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ABSTRACT

Long-term exposure to physiological levels of estradiol induced by a single IM
injection of estradiol valerate has previously been shown to cause a selective lesion in
the hypothalamic arcuate nucleus and to induce a cascade of hypothalamic-pituitary
deficits which ultimately result in polycystic ovaries and acyclicity. Several lines of
evidence, including a selective increase in *H-naloxone binding in the anterior
hypothalamus of EV-treated animals, had previously suggested that the hypothalamic
opioid system may be involved. To test this possibility, the intrahypothalamic
distribution of mu, delta aﬂd kappa opioid receptor types was examined by in vitro
radioautography using the opiocid ligands *I-FK-33 824, ®I-DTLET and 1§I-DPDYN,
respectively as selective markers. The density and distribution of these receptors in the
hypothalamus of normal rats was then compared to that of rats injected with estradiol
valerate in order to verify the location of the previously described increase in 3H-
naloxone binding and to identify the specific opioid receptor type involved. Analysis
of opioid receptor changes following long-term exposure to estradiol revealed that mu
opicid binding densities were significantly increased in the medial preoptic area of EV-
treated animals. Delta and kappa opioid binding densities were unchanged in the medial
preoptic area although a slight decrease in delta sites was observed in the
suprachiasmatic nucleus. Hypothalamic 8-endorphin concentrations were concomitantly
decreased in EV-treated animals, suggesting that observed increases in mu opioid
binding were due to a compensatory up-regulation of receptors secondary to loss of 8-

endorphin input from the arcuate nucleus. To confirm this interpretation, mu opioid
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receptor binding was measured in the MPOA of animals treated with monosodium
glutamate, which destroys the arcuate nucleus. Results indicated that mu opioid
receptor binding densities were inversely proportional to hypothalamic 8-endorphin
concentrations in the same animals supporting the existence of a causal relationship
between chronic reductions in hypothalamic 8-endorphin concentrations and mu opioid
receptor upregulation in the medial preoptic area.

To further document the decreased concentrations of $-endorphin in the
hypothalamus of EV-treated animals, light microscopic immunocytochemistry for 8-
endorphin was performed in colchicine treated control and EV-injected rats. B-
endorphin neurons were digitized and counted across the entire rostrocaudal axis of the
medicbasal hypothalamus. Additionally, adjacent sections were labeled with antibodies
against tyrosine-hydroxylase, neurotensin and somatostatin, in order to see whether
other arcuate neuronal populations were affected by the EV treatment. Eight weeks
following EV treatment, a 60% decrease in the total number of
B-endorphin-immunoreactive neurons was detected in the arcuate nucleus, while neuron
numbers for nearby neuronal populations were unchanged. These results were
confirmed in biochemical experiments demonstrating reduced hypothatamic 8-endorphin
concentrations in the absence of changes in neuropeptide-Y and met-enkephalin in EV-
treated rats as compared to controls. Cell counts performed in Nissl-stained material
using unbiased steréological methods revealed a reduction in the total number of neurons
in the EV-treated group as compared to controls. Furthermore, the esttmated number

of neurons lost (~3500) corresponded precisely with the total number of -endorphin



neurons lost (~ 3600) as estimated using quantitative immunocytochemistry. Together,
these findings strongly suggest that B-endorphin neurons are selectively destroyed
following long-term exposure to estradiol. In order to determine the involvement of
free radicals in this cytotoxic reaction, EV-injected rats were co-treated with the potent
antioxidant, vitamin E, and hypothalamic beta-endorphin concentrations measured by
radioimmunoassay. Our results demonstrated that EV-treated animals co-treated with
vitamin E displayed hypothalamic 8-endorphin concentrations similar to controls. In
addition, these animals maintained regular estrous cycles and displayed normal ovarian
morphology. These findings suggest that estradiol-induced neurotoxicity of 8-endorphin
neurons involves the production of free radicals and further supports the notion that the
loss of these neurons is 1rnportant to the induction of chronic anovulation and polycystic

ovaries resulting after EV treatment.



RESUME

L’administration a des rats femelles d’une seule injection IM de valérate
d’estradiol (VE) entraine une exposition prolongée a des taux physiologiques d'estradiol.
Il a déja ét€ démontré que ce traitement cause une I€sion sélective au nivean du noyau
arqué de I’hypothalamus et engendre une cascade de déficits de ’axe hypothalamo-
hypophyso-ovarien menant a la formation d’ovaires polykystiques et a I’arrét de la
cyclicité. Plusieurs données, dont une augmentation de liaison spécifique du naloxone-
*H dans I’hypothalamus antérieur de rattes traitées au VE, avaient déja impliqué le
systéme opioide hypothalamique dans I’étiopathologie de ce modele. Pour tester cette
hypothese, la distribution des récepteurs mu, delta et kappa respectivement marqués par
les ligands sélectifs, "¥I-FK 33-824, "I-DTLET and '*I-DPDYN a été examinée par
radioautographie in vitro dans I’hypothalamus de rattes normales. La densité et la
distribution de ces récepteurs furent ensuite comparées a celles observées chez des rattes
injectées au VE, afin de localiser le site de 1’augmentation de la liaison spécifique du
naloxone-*H et d’identifier le type de récepteur impliqué. Les résultats mirent en
évidence une augmentation sélective des récepteurs mu dans 1’aire préoptique médiane
(APM) des rattes traitées aux estrogénes et une réduction moins importante mais
néanmoins significative des récepteurs delta dans le noyau suprachiasmatique. Des
dosages radioimmunologiques chez les rhémes animaux démontrérent une baisse
concomitante de la concentration hypothalamique de beta-endorphine suggérant que
I’augmentation de la liaison mu puissent refléter une régulation compensatrice de ce type

de récepteurs due 2 une perte d’afférentes beta-endorphiniques dans ’APM. Pour



vérifier cette interprétation, 1’effet de la destruction du noyau arqué par le monosodium
glutamate (MSG) sur la laison mu dans ’APM fut examiné dans une série
d’expériences complémentaires. Les résultats démontrérent que la densit€é des
récepteurs mu était inversement proportionnelle aux concentrations intrahypothalamiques
de beta-endorphine, et donc qu'il pouvait y avoir relation causale entre les réductions
chroniques de concentration beta-endorphine et I’'augmentation des récepteurs mu dans
I’APM.

Afin d’identifier 1’origine de la diminution des concentrations hypothalamiques
de beta-endorphine observée chez les animaux injectés an VE, les neurones 2 beta-
endorphine du noyau arqué furent identifiés par immunohistochimie chez des animaux
contrdles et traités au VE. Les neurones 2 la tyrosine-hydroxylase, neurotensine et
somatostatine ont été identifiés en parzllele afin de déterminer si ces populations étaient
elles aussi affectées par le traitement au VE. Huit semaines aprés le début du
traitement, le nombre total de neurones immunoreactifs a la beta-endorphine dans le
noyau arqué était réduit de 60%, alors que le nombre de neurones des populations
voisines demeurait inchangé. Ces résultats furent confirmées par des expériences
radiolimmunologiques démontrant une diminution de la concentration hypothalamique
de beta-endorphine en 1’absence de changement des concentrations de met-enképhaline
ou de neuropeptide-Y chez les animaux traités au VE. Le décompte du nombre total
de cellules du noyau arqué, effectué A I'aide d’une nouvelle méthode stéréologique,
devait en outre révéler une diminution significative de ces neurones total de neurone

chez les animaux injectés aux VE par rapport aux animaux contrles. Le nombre total



de neurones disparus (~ 3500) s’est avéré correspondre précisément au nombre total de
neurones beta-endorphine-immunoréactifs affectés par le traitement au VE. Nos
résultats suggeérent donc que les neurones beta-endorphinergiques du noyau arqué sont
sé€lectivement détruits aprés traitement par le valérate d’estradiol. Afin d’apprécier le
r6le des radicaux libres dans cette perte cellulaire, des rattes traitées au VE ont aussi
été traitées 2 la vitamine E, un puissant antioxydant, et les niveaux de beta-endorphine
hypothalamiques mesurés par radioimmunoassai. Nos résultat démontrent que les
concentrations hypothalamiques de beta-endorphine sont les mémes chez les animaux
traités au VE et 4 la vitamine E que chez les contréles. De plus, ces animaux
démontrent des cycles estrus réguliers et une morphologie ovarienne normale. Ces
résultats suggérent que la neurotoxicité des neurones beta-endorphinergiques par
’estradiol implique la production de radicaux libres et sont en faveur du concept que
la perte de ces neurones entraine 1’anovulation chronique e:t la formation d’ovaires

polykystiques chez les animaux traités au VE.
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The results presented in this thesis represent an original contribution to the
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Neuroscience, 1991 and 1992 as well as the Endocrine Society Meeting of 1992.

Chapter 1 presents an overview of the research literature pertaining to the
involvement of opioids in the control of reproduction and particularly, highlights
evidence demonstrating the influence of estradiol on B-endorphin control of
gonadotropin secretion.

Chapter 2 describes the intra-hypothalamic distribution of mu, delta and kappa
opioid receptors in normal rats. The distribution is somewhat different from that
described previously and contributes original findings such as the novel demonstration
of delta and kappa opioid receptors in the suprachiasmatic nucleus.

Chapter 3 provides a quantitative analysis of mu, delta and kappa opioid binding
densities in the hypothalamus of normal, EV-injected and E,-implanted rats. These are
the first demonstrations that in EV-treated rats, mu opioid receptors are chronically up-
regulated and hypothalamic B-endorphin concentrations are reduced as compared to
controls.

Chapter 4 utilizes a well characterized model of arcuate nucleus cell destruction



to test and confirm the novel hypothesis that the chronic mu opioid receptor up-
regulation in the medial preoptic area may be a direct consequence of the loss of 8-
endorphin neurons in the arcuate nucleus following EV treatment.
Chapter 5 demonstrates using quantitative immunocytochemistry, radioimmunoassay

_ _ T affeas tobe
and unbiased stereological measurements that 60% of 8-endorphin neurons p€ destroyed
following EV injection whereas other neuronal populations such as tyrosine hydroxylase,
neurotensin-, somatostatin-, neuropeptide-Y- and met-enkephalin-containing neurons are
spared.

Chapter 6 presents findings indicating that the mechanism of estradiol
neurotoxicity involves the production of free radicals.

Chapter 7 contains a brief overview of what is known concerning steroid induced
neuron cell death and concludes on the significance of 8-endorphin cell loss to general

mechanisms of hypothalamic aging.
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1.0 Hvpothalamus

The hypothalamus functions as the central regulator of many essential homeostatic
systems including the energetic, adaptive and reproductive systems [Dillman, 1976].
Via its afferent connections, the hypothalamus receives information from limbic
structures such as the hippocampus and amygdala, visceral and somatic brainstem
nuclei, the thalamus and the retina, in addition to receiving direct information from the
cerebrospinal fluid [Bleier, 1985]. Within the hypothala:ﬁus, this extremely diversified
input is transduced and efferent signals are conveyed through projections to the
parasympathetic and sympathetic nervous systems, reciprocal connections with limbic
structures, or via the hypothalamic regulation of the secretion of pituitary hormones
[Bleier, 1985]. The unique connections of the hypothalamus provide a teleological
explanation, if not a complete understanding of its role as the central pacemaker of all
diurnal, circadian and menstrual rhythms in mammals.

2.0 Hvpothalamic-pituitary-ovarian axis

The hypothalamic-pituitary-ovarian axis is often described as a closed-loop endocrine
system where the final endproduct, estradiol, exerts negative and positive feedback
effects at all levels of the axis to influence the secretion of hormones regulating its own
production. Recently, it has become obvious that other systems such as those regulating
energy balance, stress responses or immune function [Bateman, 1990] share signalling
molecules which interact at multiple levels with the hypothalamic-pituitary-ovarian axis.
For example, undemourishment will result in the complete arrest of cyclicity in many

mammalian species [Finch, 1990] including man, as is observed in such disorders as
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anorexia nervosa. Likewise, psychogenic stress [Lee, 1985] and infection [Ghareeb,
1981] have been shown to temporarily compromise the reproductive system. The
cellular mechanisms underlying these phenomena are not understood despite the
tremendous knowledge gained on the regulation of the secretion of hypothalamic,
pituitary and ovarian hormones.
2.1 The estrous cycle

In female rodents, as in other mammals, the reproductive stages representing oocyte
maturation, ovulation and preparation of the uterus for implantation of the embryo,
succeed each other in a highly regulated and cyclic fashion. Collectively, these stages
comprise the estrous cycle which in rats has a duration of approximately 4-5 days.
Original observations of the estrous cycle were based upon the distinct alterations in
sexual behavior observed to occur in female rats at regularly repeating intervals. It was
shown, for example, that the frequency of lordosis responses (i.e. adoption of mating
posture) of mated female rats was selectively increased for a 12 hour period every 4-5
days [Young, 1961]. It was later ascertained that this estrous behavior occurred
coincident with clearly discernable changes in uterine weight, vaginal cytology and
ovarian histology [Adler, 1981]. The assessment of vaginal cytology, which consists in
swabbing the vaginal lumen and examining the cells obtained under a microscope,
remains a simple and reliable index of estrous cyclicity today and forms the basis for
the division of the estrou_s:\ cycle into four main stages. Diestrus I and diestrus II are
characterized by a vaginal‘:-smear displaying few, small rounded cells and moderately

elevated uterine weights. The growth and development of ovarian follicles are the main



)
features of this period. Primordial follicles consisting of an ovum surrounded by a

single layer of granulosa cells have been shown to develop increasing layers of
granulosa cells which induce a thecal layer to differentiate from the surrounding stromal
tissue and envelop the growing follicle. and have been described during diestrus [Adler,
1981]. The proestrus stage witnesses an exponential growth in ovulatory follicles,
increased uterine weight and the occurrence of unique large, nucleated cells in the
vaginal smear. On the afternoon of proestrus, ovulatory follicles rupture and release
the ovum into the uterine tubes. Estrous is then characterized by a progressive decline
in uterine weight and the appearance of large numbers of irregularly shaped, squamous,
comnified cells in the vaginal smear. Ovaries at this time, display the remnants of
ovulatory follicles, the corpus lutea, ovarian follicles as well as large numbers of
follicles undergoing atresia or in various stages of development [Midgley, 1979; Adler,
1981] .
2.1.1 Characteristic changes in LH and FSH

The regulation of the estrous cycle has been shown to be exerted by luteinizing
hormone (LH) and follicle stimulating hormone (FSH), both released from pituitary
gonadotropes in pulsatile fashion. In early studies, technical limitations prevented the
detection of pulses of LH and FSH release, however, since then the importance of the
pulsatile pattern of release of these and other hormones has been appreciated. A
schematic diagram of the parameters of a pulsatile mode of secretion is illustrated below

as a guide for future discussions.
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Pulsatile hormone patterns have been characterized as follows: mean hormone levels
refer to the average hormone concentration measured in all samples over a given
sampling period. Mean pulse peak and nadir are the average of the peak and nadir
values of all pulses observed during the sampling period. Mean pulse amplitude is the
average difference between the peak and the preceding nadir values pf all pulses
detected during the sampling period. Finally, the mean pulse period has been obtained
by dividing the total time of sampling by the total number of pulses observed [from
Grosser, 1986].

The pulsatile pattern of LH and FSH has been shown to vary throughout the estrous
cycle according to the steroidal milieu [Kalra, 1974; Gallo, 1981; Fox, 1985]. A
transient rise in FSH during the early hours of diestrus, initiates the recruitment of new
ovarian follicles and promotes the division of granulosa cells (reviewed in Adler, 1981),
FSH receptors located on granulosa cells mediate an increase in cyclic AMP production
which in turn induces the expression of the aromatase enzyme responsible for con.verting
androgens to estrogens. Simultaneously, LH, acting exclusively on thecal cells,

promotes the production large amounts of androgens. These diffuse across the basement
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membrane separating thecal and granulosa cells and are converted by the aromatase

enzyme to estrogens [Midgley, 1979; Adler, 1981]. The pulsatile pattern of LH release
at diestrus I, is characterized by pulse frequencies of approximately 1 pulse/hour and
amplitudes of 50 pg/ml [Gallo, 1981; Fox, 1985]. During diestrus II, it has been
suggested that the secretion of progesterone and peptides such as inhibin from growing
follicles exert negative feedback effects at the pituitary level to decrease the synthesis
{Mercer, 1989; Gharib, 1990] and secretion of FSH and to a lesser degree, of LH
[Rivier, 1986; Culler, 1989]. Thus, during diestrus II up to the afternoon of proestrus,
FSH secretion is reduced and LH pulse amplitude decreases steadily resulting in reduced
mean secretion of LH despite conserved LH pulse frequency [1 pulse/hour; Gallo, 1981;
Fox, 1985]. At the ovanan level, the combined action of FSH and the estradiol
microenvironment in dominant follicles induces the expression of LH receptors on
granulosa cells, a necessary step in the induction of ovulation. In the other follicles not
stimulated by large amounts of local E, production, the appearance of LH receptors
does not occur and follicles are either growth arrested or stimulated to undergo atresia.
On the afternoon of proestrus, high levels of estradiol [attaining values greater than 40
pg/ml; Kalra, 1974] secreted by the dominant ovarian follicles exert positive feedback
effects on the hypothalamus and pituitary gland which ultimately result in a massive
surge of LH secretion [Kalra, 1974; Blake, 1976). This surge in LH has been shown
to be the result of an increase in both frequency (up to 3 puises/hour) and amplitude of
LH pulses [Gallo, 1980; Fox, 1985]. Mean LH values during the LH surge range

between 800-2600 ng/ml. The LH surge then induces specific changes in the granulosa
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and thecal cells of ovarian follicles resulting in ovulation [Adler, 1981]. Estradiol

concentrations subsequently decline to approximately 10 pg/ml [Kalra, 1974]. During
the estrous phase, the corpus luteum secretes large amounts of progesterone which
exerts multiple effects at the pituitary and hypothalamic levels among which are a
decrease in the frequency of LH release {Mahesh, 1985]. The estrus period displays
the Jowest frequencies of LH release seen during the entire cycle (1 pulse/2 hours) and
relatively low peak amplitudes (app. 30 ng/ml) of release [Fox, 1985; Gallo, 1981].
After the demise of the corpus luteum, steroid secretion declines, permitting another
transient increase in FSH which initiates the recruitment of new follicles and the
completion of another cycle.
2.2 Regulation by LHRH

The secretion of LH and FSH has been shown to be under the direct control of
luteinizing-hormone-releasing hormone (LHRH), released in a pulsatile fashion from
tuberoinfundibular hypothalamic neurons. Parallel measurements of LHRH and LH
release using push pull cannulae in the rat have shown that each peak of LH is preceded
and/or coincides w1th a peak in LHRH release [Levine, 1982]. In animals treated with
LHRH antibodies or in _which endogenous LHRH secretion was inhibited by
hypothalamic lesions; marked reductions in mean LH and FSH concentrations were
observed [Knobil, 1974]. Moreover, normal levels of FSH and LH could be restored
by exogenous LHRH admiristration [Xnobil, 1974], indicating that LHRH is both
necessary and sufficient for the release of LH and FSH. Certain lines of evidence

suggest that FSH may be under the control of another as of yet undiscovered
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hypothalamic factor [Culler, 1986]. LHRH has been shown to stimulate the synthesis

of both specific mRNA subunits of LH and FSH {Gharib, 1990]. Furthermore, the
relative stimulation of LH and FSH subunit MRNA expression was shown to be highly
dependent on the frequency and amplitude of LHRH stimulation [Gharib, 1986; Gharib,
1987]. Indeed, it was shown early on that the pituitary gland was acutely sensitive to
the frequency of LHRH discharge [Knobil, 1974]. In gonadectomized, hypothalamus-
lesioned animal receiving exogenous LHRH pulses, LH release was reduced when
LHRH pulse frequency was increased to 2 pulses per hour or reduced to 1 pulse per 3
hours from the normal 1 pulse per hour, indicating that pituitary responsiveness to
LHRH was maximal at the physiological frequency of LHRH release. Interestingly,
although LH release was always reduced when LHRH pulse frequency was altered, FSH
secretion was increased at slower frequencies, suggesting that alterations in LHRH pulse
parameters could differentially regulate the release of FSH and LH as has now been
observed in the case of LH and FSH synthesis. Since LHRH is so difficultly measured
in rodents, the pattern of LH release has usually been interpreted as reflecting similar
changes in the pattern of LHRH release. However, this view is not entirely supported
by evidence derived from studies of the estrous cycle or during the post-ovariectomy
rise in LH secretion (see section 2.2).

The precise regulation of LH and FSH release by LHRH over the course of the
estrous cycle remains controversial, primarily due to the difficulty in accurately
measuring minute changes in LHRH release in rodents. Using a specific

radioimmunoassay for LHRH, Kalra et al. (1986) have described attenuated levels of
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LHERH release from the mediobasal hypothalamus (MBH) in vitro during the estrous

phase and p;'ogressive increases in the episodic release of LHRH during the period of
diestrus, paralleling changes in LH release described during these periods [Fox, 1985].
Similar results were obtained by Pamnet et al., 1990 when LHRH concentrations were
measured in median eminence extracts [Par;'xet, 1990]. However, these findings were
not confirmed when measurements of LHRH efflux from the MBH or pituitary were
assessed using push pull canula in vivo [Ramirez, 1987; Park, 1989; Levine, 1982].
In these cases, LHRH levels were described as stable for the entire period from estrus
to diestrus with the frequency of LHRH release remaining at approximately 1 pulse
every 50 min, despite the fact that LH release was markedly varied during this period
[Ramirez, 1987]. In contrast, most studies are in agreement in demonstrating increased
release of LHRH at the time of the LH surge [Kalra, 1986; Levine, 1982; Parnet,
1990].

It is uncertain whether the pulsatile mode of release of LHRH is derived from
intrinsic excitation within these neurons or from the pulsatile release of stimulatory and
inhibitory afferents within the hypothalamus. The former possibility is supported by the
recent demonstration that immortalized LHRH neurons in culture are capable of
pulsatile LERH release [Martinez de la Escalera, 1992]. Various other hormonal and
neural inputs would then play permissive or suppressive roles on the synthesis, storage
‘and release of LHRH and modify various parameters of LHRH secretion such as nadir,
pulse frequency, duration or amplitude.

2.3 Regulation by estradiol
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It is well established that estradiol exerts negative feedback effects on the synthesis,

storage and release of LH and FSH [Schally, 1972; Knobil, 1974; Karsch, 1987;
Gharib, 1990]. Ovariectomy, which removes the inhibitory influence of estradiol, has
been consistently shown to result in increases in serum LH and FSH [Yamamoto, 1970;
Sherwood, 1980; Wise, 1981]. The pulsatile pattern of LH release in gonadectomized 7-
rats is characterized by high amplitude, short duration {20-30 minutes) LH pulses on a
high nadir [Weick, 1978; Clayton, 1981; Leipheimer, 1983]. Ovariectomy was also
shown to result in increases in the pituitary mRNA content of the « and 8 subunit of LH
and FSH [Gharib, 1986; Gharib, 1987; Papavasiliou, 1986] due to an increased
transcription of these genes [Shupnik, 1988] which in most cases was reversed by
estradiol replacement [Gharib, 1986; Gharib, 1987; Papavasiliou, 1986}. Conversely,
potent stimulatory feedback effects of estradiol on LH and FSH secretion have been
described [Schally, 1972; Knobil, 1974; Karsch, 1987]. These are most clearly
illustrated during the LH surge of the normal estrous cycle. Whether these estradiol-
induced changes in the synthesis and secretion of LH and FSH are mediated via
alterations in the synthesis and secretion of LHRH or are the result of direct actions on
the pituitary remains controversial. As both pituitary gonadotropes [Simanov, 1977]
and hypothalamic neurons have been shown to possess estradiol receptors [Pfaff, 1968],
it is likely that estradiol’s effects are mediated at multiple loci within the hypothalamic
pituitary axis. Early evidence obtained from hypothalamic-lesioned monkeys replaced
with hourly infusions of LHRH demonstrated that LH secretion was suppressed after

estradiol administration, suggesting a pituitary site of action [Knobil, 1974]. In
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addition, rats whose pituitary glands were removed from the action of hypothalamic
LHRH by transplantation to the kidney capsule also exhibited suppression of LH release
following estradiol administration [Strobl, 1988]. Evidence derived from in vitro studies
of isolated rat pituitary cells indicated that estradiol both suppressed LH responsiveness
to LHRH [Frawley, 1984; Emons, 1984] and/or increased basal LH release and
responsiveness to LHRH [Drouin, 1976; Drouin, 1981; Kamel, 1987]. Stimulatory
effects of estradiol have been observed during the estrous cycle, where it was noted that
as estradiol levels rise, the pituitary responsiveness to LHRH increased [Kalra, 1973].
It was also shown in vivo that the preovulatory LH surge was preceded by a rise in LH
8 mRNA levels [Shupnik, 1989; Zmeili, 1986] suggesting that the pituitary gland was
directly, positively regulated by estradiol. The opposing effects of estradiol on pituitary
sensitivity to LHRH ir vitro have been shown in ewes to be entirely dependent on the
duration of incubation since exposure to estradiol for up to 12 hours resulted in an
enhancement of pituitary sensitivity to LHRH whereas incubations greater than 20 hours
suppressed LH sensitivity to LHRH [Clarke, 1988; Laws, 1990].

Although LHRH neurons have been shown to be devoid of estradiol receptors
[Shivers, 1983], several lines of evidence suggest that estradiol may modulate the
synthesis, storage and release of LHRH via alterations in the actions of neuromodulatory
inputs to ELHRH neurons [Kalra, 1983a; Kalra, 1983b] or via direct membrane mediated
effects [Dufy, 1982; Kelly, 1982]. Recent evidence suggests that estradiol exerts
facilitatory actions on LHRH secretion from the hypothalamus [Kalra, 1989] and not

inhibitory effects as was suggested by earlier work. Studies in ovariectomized rodents
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treated with estradiol to induce an LH surge have shown that LHRH concentrations are
increased in the median eminence at the time of the surge, suggesting that estradiol
exerts positive feedback effects on LHRH at this time [Wise, 1981; Fink, 1982]. In
addition, 2-4 weeks following ovaﬂectomy, it was shown that LHRH concentrations in
the median eminence were reduced [Kalra, 1981b; Fink, 1982], findings which were
originally interpreted to suggest increased secretion of LHRH. A few studies reported
increased LHRH levels in the pituitary stalk plasma after ovariectomy [Fink, 1982;
Sherwood, 1980] however doubts have been cast on the validity of the experimental
design of these studies [Kalra, 1989]. Indeed, these results were not reproduced when
LHRH levels were measured directly from the ME or in extracted plasma. Studies have
shown that LHRH release is diminished at this time of maximal LH secretion [Kalra,
1989; Leadem, 1984]. Furthermore, a series of studies suggested that E, replacement
in long-term ovariectomized rats resulted in a increase in LHRH release [Dlunzen,
1986; Leadem, 1984; Ramirez, 1987], supporting the view that estradiol is stimulatory
to LHRH release.

