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Stellingen

Stress kan de pre-ovulatoire LH-piek verstoren.
{dit proefschrift)

Er is relatief weinig LH nodig om Graafse follikels te laten ovuleren.
(dit proefschrift)

Onder stress-omstandigheden is de pre-ovulatoire LH-piek afhankelijk van
vasopressine.
(dit proefschrift)

CRH, endogene opioiden en GABA spelen geen belangrijke rol bij de invioed
van stress op de pre-ovulatoire LH-piek.
{dit proefschrift)

Substitutie van oestradiol en progesteron na ovariéctomie maakt van een
rat nog geen goed model voor onderzoek naar de invlioed van stress op de
pre-ovulatoire LH-piek.

(Salisbury et al. {1380), Endocrinology 107:1194-1202)

(Kubo et al. (1983}, Endocrinol. Jpn. 30:419-433)

Het ontstaan van "luteinized unruptured follicles" kan niet verklaard worden
als veroorzaakt door een te lage LH-afgifte alleen.
{Mattheij & Swarts (19958}, Eur. J. Endocrinol. 132:21-96)

Alieen een grote bedreiging van hun welzijn zal dieren ervan weerhouden
om zich voort te planten.

{Moberg G.P. (1985). in: Animal stress, The Williams & Wiikins Cormpany,
Baltimore, blz 245)

Bij het induceren van ovuliatie in de vrouwelilke meerval zijn feromonen
betrokken.
{proefschrift J.W. Resink (1988), Utrecht}

Mannelijke waterviooien onstaan pas als het voor vrouwelijke moeilijk wordt
om te overleven.
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De voorgeschiedenis van het proefdier is van invloed op de uitkomsten van
de dierproef.

Hersenen zijn gecompliceerder als je denkt.

Omdat "verwacht rendement” en "risica” subjectieve begrippen zijn, zullen
de beurskoersen altijd beinvlioed worden door sentimenten.

Een geaccepteerde hypothese blijft een hypothese en laat dus vele vragen
onbeantwoord.

Wachtgeld betekent soms "wacht op je geld”.

De besluitvorming in de Tweede Kamer wordt versluierd door het gebruik
van voor leken onduidelijke afkortingen.

Hoewel! het geslacht van een ongeboren baby doorgaans niet bekend is
wordt ze in het spraakgebruik altijd aangeduid als "hij".

Marjolijn M. Roozendaal

Stress and the hypothalamus-pituitary-gonadal axis in the cyclic rat
Wageningen, 25 november 1997
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Chapter 1

General introduction

1 Introduction

The concept of homeostasis was first formulated by Bernard (1). He recog-
nized the interaction between the external environment {("milieu extérieur”) that
surrounds the organism and its internal environment ("milieu intérieur”). An
gorganism is constantly subjected to changes in the external environment. By
maintaining the internal environment within fixed limits, organisms have evolved
to become more independent from changes in the outer world. This maintenance
of a relative stability of the internal environment was termed homeostasis by
Cannon (2). Fluctuations in the internal environment are tolerated but are kept
within limits. When external influences alter a physiological variable {e.g. tem-
perature, blood pressure) so that a deviation from a physiological setpoint is
detected, feedback mechanisms will be activated, that re-adjust the variable
towards the physiological setpoint. Activation of feedback systems in order to
reinstate homeostasis is termed "adaptation”.

in a constantly changing external environment, maintenance of a relative
stability of the internal environment {homeostasis) is necessary for an organism
to survive. An environmental condition or factor that threatens or disturbs
homeostasis is usually referred to as a stressor. Activation of behavioural, auto-
nomic and endocrine mechanisms, the stress response, aims at protecting the
organism against (potential} damaging conditions.

2 Stress

Stress is an ubiquitous feature of life and the concept of stress has been
widely and frequently discussed. After many decades of stress research, an
exact definition of the phenomenon stress is still not established. For an animal
to survive, it must maintain its vital variables within preset limits. Thus, specific,
routinely operating homeostatic mechanisms, consisting of behavioural and
physiological programmes, control the vital functions and protect homeostasis.
Any condition that could lead to a change in such functions beyond the capacity



of these mechanisms - and thus threatens homeostatic control - triggers a
general defence mechanism, the stress response, that includes behavioral,
autonomic and neuroendocrine adaptations aiming at removal of the threat and
reestablishment of homeostasis. Whether or not a stimulus represents a signific-
ant threat to control {and is a stressor), is assessed in the central nervous sys-
tem {CNS). This not only depends on qualities of the stimulus condition itself
{e.q. intensity, frequency, duration}, but also on characteristics of the animal
such as genetic constitution (e.g. species, selection line, gender), pre- and
postnatal development, prior experiences and skills {e.g. history of the indi-
vidual, learning, memory), and the physiological (normal or pathological) and
psychological state of the animal at that particular moment (Fig. 1).
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Fig. 1. Schematic representation of the response to a potential stressful event and ex-
amples of factors that influence this response {adapted from Moberg [3))

