, Cyanamid G.B. Ltd., Gosport, Hampshire) and the
skin incision closed with Michel clips. Immediately after the operation each animal was
injected with 4 mis of antibiotics (Streptopen, Glaxovet Ltd.). Within 1 h of the start of
these proceedings each animal was returned to its metabolism crate, 3 mis of the
infused FSH preparation was injected through the right jugular catheter and the
infusion lines were reconnected. After the FSH infusion had been re-started all 6

animals were given an i.m. injection of 750 i.u. of hCG (Chorulon, Intervet Lab Ltd.,
Cambridge) in 1 ml of 0.9% saline solution. This concentration of hCG is known to
stimulate the ovulation of a normal number of follicles in anoestrus ewes after unilateral

ovariectomy (Fry et al., 1987b). The FSH infusion was continued for a further 48 h
(until day 7) when the animals were disconnected from the infusion pumps and

184



released from the metabolism crates in to a large pen. The animals was given second
and third i.m. injections of 250 i.u. hCG on days 8 and 11 after the start of the
gonadotropin treatment (day 1). On day 12 the animals from group 4 were killed and
the ovaries were removed. All follicles >1.0 mm diameter were dissected from the

ovary removed after hemiovariectomy on day 5 of the infusion and the diameter and
basal steroid production of these follicles were measured. The ovulatory response of
the contralateral ovary to hCG was determined by noting the number of follicles, the
number of CL and the weight of any luteal tissue recovered from the remaining ovary

on day 12 of the experiment.

Blood Sampling

Jugular blood samples (2.5 mis) were withdrawn through the left jugular vein
catheter throughout the experiment. To determine the basal- and the mean infused- FSH
concentrations, respectively, three blood samples were collected at 30 min intervals
immediately prior to the start of the infusion and before the end of each infusion
period. In addition blood samples were collected 1.5 h, 3.5 h and 7.5 h after the start
of the infusion on day 1 and at 09.00 h, 12.30 h and 16.30 h on days 2-5 of treatment.
Thereafter, for group 4 only, twice daily samples were collected at 09.00 h and 16.30 h
on days 6-8 and daily samples were collected at 09.00 h on days 9-12. All the blood
samples were assayed in duplicate for FSH and LH. Progesterone was measured in
daily samples collected from group 4 animals only.

Statistical Analysis

The basal FSH and LH concentrations measured prior to the start of the FSH
treatment (mean of 3 samples) were compared with the mean levels measured 24 h, 48
h, 72 h and 120 h after the start of the infusion using the Student's "t" test on paired
samples. In addition the between treatment differences in the mean levels of the 2
gonadotrophins were compared using 2-way ANOVA followed by Duncans new

multiple range test. For group 4 only the basal concentrations of LH and FSH were

also compared with the mean concentrations of these 2 hormones on days 7-12 of
treatment (mean of 7 samples) after the FSH infusion had ended. The overall changes
in the systemic concentrations of FSH, LH and progesterone, measured throughout the
experiment in group 4 ewes were analysed by 1-way ANOVA on repeated samples,
followed by Duncans new multiple range test The LH and progesterone concentrations
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were transformed by logio(x+l) before they were analysed.
The effect of treatment on the total number of follicles, the number of follicles

< 2.5 mm- and > 2.5 mm- diameter, the mean diameter and basal in vitro steroid

production of these follicles and the percentage of oestrogenic follicles of >2.5 mm

diameter were compared by 2-way ANOVA followed by Duncans new multiple range

test. The data was transformed prior to analysis where appropriate. For group 4
animals the ovulation rate of one ovary, 7 days after hCG, and the number of
preovulatory follicles on the contralateral ovary after 5 days of FSH infusion were

compared using the Student's "t" test after the data had been transformed by V(x+1/2).
The average weight of the luteal tissue recovered from the treated animals was

compared with the weight of the CL from the day 8 luteal phase control ewes, reported
in chapter 3, using the Student^ "t" test. Regression analysis was used to determine if a
relationship existed between: follicular steroid production and follicle diameter; luteal
weight and the mean progesterone production on days 11-12 of the experiment (group
4); and the production of progesterone by the CL from group 4 ewes and the number of
follicles on the same ovary. All steroid data was transformed by logio(x+l) prior to
the analysis. All the Tables presented are of untransformed data.

Results

Hormone Levels

(a) FSH
The basal concentration of FSH and LH prior to the start of the infusion are

shown in Table 6.2. The results indicate that there was no significant difference
(p>0.05) in the basal concentration of both these hormones between the 4 treatment

groups. Also after the start of the infusion there was no significant difference (p>0.05)
between either the mean FSH concentration measured after 24 h, 48 h, 72 h or 120 h of
infusion or the mean FSH concentration measured at each of these time points in the
groups which were infused for the longer periods of time. In addition in all the groups

infusion of 6 jig oFSH-16/h significantly increased (p<0.05) the peripheral FSH
concentration irrespective of the duration of the infusion. The gonadotrophin data for
all 4 groups was therefore pooled. The mean overall changes in the peripheral
concentration of FSH for groups 1-4 throughout the infusion period and for group 4
alone after the termination of the infusion are shown in Fig. 6.1(a). Statistical analysis
of the data from group 4 animals throughout the experiment indicated that the peripheral

187



concentration of FSH had increased rapidly during the first 24 h of the infusion this
increase over the baseline level was significant (p<0.05) within 40 h of the start of the
infusion, thereafter the level plateaued. Within 17 h of the termination of the infusion
the FSH concentration (19.1 ± 5.3 ng/ml) had fallen significantly (p<0.05) below the
peripheral FSH concentration measured when the pump was switched off (71.4 ± 6.8
ng/ml). The level continued to fall until by day 12 the mean FSH concentration was

4.0 ± 0.02 ng/ml, in 4 of the 6 animals the measurable FSH level had fallen below the
sensitivity of the FSH assay.

Table 6.2.
Comparison of the basal plasma gonadotrophin concentration measured before the start
of the infusion with the level measured throughout the infusion period. The basal
concentrations are means ± s.e.m. for 3 samples ; the infused concentration are means
± s.e.m. for n >5 samples depending on the duration of the infusion (see text for
details).

Treatment Duration Hormone Concentration Significance
Group of Infusion (h) (ng/ml)

Basal Infused

1 24 FSH 7.7±1.8 27.013.2 p<0.001
LH 1.0±0.06 1.510.1 p<0.01

2 48 FSH 9.8±2.2 68.016.7 p<0.001
LH 1.0+0.09 2.210.1 p<0.01

3 72 FSH 9.9±1.5 59.214.2 p<0.001
LH 1.0+0.07 2.010.08 p<0.01

4 120 FSH 21.5±6.4 60.317.1 p<0.001
LH 0.810.2 1.810.3 p<0.01

(b) LH

Comparison of the basal LH concentration measured before the start of the
infusion with the mean concentration measured throughout the infusion period (Table
6.2) indicated that there was a 50-120% increase in the mean LH concentration
measured throughout the infusion period this increase was significant at p<0.01.
Detailed analysis of the data from group 4 ewes indicated that the changes in the
peripheral LH concentration observed 40 h after the start of the infusion when the LH
concentration had plateaued to 1.9 ± 0.4 ng/ml and the concentration measured after the
end of the infusion period (1.2 ± 0.3 ng/ml) were not significant (p>0.05). After the
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Fig. 6.2.
Comparison of (a) the total number of follicles, (b) the number of small
follicles <2.5 mm diameter and (c) the number of follicles > 2.5 mm diameter
in day 8 luteal phase control ewes, GnRH agonist PHB Disc implant control
ewes (Oh) and agonist treated animals infused with FSH for varying periods of
time ranging from 24 h-120 h. Values are geometric means ± 95 %
confidence limits. The numbers in circles refers to the number of animals in
each treatment group. * and ** refer to a significant (p<0.05 and p<0.01,
respectively) difference compared to luteal phase control animals; A refers to
a significant difference (p<0.05) compared to agonist control animals.
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termination of the FSH infusion in group 4 ewes the peripheral LH concentration fell to
preinfusion levels.

(c) Progesterone
The mean overall changes in the peripheral concentration of progesterone

measured in group 4 ewes is shown in Fig. 6.1(b). Throughout the infusion period the
progesterone levels remained low < 1 ng/ml (mean, 0.5±0.08 ng/ml) and in some

samples were below the limit of detection of the assay. Within 46 h of the first hCG
injection progesterone levels increased. The peripheral progesterone concentration had
increased significantly to 2.3 ± 0.8 ng/ml (p<0.05) 63 h after the hCG injection and to
5.7±1.2 ng/ml 48 h later. The peak progesterone concentration (8.5 ± 2.2 ng/ml)
measured on days 11-12 of the experiment, 6-7 days after the original hCG injection,
was higher than the plateau concentration (3.6 ± 0.2 ng/ml) measured between days 6
and 12 of the luteal phase of the normal oestrous cycle. This difference was not
however significant due to the high variability of the data from individual animals. The
progesterone concentration of 1/6 of the ewes remained low (0.3 ng/ml) on day 12
despite the presence of 1 CL.

Follicular Development And Function

(a) Small Follicles < 2.5 mm Diameter
The results indicate that increasing the duration of the FSH infusion from 24 to

120 h did not significantly alter (p>0.8) the total number of follicles recovered per ewe
(Fig. 6.2a). The distribution of follicles sizes within the populations was, however,
significantly changed (Fig. 6.2 b and c and Fig.6.3) as the infusion time increased.
Although there was considerable variation in the mean number of follicles recovered
per animal, there was no significant difference (p>0.05) between the number of small
follicles recovered after 24 h (17.8 ± 2.5; mean±s.e.m, n=5) or 48 h (13.6 ± 2.8, n=5)
of FSH infusion. The number of follicles of <2.5 mm diameter dissected after 72 h

(8.4 ± 2.4, n=5) or 120 h (5.0 ± 1.6, n=6) of infusion although not significantly
different from each other (p>0.05), were however significantly lower (p<0.05) than
the number of follicles of a comparable size recovered from either normal day 8 luteal
phase ewes (17.4±2.0) or the GnRH agonist control ewes implanted with PHB discs
(23.4 ± 4.4) reported in chapters 3 and 6 respectively. It would appear therefore that
as the FSH infusion time increased the number of small follicles decreased.

The average diameter and basal steroid production by these small follicles as
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compared with those of day 8 luteal phase ewes and PHB disc implant control animals
are shown in Table 6.3. There was no significant difference (p>0.7) between the mean

diameter of the small follicles recovered from each treatment group. The data indicates
that the in vitro oestradiol, production by these small follicles was significantly
increased (p<0.01), after only 24 h of FSH infusion, over the levels recorded in the
luteal phase control ewes. Each 24 h increment in the FSH infusion time up to 72 h
was associated with a significant increase (p<0.01) in the oestrogen secretory capacity
of the small follicles. In addition after 72 h of FSH treatment oestradiol secretion was

maximal and no further significant change (p>0.05) in the production of this steroid
was produced by increasing the infusion time to 120 h. Similarly as the infusion time
was extended from 24 to 48 h the in vitro production of testosterone by the small
follicles was significantly increased (p<0.01). The peak androgen production by these
follicles, reached after 72 h of infusion, was significantly higher (p<0.01) than the
androgen production by the small follicles from luteal phase control ewes or GnRH
agonist control animals. In general therefore infusing FSH for a minimum of 24 h
significantly increased the in vitro production of both the steroids over the levels
measured in either normal ewes during the luteal phase or in GnRH agonist control
animals. Also as the infusion period was increased from 24 h to 72 h there was a

significant increase (p<0.05) in the production of both the steroids (see Fig. 6.4). No
further significant increase in the in vitro secretion of either oestradiol or testosterone
was produced by extending the infusion time from 72 h to 120 h. In addition to these
results for each treatment group there was a highly significant positive correlation
(p<0.05) between the in vitro secretion of both the steroids and the diameter of the
small follicles. These data are in agreement with the results from the small follicles of
ewes infused with differing concentrations of FSH in chapter 5 but are in contrast to
the results for comparable sized follicles from luteal phase- or GnRH agonist- control
animals (chapters 3 and 4 respectively).

(b) Large Follicles >2.5 mm Diameter

It is clear from Figs. 6.2 and 6.3 that increasing the infusion time from 24 to
120 h increased the number of large follicles developing beyond 2.5 mm diameter.
However due to the high individual variation in the response to the FSH treatment this
increase over the number of similar sized follicles from luteal phase control ewes was
significant (p<0.05) only after 72 h of FSH treatment. The results from this
experiment indicate that a 24 h FSH infusion stimulated the development of a
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significant number of large follicles >2.5 mm (Table 6.3), no follicles > 2.5 mm

diameter were present in the ovaries of GnRH control animals. The large follicles
stimulated by the 24 h FSH infusion were significantly smaller (p<0.05) than the large
follicles from either luteal phase ewes or from animals infused with FSH for 48 h or 72
h. Each increment in the infusion time from 24 h to 120 h resulted in an increase in the

mean diameter of the large follicles although the diameter of the large FSH-stimulated
follicles was significant (p<0.05) greater than that of the follicles from luteal phase
control ewes only when FSH had been infused for 120 h.

As has been shown for the small follicles the results for the large follicles
indicate that increasing the FSH infusion period from 24 h to 72 h was associated with
an increase in the in vitro steroid production. In the treated ewes with each 24 h
increment in the FSH infusion time up to 72 h oestradiol secretion was significantly
increased (p<0.01) over that of similar sized follicles in luteal phase control animals,
thereafter oestradiol production decreased but not significantly (p>0.05). Similarly each
24 h extension of the infusion time up to 72 h resulted in an increase in the testosterone
production by the large follicles which was significant (p<0.01) when compared to that
of the large follicles from luteal phase control ewes. In addition the extension of the
FSH infusion time from 72 h to 120 h caused a further significant decrease (p<0.01) in
the in vitro production of testosterone by the large follicles from the latter treatment
group over that of the follicles from animals infused for up to 72 h. There was a strong

positive correlation (p<0.0001) between the in vitro production of both the steroids and
the diameter of the large follicles from groups 1 (oestradiol: r=0.64; testosterone:
r=0.58; n=35), group 3 (oestradiol: r=0.59; testosterone: r=0.43; n=74) and group 4
(oestradiol: r=0.74; testosterone: r=0.60; n=35) and between the production of
oestradiol and follicle diameter from group 2 animals after 48 h of FSH infusion
(r=0.72, n=22). In contrast only in vitro oestradiol secretion was significantly
correlated with the diameter of the large follicles from luteal phase ewes in chapter 3.

In general, as has been shown in the small follicles, these data indicate that
irrespective of follicle diameter increasing the infusion time up from 24 h to 72 h
significantly increased (p<0.05) the in vitro production of both oestradiol and
testosterone, however no further significant increase in the production of either of these
steroids occurred when the infusion time was extended from 72 h to 120 h.
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Table6.3. TheeffectofalteringthedurationoftheFSHinfusiononthediameterandinvitrosteroidproductionofsmallfollicles<2.5 mmdiameterandlargefollicles>2.5mmdiameter.(Valuesaremeans±s.e.m.forthenumberoffolliclesshown,the valuesfollowedbydifferentlettersaresignificantlydifferentasshown,comparisonsshouldbeconfinedtorows). Follicles<2.5mmDiameter

Follicles>2.5mmDiameter
InVitroSteroidProduction

InVitroSteroidProduction

Treatment

Diameter

Oestradiol

Testosterone

Diameter

Oestradiol

Testosterone

Group

(mm)

(pg/follicle/h)
(pg/follicle/h)

(mm)

(pg/follicle/h)
(pg/follicle/h)

LutealPhaseDay8
1.7±0.04

25.3±2.1a

208.3138.0a
4.310.3a
342.9194.3a
482.9171.6a

NumberofFollicles
(95)

(27)

GnRHAgonist

1.7±0.01

50.111.9b

253.3118.6bc

_

_

_

PHBDiscControl
(146)

1.24hFSHInfusion
1.6±0.05

34.815.5c

429.0188.6c
3.3i0.07bc
830.61121.0b
3316.71639.5bc

(35)

(75)

2.48hFSHInfusion
1.6±0.05

63.615.1d

299.1139.6c
4.210.3ac
1392.71208.5c
3254.41293.2c

(61)

(22)

3.72hFSHInfusion
1.7±0.06

229.7156.6e
671.51134.1d
5.310.23(1
2088.11142.7d
4844.01316.3c

(36)

(74)

4.120hFSHInfusion
1.5±0.5

111.4182.7e
431.21464.2d
6.510.2d
1890.61141.0d
1749.31217.4d

(14)

(35)

Significance

NS

p<0.01

p<0.01

p<0.05

p<0.05

p<0.05

(p>0.05)
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Fig. 6.5.
Percentage of large ovarian follicles > 2.5 mm diameter which secrete > 500 pg/h
oestradiol in vitro in day 8 luteal phase control ewes and GnRH agonist treated ewes
infused with FSH for 24 h-120 h. Values are means ± s.e.m. for each treatment

group.