The regulation of LHRH synthesis by estradiol has nonetheless remained equivocal.
Estradiol administration to ovariectomized rats has been shown to stimulate [Pfaff,
1989; Rothfeld, 1987; Roberts, 1989; Park, 1990] or inhibit LHRH mRNA content in
the hypothalamus [Wray, 1989; Zoeller, 1988; Rothfeld, 1987; Toranzo, 1989] as
determined by both Northern blotting and ir siru hybridization. Likewise, ovariectomy
was shown to have diverse effects on LHRH mRINA content in the medial preoptic area

of the hypothalamus [Roberts, 1989; Toranzo, 1989; Kelly, 1989].
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3.0 Neural circuitry involved in the regulation of gonadotropin secretion

3.1 LHRH neurons

3.1.1 Distribution

In rodents, LHRH immunoreactive nerve cell bodies have been predominantly
localized to the preoptic-anterior hypothalamic regions, although a few neurons have
been shown to extend throughout the entire hypothalamus ranging from the diagonal
band of Broca, dorsal septal nuclei, periventricular, anterior and lateral preoptic area,
rostrally, to the retrochiasmatic zone and cell poor region between the arcuate and
ventromedial nucleus, caudally [for reviews, see Setalo, 1976; Stemberger, 1978;
Witkin, 1982; Krey, 1983; Shivers, 1983; Liposits, 1984 as well as Hoffman, 1990;
Silverman, 1987; Merchentaler, 1984]. Scattered LHRH immunoreactive cells have
also been found in the organum vasculosum of the stria terminalis, subfornical organ
and the olfactory bulb. This distribution of immunoreactive LHRH neurons has been
found to conform to that of neurons immunoreactive for LHRH mRNA as determined
bf double studies using immunocytochemistry and in situ hybridization [Roﬁnekliev,
1989; Shivers, 1986].

The total number of LHRH neurons has been estimated in the rat at less than 1000
neurons for the entire hypothalamus [Shivers, 1983; Silverman, 1987]. These neurons
are usually fusiform in shape with a process extending at each pole andr are typically
small [10pxm] neurons oriented in a dorsoventral direction [Ibata, 1979; Rethelyi, 1981;
Bennett-Clarke, 1982; King, 1982; Shivers, 1983; Witkin, 1982]. At the electron

microscopic level, LHRH neurons were found to possess an invaginated nuclear
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membrane and a large nucleolus. These were often replete with flattened saccules of
endoplasmic reticulum and contained a prominent Golgi apparatus. LHRH
immunoreactivity could be localized within these neurons in peripheral granules of
approximately 70-95 nm located mainly in the cell periphery.
3.1.2 Projections of LHRH neurons

LHRH neurons have been shown to send extensive projections to the median
eminence where a concentration of terminals has been localized in the lateral wings of
external zone of the median eminence [Kordon, 1974; Ibata, 1979; Shivers, 1983;
Liposits, 1984]. Upon ultrastructural examination, LHRH terminals were observed to
contact the basement membranes surrounding pericapillary spaces of the portal plexus
of the median eminence [Ibata, 1977] in accordance with light microscopic results. In
addition, LHRH axons were also shown to contact tanycytes processes in the ME
[Rethelyi, 1981] and to project to the ventricular border of the third ventricle but not
to cross the ependyma. The origin of LHRH neurons projecting to the median
eminence was a point of controversy for many years. The results derived from various
studies where ME LHRH levels \ﬁ/ere measured following selective destruction of
hypothalamic nuclei were often contradictory probably due to differences in the extent
of damage caused to surrounding hypothalamic tissue. Nevertheless, a majority of
studies support the idea of a relative enrichment of ME-projecting-LHRH neurons in the
medial preoptic area [Samson, 1979]. LHRH ME levels have been shown to be reduced
following bilateral destruction of the medial preoptic area [MPOA; Samson, 1979] but

not following destruction of the arcuate nucleus of the mediobasal hypothalamus induced
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by neonatal monosodium glutamate treatment [Nemeroff, 1977; Badger, 1982]. These

findings are corroborated by two recent studies utilizing combined retrograde tracing
of wheat germ agglutinin (WGA) injected directly into the median eminence (ME) and
immunocytochemistry for LHRH containing neurons [Merchenthaler, 1989; Silverman,
1987]. ME projecting LHRH neurons were found to be widely distributed throughout
the hypothalamus but a concentration of double labeled WGA and LHRH neurons was
detected in the septal-anterior hypothalamic regions. The proportion of
tuberoinfundibular LHRH neurons to total LHRH cells was estimated at 50% in
untreated [Silverman, 1987] and 70% in colchicine treated animals [Merchentaler,
1989]). Interestingly, it has been shown that immediately preceding the preovulatory
surge in LH secretion, 35-50% of all LHRH neurons expressed the immediate early
gene c-fos [Hoffman, 1990], a marker of neuronal stimulation; thus, suggesting that a
large proportion of all tuberoinfundibular LHRH neurons are activated in concert during
the LH surge to produce a synchronous and massive release of LHRH into the pituitary
portal vasculature.

It has been shown at both light and electron microscopic levels that LHRH neurons
also project to the organum vasculosum of the lamina terminalis, the olfactory bulb,
islands of Calleja and the piriform cortex. In addition, LHRH neurons have been
shown to project to medial and cortical amygdaloid nuclel via the stria terminalis or
amygdalo-fugal pathway [Clayton, 1979; Barry, 1979; Jennes, 1982; Silverman, 1976;
Sternberger, 1978]. Some of the fibers in the latter projection system continue to the

hippocampus where they generally terminate in the stratum radiatum or molecular layer.
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LHRH fibers arising from the preoptic area have been shown to course with the
ventricle along the borders of the thalamus and terminate in the midbrain central grey
[Liposits, 1984], the interpeduncular nucleus [Silverman, 1976; Witkin, 1982] and the
superior colliculi [Silverman, 1976; Liposits, 1984; Chen, 1989; Leranth, 1988].

Collectively, these results suggest that LHRH may act as both a neurohumoral factor
controlling the secretion of pituitary hormones and as a neurotransmitter/modulator
affecting information transmission in other systems.
3.1.3 Afferents

The medial preoptic nucleus of the hypothalamus, which has been shown to contain
a majority of LHRH neurons, receives diverse inputs from hypothalamic, limbic and
mesencephalic nuclei. The chemical identity of terminals synapsing on LHRH neurons
has been investigated using a variety of double labeling strategies at the electron
microscopic level. GABAergic immunoreactive terminals have been observed forming
symmetrical synapses on LHRH reactive dendrites and perikaria in the medial preoptic
nucleus [Leranth, 1985] and could arise locally from GABAergic neurons located in this
region [Hokfelt, 1984] or from other hypothalamic nuclei such as the arcuate nucleus
[Hokfelt, 1984]. Also, tyrosine-hydroxylase positive terminals have been shown to
impinge on LHRH neurons and to form small undifferentiated synapses on their
perikaria and dendrites [I;Jeranth, 1986; Chen, 1989]. These fibers have been postulated
to arise mainly from the incertohypothalamic dopamine neurons located within the
hypothalamus [Hokfelt, 1984]. Serotonergic axons labeled by high resolution

radioautography have also been shown to terminate on LHRH neurons labeled

/
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immunocytochemically in the preoptic area [Kiss, 1985]. These afferents are likely to

arise from the demonstrated projections of the dorsal and median raphe nuclei to the
medial preoptic area [Hokfelt, 1984]. Furthermore, LHRH neurons in the medial
preoptic area were shown to receive direct synaptic input from B-endorphin/ACTH
containing neurons [Leranth, 1986; Chen, 1989]. By combining a biotinylated
antirabbit IgG, revealed using avidin biotin HRP complex and an IgG revealed with
tetramethyl benzidine which forms a blue crystalline product [Chen, 1989}, the
proportion of B-endorphin positive terminals impinging on LHRH cells was estimated
at only 10% of total number of terminals labeled in this area. These are likely to arise
from B-endorphin neurons located in the arcuate nucleus [Bloom, 1978; Gee, 1979].
In a double electron microscopic study by Chen, 1988, noradrenaline containing axon
terminals were shown to contact LHRH cell somata and dendrites with a proportion
greater than that previously shown for 8-endorphin [Chen, 1988]. Projections from the
locus ceruleus, the commisural portion of the solitary nucleus (A2 group) and the Al

region are likely to account for the noradrenergic innervation of LHRH neurons in this

region [Hokfelt, 1984]. Finally, LHRH-immunoreactive synaptic terminals from axon

collaterals comprise another 10% of all terminals impinging on LERH immunopositive
dendrite and perikaria, providing “anatomical evidence for LHRH autoregulation

[Leranth, 1985; Witkin, 1985; Chen, 1989 although see Pelletier, 1984].

4.1 Overview of hypothalamic opioid system

4.1 Discovery
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Reports of high affinity stereospecific binding sites for opioid drugs first appeared
in 1973 [Pert and Snyder, 1973: Simon, 1972; Terenius, 1973] and isolation of met-
enkephalin, leu-enkephalin and B-endorphin rapidly followed [Hughes and Kosterlitz,
1975; Golstein, 1975]. Multiple opioid receptor types were first postulated in order to
explain the distinct behavioral syndromes observed after injection of various opioid
compounds into the chronic spinal dog {Martin et al., 1976; Gilbert and Martin, 1976].
These investigators proposed the existence of three types of opioid receptors; g,
selective for morphine-like compounds, 6, selective for enkephalin-like compounds and
o, selective for ethylketocyclazocine-like compounds. To date, there have been reports
of more than six different opioid receptor types (including mu, deita, kappa, epsilon,
lambda and zeta)[ Goldstein, 1984; Akil, 1984; Schultz, 1981; Garzon, 1984; Grevel,
1985] as well as several accounts of multiple opioid receptor subtypes (x;, u,, kappa,,
kappa,, kappa;) [Zukin, 1988], however only mu, delta and kappa opioid binding sites
have been investigated in parallel behavioral and pharmacological studies. It is not
known whether mu, delta and kappa opioid receptors represent different proteins, or
different post-translational or conformational alteration of the same amino acid sequence
as none of these have been cloned.

The endogenous ligands for these opioid receptors are derived from three distinct
precursor molecules, pro-opiomelanocortin [POMC], proenkephalin and prodynorphin
which are cleaved in a tissue specific manner during processing through the secretory
pathway to yield various biologically active molecules. Among the most abundantly

produced in the brain are §-endorphin, met-enkephalin and dynorphin, each derived
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from pro-opiomelanocortin, proenkephalin and prodynorphin, respectively. The affinity

of these peptides for each receptor type varies, but in general, 8-endorphin has highest
affinity for mu, met-enkephalin for delta and dynorphin for kappa receptor types
[Mansour, 1986; Paterson, 1984]. Competition studies nonetheless suggest that under
conditions of high opioid release or in areas of particular enrichment in given opioid
receptor types, met-enkephalin may bind to both delta and mu opioid receptors and 8-
endorphin to both mu and delta [Paterson, 1984].
4.2 Opioid peptide distribution

In the central nervous system, it has been well established that virtually all POMC
mRNA containing neurons are located in the mediobasal hypothalamus extending from
the retrochiasmatic area anteriorly to the mammilary bodies caudally, mostly within the
arcuate nucleus but also in the latter most periarcuate region [Gee, 1983]. These
perikaria are immunoreactive to all POMC peptide products including B-endorphin, a-
melanocyte stimulating homoﬁe, adrenocorticotrophic hormone [Bloom, 1978;
Jacobowitz, 1978; Watson, 1978; Khachaturian, 1985]. A small cluster of B-endorphin
neurons also exists in the nucleus tractus solitarius in the caudal medulla [Khachaturian,
1983]. It has been shown that this group extends relatively short local projections to
various nuclei in the brain stem [Pilcher, 1986]. In coatrast, the arcuate B-endorphin
neurons have been shown to extend long projections throughout the telencephalon,
effectively innervating all structures with the exception of the cortex, striatum,
hippocampus, cerebellum and olfactory bulb [Khachaturian, 1986]. In the diencephalon,

B-endorphin containing fibers project forward via the medial preoptic area where many
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8-endorphin terminals have been shown to synapse with elements in this nucleus
[Leranth, 1986; Chen, 1989]. Other fibers continue rostrally toward the bed nucleus
of the stria terminalis and the amygdala [Mezey, 1985).

Neurons containing met-enkephalin are much more numerous and widespread than
those containing 8-endorphin [Finley, 1981; Khatchaturian, 1985]. The proenkephalin
gene contains six copies of met-enkephalin and one for leu-enkephalin explaining why
met-enkephalin is relatively more abundant. In the rat brainstem, met-enkephalin
immunoreactive neurons have been localized by immunocytochemistry in the spinal
dorsal grey, spinal trigeminal, lateral reticular, dorsal tegmental, reticularis
gigantocelivlaris and paragigantocellularis and interpeduncular nuclei as well as in the
dorsal raphe and periaqueductal grey [Finley, 1981; Khatchaturian, 1985]. In the
telencephalon, met-enkephalin neurons exist in the cerebral cortex, olfactory tubercle,
amygdala, hippocampus, striatum, septum and bed nucleus of the stria terminalis. In
the diencephalon, met-enkephalin neurons have been localized by immunocytochemistry
iﬁ the medial preoptic area, ventromedial nucleus, periventricular and arcuate nuclei,
with more numerous cell bodies occurring in the paraventricular and supraoptic nuclei.
However, using in situ hybridization, proenkephalin-containing neurons were more
abundant in the ventrolateral division of the ventromédial nucleus and no positive cells
were detected in the arcuate or periventricular nuclei [Harlan, 1987]. In general, met-
enkephalin neurons are smalil and send only short projections which along w1th their
widespread distribution make them likely candidates for interneurons participating in

local neural circuitry.
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Dynorphin producing neurons may also give rise t0 « or 8-neoendorphin and leu-
enkephalin, but not to met-enkephalin. Their cell bodies have been localized in the
cortex, striatum, amygdala, hippocampus, periaqueductal grey, parabrachial and spinal
trigeminal nuclei, nucleus tractus solitarius, lateral reticular nucleus and the dorsal horn
of the spinal cord. In the hypothalamus, dynorphin perikaria have been localized
predominantly in the preoptic area, lateral hypothalamic area, supraoptic and
paraventricular nuclei in addition to the arcuate nucleus [Khachaturian, 1982; Vincent,
1982; Watson, 1981]. Hypothalamic dynorphin contzining neurons in the arcuate
nucleus have been shown to project to the median eminence [Meister, 1989] whereas
those in the magnocellular cell groups give rise to a rich fiber plexus in the preoptic
area [Khachaturian, 1985; McGinty, 1983).

4.3 Cpiod receptor distribution

The presence of mu, delta and kappa opioid receptors in the hypothalamus has been
ascertained using radioreceptor assays {Chang, 1979; Wolozin, 1982] and in vitro
radioautography [Atweh, 1977; Duka, 1981; Goodman, 1980; Herkenham, 1982;
Lynch, 1985; Mansour, 1988; Mansour, 1986, McLean, 1986; Pearson, 1980; Quirion,
1983; Tempel, 1987; Wamsley, 1983; Wolozin, 1982] however, the relative
hypothalamic concentrations of each subtype and their intrahypothalamic distribution
remain controversial. A majority of studies have reported a low or negligible
concentration of mu opioid binding sites in the hypothalamus relative to other brain
regions [Herkenham, 1982; Lynch, 1985; Mansour, 1986, McLean, 1986; Tempel,

1987; Wamsley, 1983]. Others have reported that the hypothalamus is enriched in mu
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opioid receptors relative to delta and kappa opioid binding [Chang, 1979; Wolozin,

1982; Duka, 1981; Goodman, 1980; Pearson, 1980]. Mu opioid receptors have been
described as being highly concentrated in the medial preoptic nucleus, the ventromedial
nucleus, the suprachiasmatic nucleus and the mammillary bodies [McLean, 1986].
However, high levels of mu opioid binding were not detected in these regions in other
studies [Mansour, 1988]. Instead, elevated mu opioid binding was demonstrated in the
dorsomedial and lateral hypothalamic areas.

The concentration of delta opioid binding sites in the hypothalamus has been
consistently described as low to moderate relative to mu and kappa opioid receptor types
[Duka, 1981; Goodman, 1980; Lynch, 1985; Mansour, 1986; Tempel, 1987; Wolozin,
1982]. The distribution of these binding sites has been described as low or absent in
the entire preoptic region of the hypothalamus, the magnocellular nuclei, the arcuate
nucleus while a moderate degree of delta opioid binding has been described in the
ventromedial nucleus [Mansour, 1986, Goodman, 1980].

Kappa opioid binding sites have been described as high relative to mu and delta
opioid binding in the hypothalamus [Lynch, 1985; Mansour, 1987; Morris, 1986;
Sharif, 1989; Tempel, 1987] however, another study reported a relative paucity of
kappa opioid binding in the rat hypothalamus [Jomary, 1988]. In the studies describing
high concentrations of kappa opioid binding, the ventromedial and dorsomedial nuclei
and suprachiasmatic were most densely labeled whereas the arcuate nucleus, supraoptic
nucleus, paraventricular nucleus and ME were moderately labeled [Mansour, 1986;

Pearson, 1980; Tempel, 1987]). Most of these in vitro radicautographic studies have
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examined the distribution of opioid receptors throughout the entire central nervous
system and hence were not aimed at specifically clarifying the intrahypothalamic
distribution of these receptor types. A detailed analysis of the intrahypothalamic and
intranuclear distribution of mu, delta and kappa opioid receptors has not been
performed. Also the chemical identity of hypothalamic elements possessing opioid
receptors has not been determined, hence it is not known whether LHRH neurons
located in the medial preoptic area possess opioid receptors. Current radioautographic
data would suggest that predominantly kappa and then mu opioid receptors in this region
could mediate the actions of opioids on LHRH. Pharmacological [Gopalan, 1989] and
anatomical data [Leranth, 1986; Chen, 1989] indicate that mu opioid receptors in the
medial preoptic area may be located on presynaptic noradrenergic terminals impinging
on LHRH neurons and/or LHRH neurons themselves.
4.4 Projections of the arcuate opioid-containing neurons to the medial preoptic
nucleus

Electrophysiological studies by Renaud et al, 1977 originally demonstrated that
11.5% of neurons in the arcuate nucleus could be orthodromically stimulated via the
MPO. Moreover, that significant numbers of arcuate neurons project to the MPQO was
confirmed by microlesion studies demonstrating a significant amount of synaptic
degeneration in the medial preoptic nucleus following lesions of the medial arcuate
nucleus {Zaborsky, 1979]. Although the arcuate-medial preoptic projection undoubtedly
contains more than one neurotransmitter population, double retrograde and

immunocytochemical studies have shown that 20% of POMC expressing neurons are
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retrogradely labeled after injection of the fluorescent dye fast blue, into the medial

preoptic area [Wilcox, 1986]. Mezey et al, (1985) also demonstrated using
immunocytochemistry that ACTH/8-endorphin immunoreactive axons originating from
the arcuate nucleus form a dense network in the MPO. In addition, arcuate neurons
expressing leu-enkephalin have been shown to project to the medial preoptic area
[Finley, 1981; Yamano, 1988] and, as mentioned previously dynorphin neurons located
in magnocellular nuclei also project to this region [Khachaturian, 1985; McGinty,
1983]. LHRH neuronal cell bodies located in the medial preoptic area are in close
proximity to 8-endorphin, met-enkephalin and dynorphin containing cells bodies or their
projections and have been shown to receive direct synapses from B-endorphin terminals
[Leranth, 1985; Chen, 1989].

5.0 Opioid regulation of gonadotropin release

Even before the discovery of the endogenous opioid peptides, the effects of opioids
on LH secretion had already been anticipated by a study demonstrating that treatment
with morphine, an exogenous opioid analogue, inhibited ovulation in rats [Barraclough,
1955]. It is now generally accepted that this inhibitory action of opioids occurs via
pronounced suppression of LH release (for reviews see Kalra, 1983a, Kalra, 1983b].
Numerous studies are in agreement in demonstrating the pronounced inhibitory effects
of morphine, endogenous opioid peptides or their analogues on the release of LH from
intact and gonadectomized rats either under normal conditions [Bruni, 1977; Ching,
1983; Cicero, 1980; Cicero, 1979; Johnson, 1982; Kalra, 1980a; Kinoshita, 1980;

Koves, 1980, Pang, 1977; for review see Kalra, 1983b} or during the preovulatory or



26
gonadal steroid induced LH surge [Ching, 1983; Kalra, 1980]. Thus,

intracerebroventricular injections of 8-endorphin were shown to significantly inhibit LH
release in both male [Kalra, 1984; Cox, 1982; Kinoshita, 1980; Wood, 1980] and
female rats [Kalra, 1983] to a degree greater than that exerted by other opioids [Cox,
1982; Wood, 1982] and even that induced by estradiol {Kalra, 1981b; Kalra, 1982;
Leipheimer, 1983]. Nonetheless, a variety of experimental paradigms have consistently
shown that all three main opioid types i.e. 8-endorphin, met-enkephalin and dynorphin
exert inhibitory influences on LH release [Kalra, 1983b, Kalra 1984; Mallory, 1990;
Leadem, 1987]. In contrast, leu-enkephalin, which has preferential affinity for delta
- opioid receptors {Cox, 1982; Wood, 1982] has been found to stimulate LH release in
ovariectomized rats [Leadem, 1983). Met-enkephalin has also been reported as having
stimulatory effects on LH release [Motta, 1982] however, this finding was not
reproduced in other studies [Leadem, 1987].

The effects opioids on LH release have been purported to be centrally mediated since
in vitro studies using hemipituitary preparations have indicated that opiate antagonist,
naloxone, exerted no effect on basal LH release [Bruni, 1977; Cicero, 1979; Gabriel,
1983]. Furthermore, the anterior pituitary has been described as containing a paucity
of mu, delta and kappa opioid binding sites [Robsen, 1983; but see Rotten, 1986],
suggesting that opioids do not act directly on gonadotropes to inhibit the synthesis and
or Storage of LH. Most of the evidence for opioid modulation of LH release suggests
that opioids act on LH indirectly, via alterations in LHRH secretion [Drouva, 1981;

Ching, 1983; Adler, 1984; Kalra, 1987a; Leadem, 1985] or changes in pituitary
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sensitivity to LHRH [Blank, 1986; Ferin, 1984; Sarkar, 1985].

5.1 Mechanism of action of opioids on LH release

Endogenous opioids peptides have been shown to inhibit the release of LHRH
from hypothalamic explants {Wilkes, 19807 and have been shown to diminish the
accumulation and efflux of LHRH from ME nerve terminals [Kalra, 1981b; Drouva,
1981; Ching, 1983, Adler, 1984; Kalra, 1987a; Leadem, 1985]. in vitro studies have
also shown that morphine or met-enkephalin treatment [Rotsztejn, 1978] had no effect
on the unstimulated release of LHRH from isolated ME in vizro, but inhibited
dopamine induced release of LHRH, suggesting that opioids may have direct modulatory
actions on LHRH terminals in the median eminence [Rotszejn, 1978]. The
demonstrated synapses between 8-endorphin containing terminals and LHRH neuronal
cell bodies in the medial preoptic area also suggest that B8-endorphin may act directly
on neuronal perikaria and dendrites to affect the synthesis, storage and/or release of
LHRH.

Another mechanism of opioid suppression of LH release may be by diminishing LH
sensitivity to LHRH. Thus B-endorphin released in the pituitary portal vasculature was
shown to attenuate LHRH induced LH release [Blank, 1986; Ferin, 1984; Sarkar,
1985].

5.3 Intrahypothalamic site of action of opioids on LH release

The precise hypothalamic ?ite of action of opioids in the inhibition of LH has been

extensively investigated. When B-endorphin was infused intracerebrally at various brain

sites, it was shown that infusions near the ventromedial nucleus, anterior hypothalamic
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area, septal complex and diagonal band of Broca failed to significantly suppress LH
release whereas infusions near the medial preoptic area and arcuate nucleus-ME
complex inhibited LH release [Weisner, 1983]. Similar sites of opioid action were
identified in studies where naloxone, the opioid receptor antagonist was implanted in
different hypothalamic nuclei [Kalra, 1981c]. In this case, LH release was significantly
stimulated following implantation in the medial preoptic area and arcuate nucleus but
not in other hypothalamic nuclei. In male rats, subcutaneous administration of the long
acting opioid analogue, FK 33-824 also suppressed LH release suggesting that
peripherally secreted opioids may act on sites outside the blood brain barrier to inhibit
LH release [Wilkinson, 1984]. Morphine infusion in the raphe nucleus or in the
amygdaloid region was also shown to suppress LH [Johnson, 1982; Lakoski, 1982].
5.3.1 Involvement of opioid receptor types

In general, endogenous opioids or their analogues acting on the mu opioid receptor
have been shown to exert the most potent effects on LH release (Pfeiffer, 1987).
Intracerebroventricular injections of selective mu, delta and kappa opioid analogues have
shown that mu opioid agonist induce pronounced suppression of LH release at 10 fold
lesser concentrations than those of delta opioid agonists and at these concentrations
kappa ligands were without effect at [Leadem, 1987]. Recently, in a study where mu,
delt; and kappa opioid analogues were infused directly into the medial preoptic area
[Mallory, 1990], opioid analogues acting at mu opioid receptors were found to be more
potent than those acting on delta receptors. The activation of kappa opioid receptors

in this region had no effect on LH release [Mallory, 1990]. Thus, in general, the
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effects of various endogenous opioids on LH release correspond well with the
demonstrated prevalence of mu opioid receptors in the medial preoptic area.
5.3.2 Alterations in LH pulse parameters

It has been shown that a bolus injection of B-endorphin causes a marked suppression
of LH pulse amplitude while leaving other parameters of LH release unchanged [Kalra,
1982]. In contrast, the continuous slow infusion of B-endorphin caused an almost
complete cessation of the entire LH pulsatile pattern effectively reducing it to a tonic
mode of release. Mallory and Gallo have shown that at a given concentration, a mu
opioid analogue, injected in the medial preoptic area caused a significant suppression
of LH pulse amplitude but not LH pulse frequency, nadir, peak or duration [Mallory,
1990]. At this same dose, delta opioid agonist were without effect. At higher doses
however, mu opioid agonists were shown to significantly reduce both LH -pulse
amplitude and frequency and delta opioid agonists (at these higher concentrations) began
to suppress LH pulse amplitude. These findings emphasize the fact that minute
alterations in the secretion of 8-endorphin may cause significant variation in LH release
parameters.
5.3.3 Endogenous opioid peptide participation in the inhibitory effects of gonadal
steroids on LH release

Naloxone, the classical opioid receptor antagonist, induces increases in LH release
when administered to intact rats suggesting that LH is under tonic opioid inhibition
[Bruni, 1977, Ching, 1983, Cicero, 1979; Cicero, 1980; Gabriel, 1983; Kalra, 1981a].

It was originally observed that the stimulatory effects of naloxone on LH release varied
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according to the steroidal milieu. Following gonadectomy, naloxone was unable to
cause significant increases in the release of LH [Bhanot, 1983; Bhanot, 1984]. These
and other studies led to the belief that endogenous opioid peptides, particularly 8-
endorphin, mediated the estradiol negative feedback actions on LHRH and LH.
However, this interpretation was later shown to be incompatible with the time course
of effects occurring after gonadectomy and with events known to occur during the
estrous cycle. For example, it was shown that naloxone stimulation of LH release could
be discerned for up to 2 weeks following gonadectdmy, a time where circulating
estradiol levels are extremely low [Kalra, 1983a]. Moreover, steroid replacement
blunted this effect [Masotto, 1990]. During the estrous cycle, tonic opioid inhibition
of LH is halted only on the afternoon of proestrus [Kalra, 1983a; Kalra, 1986]. Aside
from this brief period, it appears that no changes in tonic opioid inhibition occur
throughout the despite dramatic changes estradiol concentrations [Kalra, 1974; Gallo,
1981].
SN

5.4 Opioid-neurotransmitter interactions in the regulation of LH secretion

Ample evidence suggests that noradrenaline (NA) stimulates the release of LH from
intact or ovariectomized rats [reviewed by Barraclough, 1982]). The site of permissive
action of NA on LH release has been confirmed to be in the POA/AH [Jarry, 1990] and
it has been shown that the this effect is mediated via o 1 receptor subtype of
noradrenaline receptors [Weick, 1978]. Itis now:rell established that the stimulatory

effects of naloxone on LH release are Iargely-mediated by a dishinbition of NA

stimulation of LH release [Van Vugt, 1981; Kalra, 1986). It was shown early in studies
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that the stimulation of LH release by naloxone in E,,P primed ovariectomized rats could

be blocked by DDC (dethyldithiocarbamate) a NA synthesis inhibitor and that these
effects could be reversed by clonidine, a NA receptor agonist [Simpkins, 1980]. Other
studies using a variety of NA synthesis inhibitors and o NA receptor antagonists also
demonstrated that naloxone induced LH release was mediated by NA activation [Van
Vugt, 1981].