The stress response comes in several modes. Active behaviour can be used to
approach and fight or to flee from the stressor {fight-flight response). When an
active response is not possible or available, behavioural inactivity is displayed.
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Each mode is parallelled by a different set of physiological reactions, that basic-
ally thought to concern mabilization and redistribution of energy to allow or
prepare for the behavioural response to be generated {4). Thus, energy is mobil-
ized from stores, and storage of energy is blocked. Anabolic processes are
deferred, and physiological functions which normally cost energy and are not
needed to survive the stressful situation, are suppressed {such as digestion,
growth and repair, immunity, and reproduction). Thus, the stress response
comes with costs far the organism, and during prelonged stress it can therefore
become as damaging as the stressor itself. If the stress experience lasts too long
or the stress response can not be appropriately terminated at the end of stress,
stress-related disturbances or diseases can emerge. These disturbances actually
concern physiological systems that are affected during the stress response. It is
generally thought, that they arise as a consequence of biochemical/cellular
changes induced by mediators of the stress response {(hormones, neuropeptides,
neurctransmitters).

The neuroendocrine response to stress has been the subject of extensive
research. A major focus of these studies has been on the hypothalamus-pitu-
itary-adrena! (HPA) axis. With the onset of stress, corticotropin-releasing hor-
mone (CRH) is secreted from the hypothalamus into the hypophysial portal
circulation (see review 5j. CRH then triggers the release of adrenocorticotropic
hormone (ACTH) from the pituitary, which in turn triggers the release of
glucocorticoids from the adrenal cortex (6-9). Activation of the HPA axis blocks
energy storage, helps in mobilizing energy from storage sites, and inhibits
anabolic processes such as growth, immunity and reproduction. Therefore, a
relationship is suggested between hormones of the HPA axis (which are released
during stress} and those of the hypothalamic-pituitary-gonadal (HPG) axis {which
are also influenced by stress).

3 The reproductive cycle of the female rat

3.1 Ovarian follicular cycle

In the adult laboratory rat, the ovarian cycle continues throughout the year
and has a length of 4 or 5 days. The stages of the oestrous cycle in the rat can
be determined by microscopical rating of the cell types that appear in the vaginal
smear {see review 10). Pro-oestrus is characterized by a predominance of

3



nucleated epithelial cetls. On oestrus, the dominant ceil is the nonnucleated,
cornified squamous epithelial cell. During metoestrus, leucocytes appear along
with a significant number of cornified squamous epithelial cells. The stage of
dioestrus is characterized by a predominance of small leucocytes interspersed by
a few nucleated epithelial or cornified squamous epithelial cells.

At birth the ovaries contain approximately 35000 ococytes. The oocytes have
entered into the prophase of meiosis | which is progressed to the dictyate or
“resting stage" 4 days after birth {(11}. Only a small fraction of these viable
oocytes will develop into mature gva. The oocyte is surrounded by a single layer
of flattened epithelium-derived granulosa cells; the combined structure is called
a primordial follicie. After transformation of the follicular epithelial cells into a
single layer of cuboidal cells, the composite structure is referred to as a primary
follicle. During each oestrous cycle a random group of primary follicles develops
into secondary follicles; a fully developed mature follicle is known as a graafian
fallicle. After rupture of the mature follicle and liberation of the ovum during
ovulation, the celis of the follicle are luteinized which leads to formation of the
corpus luteum.