(c) Potential Ovulatory Follicles

The percentage of the large follicles >2.5 mm diameter from each treatment
which could be classified as preovulatory, according to the criteria used in chapter 3,
are shown in Fig. 6.5. On average only 9% of the large follicles from day 8 luteal
phase control ewes could be classified as potential follicles, whereas none of the
follicles from the GnRH agonist control animals had oestradiol production levels of
>500 pg/h. With each 24 h increment in the FSH infusion time the percentage of large
follicles which could be classified as potential ovulatory follicles increased. Due to the
individual variation in the response to the treatment this increase over the number of
preovulatory follicles in luteal phase control ewes was significant (p<0.01) only after
72 h of FSH infusion. The increase in the number of activated follicles secreting >1000
pg oestradiol per hour was due to a concomitant decrease in the number of large
follicles secreting between 500 and 1000 pg of oestradiol per hour. In addition the size
of these highly active oestrogenic follicles increased as the infusion time increased.
The diameter of the preovulatory follicles recovered after 24 h of infusion was

3.7±0.1mm. After 48 h of infusion the FSH-stimulated preovulatory follicles diameter
(4.7±0.3 mm) was not significantly different to that of similar follicles from day 8
luteal phase control ewes (5.2±0.2 mm). Extending the infusion time from 72 h to
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120h, however, significantly increased (p<0.05) the mean diameter of the potential
ovulatory follicles (5.7±0.4 mm and 7.2±0.4 mm respectively) over that of the control
ewes.

(d) Ovulation Rate

The number of ovulatory follicles present after 5 days of FSH infusion (group
4) was compared with the ovulation rate of the contralateral ovary 7 days later. There
was no significant difference (p>0.8) between the number of preovulatory follicles
(5.0±1.8, range 0-12) after 5 days of FSH infusion and the number of CL (5.7 ± 2.0,
range 1-12) on the contralateral ovary 7 days after the hCG injection. Despite the
increased ovulation rate from 1 ovary this increase was not significant (p>0.05) when
compared to the normal ovulation rate measured during the oestrous cycle (1.5 ± 0.1)
due to the high variation between the treated animals. Surprisingly, despite the increase
in ovulation rate there was also no significant difference (p>0.6) between the mean

weight of the luteal tissue recovered from group 4 ewes (0.6 ± 0.1 g) and that from day
8 luteal phase control animals (0.5 ± 0.04g). Moreover there was no significant
correlation (p>0.1) between luteal progesterone production and either the total mass of
luteal tissue or the number of CL 7 days after the hCG injection. Also there was no

evidence (p>0.9) of a local effect of CL number on the number of follicles present on
the same ovary 7 days after the hCG injection; a similar observation was made in luteal
phase ewes. The animal, noted earlier, with a very low peripheral progesterone
concentration on days 11-12 of treatment was found to have 1 CL of normal weight.

Discussion

The results of these experiments support the observations made in the previous
chapter that, in the absence of pulsatile LH release, a 5 day infusion of oFSH
stimulates the growth of large oestrogenic follicles. The infusion of FSH altered the
distribution of follicle sizes within the follicle population without altering the total
number of follicles per animal. This was achieved by stimulating the growth and
development of small follicles of > 2.5 mm diameter. In addition these studies extend
the observations of chapter 5 and demonstrate that this FSH-stimulated follicle growth
is dependent on the length of exposure of the follicle population to the infused FSH.
Similar observations have been reported in monkeys by Zeleznik and Kubik (1986).
The importance of the presence of the basal concentration of LH throughout the FSH
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infusion remains to be clarified.

The increase in the basal concentration of LH measured throughout the FSH
infusion period is thought to be due to the cross reaction of the infused FSH
preparation in the LH radioimmunoassay rather than to the contamination of the FSH
with LH. This observation has been reported in detail in chapter 2 and chapter 5.

The results demonstrate that the infusion of FSH for only 24 h stimulated the
growth and development of large steroidogenic follicles of which some 47% could be
classified as potential ovulatory follicles. Increasing the infusion time to 48 h stimulated
the further growth of the large follicles without altering the proportion of follicles >
2.5 mm diameter which could be classified as preovulatory follicles (45%). The
optimal infusion time for the FSH-induced stimulation of preovulatory follicular
growth and development was 72 h. A 72 h infusion of FSH stimulated maximal
steroid production by both large and small follicles and also induced the development
of the highest proportion of normal active follicles (66%). That normal preovulatory
follicular development can be induced in agonist treated ewes by a 72 h infusion of
FSH is supported by the observation that the ovulation rate of the ewe is fully
compensated in the next cycle when ovariectomy is performed on day 14 of the cycle
(Land, 1973; Findlay and Cumming, 1977). In the present study although no further
increase in the percentage of large preovulatory follicles was produced by extending the
FSH infusion to 120 h (67%) these FSH-stimulated follicles were larger than the
normal preovulatory follicles from control animals. It must be noted, however, that the
follicle population from this treatment group (group 4) was quantified from 1 ovary
only. Also one animal, in this group, possessed only one follicle >2.5 mm diameter
and this follicle was not oestrogenic. The remaining 5/6 animals all possessed large
oestrogenic follicles and had the data from this animal been excluded from the analysis,
the infusion of FSH for 120 h would have produced an increase in the proportion of
the large follicles which could be classified as preovulatory (81%) as well as the
observed increase in the diameter of these follicles. The FSH infusion-time dependent
increase in the proportion of large, oestrogenic follicles was due to both the stimulation
of follicle growth beyond 2.5 mm diameter as the infusion time was increased and to
the enhanced oestrogen secretory capacity of these follicles so that more of the large
follicles secreted >1000 pg oestrogen per hour as the FSH infusion time was extended.

It has been postulated that the conversion of androgens to oestrogens and the
response of granulosa cells to these steroids are the key factors in determining whether
a follicle ovulates or becomes atretic (Farookhi, 1980). Also Carson et al„ (1981) have
demonstrated that high levels of androgen production with decreased oestrogen
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synthesis are characteristic features of large atretic follicles. Using this definition in the
present studies, in the absence of any detailed histological examination, it was assumed
that large follicles which secreted high levels of testosterone and low levels of
oestrogen in vitro were steroidogenically atretic. Large follicles with this pattern of
steroid production were observed in the populations of follicles dissected from the
luteal phase control ewes in chapter 3 and in the animals infused with low or

physiological concentrations of FSH in chapter 5 (see Fig. 6.4). In direct contrast to
these results no steroidogenically atretic follicles were noted in the present experiments.
In this study all of the large follicles were oestrogenic and in many cases could be
classified as potential ovulatory follicles. Furthermore the large oestrogenic follicles
secreted high amounts of testosterone in vitro. Similar results were obtained after the
infusion of the supraphysiological concentrations of FSH in chapter 5. The results of a
number of experiments in hypophysectomised, steroid treated, immature female rats,
reviewed in 1.4.6, support the theory that there is an interaction between LH stimulated
oestrogen and androgen biosynthesis and the process of follicle atresia. In the sheep an

association between follicle atresia and the circulating level of FSH has been
demonstrated both in vitro and in vivo after the treatment of ewes with PMSG. This

process is thought to be mediated either: directly with FSH rescuing those follicles
which are already in the early stages of atresia at the time of the PMSG administration
(Hay and Moor, 1978; Byskov, 1979); or indirectly as a result of FSH stimulating the
oestrogen synthesizing capacity of the granulosa cells (Moor et al., 1973; Peters et al.,
1975) with an associated anti-atretic effect of the high concentration of oestrogen
(Payne and Hellbaum, 1955; Goldenburg et al., 1972, 1973). In the present

experiments where the large oestrogenic follicles also produced high levels of
testosterone the most likely explanation to account for the reduced levels of atresia
observed in these follicles is the combination of the direct anti-atretic effect of the high
intrafollicular concentration of oestrogen together with an FSH-induced stimulation of
aromatase activity, oestrogen synthesis and granulosa cell proliferation. To date, as no
detailed histological examination of the follicles was carried out, it has not been
possible to determine whether these large follicles were in the early stages of atresia. It
is unlikely, however, that the oestrogenic follicles were in a more advanced stage of
atresia since the majority of these follicles ovulated in response to hCG. The results
from these studies therefore suggest that in this model system, in the absence of LH
pulses, high intrafollicular concentrations of testosterone alone do not cause follicle
atresia. This suggests a possible role for the pulsatile secretion of LH in the mechanism
for the induction of follicle atresia.
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The second objective of the present study was to determine if a 5 day infusion
of FSH alone stimulated the development of functionally competent follicles which
would ovulate in response to a suitable exogenous gonadotrophs stimulus. The
experiments utilized the principle that the follicle populations in each ovary are similar
(Cahill et al., 1979). In this study after hemiovariectomy, it was unlikely that the
remaining ovary would exhibit the phenomenon of compensatory hypertrophy (Land,
1973; Findlay and Cumming, 1977) since the feedback mechanisms which govern the
control of gonadotrophs secretion and which are presumed to allow this compensation
of ovulation rate to occur are not effective in the GnRH agonist suppressed ewe. Also
there is an apparent lack of short term effects of unilateral ovariectomy on

folliculogenesis in sheep (Dufour and Guilbault, 1984). The response of the
contralateral ovary to the hCG injection in the present study is therefore likely to reflect
the possible ovulatory response of the activated follicles stimulated to develop by the
infused FSH. The evidence presented indicates that despite the fact that the infused
FSH stimulated the growth and development of preovulatory follicles in the presence of
only basal concentrations of LH these mature follicles possessed sufficient LH
receptors to enable them to luteinize in response to an ovulatory dose of hCG. In 5 of
the 6 animals these mature follicles were transformed into fully functional CL as

evidenced by their elevated progesterone production in the ensuing artificially induced
luteal phase. These data are in contrast to the follicles stimulated to ovulate by LH/hCG
during periods of low LH secretion during anoestrus (Haresign et al., 1975; McNeilly
and Land, 1979; McLeod et al., 1982a). It is not however clear whether the CL

produced in the present study would have persisted in the absence of endogenous LH
pulses without the continued exogenous support provided by the second and third
injections of hCG. The development of multiple ovarian follicles which were

responsive to hCG and the 5-6 fold increase in the ovulation rate from 1 ovary

indicated that the infused FSH concentration was excessive. This was also evident

from the systemic FSH concentration throughout the infusion period which was 2-3
times the mean FSH concentration measured during the luteal phase for the Welsh ewe

(chapter 3). Further support that FSH treatment at supraphysiological levels stimulates
the maturation of apparently competent follicles in the absence of pulsatile LH secretion
is provided by the observation that, 5 days after ovulation had been induced by the
injection of hCG, oocytes could be recovered from the reproductive tracts of GnRH
agonist suppressed ewes which had been infused with FSH for 3 or 5 days (Picton and
McNeilly unpublished observations). Although proof of the viability of the oocytes
ovulated after such treatments remains to be established, the evidence ofMcNatty et al.,
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(1979b) suggests that follicles with high levels of oestrogen production (>1000 pg/h)
are healthy in terms of their granulosa cell number and oocyte status and that such
follicles would have a potential for further maturation in vivo. Also Moor and
Trounson (1977) have demonstrated that high intrafollicular concentrations of
oestrogen enhance the developmental competence of oocytes from sheep follicles in
vitro. Furthermore the recent data of Zhang and Armstrong (1989) in the rat suggests
that FSH plays an important role during oocyte maturation in enabling normal
fertilization to occur. Moor et al., (1980), however, have shown that alterations in the

patterns of follicular steroid secretion produce intracellular changes in sheep oocytes
which are expressed as gross abnormalities at fertilization. In the present study it is
therefore unclear whether the oocytes from the large oestrogenic follicles stimulated by
the FSH infusion would be viable.

Upon cessation of the FSH infusion the serum FSH concentration fell abruptly
and the rapidly growing follicles which did not ovulate in response to the hCG but
which where stimulated by the FSH infused after ovariectomy became atretic and
regressed in size over the ensuing week or became cystic. The demise of these multiple
follicles and the absence of any subsequent new follicular development, soon after the
withdrawal of the exogenous FSH emphasizes that both follicle recruitment and
sustained follicle development and maturation are highly dependent on continued FSH
support. Furthermore after discontinuing the FSH treatment the sharp drop in serum

FSH levels to the pre-infusion concentration indicates that the suppression of the
endogenous pituitary gonadotropin secretion by the agonist implants was maintained
throughout the infusion. Moreover in 4 of the 6 ewes at the end of the treatment period
the FSH concentrations fell to below the basal levels measured prior to the start of the
infusion. This suggests that the large follicles which did not ovulate in response to the
hCG or the large follicles stimulated to develop by the additional 48 h of FSH infusion
were secreting a factor- probably inhibin, which suppressed the already basal
endogenous pituitary secretion of FSH. In support of this hypothesis Knight and
Castillo (1988) have demonstrated that treatment of ewes with bovine follicular fluid

significantly reduces plasma FSH concentrations in both intact- and ovariectomised-
animals before and after chronic exposure to a potent GnRH agonist. The results of the
present study and the afore mentioned report suggest that inhibin can directly suppress

pituitary FSH secretion irrespective of whether a functionally intact hypothalamic-
pituitary-ovarian axis is present.

In conclusion the results from these experiments support the findings of the
previous chapter that, in the hypogonadotrophic ewe, oFSH in the presence of basal
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concentrations of LH stimulates the growth and development of large oestrogenic
follicles. These follicles are competent to ovulate in response to a suitable exogenous

stimulus of hCG and will produce CL of normal weight and progesterone production.
The data clearly demonstrate that the degree of ovarian stimulation produced by the
FSH is dependent on the duration of the infusion. Also the optimal infusion time for
FSH to stimulate follicular development is 72 h since follicular steroidogenesis was

maximal in both small and large follicles at this time. Increasing the length of the
infusion from 72 h to 120 h conferred no steroidogenic advantage on the follicles but
did increase the diameter of the large oestrogenic follicles. The high in vitro
testosterone production by these oestrogenic follicles suggests that in this model
testosterone alone is not responsible for the mechanism for the induction of atresia and
follicle degeneration.

202



CHAPTER 7

THE EFFECT OF CHRONIC GnRH AGONIST TREATMENT

ON THE HALF-LIFE OF INFUSED GONADOTROPHIN
PREPARATIONS

Introduction

In the experiments detailed in chapter 5 the concentration of LH injected for each 4
hourly LH pulse was based on the results of earlier studies carried out in Finnish
Landrace x Merino ewes during seasonal anoestrus. These experiments indicated that
an i.v. bolus injection of 10 |ig of oLH, given every 3 h for 72 h, produced measurable
pulses of LH which were of similar amplitude, 4-6 ng/ml, and duration to endogenous
preovulatory LH pulses (McNeilly et al, 1982). Also by increasing the frequency of
the injected LH pulses it was possible to induce the preovulatory surge of LH and
hence ovulation. A comparable response to this treatment regime has been shown in
anoestrous Welsh ewes (Wallace et al, 1986). The results from chapter 5 however
indicated that similar concentrations of LH delivered toWelsh ewes during the breeding
season, but after 5 weeks of chronic agonist treatment, produced systemic pulses of
LH which had a significantly larger amplitude than that measured during the luteal
phase of the cycle. The disparity between the results from these experiments is most
likely due to variations in the purity and hence biopotency of the LH since 3 different
LH preparations were used. It is also possible, however, that the chronic agonist
treatment which lowers the ovarian steroid output, produced changes in the clearance
rate of immunoreactive LH. Support for this hypothesis is provided by the apparent

prolongation of the clearance rate of LH (Montgomery et al., 1984) and FSH (Fry et
al., 1987a) from the plasma of ewes after ovariectomy. In addition MacMillan et al.,
(1984) have reported that the endogenous LH pulse amplitude in cattle with XY
gonadal dysgenesis was 2-3 times that measured in normal animals.

Infusion experiments carried out in this laboratory prior to commencing the present
studies indicated that in Damline ewes, an i.v. infusion of 50 pg oFSH (NIAMDD-
oFSH-14)/h for 48 h resulted in a substantial increase in FSH concentration to levels of

202±9ng/ml on day 1 and 301±5 ng/ml on day 2 of treatment (McNeilly, 1985). When
the infusion was stopped, plasma concentrations of FSH declined with a mean half-life
of 159 min (range 120-230 min, n=5). A second study in white-faced ewes indicated
that the clearance rate of 131I-labelled FSH was 102 mins (Akbar et al., 1974). In the

agonist treated ewe there is, to date, no evidence to suggest that the agonist
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pretreatment affects the response of the ovary to infused oFSH preparations, or that
this pretreatment alters the metabolic clearance rate (MCR) of this gonadotroph^ during
an infusion of exogenous oFSH.

A major contributory factor to the potency of hormone preparations in vivo is their
survival time in the circulation. It is essential therefore to determine the stability of the
exogenous gonadotrophs preparations in the agonist suppressed animal since
variations in the MCR of the hormones will alter their biological effect at the target

cell(s). Two experiments were therefore undertaken in agonist treated ewes to: (1)
determine the concentration of exogenous oLH required to produce a measurable LH
pulse of physiological amplitude in the systemic circulation; (2) to measure the half-life
of the infused LH pulses; and (3) to quantify the effect of agonist treatment on the
MCR of FSH after 24 h of infusion.