It has been suggested that the inhibitory effects of dopamine (DA) on LHRH are
mediated by DA-stimulation of B-endorphin release since small doses of naloxone
prevented the reductions in LHRH release from isolated MBH-ME previously observed
following DA adininistrations [Rasmussen, 1991]. Anatomic evidence supports the idea
of Téﬁvios,t.e interactions between the dspamine and B-endorphin neurons in the arcuate
nucleus. 7Reciproca1 synaptic connections between these two populations have been
described‘ [Leranth, 1986]. Also, evidence that DA can stimulate B-endorphin release
[Rasmussen, 1987] and POMC gene expression has been presented [Allen, 1988].
However, others have shown that DA inhibits B-endorphin release from the
hypothalamus [Vermes, 1985]. These contradictory results have been interpreted to
suggest that different subpopulations of DA neurons may differentially activate 8-
endorphin and LHRH neurons and thus may etther inhibit or stimulate LHRH release
[Rasmussen, 1991]. The specific and independent actions of dopamine on LHRH

release and 8-endorphin remain unclear. However, these reveal that the response to

_ dopaminergic activity in the MEH is dependent on the status of neighbouring neuronal

populations such as B-endorphin.
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6.0 _Estradiol action on the opioid system

6.1 Effects on B-endorphin content and release

It has been shown that 3 weeks of E, treatment decreased hypothalamic 8-endorphin
levels in ovariectomized rats [Wardlaw, 1982; Forman, 1986] relative to untreated
controls, although no changes in hypothalamic 3-endorphin concentration were detected
3 weeks after ovariectomy [Wardlaw, 1982]. Conversely, hypothalamic 8-endorphin
concentrations were found to be elevated in animals ovariectomized for 3 weeks and in
accordance with previous findings estradiol replacement for 2 days reduced 8-endorphin
concentrations to control levels [Le, 1990]. Interestingly, B-endorphin levels in
peripheral plasma were increased relative to ovariectomized animals in both intact and

estradiol-replaced rats suggesting that estradiol may exert differential effects on

" hypothalamic and pituitary B-endorphin secretion or on the synthesis and release of 8-

endorphin from a given population. Indeed, evidence obtained from studies of perifused
mediobasal hypothalamus demonstrated that estradiol stimulated the release of B-
endorphin in a dose-dependent fashion [Nakano, 1991]. The regulatory influences of
estradiol on B-endorphin have also been investigatedr in the context of ﬂucmaﬁng
concentrations of both hormones during the estrous cycle. Using micropunches of
hﬁ;halamic slabs, Barden, demonstrated that 8-endorphin-immunoreactive levels in
the median eminence and suprachiasmatic_ nucleus were at their highest during the

afternoon.of proestrus whereas 8-endorphin-ir concentrations in the arcuate nucleus were

‘at their lowest at this time [Barden, 1981). Although reduced S-endorphin

concentrations in the arcuate nucleus during the afternoon of proestrus were confirmed
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in a later study, the median eminence was shown to contain moderate concentrations of
8-endorphin at this time. In the medial preoptic nucleus, B-endorphin concentrations
were lowest during proestrus, rose abruptly during estrus and then gradually deciined
during diestrus I and II. These results fit in well with the suppressed pattern of LH
release observed during estrus, and with the relative lack of 8-endorphin suppression of
LH release during the proestrus surge [Kalra, 1984; Van Vugt, 1981].
6.2 Effects on POMC mRNA expression

Using the RNA dot blot method for quantification of mRNA levels, Wilcox and
Roberts (1985) demonstrated that implantation with E,-containing capsules for 3 days
caused a 40% decrease in POMC mRNA relative to controls. These findings were
reproduced using in siru hybridization which further revealed that POMC mRNA levels
were depressed at all levels of the arcuate nucleus except the most caudal one [Tong,
1990]. Later, it was shown in males that the effects of steroids on POMC mRNA
expression were biphasic. An initial simulation of POMC mRNA was observed for up
to 6 hrs, whereupon a pronounced inhibition of POMC mRNA synthesis occurred
[Wilcox, 1985].
6.3 Effects on opioid receptor levels

In addition to exerting pronounced changes in 8-endorphin release, varying E, levels
have been shown to alter hypothalamic opioid receptor binding. During the estrous
cycle, it was shown in both rats and hamsters that *H-naloxone binding in the medial
preoptic area was lowest at proestrus and highest during estrus [Hammer, 1985;

Ostrowski, 1987]. In a detailed study substantiating these findings, Jacobsen and Kalra
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described significant reductions in *H-naloxone binding in the MBH and POA of EB-
primed, P injected rats on the afternoon of proestrus as compared to the morning
[Jacobsen, 1988]. *H-naloxone binding was not altered in sham-treated animals nor was
it in other brain regions such as the cortex. Similar findings were observed in
ovariectomized rats replaced with levels of estradiol designed to mimic those occurring
normally during the estrus cycle [Hammer, 1985). In another study by Casulari, 1988
mu opioid receptors measured on hypothalamic plasma membrane were decreased in the
afternoon of EB-treated compared to controls. These studies parallel those of Jacobsen
and Kalra, 1989 who demonstrated increase dihydromorphine (DHM) binding from the
morning of proestrous to 12:00 followed by pronounced decreases in DHM during the
afternoon of the LH surge. In these studies, the changes in *H-naloxone binding were
shown to be due to changes in Bmax and not in the affinity of receptors. Together,
these studies suggest a physiological role for E, (and P) in decreasing opioid binding
during the LH surge.
7.0 Estradiol-valerate induced neuroendocrine cascade

7.1 Site of irreversible estradiol-induced damage

A variety of treatments which result in chronic exposure to E, have been shown to
give rise to persistent vaginal cornification (chronic estrus), polycystic ovaries and
acyclicity, including exposure to constant light [Cambell, 1980]; implantation with E,
[Brawer, 1983; Schipper, 1981], feeding with E, [Kohama, 1989], injection with
estradiol valerate [Brawer, 1983; Brawer, 1986; Garcia-Segura, 1988], and aging i

[Ascheim, 1976]. The mechanism whereby E, induces acyclicity and polycycstic
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ovaries is not thought to involve permanent alterations in the ovarian synthetic apparatus
or ovarian responsiveness since under certain condition such as cessation of constant
light exposure [Cambell, 1980], hemiovariectomy [Hemmings, 1983; Farookhi, 1985}
or stimulation with LHRH [Hemmings, 1983], the ovaries revert to a normal
histological appearance and function. Thus, estradiol exposure does not permanently
alter ovarian biosynthetic machinery and polycystic ovaries are believed 10 be the
response of normal ovaries to an abnormal LH signal. Fundamental changes in pituitary
function also do not seem to be causal to the development of estradiol-induced
polycystic ovaries and acyclicity. Although changes In pituitary receptor levels
[Carriere, 1988] and responsiveness to LHRH have been described [Carriere, 1989;
Simard, 1987], these are all expected to result from a reduced hypothalamic LHRH
signal. Several lines of evidence suggest that the action of estradiol in producing cystic
anovulatory ovaries occurs at the level of the hypothalamus.
7.2 Morphological changes in the hypothalamic arcuate nucleus

In many of these models of chronic E, exposure including EV injection,
administration via chronic release capsules, and aging, a neurodegenrative lesion occurs
in the arcuate nucleus concomitant with the loss of ovarian cyclicity [Brawer, 1975;
Brawer, 1978; Brawer, 1983; Schipper, 1981]. The lesion was first described in 1975
in the arcuate nucleus of female rats induced by estradiol valerate, a long acting 17 8-
estradiol derivative [Brawer, 1975]. This cytopathologic lesion was characterized at the
light microscopic level by isolated foci of dark astrocytic granules located throughout

the arcuate nucleus but not in any other brain region [Brawer, 1978]. At the
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ultrastructural level, all the features of a classic neurodegenerative lesion were described
including an invasion of microglia, an increase in number and size of reactive
astrocytes, the appearance of collapsed myelin figures as well as degenerating axon
terminals and dendrites. The latter were often observed in close proximity to dark
cytoplasmic inc.usion within astrocytic processes [Brawer, 1981]. The proliferation
both in size and number of these unique astrocytic granules has been utilized as an index
of degenerative activity in the hypothalamus [Schipper, 1981; Schipper, 1989]. Others
have shown that the number of synapses per surface of dendritic shafts in the arcuate
nucleus was significantly reduced after 8 and 16 weeks but returned to control levels at
32 weeks [Garcia-Segura, 1988], suggesting that a considerable amount of synaptic
reorganization occurs at these periods. Additionally, several signs of neuronal
degeneration such as significant increases in myelinic axons, dendrites and synaptic
terminals were observed 4 weeks following EV treatment. However, the expression of
these degenerative structures was transient such that by 8 or 16 weeks, no significant
differences between controls were detected [Garcia-Segura, 1988]. These results are
not in complete accord with the results of Schipper et al., 1981, demonstrating
progressive increases in the number of astrocytic granules and microglial inﬁltr#ies from
24-52 weeks following EV treatment, however, since the indices of degeneration
measured in these two studies are different, it may be that the collapsed myelin figures
and astrocytic granules represent different aspects of the neurodegenerative process and
are therefore not temporally correlated. Also, the larger dose of EV administered by

Garcia-Segura et al., may have resulted in a different pattern of estradiol exposure.
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Despite these well characterized morphological alterations in the arcuate nucleus, the
chemical identity of the neurons undergoing degeneration has not been identified. In
an attempt to identify these, immunocytochemical staining for tyrosine hvdroxylase was
performed in the arcuate nucleus of control and EV-treated rats at the electron
microscopic level [Piotte, 1985]. No differences in neuron number nor in fine structural
appearance of these neurons was observed between control and EV-treated groups
indicating that dopamine containing neurons of the arcuate nucleus were not the primary
targets of the estradiol-induced lesion [Piotte, 1985]. It has also been shown that the
integrity of the LHRH neurons is not affected by a variety of manipulations which result
in constant estrus including chronic estradiol exposure. Leranth et al., 1986 and King,
1680 have demonstrated that the number of LHRH immunoreactive terminals in the
median eminence and the ultrastructural appearance of LHRH neurons in the medial
preoptic area remains unchanged following induction of chronic estrus and acyclicity
[Leranth, 1986; King, 1980]. These findings support the hypothesis that the EV-
treatment causes a deafferentation of the LHRH neurons resulting in irregular release
of LHRH [Brawer, 1981; Brawer, 1986], and do not conform with the idea that these
neurons are directly compromised by estradiol.

7.3 Steroid specificity of arcuate lesion

The neurotoxic effects of estradiol on the hypothalamic arcuate nucleus have:been
shown to be steroid specific [Brawer, 1983]. Animals implanted with E, containing
pellets showed marked increases in the mean number of astrocytic granules or

microglial cells counted in the arcuate nucleus whereas in animals implanted with either
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DHT alone or E, and DHT, these parameters were unchanged with respect to vehicle

implanted controls. The protection from E, effects by DHT was suggested to be either
direct or via the peripheral conversion of DHT to 5 a-andorstan-3 «, 178-diol since this
metabolite was measured at two fold higher concentrations than DHT in the plasma of
animals implanted with DHT [Brawer, 1983]. In animals implanted with T alone, no
significant change in astrocytic granules was observed but microglial responses were
increased in EV-treated rats probably due to central conversion of T to E, [Naftolin,
1988].

The neurodegeneration induced by chronic E, exposure is also observed in aged rats

and mice [Schipper, 1981]. Astrocytic and microglial indices became gradually elevated >

from 6 months to 14 months of age. The degree of astrocytic reaction seen in the 52
week old untreated rat was similar to that seen 8 weeks after chronic estradiol exposure
in ovariectomized rats [Brawer, 1983]. Moreover, the ége associated. degenerative
process was enurely prevented by early ovanectomy (1 €. at 2 months; Schipper, 198 1), |
suggesting that long-term exposure to physmloglcal levels of estradiol during the course
of normal aging could induce a hypothalamic lesion similar to that seen after
experimentally induced chronic estrus and acyclicity.
7.4 Physiological changes in LHRH and LH

The hypothalamic lesion induced by E, is observed concomitant with marked changes
in the pituitary content and secretion of LH and FSH. For example, the pituitary
content of LH, whose synthesis is dependent on LHRH stimulation [Liu, 1976], was

found to be decreased in animals with EV induced polycystic ovarian disease [Schulster,
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1984; Simard, 1987]. In contrast, that of FSH was not altered in these same animals.

Moreover, the post-castration rise in LH was attenuated in EV-treated animals as
compared to controls [Simard, 1987] and LH release in response to repeated LHRH
stimulations was reduced as compared to controls [Hemmings, 1983]. The pituitary
content of LHRH receptors, which is often used as an index of LHRH stimulation
[Clayton, 1981], was decreased in EV-treated animals [Carriere, 1989] and ovariectorny-
- induced a significant increase in LHRH receptors in the piﬁﬁta:y gland of normal but
not EV-treated animals [Carriere, 1988]. These results are consistent with a reduced
content and secretion of LH in response to LHRH stimulation [Simard, 1987] and
strongly suggest that LHRH secretion iS reduced following EV treatment.

7.4.__1 Chang& in puEatﬂe pattern of release of LH

" When the puisatile pattern of secretion of LH was measured eight weeks following
a single EV injection, using indwelling atrial catheters it was shown that LH pattern of
release exhibited very low amplitude pulses (133 pg ml; peak 242 pg ml at 8 weeks) of
20-30 min duration with a frequency of approximately one pulse per hour [Grosser,
1987; McCarthy, 1990]. Mean LH levels in EV-treated animals were reduced to
approximately 145 pg/ml [Grosser, 1987). The development of this suppressed pattern
of LH secretion from 0 to 8 weeks was characterized by a progressive decline in LH
pulse frequency, amplitude and peak height such that at 8 weeks LH pulse amplitudes
were reduced to approximately 130% of nadir values {Grosser, 1987; McCarthy, 1990].
This pattern of LH release did not resemble that of controls in estrus nor did it any

other normal stage of the estrous cycle [Grosser, 1987; Gallo, 1981; Fox, 1985].
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Animals in estrus exhibited pulse amplitudes greater than six-fold those observed in EV-
treated animals and pulse periods were almost twice as long as animals in estrus but
similar to that described for animals in diestrus [Grosser, 1987; Gallo, 1981]. The
dramatic reductions in LH pulse amplitude in the absence of significant changes m other
pulsatile parameters suggests that LH release in the EV-treated animal is chronically
inhibited. It is therefore likely that the disregulation in LHRH release described above
~ results in a chronically inhibited pattern of LH secretion which then induces the ovaries
to become acyclic and polycystic [McCarthy, 1990; Brawer, 1986].
7.5 Comparison of EV-treated to E;-implanted model of induced persistent estrus
In contrast to the effects on LH secretion induced by EV injection, the effects of
chronic E, implantation for 8 weeks reveal a bimodal pattern of LH release consisting
of relatively frequent (43 min) low but variable amplitude pulses (0.22+0.165 ng ml),
interrupted by large, broad based episodes of LH release lasting approximately 2 hours
(10 ng/ml). These differences in the pulsatile pattern of LH release in the EV and E,
implanted models are reflected in differential ovarian responses. For the first 14 days
following EV injection, mean paired ovarian weights were found to be similar to those
of controls. Between the second and third weeks after treatment, ovarian weight
dropped significantly to lower than 50% control values [Brawer, 1986; Wilkinson,
1983]. In contrast, E, implanted animals exhibited enlarged ovaries at 8 weeks post-
implantation [Brawer, 1989]. However, in both models, a dramagc reduction in healthy
secondary ovarian follicles and a complete absence of corpora lutea was observed at 8

weeks post treatment. The histological appearance of the EV treated ovary has been
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described as macrocystic because of the characteristic large cysts occupying an
impoverished stroma. E,-implanted ovaries display a microcystic condition with
numerous small cysts embedded within a hypertrophied and luteinized stroma. These
differences in histology are likely to reflect differences in the LH signalling pattern (as
described above) as well as differences within the local steroid milien. In this respect,
it has been postulated that the hypertrophied ovary of the E, implanted animals reflects
increased androgen conversion. Additionally, increased androgen levels do not occur
in the EV treated animal [Hemmings, 1983]. Increased androgen (DHEA, T or
androstenedione) production by the E;-implanted ovary would also account for the
slower progression of the hypothalamic lesion seen in this model relative to animals
treated with EV [Brawer, 1983; Brawer, 1978] since DHT and e~diol have been shown
to antagonize the neurotoxic effects of E, on the hypothalamus [Brawer, 1983].
7.6 Involvement of the hypothalamic opioid system in the EV-induced polycystic
- gvarian condition

The strongest evidence for the involvement of opioids in the generation of EV-
induced acyclic condition comes from studies indicating that prolonged treatment (7
days) with the long-acting opioid antagonist naltrexone reversed the cystic appearance
of ovaries and restored normal estrus cycles in EV-treated animals [Carriere, 1989].
In this study, it was also demonstrated that the content of pituitary LHRH receptors,
normally reduced in the EV-treated animal, was also restored to normal levels following
naltrexone treatment, suggesting that the disregulation in LHRH secretion involved the

endogenous opioid peptides. Indeed, EV-treated were shown to display selective
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increases in *H-naloxone binding in the hypothalamus but not the amygdala as compared
to controls [Wilkinson, 1983; Wilkinson, 1985]. B-adrenergic binding (as assessed by
3H-dihydroalprenolol binding) was unchanged in the hypothalamus, amygdala and
cortex although the affinity of the B-adrenergic receptor was reduced in the
hypothalamus of EV-treated animals [Wilkinson, 1983]. Later, it was demonstrated that
these selective increases in hypothalamic opioid binding reciprocated the conditions and
features of the EV-induced hypothalamic lesion. Also, increases in *H-naloxone binding
were steroid specific in that they did not occur in animals treated with either DHT or
testosterone, but did in animals treated with E, or estradiol and T. Thus, increased
opioid binding did not occur in EV-treated animals ovariectomized at the time of
treatment. These findings strongly suggested that the hypothalamus of EV-treated
animals was under chronic opioid inhibition and that the presence of increased opioid
binding in the EV-treated animals was dependent on the presence of a demonstrable

hypothalamic lesion.
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7.0 Objectives of the present study

Although the short-term regulatory influences of estradiol on the hypothalamic-
pituitary-ovarian axis have been extensively investigated, the effects of long-term
estradiol exposure have not. Given that all female mammals are chronically exposed
to estrogens throughout life, and that cumulated estradiol exposure has been implicated
in the arrest of cyclicity, studies on the chronic effects of estradiol are clearly necessary
for a complete understanding of the action of these steroids on the hypothalamic
pituitary ovarian axis. The overall objective of the current thesis was to characierize
the neural substrates underlying estradiol’s actions on the hypothalamus using a well
characterized model of estradiol induced acyclicity, the EV-treated rat.

Several lines of evidence had previously suggested that the hypothalamic opioid
system played an important role in the etiology of the EV-induced syndrome. EV-
treated animals exhibited a suppressed pattern of plasma LH characterized by a
diminution in pulse amplitude in the absence of significant changes in other pulse
parameters relative to estrus controls [Grosser, 1987; McCarthy, 1990]. Indeed, these
changes in the pulsatile pattern of LH release resemble those which have been described
following exogenous administration of mu opioid agonist in the medial preoptic area of
the hypothalamus [Mallory, 1990; Leadem, 1936]. In addition, EV-treated animals
injected with the opioid antagonist, naltrexone, exhibit a complete reversal of the
polycystic ovarian syndrome including a resumption of ovarian cyclicity and the
disappearance of cystic ovarian follicles [Carriere, 1990]. Finally, EV-treated rats

display selective increases in the binding of *H-naloxone to hypothalamic homogenates



as compared to normally cycling controls Wilkinson, 1985; Wilkinson, 1985].

In Chapter 2, the normal intrahypothalamic distribution of mu, delta and kappa opioid
binding sites was elucidated using in vitro radioautography with selective mu (**I-FK
33 824), delta (**I-DTLET) and kappa (‘*I-DPDYN) opioid ligands. As the location
of the previously demonstrated increase in H-naloxone binding and the opioid receptor
type involved were unknown, Chapter 3 examined the comparative distribution of these
three opioid receptor types in controls and in rats chronically exposed to estradiol by
either implantation with estradiol containing capsules or by a single injection of estradiol
valerate. Chapter 4 examined the relationship between alterations in opioid binding and
hypothalamic opioid peptide concentrations using in vitro radicautography of mu opioid
binding sites in a well characterized model of arcuate nucleus destruction, the neonataily
monosodium glutamate-treated rat.

The changes in opioid binding believed to be involved in the ‘maintenance of the
anovulatory condition induced by EV treatment were previoztsly shown to be dependent
on the presence of a hypothalamic lesion. Although this estradiol-induced lesion had
been described at the light and electron microscopic levels, the chemical identity of the
affected neurons had not been identified. For this purpose, in Chapter 5, several
neuronal populations of the arcuate nucleus including 8-endorphin, T;ymsine hydroxylase,
somatostatin and neurotensin were examined by quantitative immunocytochemistry and
B-endorphin, met-enkephalin and neuropeptide-Y were measured by radioimmunoassay
in control and EV-treated. Finally, the mechanism of estradiol-induced neurotoxTicitY

was investigated in Chapter 6, by treating EV-injected animals with vitamin E, a potent
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inhibitor of lipid peroxidation.
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ABSTRACT

The radioautographic distribution of mu, delta and kappa opioid binding sites was
examined by in virro radioautography in the rat hypothalamus using the highly selective
ligands '*I-FK 33 824, '®[-azidoDTLET and ¥I-DPDYN, respectively. Levels of mu
opioid binding sites varied considerably amongst hypothalamic nuclei. Mu opioid
labeling was dense in the medial preoptic area, medial preoptic nucleus, suprachiasmatic
nucleus and ventromedial nucleus, whilst the supraoptic nucleus, paraventricular
nucleus, arcuate nucleus and dorsomedial nucleus were devoid of labeling. Delta opioid
labeling was sparse throughout most of the hypothalamus, however, moderate binding
densities were detected in the suprachiasmatic and ventromedial nucleus. Kappa opioid
labeling was also scant throughoﬁt the hypothalamus with the exception of the
suprachiasmatic nucleus which was very densely labeled. Our results indicate that the
three opioid receptors types are differentially distributed within the hypothalamus,
although a significant overlap exists. In general, the distribution of hypothalamic opioid
receptors correlates well with that of opioid-containing terminal fibers and may
represent the anatomical substrate for opioid involvement in the hypothalamic regulation

of autonomic, behavioral and neuroendocrine functions.
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Opioid peptides ﬁave been shown to play a major role in the hypothalamic regulation
of a variety of autonomic, behavioral, and neuroendocrine functions % For example,
intra-hypothalamic administration of opioid analogues has been shown to decrease blood
pressure 2, stimulate eating ' and modulate the release of 2 number of hypothalamic
hypophysiotropic factors 2. The effects of exogenously administered opioids are highly
dependent on the receptor selectivity and site of administration of the drugs utilized,
illustrating the importance of a precise knowledge of the distribution of opioid receptor
types within the hypothalamus for a better understanding of their mode of action.

All three main types of opioid receptors, namely mu, delta and kappa opioid
receptors, have been shown to be present in mammalian hypothalamus using

radioreceptor assays >

or radioautographic techniques %:13:20:21,31:32.34,354041,49.51.54
Radioautographic studies have revealed striking differences in the regional distribution
of these three different receptor types in rat brain. There are, however, discrepancies
in the literature concerning the relative proportion of each of these receptor types in the
hypothalamus. For ¢xample, some investigators have claimed the hypothalamus to be
particularly rich in mu opioid receptors %154 while others have reported very few
or "negligible" amounts of mu opioid binding sites in this brain reg;ion
021.32.3435.4149.5158 The density of delta opioid binding sites has usually been described
as being low 1331343545 1o moderate * throughout the rat hypothalamus. The density
of kappa opioid-binding sites was ~fo:un‘d in early studies to be higher than that of mu and
delta opioid binding sites 31'32"‘9-5‘,‘131\1; more recent studies using selective ligands suggest

that kappa opioid receptors might actually be sparser than originally reportet:f, at least
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when defined in terms of affinity for dynorphin-like peptides *.

In the present study, we have reevaluated the inter-hypothalamic distribution of mu,
delta and kappa opioid binding sites labeled in virro with the highly selective ligands
IBLFK 33 824 ¥, ®T-azidoDTLET ° and '“I-DPDYN "2, respectively. OQur results
indicate that the three types of opioid receptors are differentially distributed in the rat

hypothalamus and that their distribution differs, in some instances, from that described

previously.
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MATERIALS AND METHODS

Animals

Adult cycling female Wistar rats (n=7; 14 weeks) were purchased from Charles
River Canada Inc. Only animals exhibiting at least two consecutive estrus cycles were
used in this study. All rats were sacrificed by decapitation and their brains were rapidly
removed , frozen by immersion in isopentane (-50°C) for 15 seconds and stored at -
80°C.

Radioligands

Mu opioid receptors were labeled with the synthetic met-enkephalin analog FK 33-
824, [D-Ala?,N-Me-Phe’,Met-(0)*-ol]-Enkephalin (FK). The ligand was iodinated using
the lactoperoxidase method and monoiodinated I-FK was purified by gel filtration
(specific activity:2000-2300 Ci/mmole). '¥I-FK was previously shown to bind to zat
brain sections with a k, of 1.2 nM %" and to have good selectivity for mu receptors ¥
(K\DTLET/KFK= 15.9).

Delta 0pioié receptors were labeled with the selective photoaffinity probe
azidoDTLET, [D;Thﬁ]-Leu-Enkephalin-Thr, (graciously provided by B.P. Roques,
Université René Descartes, Paris) . The compound was iodinated using the chloramine
T method * and monoiodinated '*I-azidoDTLET isolated using reverse-phase high
performance liquid chromatography (HPLC) on a uBondapak C,; column with 0.25 M
triethylamine formate, pH 3, (50%), and acetonitrile (50%) as the eluent (specific
activity: 900-1000 Ci/mmole). ®I-azidoDTLET was found to bind to rat brain

sections with a K of 2.1 nM (Pasquini, F., Jomary, C., Rogques, B.P. and Beaudet, A.,
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unpublished) and to have good selectivity for delta receptors ¢ (K,DAGO/K,DTLET= 9.8).