3.2 Hormonal regulation of the ovarian cycle (see reviews 10,12)

Luteinizing hormone and follicle stimulating hormone

The ovaries perform two basic functions: production and release of gametes
and production and secretion of steroids. Both functions are under control of
gonadotropic hormones i.e. luteinizing hormone (LH} and follicle stimulating hor-
mone (FSH). Hypothalamic release of the gonadatropin releasing hormone
(GnRH) induces the secretion of these gonadotropins from the anterior pituitary
intc the systemic circulation. The secretion of LH and FSH during the ovarian
cycle of the rat is maintained at low levels on r"netoestrus, dioestrus, and the
morning of pro-oestrus (Fig. 2). This basal gonadotropin secretion is regulated by
gonadal steroids (oestrogen, progesterone and testosteronel through negative
feedback action on hypothalamus and pituitary levels. On pro-oestrus this negat-
ive feedback action converts into a positive feedback by rising concentrations of
circulating oestrogens,' which are secreted by ripening follicles, and subsequently
a surge of LH and FSH is induced (Fig. 2). The LH surge induces resumption of
meiosis of the oocyte, triggers ovulation on the ensuing morning, and induces
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transformation of the ovulated follicle into a corpus luteum (luteinization). Pre-
cocious follicle luteinization can lead to luteinized unruptured follicles (LUF).
Mattheij et al. (14,15} showed that an injection of a small amount of LH in the
morning of pro-oestrus causes LUF. The FSH surge is of influence upon the de-
velopment of graafian follicles of the following oestrous cycle.

It has been known for many years that the preovutatory rise of oestrogen
together with a daily signal generated by the biological clock are the primary
determinants of GnRH secretion and the subsequent LH and FSH surge (16). It
has been clearly established that the preovulatory surge of LH and FSH in intact
rats occurs at a fixed time relative to the light-dark cycle. The onset of the pro-
oestrous LH and FSH surge can be predicted from the known light-dark schedule
i.e. approximately half of the light period plus two hours.

OESTRUS METOESTRUS DIOESTRUS PRO-OESTRUS OESTRUS

Fig. 2. Schematic diagram of the hormone profiles of LH (—}, FSH (-}, oestradiol
{ — . — }and progesterone { — — } during the oestrous cycle of the rat. Black bar represents
the dark period of the lighting cycle. {adapted from Smith et al. [13}}

Gonadotropin-releasing hormone

GnRH provides a humoral link between the brain and the reproductive system.
GnRH neurons in the rat are located in the diagonal band of Broca {DBB), the
medial nucieus of the septum, the medial preoptic area {MPQAI, and the anterior
hypothalamic area {AHA)}, and also in the retrochiasmatic area of the medial
hypothalamus (see reviews 10,17). In the rat, tracer studies showed that vir-



tually (>90%) all GnRH neurons project to the median eminence {ME) irrespec-
tive of sex, age or gonadal status of the animal (18). The GnRH neurons that
project to the ME are concentrated basally in the midline regions from the MPOA
rostrally and through the retrochiasmatic area caudally. GnRH is released in a
pulsatile manner from the ME into the portal system and then transported to the
anterior pituitary, where it stimulates release of LH and FSH.

GnRH neurons are regulated by oestrogens {and progesterone) but because
these GnRH neurons do not have cestrogen receptors (19}, it is believed that
they are contrelled by interneurons containing oestrogen receptors. At pro-oes-
trus there is a shift from a negative to a positive feedback action of oestrogen
on the HPG axis {see reviews 10,12,20). A steady rise of oestrogens on pro-
oestrus entrains the biological clock with neurosecretory events in peptidergic
systems that participate in the induction of the LH and FSH surge. This positive
feedback action of oestrogens requires the synergistic participation of progester-
one (21}. Increments of progesterone facilitate the neural event leading to
hypersecretion of GnRH from the ME nerve terminals. Additionally, the increased
levels of progesterone also prevent the recurrence of a LH and FSH surge the
following day.

It was suggested that on pro-oestrus the biological clock operates in two
stages to induce two distinct neurosecretory events (22). Initially, the clock
disrupts the inhibitory influence of hypothalamic signals (including opioids) on
the morning of pro-oestrus. A gradual restraint on the hypothalamic inhibitory
systems may stimulate an increase in the rate of posttranslational processing
leading to accumulation of GnRH in ME nerve terminals. The evidence that
prevention of this disinhibition interrupted the accumulation of GnRH in the
medial basal hypothalamus {MBH} is in accord with this suggestion (23).
Subsequently, the clock may act again to augment neurochemical signalling for
accelerated release of GnRH into the portal system.

The peptidergic pathways that propagate and transmit impulses for the GnRH
surge reside in the suprachiasmatic nucleus (SCN} - medial preoptic nucleus
(MPN) - arcuate nucleus (ARC) - MPOA - ME neural complex. The timely initi-
ation of the impulses is entrained to the photoperiodic input reaching the SCN
(biological clock). An increase in ME levels of GnRH is the most consistent
earliest event, which occurs 1-2 h before the onset of the LH surge on pro-
oestrus {24). This is observed in aduit cyclic {25-27) and prepubertal rats (28).
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The occurrence of this ME GnRH response is closely tied to the onset of a rise in
portal GnRH levels. After stimulation of the MPOA on pro-cestrus the GnRH
content of the ME is decreased {29), and GnRH release into the portal system is
increased compared to other days of the cycle (30).