Materials And Methods

Experiment 1

Measurement OfLH Pulse Amplitude

Four Welsh mountain ewes were sc implanted with 2 PHB disc implants, as

detailed in section 2.4, to give a total of 10 mg buserelin per ewe. Two weeks after
implantation the ewes were cannulated and placed in individual pens. Solutions of
oLH (NIADDK oLH-25) were prepared and diluted appropriately in 2 mis of sterile
saline (9 g NaCl/1) immediately before use, to give final concentrations of 2.5, 5.0 and
7.5 |ig of oLH per bolus. Each LH bolus was flushed down the sampling cannula with
5 ml of heparinized saline solution. After the LH injection the first 5 ml of blood
withdrawn during the first sample was discarded to reduce the possibility of
contamination of the blood sample with the exogenous LH preparation. Blood samples
(2.5 mis) were collected at 10 min intervals for 30 mins prior to the LH injection (time
0) and for a further 2 h afterwards. The injections were given at 4 h intervals in order
of increasing concentration. All of the plasma samples collected were assayed for LH
by the method detailed in section 2.11.
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Experiment 2

Measurement Of The MCR Of oFSH

To test the effect of agonist pretreatment on the infusion and clearance of 2
concentrations of oFSH, 6 Welsh ewes were sc implanted with PHB disc implants
containing 10 mg of buserelin. After 4 weeks of agonist treatment, the ewes were

randomly allocated into two groups. Each animal was double cannulated, placed in a

metabolism crate and the infusion system was set up for the delivery of oFSH
(NLADDK-oFSH-16) alone as detailed in section 2.5. Treatment group 1 (n=3) was
infused with 6 pg oFSH/h for 24 h; group 2 (n=3) was infused with 3 pg oFSH/h for
24 h. Peripheral blood samples (2.5 mis) were collected from the left jugular
immediately before the start of the infusion, and after 3.5 h, 20 h and 24 h, to check
that the infusion was running smoothly. After 24 h of infusion, blood samples were
collected at 15 mins interval for 1 h, the pump was then switched off (designated as

time 0) and the infusion lines were disconnected. Blood samples were then collected at
15 min intervals for a further 5.75 h. All the plasma samples were assayed in
duplicate for FSH as described in section 2.8.

Data Analysis And Statistics

The basal concentrations of FSH and LH measured before the start of the

gonadotrophin treatment were compared using the Student's "t" test, with the mean- and
nadir- FSH and LH concentrations, respectively, measured on day 8 of the luteal
phase. The Munro pulse analysis program, detailed in chapter 3, was used to measure

the amplitude of the infused LH pulses. The differences between the measured
amplitudes produced by the different injected concentrations of LH were compared by
ANOVA followed by Duncans new multiple range test. All of the LH data was

transformed by log (x+1) prior to analysis. Quantification of the clearance rate of the
immunoreactive LH was assessed by fitting exponential decay curves to the data using
the Munro pulse analysis program. This analysis indicated that the clearance of
exogenous LH in the agonist treated ewe was biphasic with an initial rapid rate of
clearance followed by a second slower phase of clearance. A similar situation was

found to exist in the profiles for the endogenous LH pulses measured in the 8 day 8
luteal phase control ewes detailed in chapter 3. The half-life of the exogenous LH
pulses were therefore estimated for each agonist treated animal by calculating the time
taken for the LH concentration, less the LH baseline, to fall to 50% of the peak value
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measured after the injection of each concentration of LH. The half-life of the
endogenous LH pulses in the day 8 luteal phase control was estimated in a similar way
for the mean LH pulse profile data plotted in Fig. 7.1.

The apparent rate of clearance of the infused FSH was calculated assuming
exponential decay. Plotting of the individual log [FSH] vs time decay curves revealed
that the first order decay slope in the agonist suppressed ewes was linear throughout
the experimental period. The first order decay curve was determined by linear
regression analysis on all the data for each animal from time 0 onwards. The equation
of best fit is given by: y = mx + c where x is the time after the pump was switched off
and y is the plasma FSH concentration. The half-life refers to the time required for a
50% decrease in the plasma FSH concentration to occur as calculated by the regression
equation.

Results

Experiment 1

The mean plasma LH concentrations in the 3 samples withdrawn during the pre-
injection period were significantly higher (p<0.05) than basal LH concentrations
measured in day 8 luteal phase control ewes. A comparison of the mean LH pulse
amplitude produced by the 3 injected LH concentrations with the mean LH pulse
amplitude measured in day 8 luteal phase control ewes is shown in Fig. 7.1. The mean

pulse amplitude produced after the injection of 7.5 |ig oLH was significantly greater

(p<0.01) than that produced by the 2.5 (ig injection of LH and was also larger than that
produced by the 5 |ig injection although this difference was not significant (p>0.05).
Also the pulse amplitude produced by the 7.5 qg LH injection was not significantly
different (p>0.05) to that measured during the luteal phase of the cycle. Interestingly
as the concentration of the injected LH increased so the estimated half-life of the
infused hormone decreased.

Experiment 2

After 4 weeks of agonist treatment, the basal concentration of FSH was not

significantly different (p>0.05) between group 1 (9.6±2.6 ng/ml) and group 2
(10.511.2 ng/ml), but these levels were significantly lower (p<0.05) than the mean

FSH concentration measured in day 8 luteal phase control ewes (25.915.4 ng/ml).
Infusion of oFSH for 24 h resulted in a substantial increase in FSH concentrations to
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Fig. 7.2.
Changes in the plasma concentration of FSH in agonist treated ewes during and
after a 24 h infusion of 2 concentrations of FSH. The values are means ± s.e.m.,
n=3 per treatment.

Representative decay curves for 2 concentrations of FSH in GnRH agonist
treated animals after 24 h of FSH infusion. Time=0 represents the time the
infusion pump was switched off. The FSH half-life was calculated for each
animal based on the equation of the line of best fit for that animal.
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Fig. 7.1.
Comparison of the endogenous LH pulse profile measured in day 8 luteal phase control
ewes with the LH pulse profile produced in agonist treated animals by the injection of
2.5 |ig, 5.0 fig and 7.5 fig of LH. The values are means ± s.e.m. for 8 control
animals and 4 treated animals. * represents the LH half-life estimated from the mean
values plotted.

levels of 43.4 ± 2.3 ng/ml, in group 1 (mean of the 5 samples taken immediately before
the pump was switched off ± sem) and 26.4±0.9 ng/ml for group 2. The decline in the
peripheral FSH concentration after the infusion was terminated is shown in Fig. 7.2.
The FSH concentration fell to 24.310.6 ng/ml in group 1 animals and 21.3±1.4 ng/ml
in group 2 animals. The decay curves for the exogenous FSH for the 2 treatments

(Fig. 7.3) indicate that the decline in plasma FSH concentrations was linear in the
agonist treated ewe. The calculated FSH half-life was different between the treatment
groups (group 1: 5.7±0.2 h, range 5.5-6.4 h; group 2: 13.4±3.4 h, range 9.2-20.1 h;
n=3 per group) and was clearly dependent on the infused FSH concentration. The
correlation coefficients for all the fitted decay curves were higher for group 1 ewes

infused with 6 p.g FSH/h (r > 0.9) than for group 2 animals infused with the lower
concentration of FSH- 3 |ig/h (r > 0.5). At the end of the sampling period, the
peripheral FSH concentration was still double the pre-infusion concentrations in both
groups.
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Discussion

(a) LH

The elevation of the basal LH concentration measured after only 2 weeks of
agonist treatment was indicative of the initial stimulatory effect of GnRH agonist on LH
secretion. This effect has been previously demonstrated in the macaque by Fraser et.al.
(1987b). The results show that the injection of a 2.5 |ig bolus of LH produced a pulse
of similar amplitude to that recorded by McNeilly et.al., (1982), in Finnish Landrace x

Merino ewes during anoestrus. The injection of 7.5 (ig LH produced a measurable
pulse of LH in the peripheral circulation which was similar amplitude to that of the
endogenous pulses of LH measured during the luteal phase, as detailed in chapter 3.

The major contribution to the plasma clearance of LH after bolus administration is
likely to be the movement of the gonadotrophin into the extracellular fluid. After a

bolus intravenous injection of LH the initial half-life in plasma is short and is followed
by a second slower component of decay. The analysis of the decay characteristics of
the LH pulses produced from the simple calculations performed on the data, although
useful, may not therefore reflect the true metabolic clearance rate of this peptide from
the systemic circulation. On the basis of these calculations the estimated half-life for
the 3 concentrations of injected LH were similar to those observed for the endogenous
peptide during day 8 of the luteal phase of the cycle. The results also indicate that the
clearance rate of the LH was dependent on the injected concentration of the hormone.
This suggests that perhaps the MCR should have been measured using a concentration
dependent (Gompertz decay) decay such as has been used by MacMillan et al., (1984)
rather than by the simple method used. Surprisingly the results from this study
contradict the proposed hypothesis that the suppression of ovarian steroid production
by the agonist treatment would alter the MCR of the exogenous LH pulses. We do not,

however, know the steroid status of the animals used in the present experiments or the
effect of only 2 weeks of agonist treatment on ovarian follicular development and
function. The rate of clearance of the exogenous LH after 2 weeks of agonist treatment
may not therefore reflect the MCR of LH in the animals used in the other chapters of
this thesis in which ovarian function and steroid production has been suppressed for 5-
6 weeks. The proposed hypothesis is supported by the observation in ewes that the
clearance rate of immunoreactive LH is changed after ovariectomy (Montgomery et al.,
1984). Assuming exponential decay the apparent half-life of LH varied from 28 mins
on day 1 after ovariectomy to 63 mins on day 365. Furthermore following
gonadectomy in monkeys, rats and bullfrogs there is a decrease in the clearance rate of
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LH from the plasma (Peckham and Knobil 1976 a,b; Weick 1977; McCreery and Licht
1983). This reduction in the MCR is accompanied by an increase in the apparent
molecular size of the circulating hormone.

(b) FSH

Assuming exponential decay, the most significant finding of the present studies
was that the half-life of exogenous FSH in the agonist suppressed Welsh ewe was at
least double that recorded in intact Damline ewes (2.6 h) by McNeilly (1985) or
measured in white-faced ewes (1.7 h) by Akbar et al., (1973). In contrast the clearance
rate of FSH in the agonist suppressed ewe was faster than the extended half-life of
18.3 ± 0.8 h previously recorded for FSH in long-term ovariectomised Merino ewes

by Fry et al., (1987a). Although it is possible that the difference between these reports
may be due in part to a breed effect, it is more likely that the decreased MCR recorded
in the present study was due to the suppressive effects of chronic agonist treatment on
ovarian steroid production, and especially oestrogen secretion. A more accurate
assessment of the half-life of the exogenous FSH in this experiment may perhaps have
been provided by the analysing the data using the Stewart-Hamilton equation which has
been used by Mcintosh et al., (1975) to calculate the kinetics of disappearance of an
injected substance from the circulation. This equation takes into account the fact that all
of the routes of disposal such as excretion, degradation and sequestration contributed to
the net MCR of the hormone. Also results calculated using this equation are

independent of any assumptions about the distribution of the infused substance
between different pools in the body. While such an analysis would be useful, the
calculations are complex and would have provided no advantage over the simple
method of calculation of the MCR of FSH used in the present situation.

The decrease in the apparent clearance rate of FSH observed in this experiment
may result from one or more mechanisms:- a change in the structure of the circulating
endogenous FSH; or a change in the mechanism of clearance of the immunoreactive
FSH from the plasma; these 2 explanations may not be mutually exclusive. A well
established relationship exists between the biological activity of glycoprotein
hormones, their half time in the circulation and the degree of sialylation of the hormone
(Morell et al., 1971; Van Hall et al., 1971). The content of N-acetylneuraminic (sialic)
acid in the hormone is important in regulating the clearance of the glycoprotein because
it is only after the removal of the sialic acid residues that the otherwise intact molecule
can be taken up by the specific calcium dependent receptors in the parenchymal cells of
the liver (Hudgin et al., 1974). It has been shown that even partial desialylation of
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FSH, hCG and most normal plasma glycoproteins by the liver enzyme neuraminidase
results in the prompt removal of these compounds from the circulation (Morell et al.,
1971; Ulloa-Aguirre et al., 1984). This increased clearance is probably the reason for
the greatly reduced potency in vivo of desialylated hCG (Van Hall et al., 1971), oFSH
and PMSG (Yang and Papkoff 1973). In addition there is evidence for a sex hormone-
related pleomorphism of FSH in rhesus monkeys (Peckham et al., 1973; Peckham and
Knobil 1976b), rats (Bogdanove et al., 1974), hamsters (Chappel et al., 1982) and in
the human for FSH in serum (Wide 1982) and in pituitary extracts (Wide 1985, 1987;
Wide and Hobson 1983; Wide and Wide 1984). In the hamster, for example, the more

acidic forms of FSH are most prevalent during times of decreased gonadal activity
(review: Chappel et al., 1983). Interestingly it seems that oestrogens influence the
sialic acid content of the FSH molecules. Wide (1982) and Wide and Wide (1984) have
shown in men that after oestrogen administration less acidic forms of FSH appeared in
the circulation. Furthermore in rhesus monkeys the effect of ovariectomy on the
molecular size of both LH and FSH can be reversed by the chronic administration of
oestradiol (Peckham and Knobil 1976a). The effects of ovariectomy on the
carbohydrate content of the gonadotropins can also be reduced or abolished by
digestion with the enzyme neuraminidase (Peckham and Knobil 1976a). This is
important because the liver has been shown to be the major site of hormone clearance,
the ovaries removing only minimal amounts of FSH from the peripheral circulation
(Morell et al., 1971). Together this literature suggests that the quantitative changes in
the MCR of the gonadotropins consequent to ovariectomy reported in sheep by
Montgomery et al., (1984) and Fry et al., (1987a) may represent a specific response of
the pituitary gonadotrophs to the removal of oestrogen which in turn results in changes
in the sialic acid content of the gonadotropin so altering the half-life of the peptide in
the circulation. In view of this relationship it is tempting to speculate that the chemical
castration induced by the chronic administration of the GnRH agonist, influences the
structure and hence biological activity of the endogenous, basal FSH and/or LH in the
current experiments by increasing the sialic acid content of these hormones. Removal
of the gonadal steroids from the circulation following agonist treatment may activate the
pituitary enzymes responsible for the sialylation of the FSH molecule since greater
amounts of sialic acid have been found in the pituitary gland following castration
(Vijayan et al., 1974). Although it is possible that an alteration of the glycosylation of
the endogenous basal FSH may occur in the agonist suppressed ewe it is unlikely that
this will contribute to the apparent lowering of rate of clearance of the exogenous FSH
observed in the current experiments. Alternatively it is possible that the absence of the
gonadal steroids induces a deficiency of neuraminidase in the liver since this would
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reduce the rate of breakdown of FSH and thereby increase the biological half-life of
this hormone in the circulation (Bindon 1984). It is also possible that a neuraminidase
deficiency occurs as a result of the agonist competing with the gonadotrophins for this
enzyme, however, to date there is no evidence to substantiate the latter suggestion.

These experiments highlight the importance of the quantification of the effect of
long-term agonist treatment on the rate of metabolism of the gonadotrophins since a

major contributory factor to the biopotency of these hormone preparations in vivo is
their survival time in the circulation. In the agonist treated ewe the apparent MCR of
FSH was intermediate between the extended rate of clearance of FSH observed in long-
term ovariectomised ewes and the shorterMCR measured intact animals. It is proposed
that this occurs as a result of the suppression of gonadal steroid production produced
by the chronic agonist treatment. The LH pulse amplitudes measured in experiment 1
may be used as the basis for the determination of the LH concentrations required to

produce physiological and supraphysiological pulses of LH in the systemic circulation
of agonist treated ewes. The results of this study will be utilised in the experiments
detailed in chapter 8.
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CHAPTER 8

EXAMINATION OF THE ROLE OF LH SECRETION IN

FSH-STIMULATED FOLLICULAR DEVELOPMENT

Introduction

It has been suggested that the increased frequency of pulsatile LH release measured
during the follicular phase of the cycle is responsible for controlling the final stages of
follicular development and function in the ewe during the breeding season. Such an

increase was demonstrated in the follicular phase of the Welsh ewe, in chapter 3, and
has been reported previously (Baird, 1978a; Baird et. al., 1976a,b, 1981; Foster et.
al., 1975; Martensz and Scaramuzzi, 1979; Wallace et. al., 1988). During the final
stages of follicular maturation the physiological importance of this change in LH pulse
frequency or of the pulsatile pattern of LH release per se is uncertain since it is clear
from the data reported in chapters 5 and 6 that the pulsatile stimulation of the ovary by
LH is not a prerequisite for preovulatory follicular development. The results from
chapter 5 also indicate that the addition of large amplitude LH pulses to a 5 day infusion
of a physiological concentration FSH inhibits the stimulatory effect of FSH on follicle
growth and steroid production. It is not however clear whether this antagonistic effect
of LH occurred as a result of the addition of the LH pulses to the FSH treatment or
whether this inhibitory effect was due to the supraphysiological amplitude of the
infused LH pulses. To establish which of these hypotheses is correct experiments were
carried out to determine the effects of large or small amplitude pulses of LH on the
preovulatory follicular development induced by a 3 day infusion of FSH. Utilization of
the results from the experiments detailed in chapter 7 enabled us to quantify the
concentration of exogenous LH required to produce small LH pulses of physiological
amplitude or large pulses of supraphysiological amplitude in the systemic circulation.

The results of the experiments reported in chapters 5 and 6 indicated that the final
stages of development of the preovulatory follicle could be stimulated by the infusion
of physiological and supraphysiological concentrations of FSH in the presence of only
basal concentrations of LH. Interpretation of these data suggests that, in the absence of
LH pulses, basal concentrations of LH are capable of inducing sufficient thecal
androgen production to enable the large non-atretic follicles to secrete substantial
amounts of oestradiol in vitro. We do not know, however, whether this basal
concentration of LH is essential to enable the infused FSH to stimulate preovulatory
follicular growth and steroidogenesis. The use of a highly specific equine antiserum to
bovine LH (LH-AS; Hansel and Fuller 1970; Fitzgerald et al., 1985) to neutralize the
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endogenous basal LH will provide us with a tool to investigate the importance of this
low concentration of LH in the terminal stages of folliculogenesis induced by a 3 day
infusion of a physiological concentration of FSH.