Kappa opioid receptors were labeled with the synthetic dynorphin analog DPDYN,
[D-Pro'®]-Dynorphin 1-11], (graciously provided by J. E. Gairin, CNRS, Toulouse).
The compound was jodinated using the chloramine T method % and monoiodinated *I-
DPDYN was isolated using reverse-phase HPLC on a uBondapak C,; column with 0.25
M triethylammonium phosphate, pH 3.5, (85 %), and acetonitrile (15%) as the eluent
(specific activity:1000-1200 Ci/mmole). '*I-DPDYN was previously shown to bind to
rat brain sections with a k, of 0.3 nM and to have good selectivity for kappa receptors
(K,DSLET/K;DPDYN= 140, K;DAGO/K,DPDYN= 48) >13,

Tissue Preparation

The brains were cut on a cryostat at -17°C, and serial sections (20 pm) were
collected across the hypothalamus from the decussation of the anterior commissure
rostrally, to the mammillary bodies, caudally. The sections were thaw-mounted on
microscope slides that had been previously dipped in 2 gelatin chrome alum solution
containing polyethyleneimine (.001% v/v). Two sections were placed on each slide
and each consecutive slide was placed in separate slide boxes to be processed as
follows: 1) incubation with '¥I-FK () 2) incubation with "*I-DTLET (5) 3) incubation
with *I-DPDYN (k) 4) staining with cresyl violet 5) co-incubation with non-radioactive

naloxone (), levorphanol (8) or DPDYN (%) for determination of non-specific binding.

In Vitro Radioautography

For determination of mu opioid binding, sections were incubated for 45 minutes at
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room temp. in 0.05 M TRIS-HCL, pH 7.4 containing 1 nM I-FK with and without

1 M naloxone. For delta opioid biiding, the sections were incubated with 1 nM **I-
DTLET in the presence or absence of 1 um levorphanol. After incubation, all sections
were rinsed in 6 consecutive baths of ice-cold buffer and briefly dipped in distilled
water. For determination of kappa opioid binding, sections were incubated for 45
minutes at room temp. with 0.3 nM 'PI-DPDYN in 0.05 M TRIS-HCL, pH 7.4
contzining 10 »M bestatin with and without unlabeled DPDYN and rinsed for four
hours in ice-cold TRIS-HCL containing 2% ovalbumin. All sections were then
radioautographed by apposition to tritium-sensitive film (Amersham). After 3, 6 and
8 days of exposure for '"®I.FK, "*I-DTLET, and '“I-DPDYN respectively, the films
were developed in Kodak GBX at 13°C for 5 min and fixed in Kodak rapid fixer.
For each of the three ligands, a series of sections were processed using liquid
emulsion coating techniques. These sections were labeled as above except that 0.25 M
sucrose was added to the incubation medium and buffer to maintain isosmolarity. After
. incubation with either **I-FK or '¥I-azidoDTLET, sections were post-fixed in a 3.5%
glutaraldehyde solution on ice for 30 min. After incubation with '“I-DPDYN, sections
were post-fixed in a 2% paraformaldehyde solution on ice for 30 min. These fixation
protocols were previously shown to allow for regionally proportional retention of a

major fraction of the bound radioactivity %, All sections were subsequently dipped

—

~

in distilled water, dehydrated in ethanols, cleared in Xylene and rehydrated in an inverse
series of ethanols. Once dry, these were coated by dipping in a 1:1 solution of NTB-2

emulsion, developed four weeks later in Dektol for 1.5 min. at 17°C, and stained with
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cresyl violet.

Quantitation

Film radioautographs were quantitated using a computer-assisted microdensitometry
program (Bioquant). Cresyl violet-stained sections were first used to outline anatomical
boundaries and hypothalamic areas of interest on the computer screen.
Radioautographic images were then aligned to anatomical boundaries and light
transmittance was measured within the outlined hypothalamic nuclei. Quantitative
measurements of binding site density were then obtained by converting light-

transmittance values to nCi/mg tissue wet weight using ‘*I-microscales (20 pm;

Amersham) as standards *42,
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RESULTS

When viewed in whole brain sections taken across the hypothalamus, selectively
labeled mu, delta and kappa opioid binding sites showed distinct distributional patterns.
Mu opioid binding sites were prominent within the internal granular layer of the
frontoparietal cortex, neostriatal striosomes, the bed nucleus of the stria terminalis, and
the amygdala, whereas delta opioid binding sites predominated in supra- and
infragranular layers of the cortex, the entire caudate putamen and the amygdsla (Fig.
1a, b). Kappa opioid binding sites showed overall lower binding densities than mu and
delta sites and were mainly enriched in the superficial and deep layers of the cortex,
the globus pallidus and the endopiriform nucleus (Fig. 1c).

Distribution of hypothalamic mu c¢pioid binding sites

The density of mu opioid receptor labeling varied considerably across the different
hypothalamic areas (Fig. 2, a-f). In most instances, the labeling remained confined
within well-defined anatomical boundaries, as delineated in adjacent Nissl-stained
sections, however, in the rostral hypothalamus, it occasionally exceeded nuclear limits
(Fig. 2, a-f). At the level of the decussation of the anterior commissure, moderate to
dense "®I-FK binding was observed in the medial preoptic area (MPA) and medial
- preoptic nucleus (Fig. 2a, d). The median preoptic (MnPO) and anteroventral preoptic
(AVPO) nuclei showed moderate binding densities whereas the lateral preoptic area
(LPO) and striohypothalamic nucleus (SHy) were only weakly labeled. Labeling within
the medial preoptic nucleus was contiguous dorsally with that of the bed nucleus of stria

terminalis (BNST), forming a characteristic "V"-shaped pattern. More caudally, high
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labeling densities were observed in the suprachiasmatic nucleus (SCh) as well as in the
anterior hypothalamic area (AHA) and in the bed nucleus of the stria terminalis (BNST)
(Fig. 2b,e). Low to moderate binding densities overlayed the lateral hypothalamic area
(LH), whereas the periventricular nucleus (Pe), svpraoptic nucleus (SON) and
lateroanterior nucleus (LA) were conspicuously devoid of labeling (Fig. 2b, €). Within
the suprachiasmatic nucleus, mu opioid binding sites were found by high resolution
radioautography to be mainly concentrated within the ventrolateral segment of the
nucleus and particularly along its ventral border (Fig. 3a, a’). At the level of the
arcuate nucleus (Arc), low to moderate labeling was noted in the posterior pole of the
anterior hypothalamic nucleus (AHP), the veniromedial nucleus (VMH), and the
ventralmost portion of the lateral hypothalamic area (LH; Fig. 2c, f). The ventromedial
nucleus was relatively densely labeled in its dorsomedial division, but only sparsely in
its ventrolateral division (Fig. 2c¢, f). By contrast, the diffuse portion of the
dorsomedial nucleas (not shown) and lateral hypothalamic area were less intensely
reactive. The arcuate nucleus and underlying median eminence (ME) were virtually
devoid of label (Fig. 2c, f). Rostral to the mammillary bodies, moderate binding
densities were detected throughout the medial hypothalamus, excluding the arcuate
nucleus-median eminence complex (Arc,ME; Fig. 4a). Only low binding densities were
apparent in the lateral hypothalamic area (LH) (Fig. 4a). Finally, in the caudalmost
portion of the hypothalamus, very_?:ﬂ’ligh levels of mu opioid binding were detected in the
ventral segment of the premammillary nucleus (not shown), the supramammillary

nucleus (SuM) and the medial portion of the medial mammillary nucleus (MMn; Fig.
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4b). Moderate binding densities were noted in the posterior hypothalamus (PH) as well

as within the dorsal part of the premammillary nucleus (PMD; Fig. 4b).
Distribution of hypothalamic delta opioid binding sites

The distribution of *I-azidoDTLET-labeled delta opioid binding sites was much less
extensive than that of mu opioid sites. With the exception of the suprachiasmatié (SCh)
and ventromedial nuclei (VMH), all areas of the hypothalamus exhibited weak and
diffuse labeling (Fig. 2g-i). Within the suprachiasmatic nucleus, ®I-azidoDTLET
binding was moderate and mainly confined within the ventrolateral segment of the
nucleus (Fig. 2b, h). Light microscopic examination of liquid emulsion coated sections
revealed no apparent enrichment along the ventral border of the nucleus, as observed
with the mu agonist (Fig. 3b, b’). More dorsally, weak radiolabeling was apparent in
the medial preoptic nucleus, tapering out dorsally towards the bed nucleus of the stria
terminalis (BNST) as for mu opioid binding (Fig. 2h). Further caudally, moderate delta
opioid binding wes detected in the posterior portion of the anterior hypothalamic nucleus
(AHP), the ventral portion of 'the lateral hypothalamic area (LH) and the ventromedial
division of the ventromedial nuclens (VMH), again according to a pattern reminiscent
of that of mu sites (Fig. 2c, i).
Distribution of hypothalamic kappa opioid binding sites

As can be seen in Fig 2 (-1}, the suprachiasmatic nucleus (SCh) was the only

hypothalamic nucleus to exhibit high densities of I-DPDYN binding sites. In liquid
emu{lsion processed material, these were found to be concentrated in the ventral half of

the nucleus rostrally, and in the inferolateral division, caudally (Fig. 3c,c’). In both
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areas, the label extended further dorsally than either mu or delta receptor binding,

Within the remainder of the hypothalamus, low densities of **I-DPDYN binding sites
were apparent at the level of the medial preoptic area (MPA) rostrally (Fig. 2j), and at
the level of the ventromedial nucleus (VMH), arcuate nucleus (Arc) and median
eminence (ME) caudally (Fig. 21).

Quantitation of mu, delta and kappa opioid binding sites confirmed the qualitative
distribution described above (Fig. 5). Prominent with all three ligands was the relative
enrichment of the suprachiasmatic and ventromedial hypothalamic nuclei. Also apparent
from Fig. 5 was the selective enrichment of the preoptic area in mu, as opposed to delta

or kappa sites.
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DISCUSSION

The present results confirm that ihe rat hypothalamus contains measurable amounts
of mu, delta and kappa opioid receptors. Mu opioid binding sites were detected
throughout the hypothalamus and found to be concentrated most highly in the medial
preoptic area and suprachiasmatic nucleus. Considerably lower densities of delta and
kappa opioid binding sites were labeled throughout the hypothalamus except in the
ventromedial and suprachiasmatic nuclel.

The mu opioid ligand utilized in the present study, '*I-FX, has been shown to bind
with high affinity (k,=1.2 nm) and high selectivity to mu opioid receptors ¥. Qur
findings of relatively high levels of mu opioid binding in rat hypothalamus conform to
the biochemical data of Chang et al. ® and Pearson et al. *°, and the radioautographic
data of Goodman et al. **. Other studies have reported low or negligible mu opioid
binding in this region 33%%  These apparent discrepancies could be due to sex
differences '**® or to variations in the endocrine status of the animals *'°. They could
also reflect differential affinities of hypothalamic mu opioid binding sites for the ligands
used for their visualization. Under the present experimental conditions, the density of
hypothalamic mu opioid binding sites was still relatively low as compared to regions
such as the thalamus or neostriatum. It did compare, however, with binding densities
found in layers 1 and 4 of the cerebral cortex (see i?ig. 1a) and can therefore hardly be
considered “"negligible”. The intrahypothalamic distribution of ml';—'-:o;ioid receptors
reported in the presént study conformed for the most part with the previous

radicautographic observations of McLean et al. ¥ but differed from earlier data by



Mansour et al. ¥, in that only low levels of mu opioid binding were detected in the
dorsomedial nuclcus and the lateral hypothalamic arca in our material,

The delta opioid ligand utilized in the present study, '*l-azidoDTLET, has been
shown to bind with high affinity (K;=2.1nm) and high sclectivity to the delta opioid
receptor ®. This ligand revealed only low densities of opioid binding sites in the rostral
hypothalamus and somewhat higher levels in the ventromedial nucleus in accordance
with earlier reports on the distribution of delta opioid receptors in rat brain WM,
It also provided for the first demonstration of rclatively high concentrations of delta
opioid binding sites in the suprachiasmatic nuclcus.

The kappa opioid ligand utilized in this study is an iodinated synthetic analoguc of
dynorphin A-(1-11), [D-Pro'%dynorphin A-(1-11) or **I-DPDYN, which was shown to
bind with high affinity (K,= 0.3 nM) and good sclectivity to kappa opioid binding sites
1213 Except for the suprachiasmatic nuclcus which was denscly labeled, "I-DPDYN
labeling was low and diffusely distributed throughout the rat hypothalamus. These
resuits are in agreement with earlier radicautographic observations 2* as well as with
biochemical data suggesting that in the rat forcbrain, only 9% of all opioid receptors are
of the kappa variety #, However, they -markcdly differ from the results of studics based
on the use of non-sclective opioid ligands in the presence of saturating concentrations
of mu and delta selective drugs, which describe within most hypothalamic structures
higher levels of kappa labeling densilics than detected in the present study 22345,

This discrepancy could be duc to the recognition by 'ZI-DPDYN of only a subsct of

kappa binding sites. There is indeed pharmacological evidence for the existence of
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multiple kappa receptors in the mammalian central nervous system * . The
pharmacological and distributional characteristics of 125-DPDYN binding to guinea pig
brain * suggest that it most likely recognizes dynorphin/U-69593-sensitive K, sites.
However, it may not bind with the same affinity to benzomorphan-sensitive k; sites, or
at least to the fraction of these that has been reported to display moderate affinity to
dynorphin.

Although mu, delta and kappa opioid receptor types were distributed in unique
patterns, there was a significant degree of overlap between them. For example, ail
three ligands labeled the bed nucleus of the stria terminalis and displayed a "V"-shaped
labeling pattern in the region of the medial preoptic nucleus. The three ligands were
also densely concentrated within the suprachiasmatic nucleus, and this labeling was
conﬁned for the most part to the ventral segment of the nucleus. Additionally, mu and
delta opioid labeling overlayed the ventromedial nucleus and posterior aspect of the
anterior hypothalamic nucleus, radiating toward the central nucleus of the amygdala in
what presumably corresponds to the ventral amygdalofugal pathway 6. The significant
overlap in the hypothalamic distributions of mu, delta and kappa opioid binding sites is
consistent with the hypothesis that these different opioid receptor types may correspond
in part to interconvertible forms of a single receptor °.

Areas where dense mu opioid labeling was detected, such as the bed nucleus of the
stria terminalis, the medial preoptic area, the ventromedial nucleus and the amygdala
are extensively interconnected ¥, This observation suggests that mu opioid binding

sites may be associated with neuronal systems interlinking these different nuclear
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groups. For instance, mu opioid binding sites detected in the medial preoptic area and
bed nucleus of the stria terminalis may reside on luteinizing hormone releasing hormone
(LHRH) neurons which have been shown to bridge these two regions in the rat 244,
Similarly, mu, and to a lesser extent delta opioid binding sites detected in the amygdala
and the ventromedial nucleus may be associated with neurons known to interconnect
these two regions 30445, Iﬁterestingly, the ventromedial nucleus and the amygdal= have
been linked to a number of behaviours such as satiation, dependence and female
reproductive behaviours ® in which endogenous opioids play a prominent role 7.
Although most opioid peptides have been shown to bind to more than one opioid
receptor type, competition studies on rat brain sections or homogenates have shown that
derivatives of proopiomelanbconin; pro-enkephalin and pro-dynorphin bind with highest
affinity to mu, delta and kappa opioid receptors, respectively *%°. Many of the
distributional features reported here for opioid receptors in rat hypothalamus conform
w1th these pharmacological observations in that areas known to be rich in 8-endorphin,
leu-enkephalin and dynorphin axon terminals exhibited the highest mu, delta and kappa
labeling densities, respectively. For instance, the medial preoptic nucleus, which
displayed the highest mu opioid binding densities, is also the region where the highest
B-endorphin fibre immunoreactivity has been detected in the hypothalamus 3264353
Similarly, the ventromedial nucleus which exhibited relatively high delta binding
densities, is the region of the hypothalamus where amongst the highest densities of leu-
enkephalin immunoreactive fibres have been reported °. Finally, the high density of

kappa opioid binding sites measured in the suprachiasmatic nucleus conformed with the
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high concentration of dynorphin immunoreactive fibres detected in this nucleus %, In
contrast, there was little correspondence between the distribution of mu, delta and kappa
opioid binding sites and that of nerve cell bodies immunoreactive for 8-endozrphin, leu-
enkephalin and dynorphin, respectively. Thus, the arcuate nucleus which contains
virtually all 8-endorphin immunoreactive nerve cell bodies in the hypothalamus 4%
was virtually devoid of labeling with all three opioid ligands, suggesting that 8-
endorphin-containing neurons express few, if any opioid receptors. Similarly, only
marginal amounts of delta opioid binding were detected in regions of the hypothalamus
known to contain high concentrations of leu-enkephalin immunoreactive cell bodies such
- as the paraventricular and supraoptic nuclei 54 Finally, areas where dynorphin-
containing cell i)odies have been found, ie. the arcuate nucleus, paraventricular nucleus,
supraoptic nucleus and lateral hypothaiamic area, 7% were devoid of kappa opioid
labeling. Tht;se. results suggest that neither delta nor kappa opioid receptors are
synthesized by enkephalin or dynorphin-containing cells.

This study provides the: first comprehensive distribution of mu, delta and kappa
opioid binding sites in the hypothalamus of normal female rats. The three opioid
receptor types are differentially distributed throughout the hypothalamus, yet display
some degree of overlap. The distribution of opioid receptors correlates well with that
of opioid peptide-containing axon terminals, and provides the anatomical substrate for

opioid regulation of a variety of autonomic and neuroendocrine functions.
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Figure 1.

Selective labeling of mu, delta and kappa opioid binding sites in rat brain. Sections
were incubated with "°I-FK 33 824, **I-DTLET and "I-DPDYN to label mu (a), delta
(b) and kappa (c) opioid receptors, respectively. Note the relative density of

hypothalamic labeling with respect to other brain structures.
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Figure 2.

Distribution of mu, delta and kappa opioid binding sites in rat hypothalamus. Cresyl
violet stained sections taken at the level of the decussation of the anterior commissure
(ac;2), the suprachiasmatic nucleus (SCh;b) and the ventromedial nucleus (VMH;c) are
used as anatomical references. Film radioautographs from sections incubated with the
mu opioid ligand, "I-FK 33 824 (d-f), the delta opioid ligand, *I-azidoDTLET (g-i)
and the kappa opioid ligand PI-DPDYN (j-]) are illustrated in darkfield. Nomenclature
as per Paxinos and Watson, 1986. III: 3rd ventricle, AHA: anterior hypothalamic area,
anterior, AHP: anterior hypothalamic nucleus, posterior, BNST: bed nucleus stria
terminalis, f: fornix, LA: lateroanterior hypothalamic nucleus, LH: lateral hypothalamic
area, LPO: lateral preoptic area, ME: median eminence, MPA: medial preoptic area,
opt: optic tract, ox: optic chiasm, PVN: paraventricular nucleus, Pe: periventricular
hypothalamic nucleus, SCh: suprachiasmatic nucleus, SHy: striohypothalamic nucleus,

SON: supraoptic nucleus. Scale bar: 1 mm.
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Figure 3.

High resolution radioautographic distribution of mu, delt: and kappa opioid binding sites
within the suprachiasmatic nucleus. Bright (a-c) and darkfield (a’-¢’) micrographs of
emulsion-coated sections incubated with ‘*I-FK 33 824 (mu), *I-azidoDTLET (delta)
or "ZI-DPDYN (kappa). Note that mu opioid labeling (2°) is mainly confined to the
ventrolateral segment of the suprachiasmatic nucleus and along its ventral border. Delta
opioid labeling (b’) is also mainly confined to the ventrolateral segment of the nucleus,
but shows no obvious enrichment along the ventral border. Kappa opioid labeling (c”)
is restricted to the ventral half of the nucleus, rostrally, and to the inferolateral segment,

caudally. In both areas, the labeling extends further dorsally than either mu or delta

receptor binding. Scale bar: 200 pm.
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Figure 4.

Distribution of mu oploid labeling in the caudal hypothalamus.  Darkfield
radioautographs taken at the level of the infundibular stem (a) of the mammillary bodies
(b). II: 3:zd ventricle, Arc: arcuate nucleus, CL: centrolateral thalamic nucleus, CM:
centromedial thalamic nuclei, cp: cerebral peduncle, f: fornix, Gu: gustatory thalamic
nucleus, ic: internal capsule, LH: lateral hypothalamic area, MePD: medial amygdaloid
nucleus, posterodorsal, mfb: medial forebrain bundle, MMn: medial mammillary
nucleus, median, PF: parafascicular thalamic nucleus, PMCo: posteromedial cortical
amygdaloid nucleus, PMD: premammilary nucleus, dorsal, PMV: premammillary
nucleus, ventral, SPF: subparafascicular thalamic nucleus, STh: subthalamic nucleus,

VPM: ventroposteromedial thalamic nucleus, ZI: zona incerta. Scale bar: 1 mm.
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Figure 5.

Quantitative distribution of mu, delta and kappa opioid labeling densities within various
hypothalamic nuclei. Light transmittance values measured using a computer-assisted
microdensitometry system and converted to nCi/mg tissue wet weight using '¥I-
microscales (20um; Amersham) as standards. Results represent the mean + S.E.M.
of measurements taken in 6 adjacent sections/ animal (n=7). Densities for different
opioid receptor types cannot be directly compared since only one concentration of ligand
was tested in the present study and Scatchard analyses were not performed.AHP:
anterior hypothalamic nucleus, posterior, AVPO: anteroventral preoptic nucleus, ARC:
arcuate nucleus, LA: lateroanterior nucleus, LH: lateral hypothalamic area, MPA:
medial preoptic area, MPO: medial preoptic nucleus, PVN: paraventricular nucleus,

SCN: suprachiasmatic nucleus, VMH: ventromedial hypothalamic nucleus.
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Connecting text# 1

Significant increases in *H-naloxone binding have been consistently observed in
hypothalamic homogenates of EV-treated animals (Wilkinson, 1983; Wilkinson, 1985)
relative to controls. However, the location of this increase remains to be determined.
Since *H-naloxone is a non-selective opioid antagonist, it is also not known which
type(s) of opioid receptor(s) account for the increases in opioid binding. In order to
answer these questions, the intrahypothalamic distribution of the three main opioid
Teceptor types were quantitated and compared to that of EV-treated animals as described
below. Additionnally, it had previously been noted that the increases in 3H-naloxone
binding in EV-treated animals occurred only under conditions where a hypothalamic
lesion was shown to occur, suggesting that the increase in opioid binding was linked to
arcuate neuron damage. As an additional control for the effects of long-term estradiol
exposure in the absence of a demonstrable hypothalamic lesion, EV-treated rats were
compared to animals implanted with E, for 8 weeks, a time where these rats do not

display a hypothalamic lesion.
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ABSTRACT

The distribution and density of selectively labeled mu, delta and kappa opioid binding
sites were examined by in vitro radicautography in the hypothalamus of normal,
estradiol valerate (EV)-injected and estradiol (E;)-implanted female rats. Hypothalamic
B-endorphin concentration was also examined by radioimmunoassay in these three
groups of animals. Quantitative analysis of film radicautographs demonstrated a
selective increase in mu opioid binding in the medial preoptic area of EV-treated, but
not of E;-implanted rats. However, both these estrogenized groups exhibited a
reduction in the density of delta opioid binding in the suprachiasmatic nucleus.
Statistically significant changes between either estrogenized groups were not observed
for kappa opioid binding. Results on the hypothalamic concentration of 8-endorphin
indicated a marked reduction in EV-injected animals with respect to controls. In
contrast, the E,-implanted animals exhibited B-endorphin concentrations similar to
controls. The present results confirm the increase in opioid receptor binding previously
reported in the hypothalamus of EV-treated rats and further demonstrate that this
increase is confined to the medial preoptic area and exclusively concerns mu opioid
receptors. The concomitant reduction in B-endorphin levels observed in the same group
of animals suggests that the observed increase in mu opioid bindiné could reflect a
chronic up-regulation of the receptor in response to compromised B-endorphin input.
Given the restriction of this effect to the site of origin of LHRH neurons and the
demonstrated inhibitory role of opioids on LHRH release, it is tempting to postulate that

such up-regulation could lead to the suppression of the plasma LH pattern that



characterizes polycystic ovarian disease in the EV-treated rat.
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INTRODUCTION

Chronic anovulation and polycystic ovaries (PCO) occur in the rat as a consequence
of a single large intramuscular injection of estradiol valerate (EV) ®**%, Evidence
from our laboratory indicates that the estradiol treatment produces a permanent defect
at the hypothalamic level, resulting in an aberrant pattern of luteinizing hormone
releasing hormone (LHRH) release *. This pattern in turn results in a unique
anomalous plasma LH pattern to which the ovaries respond by becoming polycystic
14.‘.".5.37.

Although the relationship between the aberrant pattern of LH release and the cystic
ovarian condition has been fairly well established %% substantially less is known
about the EV-induced hypothalamic defect that gives rise to it. Several lines of
evidence from our laboratory, however, suggest that the primary hypothalamic
impairment involves endogenous opioid neurons. The attenuated pulsatile plasma LH
pattern associated with PCO, for example, indicates chronic suppression of the
hypothalamo-pituitary gonadal axis %, Opioids are potent inhibitors of LH release
under a variety of conditions 2%, We have also shown that opioid binding in the
anterior hypothalamus-preoptic area (as assessed with tritiated naloxone) is elevated in
EV-induced PCO, suggesting the possibility of hypothalamic supersensitivity to opioids
.60 Finally, we have shown that treatment of animals with EV-induced PCO with
naltrexone significantly elevates the number of pituitary LHRH receptors and restores
normal ovarian morphology “.

The present study was undertaken in order to elucidate the role of the hypothalamic
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opioid system in EV-induced PCO. In order to determine the receptor selectivity and
precise localization of the elevation in opioid binding previously reported after EV-
treatment **%, we have employed ir virro radioautography using specific ligands for mu,
delta and kappa receptors . Since B-endorphin has been specifically implicated in the
suppression of gonadotropin secretion *, we have also measured the concentration of
B-endorphin in the hypothalamus of animals with EV-induced PCO. Animals exposed
to chronic estrogenization by means of subcutaneously implanted estradiol (E,)-
containing silastic capsules also exhibit a type of polycystic ovarian condition . This
treatment has also been shown to result in elevated naloxone binding, albeit less intense
than that observed after in EV-injection *; consequently, we have also examined the
same opioid parameters in Ej,-implanted rats. Our results indicate that the EV
treatment, but not E, implants produce a highly specific elevation of mu receptors in a
restricted region of the medial preoptic area concurrent with a reduction in B-endorphin

concentration.
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MATERIALS AND METHODS

Animals

Five-week old female Wistar rats (175-200g), purchased from Charles River Canada
Inc. (St-Constant, Quebec), were maintaine under conditions of controli;:d light (lights
on between 0700h - 2100h) and temperature (22°C). Animals had free access to
pelleted rat food and water. Only animals exhibiting at least two consecutive estrus
cycles as assessed by daily examination of vaginal smears were used in this study.
Fourteen animals were given a single IM injection of 2mg estradiol valerate (EV). This
treatment has been shown to result in a permanent polycystic ovarian condition
accompanied by a characteristic abnormal plasma gonadotropin pattern by 4 weeks after
treatment 71, A second group of 12 animals were each implanted subcutaneously with
a single silastic capsule (0.d. 3.18 mm, i.d. 1.98 mm, length 2 mm) containing
crystalline estradiol (E,). This treatment maintains a constant serum concentration of
30-50 pg/ml E, **. A third group of 19 animals were normal cycling controls, age-
matched to the two experimental groups. Eight weeks following the EV injections or
implantation of the chronic release capsules, all animals were killed by decapitation (9-
10 a.m.). Control animals were at different stages in their estrus cycle at the time of
sacrifice. Twenty-one animals (i.e. 7 controls, 7 EV-injected and 7 Ey-implanted) were
used for radiautographic studies, in which case their brains were rapidly removed,
frozen by immersion in isopentane (-50°C), and stored at ~80°C until sectioned. The
remaining 24 animals were used for the determination of 8-endorphin concentration and

release.
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Radioligands

FK 33-824, [D-Ala2,N-Me-Phe‘,Met-(0)*-ol]-Enkephalin, (Sandoz) was used to label
mu opioid receptors. The peptide was iodinated using the lactoperoxidase method and
monoiodinated 'PI-FK 33-824 was isolated by gel filtration (specific activity: 2000
Ci/mmole). The K, of I-FK 33-824 binding to rat brain sections was previously
estimated at 0.8 nM 2% and its selectivity index at 15.9 for KDTLET/KFK 33-824 4,

AzidoDTLET, [D-Thr’]-Leu-Enkephalin-Thr, graciously provided by B.P. Roques,
was used to label delta opioid receptors. The compound was iodinated by means of the
chloramine T method * and monoiodinated *T-azidoDTLET was isolated using reverse-
phase high performance liquid chromatography on a pBondapak C,; column with 0.25
triethylammonium formate, pH 3, (50%) and acetonitrile (50%) as the eluent (specific
activities: 1000 Ci/mmole). The K, of *I-azido DTLET binding to rat brain membrane
preparations was estimated at 15 nM ° and its selectivity index at 9.8 for
K,DAGO/K DTLET .