On pro-oestrus there is an increased pulsatile release of GnRH but also the
anterior pituitary is sensitized to the actions of GnRH {31-33). The rapid increase
in pituitary respansiveness to GnRH that occurs on pro-oestrus has been
attributed to the acute self-priming action of GnRH, in combination with a posit-
ive effect of oestrogen at the level of the pituitary. Indeed, exposure of the pitu-
itary to GnRH sensitizes the pituitary to further injections of GnRH (34). The
sensitivity is also augmented by direct actions of progesterone (35,36} and there
is evidence that the neuromediators galanin (37), pituitary adenylate cyclase
activating peptide {38) and neuropeptide Y (39,40} enhance the responsiveness
of gonadotropes to stimulation of GnRH. There is no evidence that the GnRH
pulse frequency is increased during the initiation of the LH surge but the
increase in GnRH release appears to take the form of pulses of increased ampli-
tude (see review 41}, Opioids may be invalved in the increase of the amplitude
of GnRH release that results from the positive feedback action of steroids {(42).

A major difficulty when studying the GnRH neuronal system is the distribution
of GnRH neurons and the high number of factors (e.g. classical
neurotransmitters, neuropeptides, steroids, etc.) that have been reported to
moduiate directly or indirectly GnRH neurons at the level of the cell bodies or at
their axonal endings in the ME (Fig. 3). There is extensive literature on the
potential role of various neuromediators (neurotransmitters and neuropeptides) in
the regulation of LH release (see reviews 20,44}. Neurotransmitters involved in
the regulation of LH release are for instance norepinephrine, epinephrine,
dopamine, serotonin, histamine, gamma aminobutyric acid, and glutamate. Also
neuropeptides are involved in the regulation of LH secretion, i.e. neuropeptide Y,
galanin, oxytocin, vasopressin, vasoactive intestinal polypeptide, CRH and
endogenous opicids. The modulation of GnRH release depends on complex inter-
actions between several of these factors within a hypothalamic network.
Depending on the steroid environment, these neuromediators may play facilitory
or inhibitory roles in GnRH secretion.



Fig. 3. Summary of factors which modulate directly or indirectly GnRH neuronal activity
from either cell bodies or nerve terminals. Solid arrows, stimulatory effect; dashed
arrows inhibitory effect. AVP, arginine vasopressin; BEND, BR-endorphin; CRH,
corticotropin-releasing hormone; DA, dopamine; E, epinephrine; EQP, endogenous opioid
peptides; GABA, gamma aminobutyric acid; GAL, galanin; 5-HT, serotonin; NE,
norapinephrine; NPY, neuropeptide Y: OT, oxytocin; VIP, vasoactive intestinal peptide.
{modified after Rivest and Rivier {43])

4 Stress and reproduction

A well known consequence of stress is disruption of fertility. In animals, one
of the earliest studies discussing the relationship between stress and reproduc-
tion, was based on the effects of overcrowding in both natural and captive
anirmal populations (45). Undoubtedly reproduction in male and female is vulner-
able to the effects of stress. A primary mechanism by which stress can disrupt
reproduction is by altering the control of gonadotropin secretion {Fig. 3). In most
studies an inhibiting effect of stress on gonadotropin secretion has been found



Chapter 1

(table 1) but shortly after application of a stressor a small transient rise of basal
LH release can be induced {table 1a,b: 46-49). During the oestrous cycle of the
female rat stressors appear to have their greatest impact just prior to ovulation,
when precise neuroendocrine controt is most essential for reproductive success.
However, the exact mechanism through which stress alters reproductive func-
tion remains largely unknown.

Many investigators have studied the effects of various stressors on LH and to
a lesser extent FSH secretion in the rat {table 1a,b}). Most of the studies have
been performed with male rats or with ovariectomized or ovariectomized steroid-
primed female rats. Only a few studies have used intact cyclic female rats to
investigated the influence of stress (table 1a: 50,51} on the surge of
gonadotropins. The effect of administration of potential stress-related neuro-
mediators in the intact cyclic rat has been studied more detailed {table 2a,b}.
Stress can influence reproductive functions at the three levels of the HPG axis;
at the hypothalamus to alter GnRH secretion, at the pituitary to interfere with
GnRH-induced gonadotropin release, and at the gonads to alter the stimulatory
effect of gonadotropins on steroid secretion.