Materials And Methods

Twenty four Welsh mountain ewes which had been treated with PLG rod implants
for 5-6 weeks, as detailed in chapter 4, were utilized in this study. The experiment was
carried out during October 1987. After 5 weeks of agonist treatment the animals were
double cannulated, as detailed in 2.5, placed in metabolism crates and randomly
allocated in 4 treatment groups (n=6 per group). All the ewes received a 72 h
continuous infusion of 3 |ig/h of oFSH-16 as detailed in Table 8.1. In addition large or
small amplitude pulses of LH were delivered at 4 hourly intervals to treatment groups 1
and 2 respectively. The 2 concentrations of oLH-25 used in this experiment have been
shown, in chapter 7, to produce measurable pulses of LH in agonist treated animals of
supraphysiological and physiological amplitudes, respectively. The LH pulses were

injected through the sampling cannula. The first 5 mis of blood collected after each
injection was discarded before a blood sample was taken to reduce the possibility of
contamination of the sample with the infused LH.

Table 8.1.
Experimental protocol.

Treatment
Group
(n=6)

LH-AS
(mis)

Concentration
of oFSH-16

(M-g/h)

Concentration
of oLH-25
(|ig/pulse)

1. FSH + Large
Amplitude LH Pulses

- 3 7.5

2. FSH + Small
Amplitude LH Pulses

- 3 2.5

3. FSH - 3 -

4. FSH + LH-AS 5 + 2 3 -

In treatment group 4, 15 to 20 h before the start of the FSH infusion (time 0) the
ewes were injected s.c. in the axillary region with 5 mis of anti-bovine LH antiserum
which has been described in detail by Hansel and Fuller (1970). This dose of LH-AS
has been previously shown to be effective in blocking ovulation in ewes when
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administered on day 13 of the cycle (Fitzgerald et. al., 1985). These authors showed
that this concentration of LH-AS produced maximum anti-LH activity 1 day post

injection, thereafter the anti-LH activity gradually declined to non-specific levels within
5 days. In the current experiment to prevent the anti-LH antibody titre falling too low
during the latter part of the FSH infusion a second smaller injection of the antiserum
was administered on day 2 of the FSH infusion period, 3 days after the first injection.

After 72 h of FSH infusion the animals were killed by an overdose of sodium
pentobarbitone, the ovaries were removed and all follicles > 1 mm diameter were
dissected. The mean diameter and basal in vitro production of oestradiol and
testosterone were measured for each follicle as detailed in 2.6. The delivery of the last
pulse of LH to group 1 and 2 animals was staggered so that each animal received the
final pulse 30 mins before it was killed.

Blood Sampling

Peripheral blood samples were collected from group 4 animals only, by vacutainer,
immediately before the LH-AS was injected. Prior to the start of the FSH infusion
(time 0, day 1) blood samples (2.5 mis) were withdrawn from all of the treatment

groups at 30 min intervals for 1.5 h. Samples were then collected at times 0 h, 0.5 h, 1
h, 1.5 h, 2 h, 3 h, 4 h, and 6 h after the start of the infusion on day 1. On the second
and third days of the FSH treatment period samples were taken at 10.00 h, 12.00 h and
at 16.00 h. In addition to this sampling regime the 2 treatment groups which received
the 4 hourly LH pulses were sampled at 10 min intervals for 30 mins before- and for 2
h after- the first pulse of LH which was delivered at 12.00 h, on day 1 of the FSH
infusion. Similar sampling regimes were adopted for the 12.00 h LH pulses on the
second and third days of the experiment. All the plasma samples were assayed in
duplicate for FSH and LH.

Measurement Of Plasma LH Antibody Activity

The characteristics of the anti-bovine LH antiserum used in this study have been
documented in detail by Snook et. al., (1969) and Morshige and Rothchild (1974).

The presence of the LH-antibody in the plasma of the treated ewes from group 4
was determined using polyethylene glycol (PEG) separation of the bound and free
hormone. The methodology used for these measurements was adapted from that
described by Desbuquois and Aurbach (1971). The LH-AS titres were measured in the
blood samples collected from group 4 ewes 17 h, 21 h, 44 h, 67 h, 70 h and 87 h after
the initial injection of the antiserum. The procedure involved was as follows:-
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(1) The plasma samples were used at 7 dilutions: 1:100; 1:1000; 1:10,000; 1:20,000;
1:40,000; 1:80,000; and 1:160,000. For each determination an appropriate volume of
sample was diluted with 0.1% BSA/phosphobuffered saline- the buffer routinely used
in the oLH RIA as detailed in 2.10.

(2) A 100 pi aliquot of the diluted sample was added to a further 300 pi of buffer in 12
x 75 mm plastic tubes. A 100 pi aliquot of 125j. oLH, at 15000 cpm, was then added
to each tube. The tubes were mixed by vortexing and left to incubate overnight at 4°C.
Each determination of the LH-AS titre was made in duplicate for each dilution of the
sample.
(3) The next day 100 pi of 10 mg/ml bovine gamma globulin (Bovine Cohn Fraction
III, No-G-5009; Sigma), diluted in 0.9% saline, was added to each tube and the
contents were mixed by vortexing.
(4) A 1 ml aliquot of 20% PEG 6000 in 0.9% saline solution was then added to each
tube and after vortexing the tubes were centrifuged for 30 mins at 25000 rpm and 4°C.
The supernatant unbound fraction was aspirated and the precipitate was counted as

detailed in 2.14. For each animal the sample collected by vacutainer immediately
before treatment with the LH-AS was used as a non-specific binding control. All of the
samples were processed in a single assay.

The results are expressed as the percentage of the label bound by the antiserum for
the 1:100 dilution of the samples.

Statistical Analysis

The between treatment differences in the peripheral FSH and LH concentrations
throughout the infusion period were compared by 2-way ANOVA followed by
Duncans new multiple range test. The within treatment differences between the basal
concentration of FSH and LH measured before the start of the infusion and the plateau
concentration of the infused gonadotrophs measured after 24 h of infusion were

analysed using the Student's "t" test on paired samples. Similarly the basal and plateau
FSH concentrations were compared with the mean FSH concentration measured on day
8 of the luteal phase in the control ewes detailed in chapter 3 using the Student's "t" test.
The characteristics of the infused LH pulses were assessed using the Munro pulse
analysis program detailed in chapter 3. Statistical tests on the mean pulse amplitude
and the nadir LH levels were undertaken using 2-way ANOVA followed by Duncans
new multiple range test. The pulse data collected at 12.00 h on days 1, 2 and 3 were

taken as representative of the pulses throughout the infusion period. The
measurements of LH pulse amplitude and nadir level were subjected to logio(x+l)
transformation prior to analysis. The half-life of the first LH pulse on day 1 of the
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infusion was estimated for each animal using the methodology detailed in chapter 7.
The pattern of antibody response to the injection of the specific LH-AS was

analysed by 1-way ANOVA in a split plot design which allows for sheep, and sheep x
time contributions to the random variability, followed by Duncans new multiple range

test.

The between treatment differences in the number of follicles per ewe, the number
of follicles < 2.5 mm or >2.5 mm diameter, the diameter of these follicles and their
basal in vitro steroid production were assessed by 2-way ANOVA. The differences
between the treatment groups were established by Duncans new multiple range test.
The follicle data was transformed by V(x+0.5) and all the steroid data was transformed
by log io (x+1) prior to analysis. All of the Tables presented are of untransformed data.

Results

Hormone Levels

(a) FSH

The mean overall changes in the peripheral concentration of FSH throughout the
infusion period for all of the treatment groups is shown in Fig. 8.1.

Analysis of the data shown in Table 8.2 indicated that in this, as in previous
experiments, after 24 h of FSH infusion the mean systemic concentration of FSH was

significantly higher (p<0.05) than the concentration measured in the agonist treated
ewes before the start of gonadotrophin treatment. Also the peripheral FSH
concentration had increased significantly (p<0.05) over the pre-infusion concentration
in all the treatment groups within 3 h of the start of the infusion. After 5 weeks of
treatment with the PLG rod implants of the agonist the basal FSH concentrations
measured before the start of the infusion varied considerably between individuals. For
the animals in treatment groups 2 and 3 these levels were not significantly suppressed
(p>0.05) below the endogenous FSH concentrations measured in normal ewes during
the mid luteal phase of the cycle, as detailed in chapter 3. Although the animals in
groups 2 and 3 possessed higher basal concentrations of FSH than the animals in
groups 1 and 4 these differences were not significant (p>0.05) due to the high
variability between the individuals within the treatment groups. The mean FSH
concentration measured after 24 h of FSH infusion was significantly higher (p<0.01)
in the groups 2 and 3 with the higher basal FSH concentration than in groups 1 and 4
with the lower basal FSH level despite the fact that all 4 groups were infused with the
same dose of FSH. The peripheral FSH concentration measured during the infusion
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period for the animals pretreated with the LH-AS was not significantly different
(p>0.3) from the mean level measured on day 8 of the luteal phase in normal animals.
In contrast the infused FSH concentration was significantly higher (p<0.01) than the
mean luteal phase level in all of the other treatment groups.

Table 8.2.
Comparison of the basal gonadotrophin concentration measured prior to the start of
FSH infusion with mean infused gonadotrophin concentration measured after 24 h of
treatment. Values are means ± s.e.m. for 3 samples /ewe.

Treatment Group Hormone Significance
Concentration

(n */ml)
Basal Infused

1. FSH + Large FSH 20.2+1.8 44.013.5* p<0.005
Amplitude LH pulses LH 1.4±0.2 2.710.4** p<0.01

2. FSH + Small FSH 41.5±11.4 67.017.1* p<0.005
Amplitude LH pulses LH 1.3±0.1 2.1±0.09** p<0.01

3. FSH FSH 40.2±3.6 60.514.5* p<0.003
LH 1.3±0.2 1.410.1* NS, p>0.5

4. FSH + LH-AS FSH 21.8±5.4 36.113.6* p<0.05
LH ~ -

* The infused concentrations are the mean values measured 24 h to 72 h after the
start of the FSH infusion.
** The infused concentration are the means of the values measured in the samples
collected immediately before the 12.00 h LH pulse on day 2 and 3 of the treatment
period.

(b) LH

There was no significant difference (p>0.05) between groups 1, 2 and 3 in the
mean LH concentration measured before the start of the infusion as indicated in Table

8.2. In addition in group 3 animals which received no LH treatment, there was no

significant difference (p>0.5) between the concentration of LH measured during the
infusion period and the basal LH level measured before the start of the infusion. In
contrast in groups 1 and 2 which received the 4 hourly pulses of LH there was a

significant increase (p<0.01) in the LH nadir concentration after 24 h of LH treatment.
It was not possible to measure the peripheral concentration of LH in group 4 animals
which had been treated with the LH-AS as this antiserum cross reacted with 125l
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labelled oLH used in the radioimmunoassay for the measurement of this
gonadotrophs.

Treatment Amplitude Half-Life
(ng/ml) (mins)

Time (mins)
Fig. 8.2.
Comparison of the LH pulse profile of endogenous LH pulses measured in control
animals on day 8 of the luteal phase with exogenous LH pulses produced in GnRH
agonist treated ewes injected with high (7.5 p.g) or low (2.5 fig) concentrations of
LH at 4 hourly intervals throughout the course of a 72 h FSH infusion. Values are
means ± s.e.m., n=8 for the control animals, n=6 for the treated ewes. * represents
the LH half-life estimated from the mean values plotted.

There was no significant change (p>0.2) in the LH pulse amplitude measured for
either group 1 or group 2 animals over the 3 day infusion period. The LH pulse
amplitude data was therefore pooled. A graphic representation of the mean amplitude of
the exogenous LH pulses in the peripheral circulation is shown in Fig. 8.2. The results
show that in the group 1 animals in the present experiment an injection of 7.5 |ig of
oLH-25 produced pulses in the peripheral circulation of mean amplitude 32.7±4.0
ng/ml. This amplitude was significantly higher (p<0.01) than either the mean

amplitude of the endogenous LH pulses measured on day 8 of the luteal phase (12.1 ±
3.9 ng/ml) or the mean amplitude produced by a similar sized bolus injection of this LH
preparation after only 2 weeks of agonist treatment (17.6 ± 4.8 ng/ml) as reported in
chapter 7. In group 2 animals injection of 2.5 fig of oLH-25 produced LH pulses of
mean amplitude 17.9 ± 2.7 ng/ml. The amplitude of these pulses was not significantly
different (p>0.05) from the amplitude of the natural LH pulses secreted on day 8 of the
luteal phase but was significantly greater (p<0.01) than the pulse amplitude produced
by similar LH injections after only 2 weeks of agonist treatment (3.7 ± 0.6 ng/ml) as
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detailed in chapter 7. In addition the data also indicate that the estimated rate of
clearance of LH was dependent on the dose injected, the large amplitude LH pulses
having a shorter half-life in the circulation than the smaller amplitude pulses.

Plasma LH Antibody Activity

The pattern of antibody response to the immunoneutralization of the basal
concentration of LH in group 4 ewes is shown in Fig. 8.3. Before the antiserum was

administered, at the lowest dilution used (1:100) the animals exhibited an average non¬

specific binding of the iodinated oLH of 2.5%. The antiserum itself at a 1:100 dilution
bound only 39.0% of the tracer. Following the initial injection of the antiserum the
mean plasma LH antibody titres rose rapidly and significantly (p<0.05) to 26.5±1.9%
within the first 24 h of treatment. There was considerable variation between the animals

in their response to immunization and the peak LH-AS titres ranged from 22.4% to
34.7% in the first 24 h after the antiserum was injected. Thereafter the titre
concentrations declined slowly until the booster injection was given some 68 h later
when the titres increased again.

0 10 20 30 40 50 60 70 80 90
Time Relative to LH-AS (h)

Fig. 8.3.
Plasma LH antiserum (LH-AS) titres measured in group 4 animals.
Antiserum titres were determined at a sample dilution of 1:100. The
stippled bar represents the duration of the FSH infusion. Values are
means ± s.e.m., n=6.

FSH Infusion
_____

Booster
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Follicular Growth And Development

Study of the follicle population dynamics (Fig. 8.4) indicated that follicles of
>2.0mm diameter were recovered from the ovaries of the animals treated with FSH

alone or FSH in conjunction with the large or small amplitude pulses of LH. In marked
contrast no follicles of >2.0 mm diameter were recovered from group 4 animals which
had been treated with the LH-AS.

Table 8.3.
Number of follicles per ewe dissected from the ovaries of day 8 luteal phase control
animals and agonist treated animals after 72 h of FSH infusion alone; FSH infusion
with large or small amplitude pulses of LH; or FSH infusion after LH-antiserum (LH-
AS) pretreatment. Values are means 1 s.e.m.; values followed by different letters are
significantly different, comparisons are confined to rows.

Treatment Number of Follicles
Group
(n=6) Total < 2.5 mm >2.5 mm

Day 8 Luteal Phase
(range)

21.7±1.8
(16-29)

16.3±1.9 a
(11-24)

5.311.2
(3-11)

1. FSH + Large
Amplitude LH Pulses

30.8±4.7
(17-50)

27.3±4.8 ab
(15-47)

3.511.5
(0-10)

2. FSH + Small
Amplitude LH Pulses

38.3±7.1
(12-57)

31.2±6.7 ab
(7-49)

7.211.5
(1-12)

3. FSH 36.0±9.3
(20-80)

31.7±9.6 ab
(16-79)

4.311.8
(1-13)

4. FSH + LH-AS 42.5±9.2
(23-49)

42.5±9.2 b
(23-49)

0

Significance NS p<0.05 NS

The total number of follicles and the number of follicles < 2.5 mm or >2.5 mm

diameter recovered at the end of the 3 day infusion period are shown in Table 8.3.
There was no significant effect (p>0.3) of the different treatments on the total number
of follicles dissected from each animal. The infusion of 3 pg/h of oFSH-16 alone
stimulated follicle growth, increasing both the total number of follicles per animal and
the number of small follicles of < 2.5 mm diameter. Similarly the addition of large
amplitude pulses (group 1) or physiological amplitude pulses (group 2) of LH to the
FSH infusion increased both the total number of follicles and the number of small
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follicles recovered per animal. In group 1 ewes the number of large follicles of >2.5
mm diameter was decreased by the treatment In contrast in group 2 animals there was
an increase in the number of large follicles present in the ovaries. Due to the
heterogeneity of the data, however, none of these changes were significant (p>0.05)
either between treatments or when the results from the treated animals were compared
to the number of similar sized follicles recovered from day 8 luteal phase control ewes.
Immunoneutralization of the basal concentration of LH by pre-treatment with the LH-
AS resulted in a significant increase (p<0.05) in the number of small follicles in the
ovaries from group 4 ewes when compared with the number of similar sized follicles
recovered from luteal phase control ewes.

The mean in vitro steroid production by the small and large follicles from these
treatments is shown in Table 8.4. It is clear from the results that immunoneutralization

of the basal concentration of LH in group 4 animals by the LH-AS significantly
reduced (p<0.01) the mean diameter, the testosterone production and hence the
secretion of oestradiol by the small follicles from these animals as compared to the
measurement of these parameters in the small follicles from the other treatment groups
or from day 8 luteal phase control ewes. The effect of the different treatments on the in
vitro production of testosterone is shown in Fig. 8.5. The addition of LH pulses to the
FSH infusion significantly increased (p<0.05) the mean production of testosterone by
the small follicles irrespective of the amplitude of the infused LH pulses. The in vitro
oestradiol production by the small follicles from group 1 ewes which received the large
amplitude pulses of LH at 4 hourly intervals was significantly (p<0.01) lower than the
production of this steroid by treatment groups 2 and 3.

In the large follicles of >2.5 mm diameter, there was no significant (p>0.05) effect
of the different treatments on either follicle diameter or the in vitro production of either
oestradiol or testosterone. No large follicles were recovered from the animals pretreated
with LH-AS prior to the start of the FSH infusion.