DPDYN, [D-Pro'}-Dynorphin 1-11, graciously provided by J. E. Gairin, was used
to label kappa opiold receptors. As above, the peptide was iodinated using the
chloramine T method %, and monoiodinated '“I-DPDYN was isolated by reverse-phase
HPLC on a uBondapak C,; column using 0.25 M triethylammonium phosphate, pH 3.5,
(85%), and acetonitrile (15%) as the eluent (specific activities: 1200 Ci/mmole). The
k, of ’I-DPDYN binding to membrane preparations was estimated at 0.3nM 212 and
its selectivity index at 140 and 48 for X,DSLET/K;DPDYN and X;DAGO/KDPDYN,

respectively 212,
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Tissue Preparation

The hypothalami of the 21 animals (ear marked for radioautographic studies) were
serially sectioned on a cryostat from the decussation of the anterior commissure,
rostrally, to the mammillary bodies, caudally. Sections (20um-thick) were thaw-mounted
on microscope slides subbed with a 10% gelatin/ 1% chrome alum solution containing
0.001% v{v polyethyleneimine solution. Two sections were placed on each slide and
each consecutive slide was placed in one of five slide boxes to be processed as follows:
1) incubation with ZI-FK 33-824 (u) 2) incubation with *I-azidoDTLET (8) 3)
incubation with I-DPDYN (k) 4) incubation with non-radicactive naloxone (u),
levorphanol (&) or cold DPDYN (%) for determination of non-specific binding. 5)
staining with cresyl violet.

In Vitro Radioautography

For determinations of mu opioid binding, frozen sections from the hypothalami of
normal, estradiol-implanted and estradiol-injected animals were incubated simultaneously
for 45 minutes at room temp. in 0.05 M TRIS-HCL (pH 7.4) containing 1 nM "*I-FK
33-824 with or without 1 uM naloxone. Delta opioid binding was determined in
sections from the same three series by incubztion in the same buffer containing 1 nM
1%1.azidoDTLET in the presence or absence of 1 uM levorphanol. Incubation with -
azidoDTLET was performed in the dark to prevent covalent linkage of the ligand to the
tissue. For determinations of kappa opioid binding, sections were incubated for 45 min
at room temp. in 0.05 M TRIS-HCL (pH 7.4) containing 10 M bestatin and 0.3 nM

IBL.DPDYN with or without unlabeled DPDYN. After incubation, sections labeled with
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25[_FK 33-824 or 'ZI-azidoDTLET were rinsed for 2 mins in 6 consecutive baths of ice-
cold TRIS-HCI buffer. Sections incubated with ZI-DPDYN were rinsed for four hours
in ice-cold TRIS-HCL containing 2% albumin, All sections were air-dried at room
temp and radioautographed by apposition to *H-sensitive film (Amersham). After 3,6
and 8 days of exposure for '“I-FK 33-824, '*I-azidoDTLET, and I-DPDYN
respectively, the films were developed in Kodak GBX at 13°C for 5 min and fixed in
Kodak rapid fixer.
Quantitation

Film radioautographs were quantitated using a computer-assisted microdensitometry
system (Bioquant). The adjacent cresyl violet stained section, were used to outline the
anatomical boundaries of each hypothalamic nuclei of interest in every animal.
Radioautographic images were then superimposed over corresponding drawings and light
transmittance was measured within the outlined hypothalamic nuclei. Quantitative
measurements of binding site density were then obtained by converting light-
transmittance values to nCi/mg tissue wet weight using I-microscales (Amersham;
20um) as standards “%2,
Determination of B-endorphin concentrations

Twenty-four rats (12 control, 7 EV-injected and 5 E,-implanted) were decapitated
and their hypothalami were quickly removed and homogenized in 1 ml acetic acid (2N)
using a Polytron. The tissue was separated from the medium by centrifugation and the
supernatant utilized for the determination of B-endorphin concentration using a

commercially available radioimmunoassay (RIA) to human B8-endorphin (1-31;
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Peninsuia). The % cross reactivity with methionine-enkephalin was 0% and with
gamma-endorphin was >0.001%.
Statistical analysis

Statistical analysis of all data was performed using a one-way analysis of variance

followed by t-test and only p values of less than 0.05 were considered significant.
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RESULTS

Effects of EV-treatment on mu, delta and kappa opioid binding

The topographic distribution of '*I-FK 33-824-labeled sites was similar in the
hypothalami from control, E;-implanted and EV-injected animals and conformed to that
previously described for mu opioid receptors 24, Briefly, the medial preoptic and
suprachiasmatic nuclei exhibited dense mu opioid labeling, the ventromedial and anterior
hypothalamic nuclei were moderately labeled, whereas the arcuate, dorsomedial and
magnocellular nuclei displayed very sparse labeling. Computer-assisted measurements
of '®I-FK 33-824 binding densities in different hypothalamic nuclei revealed a trend
toward increased concentrations of mu opioid labeling in most hypothalamic nuclei of
EV-treated animals compared to normal controls. A significant increase in mu opioid
binding, however, was only observed in the medial preoptic nucleus (MPO) and the
anteroventral preoptic nucleus (AVPO) (Figs. 1a,b; 2). There were no significant
differences in 'I-FK 33-824 binding between E,-implanted animals and normal
controls (Fig. 2).

The pattern of ?I-azidoDTLET binding was similar in the hypothalami of control,
EV-injected and E,-treated animals and resembled that described previously for delta

opioid receptors 17.2336,40

Moderate delta opioid labeling was detected in the
ventromedial, anterior hypothalamic and suprachiasmatic nucleus. Densitometric
measurement of '*I-azidoDTLET binding within different hypothalamic nuclei revealed

a significant decrease in delta opioid labeling in the suprachiasmatic nucleus (SCN) of

both EV- and E;-treated groups as compared to normal controls (Figs. 3a,b; 4). No
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alteration in delta opioid labeling was detected in the medial preoptic. anteroventral
preoptic or any other nuclei from either of these two experimental groups (Fig. 4).

The topographic distribution of '"[-DPDYN-labeled binding sites was similar in
normal, EV-injected and E,-treated groups and resembled that described previously for
kappa opioid receptors 7*! . The suprachiasmatic nucleus was the only region of dense
kappa opioid labeling although the medial preoptic and arcuate nuclei contained low to
moderate labeling densities. Densitometric measurement of kappa binding densities
revealed a trend toward decreased labeling in the SCN of EV-injected and E,-treated
animals as compared to controls, however this change was not statistically significant
(Fig. 5).
Effects of EV treatment on concentrations of hypothalamic concentrations of B-
endorphin

Hypothalamic 8-endorphin concentrations as measured by RIA were significantly
lower in EV-treated animals (82.7+47.0 pg B8-endorphin/mg tissue; n=7) than in normal
controls (148.9+19.0; p<0.05; n=12). In contrast, the mean hypothalamic 8-
endorphin levels in the E,-treated rats (161.0+16.9; n=5) was similar to that of normal

conirols.
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DISCUSSION

It has been previously demonstrated that opioid binding sites, as determined by *H-
naloxone binding, are elevated in hypothalamic homogenates from EV-treated rats 5,
Furthermore, this increase was shown to be the result of an increase in the density of
opioid binding sites rather than of an alteration in the affinity of the sites. The present
results indicate that this increase in binding is attributable to a selective elevation in mu
opioid recepiors and that it is predominantly localized to the medial preoptic nucleus
(MPO) and the anteroventral preoptic nucleus (AVPO) of EV-treated animals. Given
that these two nuclei correspond to regions where LHRH cell bodies are located *%,
our observations support the hypothesis that the hypothalamic defect underlying the
suppressed LH pattern in EV-treated animals %7 is due to hypersensitivity of LHRH
neurons to the inhibitory action of endogenous opioids . Whether this effect occurs
through mu opioid binding sites located directly on LHRH neurons remains to be
determined but the recent demonstration of synaptic contacts between B-endorphin-
immunoreactive axons and LHRH neurons in the rat MPO ™% makes this a likely
possibility. Another possibility is that the opioid receptors affected are located
presynaptically on catecholaminergic elements impinging upon LHRH cells. There is
indeed evidence that the presynaptic stimulatory action of noradrenaline on LHRH
release may be under opioid control . Mu-selective agonists have been shown to
decrease the release of noradrenaline from MPO slices ?° and to decrease the in vivo
turnover rate of noradrenaline in the MPO %, resulting in both cases in a marked

reduction in LH release.
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The specific elevation in mu opioid binding in the MPO and AVPO was found to

coincide with a reduction in hypothalamic levels of B8-endorphin. Furthermore,
preliminary (unpublished) data from our laboratory suggest that both basal and
veratridine evoked release of B-endorphin are attenuated in hypothalamic slices from
EV-treated animals. Taken together, these results may be taken as an indication that
the EV treatment compromises the 8-endorphin neuronal network. This functional
defect may well reflect the neuronal degeneration observed in the arcuate nucleus of
EV-treated animals >,

Three lines of evidence suggest to us, that the decrease in hypothalamic 8-endorphin
and the concomitant elevation in mu opioid binding in the MPO may be causally linked.
First, 8-endorphin neurons have been shown to project extensively to the MPO *!% and,
as mentioned above, B-endorphin terminals have been observed making direct synaptic
connections on LHRH-immunoreactive elements in this nucleus 2%, Second, there is
evidence that B-endorphin interacts primarily with mu opioid receptors *. Third, opioid
target neurons have been shown to compensate for a reduced opioid input by expressing
an increased number of receptors >*.  The increased mu opioid receptor binding
observed in the present study could therefore result from diminished 8-endorphin release
in the MPO. The ensuing hypersensitivity of the target neurons, presumably LHRH
neurons or noradrenergic axons, would render them chronically susceptible to inhibition,
either by residual B-endorphin or by other endogenous opioids.

In contrast to EV-treated rats, the animals chronically estrogenized with E,-

containing implants did not differ from normal controls in the density of mu opioid
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binding in the MPO and AVPO. They also compared to normal controls with regards

to hypothalamic B-endorphin concentraion. These data suggest that E,-implanted
animals are not subjected to the same type of hypothalamic insult as are EV-treated rats.
The E,-implanted animal does exhibit pathological changes in the arcuate nucleus similar
to those seen in the EV-treated rat, albeit at much longer time intervals 8. Itis therefore
possible that the arcuate damage in this group of animals is brought about by different
mechanisms or concerns other neuronal populations than in EV-treated rats.

The major differences reported herein for the two estrogenized models are not
unexpected. The E,-implanted rats exhibit a polycystic ovarian condition very different
from that seen in EV-treated rats. The ovaries are much larger and the stroma is
greatly hypertrophied. The cysts are numerous, small and surrounded by a grossly
hypertrophied theca *®. This is in stark contrast to the small atrophied ovaries
containing a few very large cysts with modest theca seen in the EV-treated rats 7. As
would be predicted on the basis of ovarlan morphology, the plasma gonadotropin
patterns in the E,-implanted model differ considerably from those in the EV-treated rats
3. In contrast to the suppressed LH pattern seen in the latter, E,-implanted rats exhibit
large LH episodes of relatively long duration . The present study supports the
involvement of different etiological factors in the two disorders and suggests that a
major difference between the two is the presence in EV-treated but not E,-implanted rats
of chronic opioid inhibition of LHRH secretion.

The decrease in delta binding in the SCN of both EV-injected and E,-implanted rats

was an unexpected finding. Since this change was observed in both experimental
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models, it would appear that the mechanism underlying it is fundamentally different

from that underlying the increase in mu opioid receptors in the MPO in EV-injected
rats, In particular, this mechanism is unlikely to be the result of a local increase in the
concentration and/or release of endogenous B-endorphin, in the light of the present
biochemical results. Furthermore, B-endorphin cells do not appear to project
extensively to the SCN 7, and the ligands with the highest affinity for delta receptors
are derived from pro-enkephalin A *%!, The decrease in delta opioid binding observed
in the SCN more likely represents a physiological response to the constant, maintained
plasma concentrations of estradiol characteristic of both estrogenized models *™3. Itis
now well established that central opioid binding may be regulated by gonadal steroids
2130 For instance, the density of opioid binding sites has been shown to vary during
the estrus cycle, being highest at diestrous and lowest at proestrus “**. This mechanism
may be paﬁ of a more general process of receptor sensitivity regulation through which
gonadal steroids may affect hypothalamic function ®. The suprachiasmatic nucleus
could even represent a target of choice in this regard given that both neurotensin “ and
c-bungarotoxin “ binding were also found to be down-regulated by gonadal steroids in
this area.

The functional significance of the decrease in delta opioid binding within the SCN
is, as of yet, unclear. Indirect evidence suggests that the suppressed LH pattern
typifying EV-induced PCO may be subject to diurnal variation. There are, in the EV-
induced polycystic ovary, unique large follicular structures (type III large follicular

structures) that are very different from the majority of degenerate cystic, precystic and
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atretic follicles *%. In all likelyhood, it is the eventual atresia of these large follicular
structures that produces the precystic and subsequent cystic follicles 7. It would seem
that for such an advanced state of folliculogenesis to occur, large gonadotropin pulses
must occur. Since we have only examined gonadotropin patterns during the daytime
37 it may be that large gonadotropin episodes occur at night. This is, in fact, what
occurs in the human cystic ovarian condition secondary to hypothalamic amenorrhea .
If such is the case, the changes in delta opioid binding in the SCN could be of
considerable significance since this nucleus is a major regulator of diurnal rhythmicity
30.43.48.

In conclusion, the present study supports the view that cystic ovarian disease
encompasses 2 variety of expressions, each with it’s unique underlying pathogenic
mechanism ¥’. EV-induced polycystic ovarian disease may result from a chronic up-
regulation of mu opioid receptors on and/or in the vicinity of LHRH neurons rendering
them chronically susceptible to opioid inhibition. In contrast, the E,-implanted model
of PCO is not associated with specific alterations in mu opioid receptors or in
hypothalamic concentration of 8-endorphin but rather seems to reflect a physiological
adaptation of the hypothalamus and/or pituitary to chronic circulating estradiol levels.
As previously indicated, the EV-induced PCO resembles in many respects the
multifollicular ovarian condition seen in women with hypothalamic amenorrhea . Itis
of considerable interest that the hypothalamic opioid system seems to play a key role
in this type of cystic ovarian disease . In contrast, the E,-implanted PCO exhibits

some similarity to the Stein-Leventhal disease ', a condition which does not appear



to be associated with enhanced hypothalamic opioid tone 5.
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Figure 1.

Radioautographic distribution of '¥I-FK 33-824-labeled mu opioid binding sites in the
medial preoptic area of normal (a) and EV-injected (b) rats. Note the striking increase
in the density of mu opioid labeling in the medial preoptic nucleus (MPO) of EV-treated
rats. Dark field. III: third ventricle, ac: anterior commissure, LH: lateral hypothalamic

area. Nomenclature as per Paxinos and Watson (1986). Scale bar: 1 mm.
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Figure 2.

Quantitative distribution of mu opioid labeling densities in hypothalamic nuclei of
normal, EV-injected and E,-implanted rats. Light transmittance was measured using a
computer-assisted microdensitometry system (Bioquant) and values were converted to
nCi/mg tissue wet weight using 'ZI-microscales as standards (Amersham; 20um).

Light transmittance was measured in at least 6 sections/ hypothalamic region/ animal.
Bars represent the mean + S.E.M. (n=7). Data from the three groups of animals were
compared using one way ANOVA and p values of less than 0.05 were considered
significant (*). AHP: anterior hypothalamic nucleus, posterior, AVPO: anteroventral
preoptic nucleus, ARC: arcuate nucleus, LA: lateroanterior nucleus, LHA: lateral
hypothalamic area, MPA: medial preoptic area, MPO: medial preoptic nucleus, PVN:
paraventricular nucleus, SCN: suprachiasmatic nucleus, VMH: ventromedial

hypothalamic nucleus.
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Figure 3.

Radioautographic distribution of *I-azidoDTLET-labeled delta opioid binding sites
in the suprachiasmatic nucleus (SCh) of normal (a) and E,-implanted (b) rats. Note the
decrease in the density of delta opioid labeling in the suprachiasmatic nucleus (SCh) of
E,-implanted rats. III: third ventricle, BNST: bed nucleus of thelstria terminalis, LH:

lateral hypothalamic area, ox: optic chiasm. Scale bar: 1 mm.
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Figure 4.

Quantitative distribution of delta opioid labeling densities in hypothalamic nuclei of
normal, EV-injected and E,-implanted animals. Quantitative measurements of opioid
labeling were obtained as for mu opioid labeling. Bars represent the mean + S.E.M.

(n=6). Abbreviations as in Fig. 2.
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Figure 5.
Quantitative distribution of kappa opioid labeling densities in hypothalamic nuclei of

normal, EV-injected and E,-implanted rats. Bars represent mean + S.E.M. (n=6).
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Connecting text #2

The precise reason for the increased mu opioid binding in the MPOA is unknown.
To test the hypothesis that decreases in hypothalamic B-endorphin concentrations result
in increased mu opioid receptor binding in the medial preoptic area, hypothalamic beta-
endorphin concentrations were measured in monosodium glutamate-treated rats and

compared to mu opioid binding densities in the MPOA of the same animals.
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ABSTRACT

Estradiol valerate (EV) treatment in the rat induces a lesion of the hypothalamic
arcuate nucleus, resulting in significant decreases in hypothalamic $-endorphin. In
addition, the EV treatment causes a selective increase in mu opioid binding in the
medial preoptic area (MPOA). Since B-endorphin neurons located in the arcuate nucleus
project extensively to the MPOA, we have hypothesized that the EV-induced loss of
these afferents induces a compensatory up-regulation of mu opioid receptors in opioid
target neurons. In order to test this hypothesis, we have utilized MSG-treated animals
as a model of B-endorphin cell loss and hence of B-endorphin deafferentation of the
MPOA. Neonatal MSG treatment has been shown to result in the destruction of 80-
90% of arcuate neurons accompanied by pronounced decreases in S-endorphin
concentrations in both the arcuate nucleus and MPOA. Mu opioid binding sites were
radioautographically labeled in sections from the MPOA of sham and MSG injected
animals using the met-enkephalin analogue '*I-FK 33-824, and quantitated by computer-
assisted densitometry. The remainder of the hypothalamus of these same animals was
utilized for the determination of 8-endorphin concentration. The hypothalami of rats
treated with MSG exhibited 62% (p<0.01) less B-endorphin than saline injected
controls. In addition, mean mu opioid binding densities in the MPOA were 24%
(p<0.05) above controls in the MSG treated group. Linear regression analysis of
hypothalamic 8-endorphin concentrations and mu opioid binding densities within the
same animals yielded an inverse proportional relationshiﬁ with a coefficient of

correlation of -0.85 and a goodness of fit of 0.7. These results substantiate the
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hypothesis that EV-induced destruction of B-endorphin neurons in the arcuate nucleus
may result in chronic mu opioid receptor upregulation in the MPOA and further suggest

that 8-endorphin may regulate mu opioid receptor density in this area.
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INTRODUCTION

Anovulatory acyclicity and polycystic ovaries occur in the rat 4-8 weeks following
a single subcutaneous injection of estradiol valerate (EV) [1-3]. Evidence from our
laboratory indicates that the EV treatment produces an intractable impairment in the
hypothalamic pattern of LHRH delivery [3,4], which in turn results in selective defects
in pituitary LH production, storage and release [3]. This cascade of hypothalamic and
pituitary defects ultimately translates into a unique attenuated plasma pattern of LH, to
which the ovaries respond by becoming polycystic [S-6].

Our investigation into the nature of the primary hypothalamic impairment
responsible for this cascade of events has revealed significant alterations in opioid
function. We have shown that *H-naloxone binding in the anterior hypothalamus is
elevated in EV-treated rats [7]. This is due to a selective increase in mu opioid receptors
within the region of the medial preoptic area (MPOA) most densely populated with
LHRH neurons [8], suggesting that the LHRH neuronal system may become abnormally
sensitive to the inhibitory action of endogenous opioids [9]. The resultant opioid
inhibition could then account for the suppressed, low-amplitude plasma LH pattern
characterizing EV-induced polycystic ovarian condition (PCO) [6]. In accordance with
this hypothesis, treatment with the opioid antagonist, naltrexone, was found to increase
the pituitary content of LHRH receptors and to restore cyclicity and normal ovarian
morphology in EV-treated rats [4].

Early anatomical studies of the hypothalamus of EV-treated rats had disclosed the

presence of a multifocal lesion of the arcuate nucleus consisting of neuronal
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degeneration and reactive gliosis [1,10]. More recently, we also found that the
concentration of B-endorphin was significantly reduced in the hypothalamus of EV-
treated animals [8]. It has already been well established that hypothalamic 8-endorphin
neurons are concentrated in the arcuate nucleus [11,12] and that this population of cells
projects extensively to the MPOA [13]. It was, therefore, tempting to speculate that the
observed decrease in hypothalamic 8-endorphin concentrations observed after EV
treatment was due to the loss or impairment of 8-endorphin cells in the arcuate nucleus
and that in turn, the B-endorphin denervation of the MPOA was responsible for the
increase in mu opioid binding detected in that area [8]. The validity of this hypothesis
is predicated on the notion that opioid target neurons in the MPOA respond to a reduced
B-endorphin input by upregulating mu receptors. This possibility appears likely given
that mu opioid upregulatory responses to diminished ligand availability have been
demonstrated in other brain regions [14-18]. Nevertheless, it remains to be determined
whether such a mechanism applies to the MPOA, especially since in the EV model, the
loss of B-endorphin neurons and upregulation of mu opioid receptors may be caused
independently by unrelated actions of estradiol.

In order to determine whether the upregulation of mu opioid receptors observed
in the MPOA of EV-treated rats could indeed be a response to partial 8-endorphin
deafferentation, we resorted to a model of arcuate neuron loss other than EV-treatment,
the monosodium glutamate (MSG)-treated animal. Neonatal treatment with MSG has
been shown to produce a fairly selective and complete lesion of the arcuate nucleus

[19,20] accompanied by pronounced decreases in B-endorphin in both the arcuate
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nucleus and the MPOA [21,22]. We have therefore measured mu opioid binding

densities by film radicautography in adult rats in which the arcuate 3-endorphin system
had been compromised by means of neonatal treatment with MSG, and correlated the
results with hypothalamic 8-endorphin concentrations measured by RIA in the same
animals. Our data indicate that the MSG-induced arcuate lesion, resulting in significant
reduction in hypothalamic B-endorphin, does indeed evoke an increase in mu opioid
binding in the MPOA. These results substantiate the hypothesis that destruction of
arcuate B-endorphin neurons is responsible for the chronic mu opicid receptor

upregulation observed in the MPOA of animals treated with EV.
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MATERIALS AND METHODS

Animals

Three pregnant Wistar rats were obtained from Charles River Canada Inc. (St-
Constant, Quebec) and maintained in a controlled environment with free access to water
and pelleted rat food. Female pups each received subcutaneous injections of MSG
(n=10; 4 mg/g body weight; Sigma Chemical Co., St-Louis, Miss.) dissolved in 0.9%
NaCl [19-22] or equivalent volumes of isosmolar NaCl (10%; n=8) on days 1,3,5,7
and 9 after birth. At 8 weeks of age, animals were decapitated (09:00-10:00 h) and
their brains rapidly frozen in isopentane (-54°C) for 15 seconds and stored at -80°C
until used.

Brains from both control (n=8) and MSG-treated rats (n=8) were cut into 20 um
sections on a cryostat from the anterior commissure, rostrally, to the suprachiasmatic
nucleus, caudally, and thaw-mounted onto gelatin-coated slides. Alternate slides were
used for in vitro autoradiaugraphic determination of mu opioid binding densities,
whereas the remaining slides were utilized for the determination of non-specific binding
and cresyl violet staining. The remainder of each hypothalamus was dissected from the
brain and utilized for the determination of 8-endorphin concentration.
Radioautography

Mu opioid receptors were labeled in virro using the met-enkephalin analogue **I-FK
33-824 which has been shown to bind with high affinity (Kd= 1.2nM) and selectivity
to mu opioid receptors (K DTLET/K,FK=16)[23). The ligand was iodinated using the

lactoperoxidase method and purified by gel filtration (specific activity = 1700
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Ci/mmole). Alternate sections from MSG-treated and sham-treated animals were
labeled in parallel by incubation for 45 min at room temp. in 0.05 M TRIS-HCL, Ph
7.4 containing 1 Nm 'ZI-FK 33-824. Remaining sections from both groups were
incubated in the presence of 1 uM naloxone for determination of non-specific binding.
After labeling, the sections were rinsed in six consecutive baths of ice-cold buffer,
dipped in distilled water, and radiqautographed by apposition to uitium-seﬁsitiv;
Hyperfilm (Amersham). Films were developed after 3 days of exposure in Kodak GBX
at 13°C and binding densities quantitated using a computer-assisted densitometry
program (Biocom). To this aim, a minimum of 15 sections taken acrossthé 'e:'iti‘i'-é_;h_-_'
extent of the medial preoptic and anteroventral preoptig gqqlgi (i,:e'..' M-POA)-, as well as
through the central portion of the anterior commissure Qere ciuantitated per animal.
Within each section, the regions of interest were outlined on a high resolution computer
screen and light transmittance values automatically averaged ahd recorded within them.
These values were then automatically_ggr_lyened to absolute values (N=i/mg wet weight)
by interpolation from an 25]_microscales standard (ZOym;Amershamj. Non-specific
binding was neglected in the calculation of specific binding densities since these slides
produced virtually no image on the radioautographic film,
Radioimmunoassay

For the determination of 8-endorphin concentrations, the hypothalami of all animals
were dissected from the remainder of the brain, weighted and homogenized in 1 ml of
2 N acetic acid using a Polytron. The homogenate was then centrifuged and 8-

endorphin levels were measured in the supematant using a RIA to human 8-endorphin



125
(RIK 8616 Peninsula Labs., Inc., Belmont Calif.). The antibody provided in this assay

exhibits a 92% cross-reactivity with rat B-endorphin, and 0% cross-reactivities with met-
enkephalin and gamma-endorphin. Cross-reactivity with acetylated 8-endorphin (1-27)
and with acetylated 8-endorphin (1-26) is 50% and 30%, respectively. The sensitivity
of the assay was 10 pg/tube. The intraassay variability was <10% and ;he interassay

variability was <16%.
Statistics

| ‘Mean values for B-endorphin concentrations and mu opioid labeling densities in
control and MSG-treated rats were compared using the Student’s T-test. Each of these

values, obtained v&ﬂlin the same MSG-treated rat, was then compared by linear

regression analysis.