The pathways via which stress influences reproductive functions have been
subject of intense research for many years. Investigation of this relationship is
complicated by the variety of responses an animal can display under stress and
the complex regulation of the processes of reproduction. Selye {52) was the first
who suggested a possible relationship between hormones and neuropeptides of
the HPA axis, which are liberated during stress, and those invoived in the HPG
axis. Apart from glucocorticoids, indeed, CRH, the opioid B-endorphin (BEND}
and vasopressin (AVP} may play a role in the effect of stress on reproductive
functions (table 3, and sections below}. Additionally, administration of CRH,
AVP and BEND can inhibit the release of gonadotropins and ovulation {(tabie
2a,b). Besides these hormones and peptides, varicus other factors may be
involved in stress-induced inhibition of reproductive functions. Among these, the
major inhibitory neurotransmitter of the brain, gamma aminobutyric acid {GABA)
is a likely candidate. GABA can alter the activity of the HPA and HPG axis;
GABA metabotism and binding and function of its receptors are influenced by
several stressors (see review 53 and table 3).
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Chapter 1

4.1 Corticotropin-releasing hormone

In 1955, the first convincing demonstrations were provided of the existence
of a factor derived from the hypothalamus that could elicit ACTH secretion from
the pituitary {54, 55}. This factor was named corticotropin-releasing factor (CRF)
because of its ability to stimulate secretion of ACTH. In 1981, Vale et al. (7)
succeeded in determining the amino acid sequence of ovine CRF and since then
this factor is also indicated as corticotropin-releasing hormone {CRH). CRH is a
41-amino acid hormone derived from a 196-amino acid precursor. The amino
acid sequence of this hormone has been determined in sheep, man, rat, pig,
goat and cattle; in all it shows a high homology in structure {56). In the
hypothalamus, it is synthesized in parvoceilular neurons of the paraventricular
nucleus (PVN) where it is colocalized with a variety of peptides, e.g. oxytocin
and vasopressin {8,57-60). Paraventricular neurons prgject to the ME, and to the
pituitary. In addition to its hypothalamic localization, CRH-containing cell bodies
and binding sites have been identified in many extra-hypothalamic sites including
the neocortex, areas of the limbic system involved in emotion and stress re-
sponses, such as the amygdala, nucleus accumbens, and hippocampus and
regions involved in the regulation of the autonomic nervous system (locus
ceruleus, nucleus of the solitary tract, olfactory bulb, cerebral cortex and the
spinal cord) {5,59-62). The wide distribution of CRH and its binding sites in the
CNS has implicated the hormone in the regulation of endocrine, autonomic and
behavioural processes.

CRH is the major endogenous corticotropin releasing hormone, although a
number of other factors (e.g. AVP, oxytocin (OXT) and endogenous opioids)
participate in the regulation of ACTH release {62-64). ACTH subsequently elicits
the secretion of glucocorticoids from the adrenal cortex which exert a negative
feedback on hypothalamus and pituitary sites (66,67). Activation of the HPA
axis is considered to be characteristic of the stress response and serves to
counteract disturbances of homeostasis.

In addition to its ability to activate the HPA axis, central CRH may function as
neurotransmitter in the brain. Indeed, central administration of CRH has indic-
ated that the hormone has a variety of endocrine, physioclogical, neurochemical
and behavioural activities that are not shared with ACTH and corticosterone. It
has been recagnized that a lot of the effects of CRH resembled those observed
during stress, suggesting that CRH may be an endogenous mediator of such
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responses {table 4).

The observation that intracerebroventricular (icv) injection of CRH suppresses
the activity of the HPG axis in castrated male, and in intact and ovariectomized
female rats {table 2a: 69-72) indicates that CRH plays a role in stress-induced
inhibition of reproduction. In the pro-oestrous intact female rat, central admin-
istration of CRH attenuates LH secretion by inhibiting GnRH release into the
hypophysial portal system (70). During stress conditions, central administration
of the CRH antagonist o-helical CRH prevented the inhibition of LH release
induced by footshocks in castrated male rats (73}.