Potential Ovulatory Follicles

The number of presumptive preovulatory follicles recovered from treatment groups
1 to 3 are shown in Table 8.5. Surprisingly the mean testosterone production by the
preovulatory follicles was lower in the follicles from the groups 1 and 2 which received
the 4 hourly pulses of LH (group 1: 421.2 ± 13.0 ng/ml; group 2: 440.0 ± 130.0
ng/ml) than in the follicles from group 3 ewes which were infused with FSH alone
(6188.0 ± 3044.2 ng/ml). The in vitro oestradiol production was also highest in the
follicles from group 3 ewes. Due to the small numbers of follicles which could be
classified in this manner no statistical analysis was carried out on this data.
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Table8.4. TheeffectofLHantiserum(LH-AS)pretreatmentandinfusionofFSHwithorwithouttheadditionoflargeorsmallLHpulses
onfolliculardiameterandsteroidproductioninagonisttreatedewes.Dataforday8lutealphasecontrolewesarealsoshown. Valuesaremeans±s.e.m.forthenumberoffolliclesshown;valuesfollowedbydifferentlettersaresignificantlydifferent, comparisonsshouldbeconfinedtorows.

Follicles<2.5mmDiameter
InVitroSteroidProduction

Follicles>2.5mmDiameter
InVitroSteroidProduction

Treatment Group

Diameter (mm)

Oestradiol (pg/follicle/h)
Testosterone (pg/follicle/h)
Diameter (mm)

Oestradiol (pg/follicle/h)
Testosterone (pg/follicle/h)

LutealPhaseDay8 NumberofFollicles
1.7±0.04a (95)

25.3±2.13

208.3±38.03
4.3±0.3 (27)

342.9±94.3
482.9171.6

1.FSH+High AmplitudeLHPulses
1.8±0.03b (153)

24.8±2.8b*
751.11106.4be
4.5±0.4 (21)

612.01144.1
555.7+203.5

2.FSH+Low AmplitudeLHPulses
1.7±0.04ah (147)

62.5±5.1c*
976.7.2±122.5c
3.7±0.2 (46)

345.1+71.3
856.11167.9

3.FSH

1.7±0.03a (169)

64.3±9.93

365.4±30.1M
4.8±0.6 (27)

552.11126.6
3444.3+836.8

4.FSH+LH-AS
1.4+0.02c* (216)

50.9±14.0a
172.5±13.3a*
0

0

0

Significance

p<0.05 *p<0.01

p<0.05 *p<0.01

p<0.05 *p<0.01

NS p>0.1

NS p>0.2

NS

p>0.05



Table 8.5.
Characteristics of the potential ovulatory follicles present in the ovaries of control animals
on day 8 of the luteal phase and induced in agonist treated ewes infused with FSH with or
without large or small amplitude pulses of LH. Values are means ± s.e.m. for the number
of follicles shown.

Treatment or
Stage of cycle

Number
ofAnimals

Total
Number

of Follicles

Diameter
(mm)

Oestradiol
production
(pg/follicle/h)

Tetosterone
production
(pg/follicle/h)

Luteal Phase Day 8 2/6 3 5.2+0.3 1405.7±292.0 103.1141.8

1. FSH + Large
Amplitude LH Pulses

1/6 5 5.5±0.4 1541.91171.1 421.2113.0

2. FSH + Small
Amplitude LH Pulses

2/6 5 5.5±0.3 1511.5+436.5 440.21105.9

3. FSH 3/6 6 5.6±1.0 1742.21572.6 2184.811449.2

4. FSH + LH-AS 0/6 0 - - -

Discussion

The Effect Of LH-Antiserum Treatment On FSH-Induced Follicle

Development

The hypothesis derived from the previous gonadotrophin infusion studies in the
agonist treated ewe (chapters 5 and 6) suggests that FSH, in the absence of the pulsatile
release of LH, stimulates normal preovulatory follicular development. The results of
the present experiment supports this theory. The most significant finding of this study
was the demonstration of the fundamental requirement of the developing follicle for at
least basal concentrations of LH throughout the period when follicle growth and
development were being stimulated by the exogenous FSH. Immunoneutralization of
this basal concentration of LH completely inhibited the stimulatory effect of FSH on

follicle growth, prevented follicular development beyond 2.0 mm diameter and also
reduced the steroidogenic capacity of the small follicles in these animals.

A number of alternative explanations may however account for the attenuation of
follicle growth observed in the animals treated with the LH-AS. It may be argued that
either the peripheral concentration of FSH measured in the animals pre-treated with the
LH-AS was lower than the systemic level of FSH measured in the animals infused with
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FSH alone, or that the FSH present in the LH-AS treated animals was not bioactive. In
the first instance when compared to the animals infused with FSH alone, the lower
peripheral concentration of FSH measured in the LH-AS treated animals may have
compromised follicle growth in this group since we have shown in chapter 5 that the
infusion of low physiological concentrations of FSH did not stimulate significant
follicular development beyond 2.5 mm. We have, however, also demonstrated in
chapter 5 that a mean peripheral FSH concentration of 34.1 ± 0.8 ng/ml, throughout a
5 day infusion period, stimulated the development of an increased number of large
follicles of >2.5 mm diameter. The mean FSH concentration measured in group 4
animals in the present study was 36.1 ± 3.6 ng/ml. It would seem unlikely therefore,
that in these animals follicles failed to develop beyond 2.0 mm diameter as a result of
inadequate stimulation from the infused concentration of FSH. Since all of the animals
in these experiments were infused with the same dose of exogenous FSH it is possible
that the lower peripheral FSH concentration measured during the infusion period in the
animals treated with LH-AS occurred as a result of binding of the infused FSH to the
LH-AS. Indeed we have demonstrated quite considerable FSH binding activity in
different specific antisera raised in rabbits against oLH (Picton and McNeilly,
unpublished observations). Although no attempt was made in the present study to
measure the FSH binding activity of the anti-bovine LH antiserum used, it is unlikely
that this antiserum bound significant quantities of the infused oFSH since Snook et.

al., (1969) have shown that this antiserum failed to cross react with oFSH. Similarly
Morshige and Rothchild (1974) demonstrated only a 1% cross reactivity of the same

antiserum with rat FSH. Alternatively it is possible that in the conduct of the FSH RIA
the LH-AS may have cross reacted with the specific FSH antiserum forming FSH-
antiserum complexes. Using this explanation the competition of the the LH-AS with
the antiserum for FSH in the RIA would have contributed to a greatly increased FSH
immunoactivity in the antiserum pre-treated animals. In support of this hypothesis
Fitzgerald et. al., (1985) observed a marked increase in FSH immunoreactivity in LH-
AS treated ewes. Also Greenwald and Terranova (1981) demonstrated, in the hamster,
that FSH complexed with LH antiserum. If this was the case, however, during the
present infusion experiment we would have expected to see a marked increase in the
FSH immunoactivity of the group 4 animals pre-treated with the LH-AS over the levels
measured in the animals treated with FSH alone (group 3). The results clearly indicate
that the level of immunoactive FSH was decreased in the animals treated with the

LH-AS (Fig. 8.1). Also if this hypothesis was correct we would have anticipated a

marked increase in peripheral concentration of FSH immediately after the second
booster injection of the LH-AS. This was clearly not the case.

The second argument proposed that the immunoreactive FSH measured in the
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antiserum pre-treated animals was not bioactive. Although no attempt was made in this
experiment to measure the bioactivity of the peripheral concentration of FSH in group 4
ewes, in the studies reported by Fitzgerald et. al., (1985) and Greenwald and
Terranova (1981) the increased FSH immunoreactivity was associated with an

enhanced FSH bioactivity as assessed by an increased ovulation rate. These
observations suggest that the immunoactive FSH measured in the LH-AS treated
animals in the present experiment would also be bioactive. In the present experiment
the observation that the number of small follicles was doubled in the LH-AS treated

animals suggests that the FSH was bioactive and that although follicle growth beyond
2.0 mm was disrupted the infused FSH stimulated the growth and recruitment of
follicles of < 1.0 mm diameter into the pool of follicles between 1.0 and 2.0 mm

diameter. A similar result was observed in chapter 5 in the ewes infused with
physiological levels of FSH in the presence of large amplitude LH pulses. The
inhibition of follicle growth and development observed in the LH-AS treated animals
in this study was therefore due to the neutralization of the basal concentrations of LH
and to the disruption of the LH-mediated events in the development of follicles beyond
2.0 mm diameter rather than to a lack of biologically active FSH.

The dose of LH-AS used in the present study has previously been proved to be
sufficient to block the preovulatory surge ofLH in Suffolk ewes when given on day 13
of a natural cycle (Fitzgerald et. al., 1985). Although the LH-AS bound less than 50%
of the tracer in this experiment it was hoped that this level of binding would be
sufficient to immunoneutralize the already basal concentrations of LH present in these
animals throughout the FSH infusion period. It was not possible to measure the
peripheral LH concentration directly in group 4 ewes since the LH-AS cross reacted
with the 125I-labelled oLH used in the RIA for LH. If the 2 cell theory of follicular
steroidogenesis is correct (see 1.4.3 for references) then decreasing the peripheral LH
concentration would be expected to reduce the thecal androgen output from the
developing follicles in vivo. Since the in vivo steroid production is reflected by the
production of steroids in vitro (Webb and Gauld, 1985a), the lower testosterone
production by the small follicles recovered from the LH-AS treated ewes is perhaps
indicative of a lower circulating level of LH in these animals. The granulosa cell
oestradiol production by the small follicles from the LH-AS treated ewes was not,

however, different from the secretion of this steroid by similar sized follicles from
luteal phase control ewes or the animals treated with FSH alone. This suggests that in
these small follicles aromatase activity had been stimulated by the infused FSH and also
that the limited aromatization of this thecal androgen was not compromised by the
presence of the LH-AS. The induction of the aromatase enzyme complex in small
follicles would therefore seem to represent an intrinsic attribute of the FSH molecule.
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This observation is supported by the experiments of Koch et. al., (1973b) who
demonstrated in the rat that the stimulatory effect of FSH on cAMP formation by the
ovary was not modified by anti B-LH antiserum.

The Effect Of LH Pulses On FSH-Stimulated Follicle Development

The second important observation of these studies was that the large amplitude LH
pulses delivered to group 1 ewes increased the in vitro production of testosterone by
the theca of the small follicles. There was, however, no concomitant increase in the
secretion of oestradiol. This implies that either granulosa cell aromatase activity was

already maximal in these follicles or alternatively since the in vitro oestrogen synthesis
by these follicles was comparable to the level of production of this steroid by similar
sized follicles from luteal phase control ewes this suggests that the large amplitude LH
pulses inhibited the aromatase activity in these small follicles so allowing androgen
levels to build-up. The inhibitory effect of large amplitude LH pulses on follicular
aromatase activity and hence oestradiol secretion has previously been recorded in the
experiments detailed in chapter 5. Furthermore we reported in chapter 5 that large
amplitude pulses of LH, in conjunction with a 5 day infusion of a physiological
concentration of FSH, prevented follicles growing beyond 2.5 mm diameter but
doubled the number of small follicles. In contrast in the present experiment, the high
amplitude LH pulses did not inhibit follicle growth at 2.5 mm diameter and the large
follicles produced were of normal diameter and steroid production. The peripheral
concentration of FSH measured in group 1 of this study was however at least 1.5 to 2
times the physiological FSH concentration measured during the luteal phase of a
normal cycle or the infused level of FSH measured during the experiments of chapter
5. It is probable therefore that the ratio of FSH to LH in the circulation is important in
determining the degree of inhibition of follicular function produced by large amplitude
pulses of LH. In the present study the elevated systemic FSH concentration prevented
the large amplitude LH pulses from inhibiting follicle growth beyond 2.5 mm diameter.
Further evidence to support this hypothesis is provided by the results from chapter 5
where we demonstrated that the addition of large amplitude LH pulses to a 5 day
infusion of a supraphysiological concentration of FSH did not prevent follicles from
developing beyond 2.5 mm diameter but reduced the hyperstimulation of preovulatory
follicular development which was induced by the supraphysiological concentration of
FSH alone. The peripheral concentration of FSH, the amplitude of the infused LH
pulses and the duration of the gonadotrophin treatment period were, however, different
between these 2 experiments.

The results from group 2 animals indicate that the addition of physiological
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amplitude LH pulses to the FSH infusion increased the in vitro secretion of both
testosterone and oestradiol by the small follicles as compared to the production of these
steroids by similar sized follicles from group 1 ewes or luteal phase control animals.
This treatment also appeared to enhance the number of large follicles which were

stimulated to develop although this effect was not significant due to the heterogeneity of
the data. The steroidogenic capacity of the large follicles was similar to the capacity of
similar sized follicles from luteal phase control ewes. It was not possible, however, to
determine whether this result was due to the presence of the low, physiological
amplitude LH pulses or whether the development of an increased number of large
follicles was stimulated by the higher peripheral FSH concentration measured in these
ewes. The latter explanation is most likely since we have shown in the preceding
chapters that supraphysiological levels of FSH hyperstimulate ovarian follicle growth.

The differences between treatment groups in the peripheral concentration of FSH
measured throughout the infusion period may be attributed to the wide variation in the
basal FSH concentration measured immediately before the start of the infusion. The
animals in groups 2 and 3, for example, which were found to have the highest FSH
concentration during the infusion period also showed minimal suppression of their
endogenous FSH by the agonist implants. The PLG rod implants of buserelin used in
this experiment clearly did not produce a consistent suppression of pituitary FSH
secretion. The pattern of delivery of the agonist from these implants was, however,
similar to the pattern of agonist delivery from either the PHB disc implants or from the
osmotic minipumps used in the experiments detailed in chapters 5-7 (see chapter 4 for
details). While the GnRH agonist-induced hypogonadal model in the ewe provides us

with a useful tool to investigate the role of the gonadotrophins in follicular development
and function, these experiments highlight the necessity for a complete suppression of
the pituitary function which regulates FSH secretion if this model is to be used
effectively in this capacity.

In conclusion the results from these experiments continue to question the role of
LH in the induction of normal follicular development in the ewe. The data support the
hypothesis that FSH in the absence of pulsatile LH release stimulates preovulatory
follicular development in the agonist suppressed ewe. By changing the ratio of FSH to
LH present throughout the treatment period the response of individuals to the infused
FSH is altered. It is now clear that the endogenous basal level of LH present during the
FSH infusion is essential to induce thecal androgen production and so provide the
substrate for the granulosa cells aromatase enzyme system. The oestrogen produced,
together with the infused FSH then act synergistically to stimulate follicular growth and
development beyond 2.0 mm diameter. It would appear from the data presented that in
the presence of at least physiological concentrations of FSH the effect of LH on the
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stimulation of follicular function may be dependent on either the amplitude of the
infused LH pulses or the peripheral concentration of LH. Pulses of LH of
physiological amplitude may enhance androgen precursor production by the theca
without affecting the activity of the granulosa cell aromatase system so enabling the
biosynthesis of oestradiol to be maintained or increased. In contrast large amplitude LH
pulses stimulate enhanced thecal androgen production but these high amplitude pulses
or the accumulated androgen may also disrupt the aromatase enzyme system so

inhibiting follicular oestrogen production and hence antagonizing the stimulatory effect
of FSH on follicle growth.
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CHAPTER 9

INVESTIGATION OF THE FSH THRESHOLD THEORY OF
FOLLICLE SELECTION IN THE EWE

Introduction

In a monovular species, such as the sheep, the physiological mechanism by which
a single follicle is selected to mature to preovulatory status remains to be elucidated. In
the ewe follicle selection is thought to occur during the early follicular phase when the
peripheral FSH concentration falls below the level required for the continued
development of other less mature follicles (see 1.4.7 for references). The mechanism
by which a single follicle is "activated" by FSH is not fully understood but probably
involves the induction of the aromatase enzyme system in the granulosa cells. In this
way the selected follicle is able to convert androgen, produced by the theca in response

to LH, into oestrogen so maintaining a highly oestrogenic environment locally. Once
selected the preovulatory follicle is thought to exert dominance over the other less
mature follicles by secreting increased amounts of oestradiol and inhibin which
feedback negatively on the hypothalamic pituitary axis to suppress the secretion of
FSH.

On the basis of the observations made on the induction of ovulation using
exogenous gonadotrophins in hypogonadotrophic women, Brown (1978) evolved the
concept that a threshold level of FSH exists above which the final stages of follicular
development could be induced. While the absolute levels varied from woman to

woman, in a given individual the difference between a threshold and a substimulatory
dose of FSH could be as small as 20%. In addition Brown (1978) showed that the
ovaries remained unresponsive to subthreshold levels of the gonadotrophin even if the
same dose was continued indefinitely. Evidence in the Rhesus monkey (Zeleznik and
Kubik, 1986) has provided direct experimental proof in favour of this hypothesis. In
monkeys rendered hypogonadotrophic by the administration of a GnRH antagonist,
increasing amounts of FSH were infused until the threshold for follicular development
had been reached. These authors then demonstrated that after stimulation by the above-
threshold FSH concentration these follicles could continue to develop in the presence of
a subthreshold concentration of FSH which was unable to support the growth of other
less mature follicles. More recent evidence in support of this hypothesis has been
provided in the human by Poison et al., (1987); Glasier et al., (1989); and Remorgida
et al, (1989).
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In the sheep the data presented in chapter 5 corroborates this FSH threshold
theory. In chapter 5 we demonstrated that, in the agonist suppressed ewe, a 5 day
infusion of a physiological concentration of FSH alone stimulated the development of
an increased number of large preovulatory follicles. In contrast the infusion of a lower
concentration of FSH, which produced a measurable level in the systemic circulation
which was some 20% lower than the concentration produced by the physiological FSH
infusion, stimulated the development of follicles of between 2.5 mm and 3.5 mm

diameter in only 2 of the 6 treated animals. None of these large follicles could be
classified as preovulatory follicles according to the criteria of England and Webb
(1979) and Webb and England (1982b). These data suggested that the low infused
FSH concentration was below the threshold required for the stimulation of
preovulatory follicular development in all of the treated animals. Interpretation of the
results from these infusion experiments is, however, complicated by the fact that we
observed variation between individual animals both in the level of suppression of
pituitary gonadotrophin secretion produced by the agonist treatment and also in the
response of individuals to the infused FSH. In addition throughout the studies detailed
in chapter 3 we noted a marked variation between animals in the peripheral
concentration of FSH measured throughout a normal oestrous cycle. It is possible
therefore that the response of each animal to the infusion of exogenous FSH will be
determined by the threshold level for FSH which has been set for that individual during
the normal cycle prior to the commencement of agonist treatment. To address this
question we treated each agonist suppressed ewe with a concentration of FSH which
was tailored to reproduce, during the infusion period, the systemic concentration of
FSH measured for that individual during a normal oestrous cycle. The animals were

infused with an FSH concentration designed to correspond to either the mean- or 110%
of the mean- concentration of FSH measured during the luteal phase of the cycle
preceding agonist treatment.