126
RESULTS

MSG-treated rats exhibited many of the features previously described by others after
MSG-induced damage of the arcuate nucleus including a loss of coat sleekness, stunted
growth, and obesity (33% greater increase in body weight than shams) [20,26,27].
Upon histological examination of cresyl violet-stained sections of the hypothalamus, the
arcuate region appeared profoundly modified (Fig.1). Most of tie arcuate nucleus was
destroyed with only the dorsomedial portion remaining albeit dislocated ventrally.

The radioautographic distribution of specifically labeled mu opioid binding sites
within the rostral hypothalamic area was comparable to that described previously [8,28]
and topographically similar between control and MSG-treated groups. Mu opioid
labeling was dense within the MPOA whilst the septohypothalamic nucleus (Shy) and
lateral preoptic area (LPO) were moderately labeled (Fig. 2). The optic chiasm and
anterior commissure were virtually devoid of labeling. Within the MPOA of MSG-
treated rats, mean specific mu opioid binding densities were found to be significantly
higher than in controls (Fig.2; Table 1). In contrast, there was no significant difference
between the two groups in the densities of labeling measured in the anterior commissure
(Fig. 2).

Measurements of hypothalamic B-endorphin concentrations revealed a three-fold
reduction in MSG-treated animals as compared to controls (Table 1).

When mean mu opioid binding densities for individual animals in the MSG-treated
group were directly correlated with hypothalamic 8-endorphin concentrations in the

same animals, an inverse proportional relationship was apparent. Regression analysis



yielded a regression coefficient of -0.85 and a goodness of fit of 0.7 (Fig. 3).



128
DISCUSSION

In conformity with previous reports, neonatal treatment with MSG was found here
to result in the histological disappearance of most of the arcuate nucleus as well as in
a marked reduction in the hypothalamic content of immunoreactive B-endorphin
[20,22,26]. The MSG lesion thus clearly eliminated a significant portion of the 8-
endorphin cells that project afferents to the MPOA [13]. Although neonatal MSG
treatment had previously been shown to increase opioid binding in the midbrain of the
mouse [29], the present study is the first to demonstrate increased opioid binding in the
MPOA. Furthermore, the strong inverse correlation between hypothalamic -endorphin
concentrations and mu opioid binding suggests that this elevation in binding is a
consequence of 8-endorphin deafferentation of opioid target neurons.

The concept that mu receptors may be regulated by the availability of endogenous
opioids is supported by a large literature. Chronic in vive or in vitro administration of
opioid antagonists such as naloxone and naltrexone has been shown to result in mu
opioid receptor upregulation within whole homogenates [14,16,18,30-32] or selective
limbic regions [15,17,33] of the rat brain. In addition, it was shown that treatment with
these antagonists increased the total number of mu opioid receptors (Bg,,) as opposed
to changing their affinity (K){14,16-18,29-31]. Increases in mu opioid receptor binding
were found to be two-fold greater in n'ucrosomes than in synaptic membrane fractions
[14] indicating that part of the newly expressed opioid binding sites may be
intracellular,

The present results, therefore, support the hypothesis that the increase in mu opioid
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binding observed in the MPOA of animals treated with EV represents an upregulation
of mu opioid receptors secondary to the drop in hypothalamic 8-endorphin measured in
these animals [8]. Based on the postulated association of mu opioid binding sites with
LHRH-containing neurons within the MPOA [34], such an upregulation may be
hypothesized to engender a hypersensitivity of the LHRH system to the inhibitory action
of either residual 8-endorphin or other endogenous opioids. Indeed, recent evidence has
confirmed the involvement of mu receptors in the LHRH-rich M_POA-anterior
hypothalamic area in the suppression of plasma LH. Applif:ation. of a mu opioid agonist
to the MPQOA-anterior hypothalamic area significantly suppressed plasma LH in
ovariectomized rats [35]. Furthermore, this effect was shown to result from a
reduction in the plasma LH pulse amplitude, as opposed to frequency, nadir, or
duration. Only at high doses of the agonist was mean LH pulse frequency also reduced
[35]. We have shown that the diminution in the mean plasma LH concentration in the
EV-treated rat [3,37] is likewise due to a reduction in the pulse amplitude in the absence
of alterations in any other pulse parameter [6], thereby strengthening the idea that
upregulation of mu opioid receptors is functionally linked with decreases in plasma LH
release.

In the present study, the reduction in hypothalamic 8-endorphin engendered by MSG
treatment (~62%) was greater than that produced by EV (~44%) [8]. Furthermore,
the disruption in the reproductive function in the MSG exposed rats, although variable
[24,38] is less severe than in EV-treated animals [2,3]. Ifldeed, it has been reported that

plasma and pituitary LH concentrations, as well as LH responses to LHRH are, if
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anything, elevated in MSG-treated females [39] rather than diminished as they are in

the EV-treated rat [3). This has not, however, been confirmed by others [24]. In any
event, there are clearly significant differences between the MSG- and EV- lesioned
models. The MSG lesion is induced during the neonatal period, an interval during
which the hypothalamus retains considerable plasticity. In the course of development,
the opioid deficit resulting from the MSG-induced arcuate lesion, may be compensated
for by one or more of the numerous regulatory inputs into the LHRH system.
Furthermore, the effect of EV treatment on the arcuate nucleus appears to be far more
selective than that of MSG. The EV induced lesion consists of well delineated foci of
degeneration within an otherwise normal appearing neuropil. Moreover, we have shown
that the EV-lesion spares the dopaminergic arcuate neurons [40], and we have
preliminary evidence that other systems are likewise unaffected (unpublished). In
contrast, treatment of neonates with MSG results in the loss of 80-90% of all neurons
in the arcuate nucleus [19,26]. Since there is a-large variety of transmitter/peptide-
specific neuronal populations in the arcuate nucleus that contribute to the regulation of
LHRH neuronal activity, the loss of inhibitory and excitatory influences on LHRH may
balance each other leaving no net effect.

In conclusion, the present results demonstrate ﬂlat:ﬂle diminution in 8-endorphin
resulting from the destruction of arcuate neurons by MSG is accompanied by a
compensatory increase in mu opioid binding within the MPOA. It is proposed that the
increase in ﬁm opioid binding observed in the MPOA of animals injeclzed with EV is

engendered by the same mechanism and is thus a direct consequence of the reduction



of hypothalamijc B-endorphin measured in these animals.
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Figure 1.

Sections from the hypothalamus of (a) sham-injected and (b) MSG-treated animals
showing the massive cytotoxic effect of MSG treatment on arcuate neurons (arrows).
Abbreviations: ITI, third ventricle; Arc, arcuate nucleus; ME, median eminence; VMH,

ventromedial nucleus. Scale bar: 200 pm.
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Figure 2.

Cresyl violet-stained section (a) and mu opioid binding in the MPOA of (b) control and
(c) MSG-treated rats. Fresh frozen sections were labeled with '*I-FK 33 824, apposed
to *H-sensitive film and photographed in dark field. Note the dense concentration of
mu opioid binding in the MPOA and the increase in labeling density in the MSG-treated
group. Abbreviations: III, third ventricle; ac, anterior commissure; LPO, lateral
preoptic area; MPOA, medial preoptic area; oc, optic chiasm; Shy, septohypothalamic

nucleus. Scale bar: 500 pm.






Table 1. Mean hypothalamic beta-endorphin levels and mu oplold
binding in the MPOA of sham and MSG-treated rats.

Beta-endorphln Mu oplold binding
levels in MPOA
(pg/mg wet welight) {(nCl/mg wet welght)
sham 55.1 & 7.1 3.7 £ 0.2
MSG-treated 21.0 * 4.07°(162%) 4.6 r 0.37(124%)

‘p<0.05, "'p<0.01, n=7,8
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Figure 3.

Linear regression of hypcothalamic B-endorphin concentration as measured by RIA
(pg/mg tissue wet weight) versus mean MPOA mu opioid binding per animal as
determined by film radioautographic densitometry (Nci/mg tissue wet weight). The

regression coefficient was -0.85 and goodness of fit 0.7.
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Connecting text #3

Given that the chemical identity of the hypothalamic neurons affected by estradiol
toxicity had never been identified, it was of considerable interest to determine whether
the reduction in 8-endorphin concentration observed in EV-treated animals was due to
an actual cell loss or to decreased synthesis of B-endorphin. After preliminary
experiments revéale.d drastic reductions in the number of B-endorphin immunoreactive
neurons following EV treatment, a series of expenments examining other
neurotransmitter/peptides as well as stereological measurements of total neurons number

were performed in order to determine whether other neuzronal populations were likewise

affected by EV treatment.
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CHAPTER 5

Estradiol is selectively neurotoxic to hypothalamic B-endorphin neurons.

G. Clarissa Desjardins, James R. Brawer and Alain Beaudet

Departments of Anatomy and Neurology & Neurosurgery,
Montreal Neurological Institute, McGill University, Montreal, Quebec H3A 2B4.

Abbreviated title: E,-mediated toxicity of 8-endorphin neurons

18 text pages; 7 plates

In press, Endocrinology, 1992



145
ABSTRACT

The neurotoxic effects of estradiol on hypothalamic arcuate neurons were examined
in a2 model of chronic estrogenization induced by means of a single injection of
estradiol-valerate (EV). Eight weeks following EV treatment, a 60% decrease in the
total number of beta-endorphin-immunoreactive neurons was detected in the arcuate
nucieus. In contrast, neurotensin-, somatostatin- and tyrosine-hydroxylase
-immunoreactive neuron numbers were unchanged, suggesting that the effects of
estradiol were selective for beta-endorphin neurons. Further evidence for the selectivity
of estradiol’s actions was provided by radioimmunoassays indicating decreases in
hypothalamic beta-endorphin concentrations, but not in met-enkephalin or
neuropeptide-Y concentrations. Cell counts performed in Nissl-stained material using
unbiased stereological methods revealed a reduction in the total number of neurons in
the EV-treated group as compared to controls. The estimated number of neurons lost
(~3500) corresponded precisely with the total number of beta-endorphin neurons lost
(~3600) as estimated using quantitative immunocytochemistry. These results confirm
the selectivity of estradiol’s effects towards the beta-endorphin cell population and
demonstrate that the observed decrease in beta-endorphin immunoreactivity reflects
actual cell loss. Evidence indicates tha':ﬂthe selective neurotoxic effect of estradiol on
hypothalamic beta-endorphin neurons contributes to reproductive senescénce, suggesting

that steroids may participate in the disruption of the biological functions that they

normally facilitate.
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INTRODUCTION

A single injection of estradiol valerate (EV) given to 2 normally cycling female rat
initiates a progressive muitifocal lesion throughout the hypothalamic arcuate nucleus
(1). In addition to degenerating neuronal elements, the lesion foci within the arcuate
nucleus contain reactive microglial cells as well as an unusual variety of reactive
astrocytes, characterized by numerous peroxidase-positive dense inclusions (2, 3, 4).
If the ovaries are removed prior to EV injection, this hypothalamic lesion does not
occur, suggesting that the pathology resﬁlts from exposure to endogenous gonadal
steroids recorded after the original EV insult to the neurcendocrine axis (2). Indeed,
we have shown that chronic exposure to physiologic concentrations of estradiol, but not
androgens (3) or progestins (5), generates the arcuate pathology in young
gonadectomized male and female rats (3, 6). Furthermore, comparable lesions have
been shown to occur spontaneously in female rats and mice in response to physiological
levels of estradiol during the course of normal aging (4).

The pathologic action of estradiol on the hypothalamus and its role in hypothalamic
aging have been extensively investigated in a variety of estrogenized and aging rodent
models (3, 7, 8, 9). Indeed, the contribution of estradiol to hypothalamic aging has
been appreciated for at least 25 years (10). As of yet, however, the specific neuronal
circuitry affected by the toxic action of estradiol is unknown. We report here using
quantitative neuroanatomical and stereological techniques, that chronic exposure to
estradiol results in the selective destruction of 60% of beta-endorphin neurons in the

arcuate nucleus of the rat. This specific beta-endorphin cell loss might underlie many
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of the neuroendocrine changes that occur during reproductive senescence and may serve
as an excellent model with which to examine the role of beta-endorphin in the central

nervous system.
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MATERIALS AND METHODS

Animals

Animals in this study were treated according to the practices and procedures
approved by McGill University’s Policy on the Handling and Treatment of Laboratory
Animals, Thirty-four Wistar female rats (Charles River Canada, St-Constant, Que.)
were housed in groups of three and maintained in a controlled environment with free
access to pelleted rat chow and water. After acclimatization, vaginal cyclicity was
monitored daily by examination of vaginal smears. Only animals exhibiting normal
estrous cycles were used in these experiments. At eight weeks of age, 17 animals were
anaesthetized with ether and injected IM with 2mg estradiol valerate (EV) dissolved in
sesame oil (Delestrogen, Squibb). This treatment has been showz to result initially in
a supraphysiologic serum concentration of estradiol which, after 2 weeks, stabilizes at
20-30 pg/mt (1, 3). The remaining 17 animals served as age-matched controls. Eight
weeks after the injection of EV, experimental and controi animals were each divided
into three groups to be processed for immunocytochemistry, radicimmunoassay, and
stereological estimates of total neuron numbers.
Preparation of tissue for immunocytochemistry

EV-injected (n=5) and control rats (n=5) were anesthetized with sodium
pentobarbital (0.2cc/100g body weight) and injected ICV with 60ug of colchicine
dissolved in 30ul of 2 0.9% saline solution. Forty-eight hours later, animals were
reanesthetized and sacrificed by perfusion with 450 ml of 4% paraformaldehyde solution

>

in 0.12M Sorensen buffer. After removing the brain, these were cryoprotected in a



149

30% sucrose solution for 24 h at 4°C. These brains were then rapidly frozen by
immersion in isopentane (-55°C) for 20 sec and stored at -80°C. Brains were serially
sectioned (30um) from the posterior chiasmatic area rostrally, to the mammillary
bodies, caudally. Beta-endorphin immunopositive neurons were counted in the first 3
adjacent sections out of seven (i.e. 90um of each 210um sectioned). The remaining
sections were processed for neurotensin (NT), somatostatin (SRIF), tyrosine hydroxylase
(TH) and specificity controls.
Immunocytochemistry

All antisera used in this study were purchased from and characterized by commercial
suppliers.  The beta-endorphin antibody, a rabbit anti-human beta-endorphin
(Immunocorps, Montreal), was tested by incubating the diluted antiserum overnight with
100ug/ml of rat beta-endorphin 1-31 (Sigma). This preadsorption of the antibody
resulted in a complete absence of immunostaining as did replacement of the primary
antibody with 1% NGS. All other antisera including tyrosine hydroxylase (Eugene
Tech), neurotensin and somatostatin (Incstar) were similarly raised in rabbits and tested
by these respective companies. Free floating sections were collected in Sorensen’s
buffer 0.12M PH 7.6. The sections were first incubated for 30 min in Tris saline
containing 0.1% sodium azide and 0.3% .hydrogen peroxide for the inactivation of
endogenous peroxidases, then rinsed 3 X 8 min in Tris saline and incubated for 30 min
in 1% normal goat serum. After 2 X 8 min rinses in Tris saline, sections were
incubated overnight at room temperature with primary antisera at a concentration of

1:2000 for beta-endorphin and 1:750 for TH, NT and SRIF. The following day,
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sections were rinsed 3 X 8 min in Tris saline containing 0.2% BSA and 1% NGS and

then incubated for 30 min with a goat anti-rabbit IgG (Stemberger-Meyer,
Immunocytochemicals, Inc.). Following 2 X 8 min rinses in the same buffer, sections
were incubated for 30 min with rabbit peroxidase anti-peroxidase PAP
(Sternberger-Meyer ICN), rinsed 2 X 8 min in Tris saline and reacted with Tris water
containing 0.05g of 3,3’-diaminobenzidine tetrahydrochloride (DAB; Sigma) and 3mg
H,0, for six minutes. The sections were mounted on gelatin coated slides, dehydrated
and defatted in a graded series of alcohols, cleared in Xylene, and coverslipped with
Permount.
Radioimmunoassays

vaothalarm were dissected from the brains using the optic chiasm and mammillary
bodies as rostrocaudal borders, and the lateral recess of the hypothalamus as lateral
borders. These were homogenized in 1ml HCL 1N for 30s using a Polytron. Samples
were centrifuged for 30s at 10 000g and the supernatant utilized for the determination
of beta-endorphin concentration. The beta-endorphin antibody‘ in the radioimmunoassay
(RIK 8626; Peninsula) is an rabbit-anti-human beta-endorphin which displays 80%
cross-reactivities with rat beta-endorphin. It does not cross-react with met-endorphin,
gamma-endorphin or beta-lipotropin. The NPY antibody (RIK-7172; Peninsula) shows
cross-reactivities with peptide YY, vasoactive intesﬁnal}olypeptide and avian pancreatic
polypeptide of .003%, .001%, and .007%, respectively. The met-enkephalin antibody
(#18100 Incstar) displays 2.8 % cross-reactivity with leu-énkephalin and <.003% cross-

reactivities with alpha- and beta-endorphin.
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Morphometry and quantitation of immunoreactive cell number

Morphometric analysis was performed using a computer-assisted image analysis
system (Biocom). For all beta-endorphin immunostained sections, the location, number,
surface area, Jong diameter and form factor (defined as 4« X area - perimeter’) of
immunoreactive neurons were recorded and stored automatically using a polygonal
transformation function that scans the digitized image of the section and delineates
structures within a defined grey level interval. The parameters determined for this
automatic polygonal transformation (i.e. grey level, step, luminosity and contrast) were
kept constant for the entirety of the analysis and between control and EV-treated
animals. The mean number of neurons counted (automatically) in 3 adjacent 30 gm
sections was plotted on a rostrocaudal axis. Estimates of the total numbers of
beta-endorphin immunopositive neurons for each animal were obtained by interpolation
of neuron numbers betweern measured points and by summing the measured and
interpolated values as described by Shivers et al., 1983 (11).

In the case of neurotensin-, somatostatin-, and tyrosine hydroxylase-immunostained
sections, immunopositive neurons: were identified by the observer and counted
automatically on the image analysis system. The mean number of neurons counted in
one 30um section out of every seven sections was plotted in a rostrocaudal axis. In
addition, a subpopulation of TH-immunopositive neurons chosen at random in control
and EV-treated animals was oufii_hed manually so as to automatically obtain data on TH
neuron surface area, long diameter and form factor.

Estimate of the total number of neurons in the arcuate nucleus
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For estimates of total arcuate neuron numbers, 5 EV-injected and 5 control rats were
utilized. Fresh (unfixed) brains were snap frozen in isopentane (-54°C) and serially
sectioned at 30um on a cryostat (-17°C). Sections from control and EV-treated rats
were stained in parallel for cresyl-violet. Neuron density (Nv) was determined using
the optical dissector method described by West et al., 1990 (12). In one out of each
ten 30um section, the arcuate and periarcuate area (including the arcuate nucleus and
ventrolateral periarcuate region) was outlined at low power on an image analysis system
which calculates the area outlined automatically (Biocom). At high power, a window
of appropriate dimensions (A =400p%) was generated and the number of neurons or glia
(Q) coming into focus within the thickness of the section (t) were counted. Once these
measurements had been repeated over the sampled surface using a systematic sampling
procedure, an unbiased estimation of neuron density was obtained using the formula
Nv= Q/t x A. Estimates of total neuron numbers were obtained by multiplying the
neuron density with the volume of the arcuate nucleus estimated using the principle of
Cavalieri. According to this principle, an unbiased estimate of volume V, may be
obtained from "the sum of the areas (g, of the individual profiles of the object on a set
of n systematically positioned parallel sections through the object that are separated by

a known constant, "t (V=1 x X g). The procedure for systematic sampling was

devised in a pilot study such that the total error contributed by each sampling level (i.e.
the level of individual animals, sections, field of vision (window) and number of
neurons counted within each field) to the estimation of total neuron numbers was less

than 7% i.e. to what can reasonably be expected to be derived from true biological
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variation (12).

Statistics

Results.derived from the quantitation of immunoreactive cells in control and EV-treated
animals were compared by the Student’s t-test, as were those from the
radioimmunoassays. The precision of the stereological estimates of total neuron
numbers were analyzed as described in West et al., 1990 (12) using a modified analysis
of variance. Based on the formula, OCV?=CV? + OCE? for adjacent sampling levels,
where OCV = the observed relative variance at one sampling level (i.e. SD/mean), CV
= the true relative variation i.e. unknown and OCE = the computable variation of the
stereological estimate (CE see p.18 West et al., 1990), the true biological variance
(CV), i.e. that contributed by the estradiol exposure, accounted on average for more

than 85% of the observed variability among groups.
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RESULTS

In control animals, an abundance of beta-enderphin immunoreactive neurons were
observed distributed along the ventrolateral aspect of the mediobasal hypothalamus
within the arcuate and periarcuate region as previously described (Fig.1la) (13-16). In
sharp contrast, EV-treated animals exhibited a considerably smaller number of
beta-endorphin immunoreactive cells (Fig. 1b). The few immunopositive neurons
detected were small, shrivelled and often exhibited tortuous and swollen dendrites,
indicative of neuronal degeneration (Fig. 1b). However, a small subset of ihe spared
beta-endorphin cells located in the lateral periarcuate region, was comprised of larger
neurons that appeared not to be damaged by the EV treatment.

Computer-assisted quantitation of beta-endorphin immunopositive neurons throughout
the entire rostrocaudal extent of the arcuate nucleus revealed an average 60% reduction
in EV-treated animals compared to 7controls (p<0.001 to p<0.05 at each rostrocaudal
level) (Fig. 2). The total number of beta-endorphin neurons estimated in controls was
5523+820 (mean+S.E.M) whereas in EV treated animals this value was 1992 +480
(p<0.01) indicating a net immunoreactive cell loss of approximately 3500
beta-endorphin neurons. Reductions in the number of beta-endorphin immunopositive
neurons were most pronounced in the caudal 2/3 of the arcuate nucleus (Fig. 2) and in
its most medial aspect.

Morphometric analysis of beta-endorphin neurons are summarized in Table 1.
EV-treated animals displayed significant reductions in mean neuron form factor as

compared to controls. Although a slight trend towards reduced mean surface area and
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long diameter was also detected in the EV-treated group, this value did not reach
statistical significance. Analysis of the frequency distribution profiles of beta-endorphin
cell surface area and long diameter in control and EV-treated groups indicated a relative
sparing of larger neurons in the latter group {data not shown).

Long-term exposure to estradiol did not produce any significant change in the mean
number of neurotensin-, somatostatin- or tyrosine hydroxylase-immunoreactive neurons
counted throughout the arcuate nucleus (Fig. 3). Howéver, both somatostatin and
tyrosine hydroxylase neuronal populations stained more intensely and exhibited a trend
toward increased numbers following EV treatment (Fig. 3 and 4). At level -2.82 pm
from bregma, TH-immunoreactive neuron numbers were significantly increased relative
to controls (p<0.05). Morphometric analysis of tyrosine-hydroxylase-immunoreactive
neurons indicated that following EV treatment, these neurons exhibited significant
increases in cell surface area (76.2+1 vs. 89.8+1; p<0.001; n=4), as well as in
neuron form factor (0.5284:.002 vs. 0.544+.002; p<0.05) as compared to controls.

As seen in table 2, beta-endorphin concentrations as determined by
radioimmunoassay were reduced by more than 60% in the EV-treated group as
compared to untreated controls. In contrast, hypothalamic concentrations of
- met-enkephalin (met-EK) and neuropeptide Y (NPY) were unchanged in the EV-treated
group with respect to controls (Table 2).

Unbiased stereological measurements of mean arcuate volume, neuronal density and
total number of neurons are summarized in Table 3. EV-treated animals exhibited

slightly smaller volumes of the arcuate/periarcuate region than did untreated controls.
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Neuronal density (expressed as mean number of neurons per mm®) was reduced in
EV-treated animals as compared to controls although this did not reach statistical
significance. Total neuron number estimations revealed a loss of 3500 neurons
throughout the arcuate region following EV treatment. EV treatment did not

significantly affect glial cell density or total glial cell numbers at this time point,
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DISCUSSION

Long-term exposure to physiological levels of estradiol has been showr: to induce a
permanent lesion in the hypothalamic arcuate nucleus of rats and mice (1-4). The
present findings demonstrate that exposure to high physiological/low pharmacological
concentrations of estradiol initiated by EV treatment results in the selective destruction
of beta-endorphin neurons within the arcuate nucleus, while sparing other coextensive
neuronal populations.

The mean number of beta-endorphin immunoreaciive neurons estimated in the arcuate
nucleus of controls was 5523+820 compared to 19924483 in EV-treated animals
indicating an average loss of approximately two thirds of all immunoreactive neurons
or 3500 neurons. This decline in the population of beta-endorphin immunoreactive cells
parallels the overall 60% reduction in beta-endorphin concentration in hypothalamic
homogenates. In contrast, none of the other neurotransmitter/peptide populations
examined in the hypothalamus were found to be affected by EV treatment.
Concentrations of NPY and met-ENK, two peptides involved in the control of
reproductive function, were similar in hypothalamic homogenates from control and
EV-treated rats. Also, in sections adjacent to those labeled for beta-endorphin,
neurotensin-, somatostatin- and tyrosine hydroxylase-immunoreactive neuronal
populations were not decreased following EV treatment. Both tyrosine hydroxylase and
somatostatin neurons were if anything more numerous and more intensely labeled than
in controls. Although these changes only reached statistical significance in the case of

TH neurons at one rostrocaudal level, there was a significant increase in mean cell
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surface area and neuronal form factor of TH-immunoreactive cells in the EV-treated
group as compared to controls, suggesting that EV treatment exerted stimulatory effects
on TH-immunoreactivity. These changes may be the result of a disinhibition of
dopamine neurons secondary to the loss of beta-endorphin. Indeed, beta-endorphin has
been shown to inhibit the synthesis (17, 18), turnover (18, 19) and release (18) of
dopamine from the hypothalamus. Further studies are needed to determine whether
somatostatin neurons are similarly disinhibited by the loss of beta-endorphin. In zny
event, the absence of reductions in all neuropeptide populations examined concomitant
with pronounced decreases in beta-endorphin concentrations, strongly suggest that
estradiol’s deleterious effects are selectively targeted to beta-endorphin neurons.
Beta-endorphin-immunoreactive neurons in the EV-treated group were more spiny
and more tortuous than those in control animals, as evidenced by their significant
reductions in form factor. This finding supports the view that beta-endorphin neurons
are in the process of degeneration and that the decreases in beta-endorphin
immunoreactive neuron number and hypothalamic concentrations of beta-endorphin
observed after EV treatment reflect actual cell loss and not merely reductions in peptide
expression. To confirm this interpretation, arcuate neuronal density and total neuron
numbers were estimated using the optical dissector method described by West et al.
(12). In control animals, mean neuron number (coefficient of error) was 23 829(0.07)
in conformity with what has previously been reported on the basis of Golgi staining (20)
or classical stereology (21). Following EV treatment the mean number of neurons was

reduced to 20 249(0.07), paralleling what has been reported in aged rats (20).
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Furthermore, the absolute mean decrease in the number of neurons in the arcuate
nucleus of EV-treated animals was equivalent tc the mean loss of beta-endorphin
immunopositive neurons following EV treatment (i.e 3500 neurons). Although some
of the laterally located neurons may have fallen beyond the area circumscribed for our
volumetric calculations, these appear to be relatively spared by the EV treatment as
compared to those located in the arcuate nucleus proper and thus are unlikely to affect
the comparison of total arcuate neuron numbers with total beta-endorphin neurons lost.
Taken together, these data indicate that estradiol is selectively neurotoxic to arcuate
beta-endorphin neurons.