Table 4: Responses following CRH administration that resemble those observed during
stress {adapted from Dunn and Berridge (67}}

Endocrine decreases LH (GnRH} secretion
decreases growth hormone {growth-releasing hormone)
secration
initiates the hypothatamic-pituitary-adrenal response
Physiological increases large bowel transit and fecal excretion
decreases gastric acid secretion, decreases gastric
emptying and smail intestinal transit
Electrophysiological activates the EEG; seizures at higher doses
Neurochemical increases the activity of cerebral noradrenergic
and dopaminergic neurons
Behavioural decreases sexual behaviour in males and females
increases grooming
decreases feeding
increases locomotor activity
decreases responding in a conflict test
decreases social interaction
enhances footshock-induced freezing

The origin of CRH neurons innervating GnRH neurons remains unciear (43).
Also the mechanisms through which endogenous CRH can influence GnRH
release are not fully understood. MaclLusky et al. (74) demonstrated a direct
anatomical connection between CRH axon terminals and dendrites of GnRH-
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secreting neurons. However, the mechanisms through which CRH influences
GnRH release are likely to involve the activation of other pathways, such as
those dependent on vasopressin and/or endogenous opioids (69,75-77}.

4.2 Vasopressin

In 1953, Du Vigneaud et al. isolated two hormones from the pituitary, AVP
{arginine vasopressin) and OXT {78,79). AVP and OXT are peptides made up of
nine amino acids. The sequence of AVP differs in only two positions of OXT.
These differences are sufficient to markedly alter the biological activities, alt-
hough AVP and OXT can act on each others’ receptors due to chemical similar-
ity in structure. AVP is synthesized in the supraoptic nucleus (SON} and PVN.
Two distinct populations of neurons supply AVP to the anterior pituitary: parvi-
cellular neurons from the PVN which terminate in the ME, and magnocellular
neurons from the PVYN and SON which terminate in the posterior pituitary {80).
in addition, AVP is also distributed in extrahypothalamic structures (81-83).

A well-known effect of AVP on the pituitary is the stimulation of ACTH re-
lease and the potentiation of CRH effects. AVP modulates the effect of CRH on
ACTH secretion and appears to take part in mediating the ACTH response to
stress (see review 84). However, little attention has been paid on a role of AVP
in stress-induced alterations of the HPG axis. Several studies suggest that the
release of CRH and AVP in the portal system is increased during stress (85-88}
but only a few studies are focused on a possible role for AVP in control of LH
secretion during stress. In ovariectomized {OVX} rats, basal LH tended to
increase following ether stress. LH levels were significantly lower, however, in
rats pretreated with an AVP-antiserum than in rats pretreated with normal rabbit
serum {49}. In AVP deficient male Brattleboro rats, histamine stress had no
inhibiting effect on LH whereas in control parent strain rats {(Long Evans} basal
LH was suppressed {89). In the OVX rhesus monkey, vasopressin antagonism
prevented hypoglycemia-induced LH suppression {90}, In addition, administration
of high doses of AVP caused suppression of the LH surge and ovulation in intact
and OVX steroid-primed female rats {table 2a: 91-93).

The actions of AVP, like those of CRH, are probably exerted at the level of
the hypethalamus because AVP does not affect LH secretion from isolated pitu-
itary tissue in vitro {49). Anatomical studies indicate that CRH neurons, which
also contain AVP (94), lie in close apposition with B-endorphinergic neurons
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within the hypothalamus (95). Moreover, AVP, like CRH (96,97), has been
shown to stimulate the release of BEND from hypothalamic tissue in vitro (98)
and in vivo (76). Burns et al. (77) demanstrate that CRH acts via AVP to release
fEND from hypothalamic slices of male rats in vitro, and there is evidence that
endogenous opioid peptides can mediate the CRH-induced inhibition of LH
secretion (69, 70, 99, 100}).

4.3 Endogenous opioid peptides

The first endogenous opioid peptides (EOP), the enkephalins, were isotated
from brain tissue and sequenced in 1975 (101). At present three families of EOP
are known. Each family is derived from a separate precursor: BEND is derived
from pro-opiomelanocortin {POMC), enkephalins are derived from proenkephalin
and dynorphins are derived from prodynorphin. Peptides derived from POMC
include the opioid BEND and the non-opioid hormones ACTH and o-melanocyte
stimulating hormone {oc-MSH}. All three famities of EOP have been identified in
the brain, each with a characteristic distributicn within particular neural
networks (see reviews 20,44} .