Materials And Methods

The protocol for this experiment was divided into 3 parts as is shown in Fig. 9.1.
Part 1 comprised the measurement of the peripheral gonadotrophin concentration
throughout the normal oestrous cycle of 8 animals. In part 2 of the study the animals
were treated with GnRH agonist for 6 weeks. The systemic concentration of FSH and
LH was monitored throughout this period. During the final phase of the study the
animals were given a continuous infusion of FSH alone for 72 h.
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PART 1
NORMAL CYCLE

PART 2
AGONIST TREATMENT

PLG Rod Implant 6.6 mg
Weekly Blood Sampling (n=8)

PART 3
FSH INFUSION

PART 3: FSH INFUSION

Group 1 (n=5): Infused with a concentration of FSH to produce a systemic FSH
concentration equivalent to the mean level of FSH measured between days 8 and
16 of the luteal phase in part 1.

© Group 2 (n=3): Infused with a concentration of FSH to produce a systemic FSH
concentration equivalent to 110% of the mean level of FSH measured between
days 8 and 16 of the luteal phase in part 1.

Fig. 9.1.
Schematic representation of the protocol for blood sampling, GnRH agonist
treatment, and FSH infusion throughout the 3 stages of the experiment.

Twice Daily Blood Sampling
(n=8)
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Part 1: Determination Of The Luteal Phase FSH Concentration

The oestrous cycles of 8 Welsh mountain ewes were synchronised by the
withdrawal of intra-vaginal sponges impregnated with synthetic progestagen (as
detailed in 2.2). Oestrus, designated as day 0, was detected by a raddled vasectomized
ram. Jugular blood samples were collected by vaccutainer twice daily at 0900 h and
1700 h from day 1 of the ensuing cycle until oestrous activity was detected again some

16-17 days later.

Part 2: The Agonist Treatment Period

On day 1-3 of the early luteal phase of the second cycle following oestrus

synchronization all of the animals were sc implanted (as detailed in 2.4) with 2 PLG
rod implants containing 6.6 mg of buserelin. Jugular blood samples were collected
from all of the animals at weekly intervals for a period of 5 weeks.

The concentration of FSH and LH was measured in duplicate in all of the blood
samples collected throughout parts 1 and 2 of the study.

Part 3: The FSH Infusion Period

During the sixth week of agonist treatment the animals were double cannulated,
placed in metabolism crates and the infusion system set-up as detailed in 2.5. The
animals were then randomly allocated into 2 treatment groups and were treated as

follows: each group 1 animal (n=5) was infused for 3 days with a dose of FSH so that
the concentration of FSH measured during the infusion period corresponded to the
mean level of FSH measured for that animal between day 8 and 16 of the luteal phase
of the cycle preceding agonist treatment. Each group 2 ewe (n=3) was infused for 3
days with a higher concentration of FSH so that the concentration of FSH measured
during the infusion period corresponded to 110% of the mean FSH level measured
between the mid- and late- luteal phase of the cycle preceding agonist treatment. This
higher infused FSH concentration was designed to produce a systemic concentration of
FSH which corresponded to the higher physiological range of FSH levels measured
during the normal cycle. The hormonal parameters measured in each animal in order to
determine the quantity of FSH needed to produce the required peripheral concentration
of FSH during the infusion period are shown in Table 9.1.
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Table 9.1.
Parameters of FSH secretion measured: during the luteal phase of a normal cycle; after
4 weeks of agonist treatment; and required for the FSH infusion period. (Values are
means ± s.e.m.).

Animal
Luteal
Phase
FSH*
(ng/ml)

Agonist
Suppressed

FSH**
(ng/ml)

Required
FSH
Level
(ng/ml)

Infused
FSH

Concentration
(Hg/h)

GROUP 1

#34 26.8±1.4 15.4 11.4 3.2

#37 22.3±0.8 16.7 5.6 1.5

#43 32.8±1.4 21.9 10.9 3.0

#50 24.6±1.2 18.0 6.6 1.8

#51 19.1±1.7 17.0 2.1 0.6

GROUP 2

#70 23.3±0.4 12.6 13.0 3.6

#74 19.1±2.5 14.6 6.4 1.8

#76 28.3±3.7 8.8 22.3 6.2

* The luteal phase concentrations are the mean values ± s.e.m. measured between day 8 and day 16
of the normal cycle measured during part 1 of the experiment.
** The agonist suppressed FSH concentration was measured in part 2 of the experiment after 4 weeks
of agonist treatment.

The infused FSH concentration was calculated using the formula:

Infused FSH =

Concentration
Luteal Phase

_ Agonist Suppressed
FSH Concentration FSH Concentration

x 0.28

The luteal phase concentration corresponded to the mean level measured for each
animal between day 8 and 16 of the luteal phase of the natural cycle preceding agonist
treatment. The agonist suppressed FSH concentration was measured in the blood
sample collected after 4 weeks of agonist treatment. The calculation utilized the
observation made during the experiments reported in chapter 7 namely that the infusion
of 0.28(ig/h of oFSH-16 produced a 1 ng/ml increase in the peripheral plasma FSH
concentration in the agonist suppressed ewe.
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At the end of the infusion period the animals were killed with an overdose of
sodium pentobarbitone and the ovaries were removed. All follicles of >1.0 mm

diameter were dissected from the ovaries and the mean diameter and basal in vitro

steroid production of each follicle were determined as detailed in 2.6. The
concentrations of oestradiol and testosterone secreted during the incubation period were
measured for each follicle.

Blood Sampling

Jugular blood samples (3.5 mis) were taken at 30 min intervals for 1.5 h
immediately before the start of the FSH treatment (time 0, day 1). Samples were then
collected at time 0 h, 0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, 3.0 h, 4.0 h, 6.0 h and 8.0 h
after the start of the infusion. On days 2 and 3 of the infusion period 7 samples were

collected at hourly intervals from 08.00 h until 14.00 h. A final sample was taken at
16.00 h on both of these days. All the blood samples were assayed in duplicate for
FSH and LH.

Statistical Analysis

The differences between the mean concentration of FSH measured between days 8
and 16 of the luteal phase (n=18 samples) of the normal cycle preceding agonist
treatment, the basal concentration of FSH before the start of the infusion (n-3 samples)
and the mean concentration of FSH measured throughout the 72 h infusion period
(n=27 samples) were compared for each individual animal using the Student's't"test.
Similarly the basal LH concentration measured before the start of the infusion was

compared with the mean LH concentration measured during the infusion period using
the Student's f test on paired samples, the LH data having been transformed by
logio(x+l) prior to the analysis.

The between treatment differences in the number of follicles per ewe, the number
of follicles < 2.5 mm or > 2.5 mm diameter, the diameter of these follicles and their
basal in vitro steroid production were assessed by 2-way ANOVA. The differences
between the treatment groups were established by Duncans new multiple range test.
The follicle data was transformed by V(x+0.5) and all the steroid data was transformed
by logio(x+l) prior to analysis. All of the Tables presented are of untransformed data.
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Results

Hormone Levels

The mean overall changes in the peripheral concentration of FSH and LH
throughout the natural cycle for groups 1 and 2 are shown in Fig. 9.2. The FSH data
demonstrate that the second peak of FSH secretion occurred on day 1-2 of the early
luteal phase in these animals with subsequent but smaller fluctuations in secretion
occurring at regular intervals thereafter. The LH profile indicates that the peripheral
concentration of LH initially increased and then declined in the early to mid luteal phase
of the cycle. After the onset of agonist treatment there was an initial stimulation of
FSH secretion. This stimulation occurred in 4 of the 8 animals within the first 7 days
of agonist treatment. After the transitory stimulatory phase there was a gradual decline
in the peripheral concentration of FSH over the next 4 weeks of the experiment. In
contrast the agonist stimulated an increase in the release of LH over the first 20 days of
treatment, the levels then declined to basal values prior to the start of the infusion. In
each of the animals, 5 weeks of chronic treatment with GnRH agonist significantly
suppressed (p<0.05) the secretion of FSH below the mean level measured for each
individual between day 8 and 16 of the luteal phase of the cycle prior to agonist
implantation. Treatment with the agonist implants for 5 weeks produced a 31.4+4.6 %
(range 9.9%-50.7%) suppression of FSH secretion over the mean luteal phase FSH
concentration.

Infusion of the different quantities of FSH detailed in Table 9.1 resulted in a

significant increase (p<0.05) in the peripheral FSH concentration over the basal
concentration measured in all of the animals prior to the start of the FSH treatment,

irrespective of the amount of FSH infused. The PLG agonist implants significantly
suppressed (p<0.05) the FSH concentration below the mean level measured during the
luteal phase in 4 of the 5 animals in group 1 and in only 1 of the ewes in group 2. The
data from group 2 indicates that increasing the amount of FSH infused by 10%
significantly increased (p<0.001) the systemic FSH concentration measured during the
infusion period over the mean FSH level measured during the luteal phase for each
animal. For group 2 animals the concentration of FSH measured throughout the
infusion period corresponded to the peak level of FSH measured during the mid- to
late- luteal phase of a normal cycle. The exact timing of the measurement of the peak
luteal phase FSH concentration varied between animals and occurred between days 9
and 15 of the natural cycle preceding agonist treatment. The peak FSH concentration
was on average 49% higher (range 26-97%) than the mean level measured between day
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8 and day 16 of the cycle. A comparison between the mean or peak concentration of
FSH measured throughout the infusion period in group 1 and 2 animals respectively,
the mean or peak level of FSH measured during the natural cycle before agonist
treatment and the basal agonist-suppressed FSH concentration measured immediately
before the start of the infusion is shown in Fig. 9.3. For 4 of the 5 animals in group 1
the data show that there was no significant difference (p>0.05) between the mean FSH
concentration measured during the infusion period and the mean FSH level measured
between days 8 and 16 of the luteal phase. In animal #43 the infused FSH
concentration was significantly (p<0.05) higher than the mean luteal phase FSH
concentration. In group 2 animals there was no significant difference (p>0.05) between
the mean concentration of FSH measured in the infusion period and the peak level of
FSH measured between day 8 and day 16 of the normal cycle in the same animal.

There was no significant difference (p>0.5) between the basal concentration of LH
measured after 5 weeks of agonist treatment and the mean LH concentration measured
throughout the 72 h FSH infusion period.

Follicular Development And Function

In Table 9.2 the dynamics of the follicle populations recovered from the 2
treatment groups in the study are compared with similar parameters measured in the
follicle populations removed from control animals on day 8 in the mid luteal phase or
on day 14 during the late luteal phase (as detailed in chapter 3). There was no

significant difference (p>0.05) between the total number of follicles or the number of
small follicles < 2.5 mm diameter from the treated animals and the two control groups

at the different stages of the luteal phase. The in vitro testosterone production by the
small follicles from the treated ewes was significantly lower (p<0.01) than the
testosterone secreted by the small follicles from day 14 control animals but was not

significantly different (p>0.05) to the testosterone secretory capacity of the small
follicles from day 8 luteal phase ewes. This difference may reflect the significantly
greater (p<0.01) diameter of the small follicles recovered from the control ewes on day
14 of the luteal phase. The small follicles from the treated animals secreted significantly
(p<0.01) more oestradiol in vitro than the small follicles dissected from day 8 luteal
phase control ewes but produced significantly less (p<0.01) of this steroid than the
follicles from day 14 control animals.

Large follicles of > 2.5 mm diameter were recovered from the control ewes at both
of the time points studied during the luteal phase. Similarly large follicles were present
in the ovaries of all of the animals infused with the higher concentration of FSH (group
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Table9.2. Thenumber,diameterandsteroidproductionbysmallandlargefolliclesincontrolewesduringthemid(day8)andlate(day14) lutealphaseandaftertheinfusionofagonistsuppressedeweswithanFSHconcentrationequivalenttothemeanlutealphaselevelof FSH(Group1)orthepeaklutealphaseFSHconcentration(Group2).Valuesaremeans±s.e.m.;valuesfollowedbydifferentletters aresignificantlydifferent;comparisonsshouldbeconfinedtorows.
to

u>

LutealPhase Day8 (n=6)

LutealPhase Day14 (n=5)

Group1 (n=5)

Group2 (n=3)

Significance

Follicles<2.5mm NumberofFollicles/ewe (Range)

16.3±1.9 (11-24)

18.413.2 (13-30)

22.012.3 (17-30)

20.011.1 (18-22)

NS(p>0.05)

Diameter(mm) (numberoffollicles)*
1.7±0.04a (95)

2.010.06b (70)

1.810.038 (141)

1.710.48 (61)

p<0.01

OestradiolProduction (pg/follicle/h)

25.312.1*

152.2122.5b
89.1123.0c

77.8126.6c

p<0.01

TestosteroneProduction (pg/follicle/h)

208.3138.0•
573.2188.6b
253.6118.38

268.6128.78

p<0.01

Follicles>2.5mm NumberofFollicles/ewe (Range)

5.411.4a (3-11)

10.411.7b (7-15)

2.011.8c (0-9)

3.711.28 (2-6)

p<0.01

Diameter(mm) (numberoffollicles)*
4.310.3 (27)

3.710.2 (47)

3.410.3 (14)

4.010.4 (9)

NS(p>0.05)

OestradiolProduction (pg/follicle/h)

342.9194.38
226.2138.78
275.81111.18
1330.81308.0b
p<0.01

TestosteroneProduction (pg/follicle/h)

482.9171.68
1179.71243.28b
1320.31439.5b

4632.711376.5b
p<0.05

*Thediameter,andoestradiolandtestosteroneproductionarethemeanvaluescalculatedforthisnumberoffollicles
ineachofthesizecategories.



2). In contrast only 2 of the 5 animals- #34 and #43 which were infused with the
lower, mean luteal phase concentrations of FSH (group 1) possessed large follicles of
> 2.5 mm diameter. The diameter and in vitro secretion of oestradiol from these large
follicles were not significantly different (p>0.05) between the treatment groups or the
control ewes. The in vitro secretion of oestradiol from these large follicles was not

significantly different (p>0.05) between group 1 animals and either group of control
ewes but was significantly higher (p<0.01) in the group 2 animals infused with the
higher, peak luteal phase FSH concentration. Similarly the in vitro testosterone

production by the large follicles from group 2 animals was significantly higher
(p<0.01) than the production of this androgen by comparable sized follicles from the
control ewes on either day of the luteal phase.

H Follicles >2.5 mm

□ Follicles > 2.5 mm with Oestradiol >1000 pg/h

. . LP FSH LP FSH
'— LP Control —' I— Agonist —^

™ + FSHTreatment

Fig. 9.4.
Percentage of animals with large follicles > 2.5 mm diameter and large follicles
secreting > 1000 pg/oestradiol/h in control animals in the mid- (day 8) and late- (day
14) luteal phase (LP) and in GnRH agonist treated animals infused with FSH to
produce a peripheral FSH concentration equivalent to either the mean or the peak level
of FSH measured for each animal during the luteal phase of the cycle preceding agonist
treatment.

Potential Ovulatory Follicles

The percentage of animals per group with large follicles and with large follicles
which could be classified as potential preovulatory follicles is shown in Fig. 9.4.
These data indicate that although all of the control animals developed large follicles of
>2.5 mm diameter, not all of these animals possessed large follicles which secreted
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>1000pg oestradiol/h and which could be therefore be classified as preovulatory
follicles. According to the results reported in chapter 3 some animals possess ovulatory
follicles during the mid- to late- luteal phase, however, at oestrus all animals possess at
least 1 such follicle. On day 8 and day 14 of the luteal phase all of the ewes developed
at least 1 follicle with an in vitro oestradiol production within the range of 500-1000
pg/h. In the present study the elevation of the peripheral FSH concentration to the
mean level measured during the luteal phase of the cycle (group 1) stimulated the
development of an ovulatory follicle in 1 animal only, animal #43. In contrast when the
infused FSH concentration was increased to correspond to the peak concentration
measured during the luteal phase 2 of the 3 animals- #70 and #76 developed at least 1
ovulatory follicle. A comparison of the mean diameter and oestrogen secretion of these
ovulatory follicles is shown in Table 9.3.

One animal from the day 14 luteal phase control group and from each of the 2
treatment groups developed small follicles of < 2.5 mm diameter with an in vitro
oestradiol production of >1000 pg/h.