The reductions in neuron form factor observed in the beta-endorphin population
remaining after EV treatment suggests that at longer time intervals (i.e. > 8 weeks), a
greater number of beta-endorphin neurons are likely to degenerate and conforms to
previous evidence demonstrating that the EV-induced lesion is progressive (2, 3).
Since virtually all beta-endorphin projections in the central nervous system originate in .
the arcuate nucleus (13, 14), EV-treated animals may serve an excellent model to
examine the effects of selective beta-endorphin depletion.

The mechanism underlying the pathogenic effect of estrzidiol on hypothalamic
beta-endorphin cells is unknown. A unique feature of the arcuate nucleus which may
account for its susceptibility to estradiol neurotoxicity is the presence of unusuai
peroxidase positive astrocytes which are highly sensitive to circulating estradiol levels
(1, 6). These astrocytes, identified in both rodent and human brains (22), may

transform catechol estrogens (2-, 4-hydroxyestrogen), generated spontaneously in the
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brain from circulating estradiol (23), to o-semiquinone free radicals (24). These free
radicals would, in turn, cause the lipid peroxidation of neuronal membranes and
eventually lead to cell death (25). In support of an etiological role for free radicals in
the present model, we have shown that treatment with vitamin E, a potent antioxidant,
prevents EV-induced beta-endorphin loss (26). The unique vulnerability of
beta~endorphin neurons could resuit from a variety of factors including a selective
insufficiency in free-radical scavenging enzymes or a unique proximity to free radical
generating peroxidase-positive astrocytes (3).

Selective estradiol-induced destruction of the arcuate beta-endorphin system provides
a conceptual framework uniting diverse observations on the neuroendocrine
- consequences of long-term estradiol exposure. We have shown that the loss of
hypothalamic beta-endorphin neurons observed in EV-treated animals results in a
marked increase in mu opioid binding in the medial preoptic area (MPOA) (27, 28),
a region rich in LHRH neurons (11). This suggests that the estradiol-induced loss of
beta-endorphin evoked a compensatory upregulation of mu opioid receptors on target
neurons/terminals in the MPOA rendering them supersensitive to the inhibitory action
of either residual beta-endorphin or other endogenous opioids (i.e. met-enkephalin).
This interpretation is supported by the observation of mu opioid binding site
upregulation in animals in which the arcuate nucleus had been destroyed by neonatal
monosodium glutamate treatment (28). The subsequent opioid supersensitivity, could .
account for the suppressed pattern of LH release and acyclicity observed in EV-treated

rats. Indeed, treatment with the opioid antagonist, naltrexone, reinitiated cyclicity and
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normal ovarian morphology in these animals (29). The supersensitivity of the
neuroendocrine axis to the inhibitory action of endogenous opioids in the EV-treated rat
may parallel events occurring in the aging female rodent. Decrements in hypothalamic
beta-endorphin concentrations (8, 30, 31, 32, 33, 34), diminution in POMC MRNA
(35, 36), and loss of beta-endorphin neurons (37) have ail been associated with aging
in female rodents. However, despite these decreases in beta-endorphin parameters, the
aging hypothalamus has been shown to be supersensitive to the inhibitory action of
endogenous opioids (38). Indeed, LH secretion, which is inhibited by opioids, declines
with age (36, 39).

In aged animals, this suppressed pattern of LH release may be temporarily reversed
by a variety of treatments including opioid antagonists (38), dopamine receptor
antagonists, and adrenergic agonists (40, 41). These and other observations have
prompted the suggestions that age-induced suppression of LH is a result of decreased
stimulation (from facilitatory systems) such as noradrenaline, or conversely, that it is
due to increased inhibition due to increased dopaminergic and/or serotonergic tone. The
infusion of opioids in the MPOA has been shown to reduce the tummover of
noradrenaline and to increase the turnover of dopamine and s;rotonin (42, 43). Thus,
a single feature shared by 2ll of these treatments is that they temporarily override the
effects of opioid supersensitivity and the subsequent diminution in LH secretion. None
of these treatments re-establishes normal cyclicity in senescent rats for extended periods
of time, however, suggesting that they affect events which are secondary to the putative

irreversible estradiol-induced hypothalamic damage.
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The present results contribute to the novel concept that in addition to their well
established physiological roles, steroids act as selective neurotoxins. The well
characterized neurotoxic effects of chronic glucocorticoid exposure on hippocampal
neurons has been shown to decrease the negative feedback reguiation of pituitary-adrenal
response to stress (44). Similarly, the chronic estradiol-induced destruction of
hypothalamic beta-endorphin neurons demonstrated in the present study results in the
functional disconnection of the neuroendocrine loops regulating reproductive cyclicity

(29). Steroids thus appear to participate in the disruption of the biological functions that

they normally facilitate.



163

Figure 1. Immunocytochemically labeled beta-endorphin neurons in the periarcuate
region of a) control and b) EV-treated rats. Beta-endorphin-immunoreactive neurons
were drastically reduced in the EV-treated group even though darkly stained cells were

still apparent (arrows). Abbreviations: III: third ventricle, ME: median eminence. Scale

bar: 250um.
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Figure 2. Rostrocaudal distribution of mean beta-endorphin-immunoreactive neurons
in control and EV-treated rats. Mean beta-endorphin neurons were plotted on a
rostrocaudal axis by comparison of section level to the rat brain atlas of Paxinos and
Watson, 1986. EV-treated animals displayed significant reductions in beta-endorphin
neurons at every level of the arcuate nucleus with an average 60% drop in mean

beta-endorphin neurons (p <0.05 to p<0.001).
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Figure 3. Rostrocaudal distribution of mean neurotensin (NT), somatostatin (SRIF) and
tyrosine hydroxylase (TH) immunoreactive neurons in control and EV-treated rats.
Neither SRIF, NT nor TH neuronal populations displayed significant reductions after
EV-treatment. SRIF and TH-immunoreactive neurons exhibited a trend towards
increased numbers of neurons in the EV-treated animals although this did not reach
significance. Only at one level of the arcuate nucleus of EV-treated rats were

TH-immunoreactive neurons more numerous than in controls (* indicates p <0.05).
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Figure 4. Immunocytochemically labeled neurotensin (top), somatostatin (middle) and
tyrosine hydroxylase (bottom) immunoreactive neurons in control (a, ¢ and e) and
EV-treated (b, d and f) rats. Neither neurotensin, somatostatin nor tyrosine hydroxylase
immunoreactive staining was reduced following EV-treatment. In fact, both
somatosta*in and tyrosine hydroxylase neurons appeared somewhat more darkly stained

in the EV-treated group as compared to controls. Scale bar: 350um.
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Table 1. Effect of EV treatment on morphometric parameters of arcuate

beta-endorphin neurons.

Control EV-treated
Surface area (um?) 84.6+2 80.9+1
Long diameter (pm) 16.9+1 15.7+1
Form factor 0.524+0 0.45+0™

Values are expressed as mean+S.E.M. for n=5. ™ indicates significantly different

from controls; p<0.001.
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Table 2. Effect of EV treatment on radioimmunoassayable beta-endorphin, met-

enkephalin and neuropeptide Y in rat hypothalami.

Beta-endorphin Met-enkephalin Neuropeptide-Y

g/mg g/mg) g/mg)
control 112+8.9 2892+287 254423
EV-treated 46+8.2™ 31784275 324+16

Values are expressed as mean+S.E.M. pg/mg wet weight for n=7. ™ indicates

significantly different from controls p<0.01.
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Table 3. Unbiased stereclogical estimates of total neuron and glial cell numbers in the arcuate nuclens

of control and EV-treated rats.

Neurons Glia
Arcuate
volume (mm?) Nv (n/mm?) N Gv(gmm) G
Controls 0.136 (0.05) 1.8371 X10° 23 820 (0.07) 0.7592 X10° 10 672 (0.07)
Cv .123 Ccv 077
BV .101 BV .030
EV-treated 0.123 (0.04) 1.6371 X10° 20 249 (0.07) 0.7466 X10° 9 140 (0.09)
CV 148 CVv .090
BV .130 BV .050

Cresyl-violet stained sections from control and EV-treated rats were utilized for the estimation of total
neuron numbers within the arcuate nucleus. Briefly, neuron density (NV) was determined using the
optical dissector method described by Gundersen et al., 1988 [Gundersen, 1988]. At high power, a
window of appropriate dimensions (A=400.") was generated on the computer screen and the number of
neurons {or glia) coming into focus within the thickness of the section (t) were counted (Q). These
measurements were repeated over the sampled surface of the arcuate using a systematic sampling
procedure which resulted in less than 7% coefficient of error. An unbiased estimation of neuron (or glial)
density was obtained using the formula Nv=Q/TXA. Estimates of total neuron numbers were obtained
by multiplying the average neurcz density with the total volume of the arcuate nucleus for each animal.
The total observed variance amongst groups was then compared to the variance contributed by the

. sampling procedurs in order to ascertain what proportion of change was due to true biological variance.
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In both control and EV-treated groups the biological variance accounted for more than $5% of the

observed variance indicating that the values were highly accurate.
Abbreviations: Nv=neurons per volume; N=neuroas; Gv=glia per volume; G=glia; CV =coefficient

of variation; BV =biological variation. Coefficients of error are shown in parentheses.



171
REFERENCES

1. Brawer JR, Naftolin F, Martin J, Sonnenshein, C 1978 Effects of a single injection
of estradiol valerate on the hypthalamic arcuate nucleus and on reproductive function

in the female rat. Endocrinology 103:501-512

2. Brawer JR, Schipper H , Naftolin F 1980 Ovary-dependent changes in the

hypothalamic arcuate nucleus. Endocrinology 107:274-279

3. Brawer JR, Schipper H, Robaire B 1983 Effects of long-term androgen and estradiol

exposure on the hypothalamus. Endocrinology 112:194-199

4. Schipper HM, Brawer JR, Nelson JF, Felicio LS, Finch CE 1981 Role of the

gonads in histologic aging of the hypothalamic arcuate nucleus. Biol Reprod 25:413-419

5. Schipper EM, Piotte M, Brawer J 1990 Effects of progestins on the age-related
accumulation of astrocytic granules in the hypothalamic arcuate nucleus. Brain Res

527:176-179

6. Schipper HM, Lechan RM, Reichlin S 1990 Glial peroxidase activity in the
hypothalamic arcuate nucleus:effects of estradiol-valerate induced persistent estrus.

Brain Res 507:200-207



172
7. Kohama SG, Anderson CP, Osterburg HH, May PC, Finch CE 1989 Oral

adminsitration of estradiol to young CS7BL/6J mize induces age-like neuroendocrine

dysfunctions in the regulation of estrous cycles. Biol Reprod 41:227-232

8. Forman LJ, Marquis DE, Stevens R 1985 The effect of chronic estrogen treatment

on immunoreactive beta-endorphin levels in intact female rats. Proc Soc Exp Biol Med

179:365-372

9. Brawer JR, Munoz M, Farookhi, R 1986 Development of the polycystic ovarian

condition (PCQO) in the estradiol valerate-treated rat. Biol reprod 35:647-655

10. Ascheim P 1964 Resultats fournis par la greffe heretrochrone des ovaires dans
I’etude de la regulation hypothalamo-hypophyso-ovaricnne de la ratte senile.

Gerontologia 10:65-75

11. Shivers BD, Harlan RE, Morrell JI, Pfaff DW 1983 Immurocytochemical
localization of luteinizing hormone-releasing hormone in male and female rat brains.

Neuroendocrinology 36:1-12

12. West MJ, Gundersen HJG 1990 Unbiased stereological estimation of the number

of neurons in the human hippocampus. J Comp Neurol 296:1-22



173
13. Bloom F, Battenberg E, Rossier J, Ling N, Guillemin R 1978 Neurons containing

beta-endorphin in rat brain exist seperately from those containing enkephalin:

Immunocytochemicatl studies. Proc Natl Acad Sci USA 75:1591-1595

14, Watson SJ, Richard CW, Barchas JD 1978 Adrenocorticotropin in rat

brain:immunocytochemical localization in cells and axons. Science 200:1180-1182

15. O’Donohue TL, Miller RL, Jacobowitz DM 1979 Identification, characterization
and stereotaxic mapping of intraneuronal alpha-melanocyte stimulating hormone-like

immunoreactive peptides in discrete regions of the rat brain. Brain Res 176:101-123

16. Mezey E, Kiss JZ, Mueller GP, Eskay R, O’Donohue TL, Palkovitz M 1985
Distribution of pro-opiomelanocortin derived peptides, adrenocorticotrope hormone,
alpha-melanocyte-stimulatin/, hormone and beta-endorphin in the rat hypothalamus.

Brain Res 328:341-347

17. Alper RH, Demarest KT, Moore KE 1980 Morphine differentially alters synthesis

and turnover of dopamine in central neuronal systems. J Neural Transm 48:157-165

18. Reymond MJ, Porter JC 1983 A role for morphine on the release of dopamine into
hypothalamic pituitary blood and on synthesis of dopamine in tuberoinfundibular

neurons. Brain Res 262:253-258



174
19. Van loon GR, Ho D, Kim C 1980 Beta-endorphin induces decreases in

hypothalamic dopamine turnover. Endocrinology 106:76-80

20. Szentagothai J, Flerko B, Mess B, Halasz B 1972 Hypothalamic control of anterior

pituitary. 40-68

21. Hsu HX, Peng MT 1978 Hypothalamic neuron number of old female rats. Gerontol

24:434-440

22. Schipper HM 1991 Gomori-positive astrocytes: biological properties and

implications for neurologic and neuroendocrine disorders. Glia 4:365-377

23. Liehr JG, Roy D 1990 Free radical generation by redox cycling of estrogens. Free
Radical Biol, Med 8:415-423

24, Schipper HM, Kotake Y, Janzen E 1991 Catechol oxidation by peroxidase-positive
astrocytes in primary culture:an electron spin resonance study. J Neuroscience 11:2170-

2176

25. Tappel AL 1973 Lipid peroxidation damage to cell components. Fed Proc
32:1870-1874



175
26. Desjardins CG, Beaudet A, Schipper, HM, Brawer J 1992 Vitamin E protects

against estradiol-induced hypothalamic beta-endorphin loss. Program of the 74th

Meeting of The Endocrine Society, 1992 (abstract)

27. Desjardins GC, Beaudet A, Brawer JR 1990 Alterations in opioid parameters in the
hypothalamus of rats with estradiol-induced polycystic ovarian disease. Endocrinology

127:2969-2976

28. Desjardins GC, Brawer I, Beaudet A 1991 Monosodium-induced reductions in
hypothalamic beta-endorphin content result in mu opioid receptor upregulation in the
medial preoptic area. International Brain Research Organization (IBRO), Montreal,

Quebec (abstract)

29. Carriere PD, Farookhi R, Brawer JR 1989 The role of aberrant hypothalamic
opiatergic function in generating polycystic ovaries in the rat. Can ¥ Physiol Pharmacol

67:896-901
30. Barden N, Dupdnt A, Labrie F, Merand Y, Roulean D, Vauchy H, Roissier JR
1981 Age-dependent changes in the beta-endorphin content of discrete rat brain nuclei.

Brain Res 208:209-212

31. Forman LJ, Sonntag WE, Van Vugt DA, Meites J 1981 Immunoreactive



176
--endorphin in the plasma pituitary and hypothalamus of young and old male rats.

Neurobiol Aging 2:281-284

32. Dorsa DM, Smith ER, Davidson JM 1984 Immunoreactive beta-endorphin and
LHRH levels in the brains of aged male rats with impaired sex behavior. Neurobiol

Aging 5:115-120

33. Rogers J, Shoemaker WJ, Morgan DG, Finch CE 1985 Senescent changes in tissue
weight and immunoreactive beta-endorphin , enkephalin, and vasopressin in eight

regions of C57BL/6J mouse brain and pituitary. Neurobiol Aging 6:1-9

34. Wardlaw SL, Thoron L, Frantz AG 1982 Effects of sex steroids on brain beta-

endorphin. Brain Res 245:327-331.

35. Nelson JF, Bender M, Schachtner BS 1988 Age-related changes in
proopiomelanocortin meessenger ribonucleic acid levels in hypothalamus and pituitary

of female C57BL/6J mice. Endocrinology 123:340-344

36. Wise PM, Scarbrough K, Larson GH, Lloyd JM, Weiland NG, Chiu S 1991
Neuroendocrine influences on aging of the female reproductive system. Frontiers in

Neuroendocrinology 12:323-356



177
37. Miller MM, Joshi D, Billiar RB, Nelson, JF 1991 Loss during aging of

beta-zndorphin neurons in the hypothalamus of female C37BL/6J mice. Neurobiol Aging

12:239-244

38. Field EA, Kuhn CM 1989 Opiate antagonist treatment reinstates estrous cycles in

middle-aged persistent estrous rats. Biol Reprod 40:714-719

39. Finch CE, Felicio LS, Mobbs CV, Nelson JF 1984 Ovarian and steroidal
influences on neuroendocrine aging processes in female rodents. Endocine Rev

5:467-497

40. Clemens JA, Amenomori Y, Jenkins T, Meites J 1969 Effects of hypothalamic
stimulation, hormones and drugs on ovarian function in old female rats. Proc Soc Exp
Biol Med 132:561-563

’
41. Meites J 1988 Neuroendocrine basis of aging in the rat. In: Everitt, A.V., Walton,

J.R., eds. Regulation of neuroendocrine aging, Basel: Karger 24:37-50

42. Gopalan C, Gilamore DP, Brown CH, Wilson A 1989 Effects of opiates on
biogenic amine turnover in specific hypothalamic areas on the afternoon of pro-estrus

in the rat-I. Catecholamines. Biogenic Amines 6:597-606



178
43. Gopalan C, Gilamore DP, Brown CH, Leigh A 1989 Effects of opiates on biogenic

amine turnover in specific hypothalamic areas on the afternoon of pro-estrus in the

rat-II. Serotonin. Biogenic Amines 6:607-614

44. Sapolsky RM, Krey LC, McEwen BS 1986 Endocr Rev 7:284-301

Connecting text 4

The mechanism of action of estradiol to induce the cell death of 8-endorphin neurons
in the arcuate nucleus is unknown. However, experiments from the Iaboratory of Dr.
H. Schipper have suggested that the conversion of catechol estrogens, generated
spontaneously in the brain to free radicals may occur by catalysis in peroxidase positive
granules located in unique astrocytes in the arcuate nucleus. These granules have been
shown to proliferate in response to estradiol exposure and have been seen in close

proximity to degenrating neuronal elements at the electron microscopic level.
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Connecting text #4

The demonstration of selective betz-endorphin cell death foilowing long-term
estradiol exposure has not been previously described, hence virtually nothing is known
regarding its underlying mechanism(s). Work from the laboratory of Dr. Hyman
Schipper has nonetheless suggested that free radicals generated in unique peroxidase-
positive astrocytes may be involved in the neurotoxic effects of long-term estradiol
exposure [Schipper, 1991]. The following study examines this question by treating EV

injected animals with the potent antioxidant, vitamin E.
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CHAPTER 6

Vitamin E treatment protects against estradiol-induced -endorphin loss.
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ABSTRACT

Estradiol valerate (EV) treatment has been shown to resul: in the destruction of 60%
of B-endorphin neurons in the hypothalamic arcuate nucleus. The mechanism of
estradiol neurotoxicity has been postulated to involve the production of lipid damaging
free radicals from nearby peroxidase positive astrocytes. In this study, we have
examined whether treatment with a powerful antioxidant, Vitamin E, might prevent the
diminution in f-endorphin concentrations previously shown to be associated with cell
loss. Qur results demonstrate that Vitamin E was indeed able to protect 3-endorphin
neurons from the neurotoxic action of estradiol. Furthermore, by doing so, vitamin E
also prevented the appearance of persistent estrus and ovarian pathology normally

associated with EV treatment.
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INTRODUCTION

Estradiol valerate (EV) treatment, which results in tonic ovarian secretion of
physiological levels of estradiol, results in a cascade of hypothalamic-pituitary-ovarian
deficits which ultimately result in acyclicity and polycystic ovaries (2, 4). Several
studies have shown that in rodents, such chronic (8 weeks) exposure to estradiol causes
a neurotoxic lesion in the hypothalamic arcuate nucleus characterized by degenerating
axons and dendrites and a proliferation of peroxidase positive astrocytic granules (3,
18). We have recently shown that this lesion is due to the selective degeneration of
B-endorphin neurons (8). Using quantitative immunocytochemistry, radioimmunoassay
and unbiased stereological methods, 60% reduction in the total number of 8-endorphin
neurons in the arcuate nucleus was detected following EV treatment. Furthermore,
neighbouring neuronal populations such as met-enkephalin-, neuropeptide-Y-,
somatostatin-, neurotensin- and tyrosine hydroxylase-containing neurons were spared
from the neurotoxic effects of estradiol (8). The loss of B-endorphin neurons was
shown to engender a compensatory mu opioid receptor up-regulation in the medial
preoptic area (MPOA) (6, 7) which may be responsible for the supersensitivity of
elements in this_ region, including LHRH neurons, to the inhibitory actions of
endogenous opioi&s (5)- Indeed, several indices of LHRH stimulation, such as pituitary
LHRH receptor numbers, are reduced in the EV-treated rat (21). Furthermore, patterns
of plasma LH release are reduced, and the features of this pattern, decreased amplitude
of secretion with no change in frequency, nadir or duration (16}, are consistent with the

activation of mu opioid receptors in the MPOA (12, 14). The development of the
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suppressed pattern of LH release coincides with the formation of polycystic ovaries and
the appearance of persistent estrus (2). These features of the EV-treated animal are
reversed by treatment with the opiate antagonist, naltrexone, consistent with the idea of
a supersensitivity to opioids engendered by the loss of 8-endorphin neurons.

The mechanism whereby estradiol induces the degeneration of hypothalamic
B-endorphin neurons is not understood. We have previously postulated that the
production of lipid-damaging free radicals from nearby peroxidase positive astrocytes
may be involved [Schipper, 1989]. Brain tissues are able to convert estradiol both
spontaneously and enzymatically to catechol estrogen (2- or 4-hydroxyestradiol) (13).
These, in tumn, have been shown to be readily transformed to O-semiquinone free
radicals by peroxidase positive astrocytes in culture (19). These astrocytes detected in
both rodent and human brains (20), contain peroxidase positive granules which
proliferate following EV treatment and have often been located in close proximity to
degenerating elements (3, 18). Additionally, in peripheral tissues, estradiol has been
shown to stimulate the production of delta-aminolevulinic acid synthetase, the rate
limiting enzyme in heme biosynthesis (9, 17). Heme and other peroxidases are catalysts
in the formation of free radicals (13). Thus, estradiol may serve as both substrate and
stil:nulator of the production of lipid damaging free radicals. In order to test the
hypothesis that B-endorphin neurons are destroyed following EV treatment by free
radical mediated lipid peroxidation, animals injected with EV were concomitantly
treated with vitamin E (alpha-tocopherol), a potent antioxidant. The effects of dietary

alpha-tocopherol on lipid peroxidation have been extensively studied (11). It has been
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shown to accumulate in tissues in a concentration dependent manner and to inhibit both
iron-induced and spontaneous lipid peroxidation in brain and peripheral tissues .

Our results demonstrate that long-term treatment with alpha-tocopherol prevents the
EV-induced loss of 8-endorphin immunoreactivity associated with the disappearance of
these neurons. Treatment with Vitamin E alone also protected 8-endorphin neurons
from age-associated declines in hypothalamic B-endorphin content. These results
suggest that the mechanism whereby estradiol induces cell loss involves the production
of free radicals. Furthermore, animals co-treated with EV and alpha-tocopherol
displayed regular cycling patterns and healthy ovaries containing numerous corpora
Itea, therefore indicating that the protection of B-endorphin neurons by

alpha-tocopherol also prevented acyclicity and ovarian pathology.
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MATERIALS AND METHODS

Adult female Wistar rats (Charles River, Canada) were housed under conditions of
controlled light (12L:12D) and temperature (22°C). Animals were divided into four
groups (n=9) and treated as follows: the first group was subjected to a single 2mg IM
injection of estradiol-valerate (EV; Delestrogen, Squibb) which is known to result in the
destruction of 8-endorphin neurons (11). The second group was injected with EV and
immediately treated with 150 IU alpha-tocopherol (alpha-tocopherol; Sigma) by daily
ingestion through the diet (powdered purina rat chow). The third group was treated
with alpha-tocopherol only, and group four were normally cycling controls. Eight
weeks following the initiation of treatment, animals were sacrificed (between 0900 and
1100) and their brains rapidly removed and frozen in isopentane 50°C for 15 sec.
Vaginal cytology was monitored for two weeks prior to sacrifice. Ovaries were
removed and stored in Bouin’s for histological processing of paraffin sections in
hematoxylin and eosin.

Radiocimmunoassays

Hypothalami were dissected from the brains and homogenized in 1ml HCL 1IN for
30s using a Polytron. Samples were centrifuged for 30s at 10 000g and the supematant
utilized for the determination of B-endorphin concentration. The 8-endorphin antibody
in the radioimmunoassay (RIK 8626; Peninsula) is an rabbit-anti-human 8-endorphin
which displays 80% cross-reactivities with rat 8-endorphin. It does not crossreact with
met-endorphin, gamma endorphin or B-lipotropin. The NPY antibody (RIX-7172;

Peninsula) shows cross reactivities with peptide YY, vasoactive intestinal polypeptide
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and avian pancreatic polypeptide of .003%, .001%, and .007%, respectively. The

met-enkephalin antibody (#18100 Incstar) displays 2.8% cross reactivity with
leu-enkephalin and <.003% cross reactivities with alpha- and B-endorphin.
Statistics

The means for each group of animals in the long-term Vitamin E experiment
(controls, EV-treated, Vitamin E and EV-treated and Vitamin E treatment alone) were
compared by one way analysis of variance followed by Student’s t-test. The unpaired

student’s t-test was used for comparing controls to short-term Vitamin E treated rats.
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RESULTS AND DISCUSSION

Animals treated with a single injection of EV displayed significant reductions in
hypothalamic 8-endorphin concentrations as compared to controls (fig. 1; p<0.001),
in agreement with what we have previously shown to occur as a result of cell loss. In
contrast, EV-mjected animals fed diets supplemented with alpha-tocopherol displayed
B-endorphin concentrations similar to controls, suggesting that alpha-tocopherol
treatment prevented estradiol-induced loss of B-endorphin immunoreactivify (fig. 1).
Animals treated with alpha-tocopherol only, exhibited significantly higher levels of
B-endorphin than did untreated controls (fig. 1; p<<0.01), implying that the well
documented senescent decline in hypothalamic 8-endorphin content (1, 8) is also
prevented by alpha-tocopherol treatment. This maintenance of 8-endorphin levels by
Vitamin E in the EV-treated and maturing rat may be interpreted to suggest either that
alpha-tocopherol prevented estradiol-induced loss of B-endorphin neurons, or
alternatively, that it increased the expression of 8-endorphin in viable neurons. To
distinguish between these two possibilities, rats were treated (as before) for 3 days with
alpha-tocopherol in order to determine whether this short term treatment would resuit
in increases in B8-endorphin concentrations. If the maintenance of B8-endorphin
concentrations by alpha-tocgopheml were due to an increase in 8-endorphin expression,
3 days of alpha-tocopherol treatment should be sufficient to induce a stimulation of
B-endorphin synthesis. If, on the other hand, alpha-tocopherol were protecting
B-endorphin neurons from lipid peroxidation due to its antioxidant properties, such short

term treatment would not be expected to yield any differences in B-endorphin
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concentrations since only a negligible degree of lipid peroxidation is expected to occur
during this time frame, and such short term treatment has previously been shown to be
ineffective in preventing free radical induced degeneration of neurons (10). Qur results
demonstrate that short-term treatment with alpha-tocopherol failed to alter 8-endorphin
concentrations with respect to controls (87.68+13 vs. 88.33+-18; n=4; t-value 0.292),
indicating that vitamin E did not increase the expression of $-endorphin. Additionally,
in order to ascertain whether Vitamin E might have non-specific actions on other
neuronal populations in the arcuate nucleus, we also measured hypothalamic
concentrations of met-enkephalin and neuropeptide-Y in the long-term Vitamin E treated
rats. Met-enkephalin and neuropeptide-Y concentrations were unaffected‘ by Vitamin
E treatment (Table 1), supporting the idea that alpha-tocopherol acts as an antioxidant,
and does not non-selectively change the expression of neuropeptides. Taken together,
these results suggest that Vitamin E treatment protects B-endorphin neurons from both
estradiol and age-associated lipid peroxidation.