The multiple opioid effects are mediated by multiple opioid receptors. Opioid
receptors have been subdivided into three "main™ classes: 4, & and x receptors
{(102-104). Each of the three opioid peptide precursors generates predominantly
ligands to one of the three opioid receptor types. Pro-enkephalin derived
enkephalins bind preferentially to the &-receptors, while pro-dynorphin derived
opioids are all x-ligands, and POMC derived opioids bind to the p-receptors. This
categorization was initially based on distinct behavioural syndromes correlated
to different classes of opiate drugs. EOP and their receptors have also been
localized in the hypothalamus suggesting that EOP may play a role in reproduct-
ive endocrinology. Research in this area during the last years has revealed many
aspects of the role of EOP in regulation of reproduction which is reviewed by
several authors, (see reviews 20,41,44}. In summary, it has been demonstrated
that EOP neurons tonically inhibit secretion of LH in the rat through intrahypo-
thalamic inhibition of GnRH release, except for a brief interval during the pro-
oestrous LH surge in the female or during the period of a progesterone-induced
LH surge in the oestrogen-primed OVX rat. Using selective y# opioid agonists and
antagonists it was demonstrated that mainly the p-receptor is involved in the
inhibition of hypothalamic GnRH secretion. Administration of the opioid receptor
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antaganist naloxone stimulates | H release and can reverse the exogenqus opioid
induced suppression of LH secretion (105-108). A prevailing theory holds that
the tonic EQP inhibition of GnRH release may be important in transmission of the
negative feedback of gonadal steroids. The activation of the EOP system is, at
least partly, dependent on gonadai steroids. QOpioid agonists usually inhibit, and
opioid antagonists stimulate LH secretion, but they fail to evoke an LH response
in long-term QVX rats; the response is restored after substitution with
oestradiol, or with the combination of oestradiol and progesterone. The primary
action of EOP in the rat appears to involve suppression of the amplitude of
GnRH release while gonadal steroids decelerate the rate of pulse generation.
Therefore, it seems that opioids may play an important role in GnRH release that
results from the positive feedback of gonadal steroids {41,42).

As GnRH neurons do not contain steroid receptors, the action of steroids
must be mediated by other neurons. Opioids appear to modulate the regulation
of GnRH directly (see reviews 41,44) at the hypothalamic level and/or by mul-
tiple interactions with other central regulatory mechanisms. Within the hypo-
thalamus, opioids can affect the action of dopamine, noradrenaline, adrenaline,
serotonin, GABA, neuropeptide Y, CRH, excitatory amino acids, etc.

Several studies have suggested a role for EQP in the effects of stress on re-
productive parameters. Experimental evidence exists that stress-related inhibition
of LH secretion is mainly mediated by u opioid receptors. Pretreatment with
naloxane or naltrexcne {opioid receptor antagonists) which have a high affinity
for u-receptors, reverses inhibitory effects on LH by various stressors in mainly
male rats and ovariectomized female rats {table 1a,b: 49,51,109-111). In the
intact female rat, it was demonstrated that footshock stress alters reproductive
function by inhibiting LH secretion through mediation of EOP (%1). In addition, as
mentioned above, opiocids may be involved in the mediation of the inhibitory
actions of stress-induced CRH and AVP refease on GnRH secretion.

4.4 Gamma aminobutyric acid

GABA was discovered in the nervous system in 1950 (112). GABA is syn-
thesized in neural tissues through decarboxylation of L-glutamic acid. The reac-
tion is catalyzed by L-glutamic acid decarboxylase (GAD). GABA is degraded in
the CNS by GABA-a-oxoglutarate transaminase (GABA-T). First evidence of the
general inhibitory role of GABA was obtained from the observation that the
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enzyme GAD was found in high concentration in inhibitory axons of the crayfish
stretch receptor system, and not in excitatory axons (113). Later GABA was
also localized in areas of the vertebrate nervous system with known inhibitory
functions. From biochemical and electrophysiclogical studies, GABA has been
shown to be widely distributed throughout the mammalian nervous system (see
review 114). Neurcchemical changes affecting the GABAergic system are
judged by measurements of i.e. GABA concentrations, GABA turnover, or the
activity of the enzyme GAD.

There are at least two kinds of receptor classes, GABA, {chloride channel-
activating) and GABAg receptors {guanosine triphosphate coupled, also an auto-
receptor to control the release of GABA itself from nerve endings) {115,116).
The primary effect of central GABAg receptor activation is a diminution in mem-
brane K* and Ca®* conductance. The GABA, receptor is a compiex entity; in
addition to the GABA recognition site it consists several other binding sites: a
benzodiazepine receptor, receptor sites for convulsant and anticonvulsant drugs
such as picrotoxin and barbiturates, and a receptor binding site for steroids (see
reviews 53,115,116). Not all GABA recaptor complexes contain all the compon-
ents of the receptor compliex as described above.