Table 9.3.
Characteristics of the potential ovulatory follicles present in control ewes during the
mid (day 8) and late (day 14) luteal phase and induced in agonist treated ewes
infused with a concentration of FSH equivalent to the mean (Group 1) or peak
(Group 2) luteal phase level of FSH. (Values are means ± s.e.m. for the number of
follicles shown).

Treatment Number of Diameter Oestradiol

Group Follicles (mm) Production

(pg/follicle/h)

Day 8 3 5.1±0.3 1405.71292.0

Day 14 2 4.111.2 1172.41170.0

Group 1 1 6.5 1464.0

Group 2 6 4.510.5 1839.0126
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Discussion

These results confirm our previous observations that FSH in the presence of only
basal concentrations of LH stimulates the later stages of follicle growth and
development. In addition these data support the hypothesis proposed by Brown (1978)
that a threshold exists above which FSH will induce substantial preovulatory follicular
development. These data agree with the evidence reported for monkeys by Zeleznik
and Kubik (1986) and for humans by Poison et al., (1987); Glasier et ah, (1989); and
Remorgida et ah, (1989). The results of the present study imply that the growth
response of follicles to FSH, or perhaps more importantly the FSH threshold
requirement of the follicles, is determined by the endogenous pattern of FSH secretion
within each individual animal during the natural cycle. This suggests that the FSH
threshold of each animal will determine the response of that individual to the infused
FSH concentration. In this model system the FSH requirement for folliculogenesis can
be regarded as the summation of the administered dose of exogenous FSH and the
suppressed endogenous FSH concentration after 5 weeks of agonist treatment. We
have previously shown (chapter 4) that the basal gonadotropin concentration present
after 5-6 weeks of agonist treatment is insufficient to stimulate follicle growth beyond
2.5mm. The patterns of gonadotropin secretion measured during both the normal
cycle and the agonist treatment period for each animal were similar to the profiles of
these hormones reported for control animals tioughout the luteal phase of the cycle in
chapter 3 and for ewes treated with PLG agonist implants in chapter 4, respectively.

In accordance with the results of Brown (1978), we have demonstrated that when
the FSH concentration was maintained below the threshold requirement there was no

stimulation of the later stages of follicular development. Indeed this was the case in 4 of
the 5 animals in group 1 where the systemic FSH concentration during the infusion
period corresponded to the mean level of FSH measured during the luteal phase of the
normal cycle. In the remaining animal (#43) from this treatment group, the infused
FSH concentration was some 16% higher than the average level measured during the
luteal phase. In this animal the infused FSH concentration was above the threshold
requirement and was sufficient to stimulate the development of 2 large follicles, 1 of
which could be classified as a potential ovulatory follicle. In contrast in group 2
animals the higher infused FSH concentration which corresponded to at least the peak
luteal phase level of FSH, and which was some 50% higher than the mean luteal phase
level, was above the threshold and stimulated preovulatory follicular development in 2
of the 3 animals. These data suggest that within an individual ewe the difference
between a subthreshold and a stimulatory dose of FSH can be as little as 16% in one
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animal or greater than 50% in another. The FSH threshold therefore varies greatly
between individuals. This result could explain why it is so difficult to accurately control
the increases in follicular development and ovulation rate which are induced by the
superovulatory treatments which are currently available commercially. The results from
this experiment suggest that a dose of FSH which will induce a superovulatory
response in one animal may be below the threshold requirement for the stimulation of
follicle development in another. It is not clear, however, whether the putative FSH
threshold varies from cycle to cycle within an individual. Recent evidence from women

with polycystic ovarian disease suggest that this is indeed the case as the FSH
threshold within individuals has been shown to vary between successive uniovulatory
cycles (Poison et al., 1987; Remorgida et al., 1989).

The results from this experiment suggests that in the sheep the FSH threshold is
set by the ovary during the mid- to late- luteal phase of the cycle. The induction of a
critical level of granulosa cell aromatase activity and LH responsiveness is believed to

serve as a type of "on-off' switch which is thrown in the responding follicle when the
FSH threshold level is achieved (Brown, 1978; Hillier, 1981; Hillier et al., 1981;
Hillier et al., 1988). The selected follicle(s) will be the first to aromatize thecal

androgen at a rate which is sufficient to elevate its oestrogen biosynthesis. This
increased oestrogen production throws the switch and also serves to sensitize the
granulosa cells to FSH. The threshold theory of follicle selection demands that the
selected follicle continues to develop in the face of a declining profile of FSH. This is
possible as a result of the increased responsiveness of the dominant follicle to FSH
which is induced by the high concentration of oestradiol in the antral fluid of this
follicle (see 1.4.7 for references). Presumably on attainment of the FSH threshold the
increased secretion of oestrogen and perhaps inhibin by the dominant follicle is the
message to the hypothalamus that the threshold requirement has been reached.
Selection of the follicle to be ovulated then occurs as a result of the negative feedback
influences of the increased follicular oestrogen and inhibin production on pituitary FSH
secretion with the resultant suppression of the FSH level below the threshold required
to produce the continued development of other less mature follicles. The factors which
set the level of the hypothetical threshold remain obscure but may include 1 or more
variables such as: (i) the local blood supply which regulates the differential delivery of
FSH to each follicle; (ii) follicle cell number and/or gonadotrophin receptor number per
cell as this would determine the gonadotrophin uptake and the amplification of the
response of each follicle; and (iii) the intrafollicular levels of substances which
modulate the action of the gonadotropins such as oestrogen, androgens (Hillier et al.,
1988) or perhaps the intrafollicular growth factors and peptides which may establish a
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variable sensitivity of the follicles to mixed amounts of the gonadotropins and thus
contribute to the establishment of the FSH threshold. In terms of an alternative theory
of follicle selection the observation in this experiment that multiple follicles mature

upon prolonged stimulation by concentrations of FSH which are within the
physiological range but which are above the threshold, argues strongly against the
hypothesis proposed in 1.4.9 that the maturing follicle inhibits the growth and
development of other follicles directly at the ovarian level by decreasing their
responsiveness to the gonadotrophins. It must, however, be noted that in the model
system used in this experiment any intraovarian regulation of follicular development
may be overridden by the suprathreshold level of FSH. The suggestion that the selected
follicle actively inhibits the development of other less mature follicles through the
suppression of the circulating FSH concentration during the early follicular phase of the
cycle, rather than through an intraovarian mechanism, is supported by the recent data of
Driancourt and Fry, (1989). These authors demonstrated that blocking the follicular
phase fall in FSH secretion in the ewe, by the administration of exogenous FSH,
significantly increased ovulation rate.

The dramatic increase in the peripheral concentration of FSH over the mean luteal
phase FSH levels produced by only a 10% increase in the infused dose of FSH may be
explained by the dose dependent decrease in the MCR of the exogenous FSH which
was reported in chapter 7. It was suggested in chapter 7 that the half-life of the infused
FSH preparation was extended in the agonist treated ewe as a result of the lowering of
ovarian steroid production which occurs in response to the hypogonadotrophic state
induced by the agonist.

In conclusion these experiments highlight the variability of the follicular growth
response of an individual animal to exogenous preparations of FSH and suggest that
this variability is directly related to the profile of gonadotrophin secretion which occurs

during the normal oestrous cycle. The results from this study clearly support the
hypothesis of Brown (1978) and suggest that in the ewe the FSH threshold for follicle
selection is set by the ovary in the mid- to late- luteal phase of the cycle. The difference
between a substimulatory and a threshold dose of FSH may be as little as 16% or

greater than 50% depending on the individual.
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CHAPTER 10

GENERAL DISCUSSION

The Reproductive Cycle Of The Welsh Mountain Ewe

Despite the wealth of literature on the control of LH and FSH secretion detailed in
chapter 1, the gonadotrophs control of folliculogenesis in the ewe remains an enigma.
In general the terminal stages of follicle growth and maturation are considered to be
acutely dependent on the provision of a suitable gonadotrophs envSonment. Most of
our knowledge of the endocrinology of the ovine oestrous cycle and its physiological
control mechanisms have been pieced together from experiments, in a number of
different breeds, involving the longitudinal measurement of hormone levels and the
cross sectional measurement of follicular development at different time points in the
cycle.

To date there is little quantitative information available on either the profile of
gonadotrophs secretion or the pattern of follicle growth in a highly seasonal breed
such as the Welsh Mountain ewe- the subject of the studies of this thesis. The
experiments detailed S chapter 3 rectify Sis situation and provide a comprehensive and
detailed record of the nature of the gonadotrophs signal to which the developing
follicle population is exposed during the mid- and late- luteal phase of Se cycle, and at
oestrus and the onset of the preovulatory gonadotrophin surge. This work also
catalogues the changes in several characteristics of normal antral follicle development
such as follicle diameter and steroidogenic capacity at these different stages of the
cycle. WiS the exception of the oestradiol profile, Fig. 10.1 summarizes the hormonal
changes of the oestrous cycle for the Welsh ewes detailed in chapter 3. These
measurements provide the basis for the experimental determination of the differential
effects of exogenous preparations of FSH and LH on the process of folliculogenesis in
agonist treated, hypogonadotrophic ewes (chapters 5 to 9). For convenience the
reproductive cycles were studied following cloprostenol induced luteal regression.
While it is recognized that the changes in the gonadotrophin profiles described,
particularly during the follicular phase, may be subtly different from those occurring
naturally, no comparable data on the changes in the pulsatile secretion of LH or the
secretion of FSH in the naturally cycling Welsh ewe are currently available. The
humoral sequence of events in the periovulatory period and the characteristics of the
follicle populations recovered from the animals at this time were therefore assumed to
correspond to similar parameters measured at this time in spontaneous cycles. Such
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Luteal Phase Periovulatory Period

Fig. 10.1.
Hormonal changes throughout the oestrous cycle of the Welsh Mountain ewe. The
diagram is based on the results of Chapter 3. The insets show the changes in the
pulsatile pattern of LH secretion during the luteal and follicular phases of the cycle.
Luteolysis was induced on day 10-12 of the cycle using cloprostenol (PG). The
concentration of oestradiol in jugular venous plasma is based on the data published by
Hauger et al., (1977).
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assumptions have previously been made by Baird and Scaramuzzi (1976a), Legan and
Karsch (1979), Karsch et al., (1979) and Wallace et al., (1988).

In Welsh mountain ewes within 12-18 h of cloprostenol induced luteolysis the
peripheral FSH concentration fell to a level which was approximately 40% below the
mean concentration measured during the luteal phase of the preceding cycle. This low
level of FSH secretion was maintained until the onset of the preovulatory
gonadotropin surge which occurred some 48 h after PG. In the transition from the
luteal to the follicular phase, within 6 h of the onset of luteal regression and decreased
progesterone production, the pulsatile pattern of LH release changed from 1 pulse
every 3-4 h in the luteal phase to 1 pulse/h in the early follicular phase. Despite this
marked increase in LH pulse frequency the amplitude of each LH episode did not
decrease significantly below the mean level measured during the luteal phase until 36 h
after PG. The enhanced pattern of LH secretion presumably stimulated increased
androgen and oestrogen biosynthesis as it is known that oestrogen secretion into the
ovarian vein begins to rise 6-12 h after cloprostenol injection (Baird et al., 1981). The
increased secretion of oestradiol and, to a lesser extent, inhibin are thought to be
responsible for the depression of the systemic concentration of FSH measured at this
time. Also, interestingly, an increase in the nadir concentration of LH was consistently
observed 18-24 h after PG when the peripheral concentration of FSH was at its lowest.
It is possible that this fluctuation in the LH baseline marks the timing of the selection of
the ovulatory follicle and hence the transition from the negative feedback influences of
follicular oestradiol and luteal progesterone on pituitary LH release to the positive
feedback effects of oestradiol on LH secretion which ultimately induces the
preovulatory gonadotropin surge and triggers ovulation.

A definite pattern of LH and FSH secretion was observed during the luteal phase
of the reproductive cycle. Following the preovulatory gonadotrophin surge the
transitory decline in the nadir concentration of LH, observed between days 2 and 6 of
the early luteal phase, represents the reinstatement of the negative feedback influences
of progesterone on the control of LH secretion as the progesterone secreted by the
newly formed CL increases to a plateau on day 6 of the cycle. A consistant pattern of
FSH secretion emerged in the cloprostenol synchronized cycles for the Welsh ewes

detailed in chapter 3. Throughout the luteal phase, after the second FSH surge, regular,
almost synchronous, fluctuations in the pattern of FSH secretion were observed in the
profiles from individual animals. The results from chapter 3 also demonstrate that
follicles can attain preovulatory size and steroidogenic status throughout the luteal
phase of the cycle. If we accept that FSH secretion is controlled by both inhibin and
oestradiol negative feedback systems (McNeilly, 1988) and that the large follicles
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>3.Omm diameter present during the luteal phase are the source of inhibin (Mann et al.,
1989) the data presented suggest that there is a close relationship between the timing of
the events which control the observed variations in FSH release and the waves of

follicle growth and development thought to occur throughout the cycle (Smeaton and
Robertson, 1971; Bister and Paquay, 1973; Brand and de Jong, 1973; Wheaton et al.,
1984). As the follicles develop in response to the rising plane of FSH on days 5-6, 9-
10 and 13-14 of the cycle so increased amounts of oestradiol and inhibin will be
secreted in to the ovarian vein. This enhancement of the ovarian negative feedback
signal results in the suppression of pituitary FSH secretion observed on days 2-4, 7-8
and 12-13. The large active follicles stimulated by the FSH, in the absence of the
critical physiological stimulus required to induce ovulation, eventually become atretic,
the negative feedback signal decreases and the peripheral FSH concentration increases
again. Each increase in FSH secretion is therefore antecedent to increased antral follicle
activity. In support of this hypothesis Tsonis et al., (1986, 1988) have recently
confirmed that increased inhibin secretion results from the exposure of follicles to
elevated plasma FSH concentrations. The re-establishment of this fluctuating pattern of
FSH release in ewes after chronic exposure to GnRH agonist (in chapter 4) indicates
that the pituitary interpretation of the oestrogen and inhibin components of the ovarian
feedback systems, which control folliculogenesis, have returned to normal.

The GnRH Agonist Model In The Ewe

The experiments detailed in chapter 4 were undertaken to examine the effects of
chronic administration of the potent GnRH agonist Buserelin on pituitary and ovarian
function in the Welsh ewe and to determine the value of agonist induced
hypogonadotrophism as a model to investigate the gonadotropic control of follicular
growth and development in this species. In summary it is clear from the experiments
undertaken during the breeding season that irrespective of the method of delivery the
chronic, sc administration of the agonist over a period of 5-6 weeks produces a rapid,
profound and consistent inhibition of the reproductive axis without allowing any

intermittent increases in gonadotropin secretion. Normal pituitary function was

inhibited by this treatment such tha. the systemic concentration of FSH was suppressed
by 40-60% and the pulsatile release of LH was prevented. The timing of the onset of
agonist delivery did not affect the efficiency of this treatment in disrupting normal
pituitary function. The results demonstrate that the inhibitory effects of the agonist on
gonadotrophs secretion occured as a result of the desensitization and down regulation
of the GnRH receptors on the pituitary gonadotrophs since the pituitaries of agonist
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treated animals were unresponsive to stimulation with GnRH in vivo. The
hypogonadotrophic state induced by this treatment consistently prevented antral
follicles from developing beyond 2.5 mm but effectively synchronized the growth and
development of the small follicles up to this point. This result confirms that the final
stages of follicular development in the ewe are acutely dependent on the systemic
concentration of FSH and/or the pulsatile release of LH. In addition it is clear that the
steroidogenic capacity of the follicles of 1.0 to 2.5 mm diameter in the agonist treated
animals is similar to that of comparable sized follicles in control ewes.

Surprisingly the MCR of exogenous gonadotrophin preparations was extended in
agonist treated animals (chapter 7). This phenomenon may be induced by changes in
the liver content or activity of the enzyme neuraminidase which are hypothesized to
occur as a consequence of chronic agonist treatment. The changes in neuraminidase
activity were considered to be due to the long term suppression of ovarian steroid
production. The difference between the measured amplitude of the same infused LH
pulse concentration in chapters 7 and 8 was unexpected. The preliminary LH pulse
amplitude experiments detailed in chapter 7 were carried out after only 2 weeks of
agonist treatment, in contrast the studies reported in chapter 8 were undertaken during
the sixth week of agonist administration. This suggests that the duration of suppression
of ovarian steroid production affects the MCR of the infused LH. Comparison of the
half life of the LH pulses delivered in these 2 studies corroborates this theory. These
observations highlight the importance ofmaintaining a fixed time schedule in studies
of this nature.

The simplicity and ease of using the chronic administration of the agonist to inhibit
the reproductive axis as compared to surgical techniques such as hypophysectomy,
especially since the development of the slow-releasing depot formulations, and the
uniform response of animals to such treatments suggest that the agonist model is a

useful tool to investigate the differential actions of FSH and LH in the process of
folliculogenesis in the ewe. The state of medical hypophysectomy induced by the
agonist reduces the complexity of the reproductive axis. By eliminating the endogenous
pituitary gonadotrophin output as well as the physiologically important influences of
the ovarian feedback mechanisms which affect hypothalamic-pituitary function, the
agonist model enables the ovarian responses to exogenous gonadotrophin preparations
to be easily identified in animals with normal adrenal and thyroid function and normal
levels of secretion of prolactin, growth hormone and the other posterior pituitary
hormones. In normal ewes the differences between individuals in the endogenous
gonadotrophin concentrations, in the follicle population dynamics at the time of
treatment and also the sensitivity of the hypothalamic-pituitary axis to the feedback
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effects of the ovarian steroids (Webb and Gauld, 1985b) all contribute to the

unpredictability of the response of individual animals to exogenous gonadotrophin
preparations. With this background the GnRH agonist model offers a way to reduce
the individual variability of response to gonadotrophin therapy based on the
physiological origin of that variability. Moreover as we have shown in chapters 5, 6, 8
and 9 the ovarian response of animals to exogenous gonadotrophins is more uniform
after agonist treatment. This implies that some endogenous supraovarian component(s)
such as the pituitary and/or the hypothalamus are responsible for the unpredictability of
the ovarian response of animals which is normally observed after such treatments.

The prompt induction of a reversible hypogonadotrophic state by the chronic
administration of GnRH agonist has important implications for both fertility and
antifertility research. The development of this model in the human could provide a

clinically acceptable strategy to reduce the variability among responders to exogenous

gonadotrophin therapy so improving patient management of in vitro fertilization
programs as the present findings indicate that the endogenous hypothalamic-pituitary
function of individuals contributes substantially to the variability of ovarian response

during gonadotrophin treatments. In the agricultural industry the GnRH agonist model
together with gonadotrophin infusion could potentially be exploited in embryo transfer
programs for the propagation of pedigree stock. The value of the agonist model to such
regimes lies in its ability to generate ovaries rich in small, synchronous, healthy
follicles many of which have the potential to mature in response to exogenous

gonadotrophins so optimizing the ovarian response to the superovulatory treatments

currently available. It is not however clear whether the repeated gonadotrophic
stimulation of ovaries from agonist suppressed animals will produce a consistent
ovarian response. The available literature suggests that this is unlikely as after the initial
response, the frequent exposure of ewes to PMSG leads to a decrease in the
superovulatory response to each subsequent treatment (Hulet and Foote, 1969;
Driancourt, 1987b). Similarly preliminary results in women with polycystic ovarian
disease treated with GnRH agonist suggest that there is a poor ovarian response to
FSH after the first treatment (Remorgida et al., 1989). Clearly this area warrants
further investigation if the agonist model and FSH treatment system is to be exploited
to its full potential in either the clinical environment or in the agricultural industry.
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The Gonadotropic Control Of Follicular Growth And Development In
The Ewe

The use of the GnRH agonist model together with the availability of "pure"
preparations of FSH and LH has enabled the precise role played by these compounds
in the process of folliculogenesis to be elucidated. Generally it is considered that both
of the gonadotrophins are required to accommodate their synergistic actions if the
terminal stages of follicle growth and development are to proceed. The data presented
in chapters 5, 6, 8 and 9 present far reaching questions about the relative importance of
FSH versus LH in the final stages of follicular development in the ewe and surely bring
into doubt the long held views of the role of LH in the process of folliculogenesis in
this species. Cumulatively the data from these studies show that FSH is the key
extragonadal hormone in the induction of the follicle development beyond 2.5 mm

diameter in the sheep ovary. This hypothesis is based on the observation that
physiological concentrations of FSH stimulated advanced follicular development and
substantial oestrogen biosynthesis in the absence of LH pulses. Also the induction of
preovulatory follicular development by FSH occurred in a time dependent manner with
maximal follicular growth and in vitro steroid production being recorded after 72 h of
infusion. Developing follicles acquire FSH receptors during the early stages of
differentiation and the binding of the exogenous FSH to these receptors stimulates the
induction of the P450 aromatase enzyme system which enables the granulosa cells to
convert thecal derived androgens to oestrogens so maintaining a highly oestrogenic
environment locally. In response to the continued activation by the infused FSH and
intrafollicular concentration of oestrogen the precursor follicles eventually acquire
granulosa LH receptors. Importantly the potential ovulatory follicles, produced by the
infusion of FSH alone, ovulated in response to hCG (chapter 6) indicating that these
follicles had developed a full complement of granulosa LH receptors and hence have
the functional competence to luteinize in response to the hCG. These data support the
interpretation that the synergism between the endogenous oestrogens with the
physiological levels of infused FSH promotes the development of granulosa cell LH
receptors (Richards et al., 1976). Although the CL produced were of normal weight
and secreted normal amounts of progesterone it is not clear whether, without the
continued exogenous support from hCG, these CL would have secreted similar
amounts of progesterone or had a normal life-span.

In the absence of LH pulses the proportion of atretic and non-atretic follicles, as
assessed by a high in vitro testosterone production in conjunction with a low in vitro
oestradiol production (Carson et al., 1981), was markedly influenced by the systemic
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concentration of FSH. Also increasing the concentration of the infused FSH stimulated
the development of a greater number of large active follicles without altering the total
population of antral follicles present in the ovaries. Furthermore when the data from
chapters 5 and 6 was pooled and the concentration of the infused FSH expressed in
terms of its biopotency relative to the NIH-S1 standard preparation, there was a

significant (p<0.05) positive correlation between the total in vitro oestradiol production
by each animal and the bioactivity of the infused FSH, see Fig. 10.2. Each increase in
the infused FSH bioactivity stimulated an enhanced oestrogen secretion by the follicles
but had no such effect on their testosterone production. Together these results suggest
that FSH influences granulosa cell aromatase activity indirectly by influencing follicle
viability and directly by modulating enzyme activity.
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Fig. 10.2.
Dose response of the total in vitro follicular production of oestradiol (E2)
and testosterone (T) to infused FSH preparation expressed as mU/mg
bioactivity of NIH-FSH-S1.

The question may be raised as to whether the biological effects of the infused FSH
were attributable to FSH per se and not to the contamination of the exogenous

preparation with LH. It was shown, however, in both chapters 5 and 9 that increased
preovulatory follicular development was stimulated by the infusion of physiological
concentrations of FSH when there was no significant increase in the basal
concentration of LH during the infusion period. Conversely the infusion of 4 hourly
pulses of LH in the presence of only basal levels of FSH (chapter 5) did not stimulate
follicular development beyond 2.5 mm diameter. Also the results of chapter 2 (Fig.
2.4) suggest that the increase in LH immunoreactivity during the infusion of
supraphysiological concentration of FSH was due, at least in part, to the cross reaction
of the infused FSH preparation in the oLH radioimmunoassay. These results suggest
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therefore that the stimulatory effect of the exogenous FSH preparations on follicle
growth and oestrogen production was attributable to an intrinsic property of the FSH
molecule.

The FSH theory of follicle selection detailed in chapter 1 suggests that the selection
and growth of the preovulatory follicle involves activation with FSH, increased
follicular oestrogen secretion dependent on the conversion of thecal androgen
stimulated by LH and the subsequent suppression of pituitary FSH secretion by the
increased levels of oestradiol and inhibin. The data presented in chapter 9 clearly favour
this theory and the observation that multiple follicles mature upon the prolonged
stimulation by physiological concentrations of FSH argues strongly against the
hypothesis that the mature follicle inhibits the growth of other follicles directly at the
ovarian level by decreasing their responsiveness to the gonadotrophins. It is however
possible that the infusion of a constant level of FSH throughout the treatment period
may have by-passed any potential intraovarian regulation of follicle growth.
Alternatively the absence of a dominant follicle and/or the presence of a highly
synchronous population of small antral follicles at the start of the FSH infusion period
may have rendered the intraovarian control mechanisms redundant in this model
situation. Also if the intraovarian mechanism of follicle selection was operative in this
model environment we would have expected a single follicle to mature to preovulatory
status regardless of the duration of exposure of the follicle population to the infused
FSH. The results from chapter 6 clearly show that this is not the case. In further
support of the FSH theory of follicle selection the data presented in chapter 9
demonstrates that there is a threshold concentration for the stimulation of follicle

growth by FSH, upon reaching this threshold follicles readily enter their final stages of
gonadotrophin dependant maturation. In addition the important observation that once
the FSH concentration is elevated to the stimulatory range the subsequent duration of
the FSH infusion influences the number of follicles which are stimulated (chapter 6)
suggests that the physiological determinant of the number of follicles destined to
ovulate in the normal ewe is the systemic concentration of FSH in the 48 to 72 h period
prior to the onset of spontaneous luteal regression. This supposition is supported by
the evidence of McNatty et al., (1985b) who demonstrated that the plasma
concentration of FSH before but not after luteolysis was significantly higher in ewes

which subsequently had double ovulations than in animals which had single
ovulations.

The arguments presented so far suggest that FSH is the pre-eminent hormone in
the stimulation of folliculogenesis in the ewe, what then is the physiological role of LH
pulses in this process? The results from chapter 8 demonstrate that basal concentrations
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of LH are essential to stimulate thecal cell differentiation and thecal androgen
biosynthesis. Also in this model system these basal concentrations of LH are sufficient
to allow preovulatory levels of oestradiol synthesis to occur in the activated follicle(s).
After immunoneutralization of this basal LH, FSH is unable to stimulate oestrogen

synthesis or follicular growth beyond 2.0 mm diameter. In view of these results the
importance credited to the ratio of the 2 gonadotropins in the 2 cell theory of follicular
steroid production must be re-examined. The data presented in chapter 8 identifies the
nadir LH level, rather than LH pulses as the essential component of the LH signal to
the ovary which enables FSH to stimulate follicular development and oestrogen

biosynthesis. Also assuming that high levels of in vitro testosterone production
together with low levels of oestradiol production are the hallmarks of atresia, then it
would appear that fewer atretic follicles were found in ewes infused with FSH in the
absence of LH pulses (chapters 5, 6, 8 and 9) than in control animals. The addition of
large amplitude LH pulses to the FSH infusion (chapters 5 and 8) antagonised the
stimulatory effect of FSH on preovulatory follicle development by inhibiting aromatase

activity and hence oestradiol production. Also in the presence of physiological
concentrations of FSH large amplitude LH pulses prevented follicles growing beyond
2.5 mm diameter (chapter 5). The results from chapter 6 demonstrate that, in the
absence of LH pulses and in the presence of supraphysiological concentration of FSH,
follicles which have a fully active aromatase system can tolerate high intrafollicular
concentrations of testosterone and show no morphological or chemical signs of atresia.
This suggests that, in the absence of LH pulses, high levels of testosterone alone are

not responsible for the induction of the atretic process. Together these results imply
that in the presence of LH pulses high concentrations of androgen interfere with the
FSH and oestrogen mediated events in antral follicle development and thereby promote
atresia. Thus LH pulses may play an important physiological role in the mechanism of
the induction of follicle atresia.

If this conjecture is correct the atretogenic affect of LH pulses on follicular
development may result from both the direct inhibition of aromatase activity by the LH
and from the stimulation of enhanced androgen production by the thecal cells. At the
time of the preovulatory gonadotropin surge the secretion of oestrogen is inhibited
before that of either testosterone or androstenedione (Baird et al., 1981). This
observation is compatible with the suggestion that LH in large amounts inhibits
aromatase activity (Moor, 1974). The build-up of androgen substrate could be the
trigger for the increased activity of ovarian 5a- reductase. In normal follicular function
androgens are preferentially aromatized to oestrogen and the high intrafollicular
concentration of this steroid may prevent, or limit the 5a-reduction of androgens
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(Inhaba et al., 1978). In large active follicles the loss of aromatase activity induced by
the infusion of large amplitude LH pulses in the model system together with the LH
enhancement of thecal androgen production will drive 5a-reduction and DHT
formation. In these follicles both the accumulating testosterone and its conversion to
DHT will inhibit FSH induced granulosa cell division, the induction of granulosa cell
LH receptors as well as further aromatase activity (Farookhi, 1980; Hillier et al.,
1980b; Tonetta et al., 1986; Shaw et al., 1989) so driving the follicles towards atresia.
In contrast in small antral follicles without a fully active aromatase system the excessive
stimulation of thecal androgen production by the infused large amplitude LH pulses
leads to androgen accumulation which shifts the enzymic equilibrium within the follicle
so driving 5a-reduction and DHT formation which ultimately induces atresia in these
follicles. The difference between the androgen dominated phase in the early
development of antral follicles (Carson et al., 1981; England et al., 1981a; Moor et al.,
1978) and the androgen dominant phase in the atretic follicle remains unclear. That the
atretogenic effect of LH is due in part to the stimulation of enhanced thecal androgen
production is supported by the observation that the administration of anti-androgens or
testosterone antiserum to rats inhibits this effect of LH (Louvet et al., 1975b; Tsafriri
and Braw, 1984). More recently Armstrong et al., (1989) have demonstrated that the
androgen antagonist hydroxyflutamide reversed the inhibitory effects of hCG on the
superovulation of FSH-infused rats. The proposal that LH pulses are instrumental to
the induction of atresia in ovine follicles could therefore be verified by the
administration of testosterone antiserum or androgen antagonist either to (i) normal
ewes at the time of luteolysis and throughout the follicular phase of the cycle or (ii) to
agonist model ewes infused with physiological concentrations of FSH and large
amplitude pulses of LH. This proposed mechanism for the induction of follicle atresia
could explain the increased ovulation rate observed in ewes immunized against
testosterone or androstenedione in which there was no increase in the peripheral FSH
concentration but an excessive increase in LH secretion (Land et al., 1982; Scaramuzzi
and Hoskinson, 1984; Scaramuzzi et al., 1980a,b; 1981). In addition to the
immunization allied blockage of the positive feedback/LH surge mechanisms, using the
LH theory of atresia induction the androgen-immune animals will be less susceptible to
the atretogenic effects of LH stimulated androgen accumulation which will contribute to
the observed increases in the ovulation rate of these animals. This observation is

supported by the increased number of large, non-atretic follicles in the terminal stages
of growth present in the ovaries of immunized ewes (Scaramuzzi and Hoskinson,
1984; Campbell, 1988).

If LH pulses are responsible for the induction of follicle atresia then it would
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appear that the development of the ovulatory follicle(s) and the escape of these follicles
from atresia is dependant upon the delicately balanced interactions between FSH, LH
and the steroid hormones. Any inappropriate changes in the levels of the
gonadotrophins or of the steroids at critical stages of follicular development may lead to
follicle atresia. In the follicular phase of the cycle the follicle selected to ovulate must
be immune to the atretic effects of the enhanced LH secretion despite the declining
peripheral concentration of FSH. The immunity of the selected follicle is due to the
possession of a fully active aromatase system and the acquisition of granulosa cell LH
receptors which enable the selected follicle(s) to respond to the enhanced LH secretion
by increased oestrogen synthesis rather than by androgen build-up. The high
intrafollicular concentration of oestradiol is then responsible for the increased
sensitivity of this follicle to the declining concentration of FSH. Also in the mature
follicle granulosa cell LH receptors share the same membrane associated adenylate
cyclase system as the granulosa cell FSH receptors (Farookhi, 1982) therefore binding
of either or both FSH or LH will directly stimulate aromatase activity so maintaining
the highly oestrogenic environment of the follicle and preventing androgen build-up.
In the unselected follicles which at the time of luteolysis do not have either a fully active
aromatase system, a high intrafollicular concentration of oestradiol, or an increased
sensitivity to FSH, the luteal phase concentration of FSH is essential to maintain
aromatase activity and so prevent androgen accumulation. In the face of the declining
profile of FSH during the follicular phase the dramatically increased pattern of pulsatile
LH secretion will inhibit the already compromised aromatase activity of the large
follicles and lead to the accumulation of testosterone and its metabolites in the large
unselected follicles so inducing atresia. Those small follicles in which the granulosa
cell layer is not yet responsive to LH may be susceptible to direct detrimental androgen
effects which will lead to the arrested growth of these follicles. The situation will be
somewhat different in the luteal phase of the cycle. At this time each increase in the
FSH concentration will stimulate the development of active follicles whose increased
secretion of oestradiol and inhibin will feedback negatively on the hypothalamic-
pituitary axis so suppressing the secretion of FSH below the threshold requirement
over the ensuing 3-4 days. In the absence of the continued support by a supra-

threshold FSH concentration aromatase activity will decrease leading to the
intrafollicular accumulation of androgen which will eventually induce atresia in the
large active follicles. Alternatively it is possible that in the absence of a suitable
ovulatory stimulus the active follicles become atretic due to their advancing age since it
has been shown that the inhibition of the preovulatory gonadotrophs surge in rats and
hamsters, by the repeated administration of sodium pentobarbitone (Braw and Tsafriri,
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1980; Terranova, 1980; Uilenbroek et al., 1980), resulted in atretic changes in the large
preovulatory follicles. Delaying the gonadotrophin surge could however also lead to

androgen accumulation and the induction of atresia according to the proposed LH-
mediated mechanism.

Conclusion

In conclusion these studies undoubtedly demonstrate the value of the GnRH
agonist model as a tool to investigate the differential actions of the gonadotrophins in
the control of folliculogenesis in the ewe. In addition this work highlights the
importance of using "pure" preparations of FSH and LH in studies of this nature and
suggests that experiments using compounds such as PMSG, which contains both FSH
and LH activity, are of limited value in investigations of the physiological mechanisms
involved in the control of follicle growth and development.

FSH is clearly the extra-gonadal hormone responsible for the stimulation of the
final stages of follicle growth and maturation throughout the ovine oestrous cycle and
ultimately for the selection of the ovulatory follicle. Basal concentrations of LH are

essential for normal follicular oestradiol biosynthesis to occur which facilitates this
stimulatory effect of FSH. Follicles may respond differentially to LH depending on

their stage of development. The pulsatile release of LH appears to be the regulatory
factor which both triggers ovulation and controls the number of follicles which ovulate
through the induction of atresia in all but the selected follicle. The development of the
ovulatory follicle and the induction of atresia thus depend on the delicately balanced
interactions of FSH, LH pulses and the ovarian steroids. Any inappropriate changes in
the systemic level of FSH, the pulsatility of LH release or the intrafollicular androgen
concentration at critical stages in follicle development will induce follicle atresia.
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