GABA appears to have a significant influence an pituitary hormone secretion,
primarily through direct hypothalamic effects. It has been proposed that GABA
neurons in the MPOA mediate the negative feedback action of oestrogen on
GnRH {117,118). GAD-containing neurons were shown to have oestrogen
receptors {118) and to synapse on GnRH-containing neurons (119). Additionally,
GABA release in the preoptic hypothalamic region decreased coincident with the
oestrogen-induced LH surge in OVX rats {117,120,121). Central administration
of GABA in the intact female rat suppressed the LH surge and ovulation. Admin-
istration of the GABA, agonist muscimol or the GABAg agonist baclofen in the
steroid-primed female rat caused aiso a suppression of the steroid-induced LH
surge {table 2b: 122-126}.

GABA inhibits the activity of the HPA axis, and therefore influences the stress
response {see review 53). Many studies have been done on the effect of a
variety of stressors on GABAergic functions in several brain regions. For
instance, in the hypothalamus of male rats, pain reduced GABA levels whereas
5 min of restraint did not alter GABA levels. Three hours of immobilization stress
or 30 sec/day of ether stress [during 20 days) induced increased hypothalamic
GABA levels (table 3: 127-131}. The effect of stress on the GABA content in
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the hypothalamus seems to depend on the type of stressor applied and the
stress protocol. Various stressors can also induce alterations in GABA, receptor
binding and function, especially at the benzodiazepine binding site, which have
been the subject of several studies (see review 53). However, little attention has
been paid to the involvement of GABA as inhibitory neurotransmitter in the
altered gonadotropin secretion during stress. In women with stress-related
anovulation, treatment with alprozalam, a benzodiazepine, restored LH
pulsatility, and increased mean LH pulse frequency and amplitude (132}). In the
latter, activation of the GABA receptor seemed to stimulate GnRH release by
inhibition of the stress-induced CRH release. To our knowledge no studies have
been done on the role of GABA as a mediator of the stress-induced inhibition of
GnRH release in the female rat |

5 Qutline of this thesis

Stress of physiological or emotional origin can influence the release of GnRH
and subsequently that of LH and FSH. In the intact female rat, the LH surge on
the day of pro-oestrus induces meiotic resumption of the oocyte, triggers ovuia-
tion and induces luteinization of the foflicle. An inadequate LH surge may induce
premature luteinization in graafian follicles andfor subsequently prevent ovula-
tion. Very little research has been done with respect to the effect of stress on
the pro-oestrous LH and FSH surge and subsequent effects on ovarian function
in the intact female rat. It has been reported that footshock stress results in an
inhibition of the pro-oestrous LH surge and ovulation {51) and that restraint
{immobilization) stress an pro-oestrus inhibits ovulation {50,111).

In view of the scarce literature on the effect of stress on reproduction in the
intact cyclic female rat, we first investigated in this thesis the effect of different
periods of restraint stress on pre-ovulatory surge profiles of gonadotropins in the
b-day cyclic female rat and concomitant effects on ovarian histology (Chapter
2). Additionally, experiments were performed to gain more insight in the mech-
anism underlying the restraint-induced inhibition of the surge of gonadotropins.
Therefore, the role of several neuropeptides known to be released in the brain
during conditions of stress was investigated. First, the effect of central admin-
istration of exogenous CRH in pro-oestrous rats was studied (Chapter 3). lcv
injections of CRH were given just before the presumed onset of the LH surge.
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Also the effect was studied of infusions with CRH which were started before
the presumed onset of the LH surge and continued until the beginning of the
dark period thereby covering most of the period during which the surge appears.
Because a role for AVP in mediating the effect of CRH on LH secretion is sug-
gested, rats were pretreated with an AVP-antiserum before administration of
CRH. Subsequently, the role of CRH and AVP in the restraint-induced sup-
pression of the pro-oestrous LH surge was studied (Chapter 4). Therefore,
restrained rats were pretreated with the CRH antagonist, a-helical CRH or with
AVP-antiserum.

A role for endagenous opioids as mediator in the inhibitory effect of stress on
basal and pro-oestrous LH release has also been suggested. In Chapter 5, we
studied the effect of pretreatment with the opioid antagonist, naloxone and its
longer acting analog naltrexone on the inhibitory effect of restraint on the LH
surge.

Finally, GABA appears to be involved as inhibitory neurotransmitter in the
regulation of GnRH release. During the application of several stressors the
GABAergic system is altered. Since an interaction between the HPG axis and
GABAergic modulation of the stress response have been hardly investigated, a
possible involvement of GABA in the restraint-induced inhibition of the LH surge
was studied by pretreatment with a GABA, and GABA; antagonist (Chapter 6).
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