In addition, we monitored vaginal cyclicity and ovarian morphology in the
aforementioned groups of long-term Vitamin E treated rats. As previously shown,
animals treated with EV developed polycystic ovaries devoid of corpora lutea and were
in persistent estrus for the two week period preceding sacrifice (Figure 2b). In contrast,
6 out of 9 of the EV-treated animals fed diets containing Vitamin E, displayed healthy
ovaries with abundant corpora lutea (Figure 2a, ¢). These same animals displayed
regular cycling patterns. Animals treated with Vitamin E only were indistinguishable

from controls. The results suggest that alpha-tocopherol treatment also prevents the
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EV-induced appearance of persistent estrus and ovarian pathology.

The prevention of estradiol degenerative effects by alpha-tocopherol treatment
suggests that the mechanism whereby estradiol induces neurotoxicity involves the
production of free radicals. These are likely to be O-semiquinone free radicals
generated by peroxidase positive granules in nearby astrocytes. The astrocytes
themselves may be protected from the lipid peroxidating effects of free radicals by their
elevated glutathione oxidase content. A differential distribution of antioxidant enzymes
within arcuate neuronal populations could account for the selective vuinerability of
B-endorphin neurons to the neurotoxic effects of estradiol. The fact that
alpha-tocopherol also mediated the preservation of regular cycling and normal ovarian
morphology after EV treatment further implies that protection of 8-endorphin neurons

from lipid peroxidation prevents persistent estrus and ovarian pathology.
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Figure 1. Mean hypothalamic beta-endorphin conceatrations in homogenates {rom
control, EV-treated, vitamin E and EV-cotreated as well as vitamin E-treated groups as
determined by RIA. Beta-endorphin concentrations in the EV-treated group were
significantly reduced with respecet to controls (p<0.01; t-test; n=Y) whereas animals

treated with vitamin E alone displayed significant increases (p <0.05; t-test; n=9).
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Table 1. Effects of long-term Vitamin E treatment on hypothalamic met-enkephalin and

neuropeptide-Y concentrations.
Values are expressed as the mean + S.E.M. for n=9; “indicates

significantly different from age-maiched controls (p<0.05).

Met-enkephalin Neuropeptide-Y

(pg/mg) (pg/mg)
control 44944411 212410
EV-treated 5284+496 269+19"°
EV+ Vitamin E 4089 +302 221+13

Vitamin E 4579+385 227+14




190 a

Figure 2. Representative hemaloxylin and cosin stained ovarian scclions derived from
a) controls, b) EV-treated, ¢) vilamin E and EV co-treated and d) vilamin E treated
groups. Arrows indicate corpora lutca which were numerous in all groups except the

EV-treated animals.
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CHAPTER 7

GENERAL DISCUSSION

One of the main findings of this thesis is the demonstration that chronic estradiol
exposure results in the destruction of greater than 60% of B-endorphin neurons in the
arcuate nucleus of the hypothalamus while leaving other nearby neuronal populations
intact. It is thus likely that the degenerated dendrites and axons previously described
at the electron microscopic level following EV treatment [Brawer, 1975; Brawer, 1978;
Brawer, 1980] correspond to B-endorphin neurons. ~ Although the mechanism
responsible for the selective vulnerability of B-endorphin neurons to estradiol
neurotoxicity remains unknown, work from the laboratory of Dr. Hyman Schipper has
demonstrated that a unique population of Gomori-positive astrocytes may be involved
[Schipper, 1990; Schipper, 1991]. Indeed, anatomical studies of the arcuate nucleus
following long-term estradiol treatment described, in addition to dendrites and axons in
various stages of degeneration, increased numbers of microglial cells and an pronounced
increase in the number and size of peroxidase positive granules located in astrocytes
[Brawer, 1978, Brawer, 1980; Schipper, 1990]. Peroxidase positive astrocytic granules
have been shown to be rich in ferrous iron [McLaren, 1992] that behaves as a non-
enzymatic peroxidase activity [Schipper, 1990], a feature consistent with the presence
of a metalloporphyrin such as heme [Schipper, 1990]. Such heme peroxidases catalyze
the oxidation of catechols such as catechol estrogens (2-OH-E, or 4-OH-E))
generated both enzymatically and spontaneously in the brain [MacLusky, 1981] to

reactive O-semiquinone free radicals [Liehr, 1990]). Indeed, it has been shown
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using electron spin resonance that astrocytic cultures enriched with peroxidase-positive
granules were able to generate E,-semiginones upon addition of catechol estrogens
[Schipper, 1991]. E,-semiquinones are unstable and have been shown to participate in
the redox cycling between catechol estrogens and E,-quinones [Liehr, 1990], reactions
which can generate large amounts of free radicals such as superoxide (Oy) and the
hydroxyl anion (OH) [Liehr, 1990]. The results presented here on vitamin E mediated
protection of B-endorphin neurons following EV injection support the idea that free
radicals are produced under these conditions and that they participate in lipid
peroxidative damage to B-endorphin neurons. The participation of these unique
peroxidase positive astrocytes in the generation of free radicals could account for the
selectivity of estradiol’s effects on the arcuate nucleus, since these astrocytes have been
shown to be concentrated in the arcuate area [Schipper, 1990]. Glial cells may
themselves be protected from the damaging effects of free radicals [Schipper, 1991] by
their demonstrated enrichment in suphydryl content [Srebro, 1970]. However, the
reasons for the selective vulnerability of the B-endorphin population remain unclear.
Evidence from other models of neurodegenerative disease suggest that a relative
enrichment or deficiency in the antioxidant enzymes of the central nervous system, such
as superoxide dismutase (SOD), catalase or glutathione may predispose neurons to free
radical induced damage. For example, it was shown using in sizu hybridization, that
the mRNA for superoxide dismutase was preferentially localized in vulnerable cortical
neurons of Alzheimer’s patients [Delacourte, 1588). Additionnally, post moriem

examination of the brains of Parkinsonian patients revealed increases in SOD mRNA
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concentrations in the substantia nigra relative to controls [Ceballos, 1990]. Superoxide
dismutase (SOD) converts the superoxide anion to hydrogen peroxide, a compound
which itself may react with lipid membranes and induce peroxidation. Thus, depending
on the redox milieu, so-called protective enzymes may either predispose or protect
neurons from peroxidative damage. It can not be excluded, however, that increased in
SOD mRNA expression is the result of a compensatory mechanism in vulnerable

neurons confronted with increase lipid peroxidation.

Several other factors may account for the selective vulnerability of B-endorphin
neurons to chronic estradiol exposure. Certain receptor and channel systems have been
shown to be involved in excitotoxic mediated neuronal cell death [Choi, 1988].

It is possible that the unique properties of B-endorphin neurons, such as en enrichment
in these potentially deleterious systems, accounts for their selective susceptibility to cell
death. For example, NMDA receptors, which transduce the effects of glutamate and
mediate long-term potentiation, have been found in high concentrations in the
hippocampus and among other regions, the arcuate nucleus [Collindridge, 1987}. A
relative enrichment in these receptors might, upon stimulation, cause excessive calcium
entry in B-endorphin neurons and result in cytoskeletal breakdown and DNA dissolution
[Choi, 1988], while neighbouring neurons not endowed with such receptors would
remain relatively protected. Additionnally, P-channels, which have been shown to
mediate calcium entry in a variety excitotoxic conditions [Uchitel, 1992] have also been

shown to be differentially distributed in central nervous system. Subsets of neurons
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have been shown to be enriched with P-channels in the CAl region of the hippocampus,

the lateral habenular nucleus, the lateral substantia nigra, the inferior olive and the
arcuate nucleus [Hillman, 1991]. A preferential localization of these receptors on B-
endorphin neurons would also account for their relative susceptibility to cell damage.
Such a situation would nevertheless entail increased 8-endorphin susceptibility to cell
death in response to a variety of toxic stimuli, including but not only, chronic estradiol
exposure. That this may indeed be the case is supported by the recently described gold-
thio-glucose lesion of the hypothalamus, which has been shown to selectively destroy
neurons in the most lateral regions of the arcuate and periarcuate, the precise location
of large B-endorphin neurons [Bergen, 1992]. The idea that 3-endorphin neurons may
more sensitive to destruction than other arcuate neuronal populations merits further
research using double labeling strategies such as in situ hybridization for POMC mRNA
with other detection methods for either protective enzymes or potentially deleterious
receptor systems.

Another contribution of the present thesis concerns the elucidation of a functional link
between the loss of B-endorphin neurons in the arcuate nucleus and the development of
polycystic ovaries and anovulation. The selective loss of beta-endorphin neurons
following EV treatment has been shown to result in a compensatory up-regulation of mu
opioid receptors in the MPOA. Increased mu opioid receptors in the region of LHRH
neurons may mediate a chronic inhibition of LHRH release thus accounting for the
suppressed pattern of LH release which engenders acyclicity and polycystic ovaries in

these animals. Indeed, it has previously been shown that mu opioid agonists infused



199
into the MPOA result in a suppressed pattern of LH release [Mallory, 1990; Leadem,

1689] identical to that described in EV-treated animals [i.e reduced pulse amplitude in
the absence of other changes) and that this reduced secretion was restored by treatment
with naltrexone, an opioid receptor antagonist [Carriere, 1990}. The question arises as
to the nature and origin of the endogenous ligand acting upon the upregulated mu
receptors in the MPO to account for this inhibition. Two possibilities exist. Re;idua.l
beta-endorphin normally secreted in this region or met-enkephalin secreted from nearby
neurons could equally be responsible for LH inhibition under these conditions. The fact
that long-term estradiol treatment has been shown to increase methionine-enkephalin
immunoreactivity in the MPOA [Yur, 1992] strengthens the latter possibility.
Nevertheless, the current observation of reduced B-endorphin neuron numbers
concomitant with anatomical and functional correlates of opioid hypersensitivity appear
somewhat paradoxical. For example, it is not known how mu opioid receptors,
presumably up-regulated due to reduced ligand availability, can remain upregulated if
acted upon by residual B-endorphin or met-enkephalin. It may be that mu opioid
receptors are incapable of down-regulation, since these have often been shown to up-
regulate in response to diminished ligand availability [Moudy, 1985; Paden, 1987; Barg,
1989; Morris, 1989; Tempel, 1985; Tempel, 1984], while reports of opioid receptor
down-regulation following chronic stimulation have been scarce. Also, there are other
examples of denervation-induced chronic up-regulati")n of receptors, concomitant with
functional supersensitivity.*’[he denervated muscle displays an up-regulation of

acetylcholine receptors and spasticity, despite the initial loss of acetylcholine innervation
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[Kandel, 1991].

This cascade of events, the loss of beta-endorphin neurons, compensatory up-
regulation of mu opioid receptors in the MPOA and inhibition of LH seccretion,
nonetheless represents an examination of estradiol’s effects at a relatively late end point
(i.e. 8 weeks after treatment). It is likely that factors other than the loss of 8-endorphin
neurons interfere with the regulation of estrous cyclicity at earlier time points. Indecd,
impairments in reproductive function due to the EV injection occur long before the
degeneration of large numbers of neurons. It is known that animals treated with EV
display irregular vaginal smears immediately after treatment and that a majority of
animals display chronic estrus by approximately 2 weeks [Schulster, 1984]. However,
a demonstrable hypothalamic lesion is apparent at only 3 months following E,-
implantation [Brawer, 1983], suggesti}ng.r.‘:at'th;disturbances in cyclicity observed much
earlier are not the result of liét’ﬁ;éﬁdorphin cell loss or the cascade of events described
above. Indeed, Kalra has shown that 17 days of estradiol exposurc results in
disturbances in opioid regulation which are not reversed by naltrexone [Fuentes, 1992].
This finding is consistent with the opioid up-regulation due to cell loss representing a
late endpoint to the multiple actions exerted by estradiol.

The loss of B-endorphin neurons following chronic estradiol exposure due to EV
injection bears several implications with regards to the regulation of the reproductive
cycle. In female rats, mice and sheep, cumulative exposure (o E, over life has been
shown to participate in the arrest of cyclicity [Mobbs, 1984; Finch, 1984]. The original

studies of Ascheim in rats had clearly shown that young animals heterografted with the
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ovaries from old acyclic animals resumed cyclicity upon transplantation whereas the
ovaries of young animals implanted into old rats ceased cycling [Ascheim, 1976].
Furthermore, these studies demonstrated that early ovariectomy resulted in the
preservation of the ability to support estrous cycles in old rats implanted with young
ovaries, whereas several markers of reproductive aging, including loss of ovarian
cycles, inhibition of E,-induced LH surge, and reduced post-ovariectomy rise in LH
were accelerated by chronic E, exposure in young rats and mice [Mobbs, 1984; Finch,
1984; Simard, .1987]. The EV-induced model of chronic persistent estrus and acyclicity
featured here has been considered a model of accelerated reproductive aging [Brawer,
1983; Schipper, 1981; Finch, 1984]. It is thus possible that the loss of B-endorphin
neurons described herein represents a physiologically appropriate cell death which
contributes to age-associated arrest of cyclicity.

Other sieroids have been shown to cause selective cell death. The most well

characterized example is that of glucocorticoid induced hippocampal cell loss [Sapolsky,

—T
T

1986], ﬁoﬁ}éti}i:r prologued vasopressin exposure has also been shown to result in
specific renal impaiv.nents [Miller, 1984]. An analogy may be drawn between the
neurotoxic effects of estradiol and those of glucoc::orticoids. Chronic exposure to high
physiological levels of glucocorticoids has been shown to induce the selective
degeneration of CA1 hippocampal neurons in rodent and primate ‘species including man
[Sapolsky, 1986]. The lossj;f these neurons is said to cause a din;inuﬁon in the
negative feedback regulation of glucocorticoid secretion thus inducing a vicious circle

of hippocampal neuron loss and excessive glucocorticoid secretion. In accordance with
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what has been shown for estradiol, chronic exposure to circulating glucocorticoids
throughout life was also shown to result in the loss of hippocampal neurons in aged rats
and treatment with glucocorticoids was shown to accelerate various parameters of aging
in the hypothalamic-pituitary-adrenal axis [Sapolsky, 1986]. Together, these results
suggest that cumulative steroid exposure contributes to the demise of the endocrine
systems which they normally facilitate. It follows from this idea that steroids play a
role in inducing senescent changes in organisms. This nedon has been previously
postulated [Finch, 1990; Mobbs, 1992] and is supportea by evidence from phylogenic
studies [Finch, 1990]. It is also interesting to note that the general aging theory of
Dillman [Dillman » 1976], which proposes increasingly elevated hypothalamic thresholds
to the negative féedback effects of steroids, conforms to the general effects chronic
estradiol and glucocorticoid exposure described above.

The mechanism underlying glucocorticoid-induced neurotoxicity has not been
ascertained. In vitro studies using primary hippocampal cultures have revealed that
although high physiologic levels of glucocorticoids alone did not kill hippocampal
neurons [Sapolsky, 1992], the treatment predisposed these ;:ells to a variety of other
insults such as mild ischemia, which otherwise would not have been lethal. The
catabolic actions of glucocorticoids has been purported to place hippocampal 'ne:zrons
on a so-called "metabolic cliff” from which they are highly susceptible to damage and
can only be resgved by glucose or hexose. Our findings on the mechanism of estradiol
neurotoxicityu suggest that in vivo, lipid peroxidation may be partially responsible for

B-endorphin cell loss. However, since a multiplicity of fictors cause free radical
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production, including ischemia and metabolic insufficiency, it remains possible that
mechanisms of estradiol neurotoxicity are complementary or similar to those described
in culture for glucocorticoid neurotoxicity. Because of the widespread action of steroids
during ontogeny and throughout the organism, steroids such as glucocorticoids and
estradiol, are ideally suited to regulate cell differentiation and growth, as well as cell
death throughout life. Glucocorticoids have been shown under certain conditions, to be
inhibitory to cell growth. During reactive synaptogenesis in experimentally induced
lesion models, treatment with glucocorticoids abolished a series of molecular changes
such as increased tubulin synthesis associated with reactive synaptogenesis [Poirier,
1992]. Alternatively, glucocorticoids have been shown to be necessary for neuronal
survival. Long-term adrenalectomy caused the loss of dendate gyrus neurons, thus
illustrating how the same hormone may promote the survival and death of different
neuron;ltlﬁdplﬂaﬁons within the same structure [Sloviter, 1989; Sapolsky, 1991].
Similarly, a variety of studies have illustrated the trophic effects of E, on hypothalamic
neurons during critical periods of development and the effect this has on the
development of sexual dimorphisms [Hutchison, 1991]. Interestingly, it has been shown
that the trophic effects of estradiol are not restricted to the neénatal period and that
= morphological alterations of neurons by estradiol is a daily phenomenon [Frankfurt,
1991]. For example, acute treatment with estradiol benzoate results in increased
dendritic spine density in the ventromedial nucleus of t_he hypothalamus, but not in the
dendate gyrus or other regions of the hippocampus. Increased spine density is also

observed in intact animals at proestrus, when E, levels are elevated, indicating that these
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structural changes occur regularly throughout the 4 day estrous cycle. It is clear from

these studies that particular subpopulations of neurons are susceptible to steroid-induced
structural alterations during adult life.

Additionnally, molecular biological evidence suggest the involvement of steroids in
regulating physiological cell death. The concentraion of GR varies markedly
throughout the cell cycle [Cidlowski, 1979]. What is particular about this variation is
that the direction of change of GR concentration is opposite that of virtually every other
cellular protein [Murray, 1991]. In fact, only cell cycle regulating proteins such as the
cyclins have been shown to vary in this fashion [Murray, 1991], suggesting that
glucocorticoids acting via glucocorticoid receptors can regulate cell cycle stage.
Interestingly, it has recently been shown that estrogens may also interact with the
cycling [Thomas, 1992]. Thus, stercids, particularly glucocorticoids and gstradiol
appear as prime candidates for the regulation and dysregulation of physiological

processes involving neuronal cell death and survival throughout life.
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CHAPTER 9: SUMMARY

The results contained within this thesis may be summarized as follows:

1) Mu, delta and kappa opioid receptors are present within the rat hypothalamus and are
differentially distributed. Highest concentrations of mu opioid receptors are located in
the medial preoptic area whereas delta opioid receptors are most highly concentrated in
the ventromedial nucleus. Kappa opioid receptors are highest in the suprachiasmatic
nucleus although significant concentrations of mu and delta opioid receptors were also
detected in this nucleus.

2) EV treatment results in significant increases in mu opioid receptors in the
anteroventral preoptic nucleus of the hypothalamus, in the absence of any changes in
other nuclei. Delta opioid receptors in the suprachiasmatic nucleus are decreased
following chronic estradiol exposure whereas kappa opioid receptors are unchanged.
Concomitanﬂy; hypothalamic B-endorphin concentrations are reduced in the EV-treated
group but not in the estradiol-implanted rats as compared to controls.

3) Destruction of the arcuate nucleus by neonatal treatment with monosodium glutamate
(MSG) induces increases in mu opioid receptors in the medial preoptic area. MSG-
induced reductions in B-endorphin concentrations were inversely proportional to the
degree of opioid binding measured in the medial preoptic area.

4) EV treatment results 8 weeks later in significant reductions in B-éndorphin
concentrations and in 8-endorphin-immunoreactive ﬁeuron numbers. N europeptide-Y and
met-enkephalin concentrations are unaltered following EV treatment nor are tyrosine-

hydroxylase, somatostatin or neurotensin neuron numbers. The total number of neurons
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in the arcuate nucleus is reduced after EV injection. The total number of neurons lost
corresponds closely with the estimated number of 8-endorphin neurons lost. Together,
these results suggest that EV treatment resuits in the selective destruction of more than
60% of B-endorphin neurons in the arcuate nucleus of the hypothalamus.

5) The reductions in B-endorphin concentrations seen in EV treated rats are prevented
by daily administration of vitamin E. Furthermore, vitamin E prevents the appearance

of constant estrus and polycystic ovaries normally associated with the EV treatment.



BIBLIOGRAPHY

Adler, N. T. Neuroendocrinology of reproduction. Plenum Press, New York, New
York, 1981.

Adler, B. A. and W. R. Crowley. Modulation of luteinizing hormone release and
catecholamine activity by opiates in the female rat. Neurcendocrinology 38: 248-253,
1984.

Alexander, M. J. and S. E. Leeman. A sexually differentiated estrogen-responsive
population of neurotensin neurons in the arcuate nucleus of the rat. Soc Neurosc.
(176.6): 1991.

Allen, L. G., E. Hahn, D. Caton and S. P. Kalra. Evidence that a decrease in opioid
tone on proestrus changes the episodic pattern of luteinizing hormone (LH) secretion:
Implications in the preovulatory LH hypersecretion. Endocrinology 122: 1004-1013,
1988.

Armold, A. P. and R. A. Gorski. Gonadal steroid induction of structural sex differences
in the central nervous system. Annu Rev Neurosci. 7. 413-432, 1984,

Ascheim, P. Resultats fournis par 1a greffe herctrochrone des ovaires dans 'etude de

la regulation hypothalamo-hypophyso-ovarienne de la ratte senile. Gerontologia. 10:
65-75, 1964.

Ascheim, P. Aging in the hypothalamic-hypophyseal ovarian axis in the rat. In:
Hypotalamus, Pituitary and Aging. (A.V. Everitt and J.A, Burgess, eds.). Charles C.
Thomas, Springfield. pp. 376-418, 1976.

Atweh, S. F. and M. J. Kuhar. Autoradiographic localization of opiate receptors in rat
brain. III. The Telencephalon. Brain Res. 134: 393-405, 1977,

Axelson, J. F., F. W. van Leeuwen, W. J. Shannon and K. A. O’Shaughnessy.
Immunocytochemical localization of estrogen receptors within neurotensin neurons in
the female rat. Soc Neurosci. (176.7), 1991.

Badger, T., W. Millard, J. Martin, P. Rosenblum and S. Levenson. Hypothalamic-
pituitary function in adult rats treated neonatally with monosedium glutamate.
Endocrinology 111: 2031-2038, 1982.

Baram, D. and R. Simantov. Enkephalins and opiate antagonists control calmodulin
distribution in neuroblastoma-glioma cells. J Neurochem. 40: 55-63, 1983.

Barden, N., A. Dupont, F. Labrie, Y. Merand, D. Rouleau, H. Vauchy and J. R.



208

Roissier. Age-dependent changes in the B-endorphin content of discrete rat brain nuclet,
Brain Res. 208: 209-212, 1981.

Barg, J., R. Levy and A. Simantov. Paradoxical and subtype-specific effects of opiate
antagonists on the expression of opioid receptors in rat brain cultures. ] Neurosci Res.
22: 322-330, 1989.

Barnes, R. and R. Lobo. Central opioid activity in polycystic ovary syndrome with and
without dopaminergic modulation. J Clin Endocrinol Metab. 63: 506, 1985.

Barraclough, C. A. and C. H. Sawyer. Inhibition of the release of pituitary ovulatory
hormone in the rat by morphine. Endocrinology 57: 329, 1955.

Barraclough, C. and P. M. Wise. The role of catecholamines in the regulation of

pituitary luteinizing hormone and follicle-stimulating hormone secretion. Endocrine Rev.
3: 91-119, 1982.

Barry, J., M. P. Dubois and P. Poulain. LRF producing cells of the mammalian
hypothalamus. Z. Zellforsh. Mikrosk. Anat. 146: 351-366, 1973.

Bateman, A., A. Singh, T. Kral and S. Solomon. The
immuno-hypothalamic-pituitary-adrenal axis. Endocrine Rev. 10: 92-112, 1989,

Benfenati, F., M. Cimino, L. F. Agnati and K. Fuxe. Quantitative radioautography of
central neurotransmitter receptors: methodological ans statistical aspects with special
reference to computer-assisted image analysis. Acta Physiol Scand. 128: 129-146,
1986.

Bennett-Clarke, C. and S. A. Joseph. Immunocytochemical localization of LHRH
neurons and processes in the rat. Hypothalamic and extra-hypothalamic locations. Cell
Tissue Res. 226: 493-504, 1982.

Bergen, H. and C. V. Mobbs. Hypothalamic lesion by gold-thio-glucose leads to
hyperglycemia in mice. Endocrine Soc Meeting (158), 1992,

Bhanot, R. and M. Wilkinson. Opiatergic control of LH secretion is eliminated by
gonadectomy. Endocrinology 112: 399-401, 1983.

Bhanot, R. and M. Wilkinson. Opiatergic control of LH secretion is eliminated by
gonadectomy. Endocrinology 112: 399-401 , 1983.

Bhanot, R. and M. Wilkinson. The inhibitory effects of opioids on gonadotropin
secretion id dependent upon gonadal steroids . J Endocrinology 102: 133-141, 1984,



209

Blake, C. A. A detailed characterization of the proestrous luteinizing hormone surge.
Endocrinology 98: 445, 1976.

Blank, M. S., A. Fabbri, K. J. Catt and M. L. Dufau. Inhibition of luteinizing hormone
release by morphine and endogenous opiates in cultured and pituitary cells.
Endocrinology 118: 2097-2102, 1986.

Bleier, R. and W. Byne. Septum and hypothalamus. In: The Rat Nervous System.
Academic Press, Australia, 1985.

Bloom, F., E. Battenberg, J. Rossier, N. Ling and R. Guillemin. Neurons containing
beta-endorphin in rat brain exist seperately from those containing enkephalin:
Immunocytochemical studies. Proc Natl Acad Sci USA. 75: 1591-1595, 1978.

Bochet, P., C. Icard-Liepkalns, F. Pasquini, C. Garbay-Jaurequiberry, A. Beaudet, B. .. -

Roques and J. Rossier. Photoaffinity labeling of delta opioid receptors with aniodinated
azido-ligand 125I- D-Thr2,pN3Phe4,Leud enkeephalin-Thr6. Mol Pharmacol.. 34: -
436-443, 1988. R T

Bowen, W. D., S. Gentlemen, M. Herkenham and C. B. Pert. Interconverting mu and
delta forms of the opiate receptor in rat striatal patches. Proc Natl Acad Sci USA. 78:
4818-4822, 1981.

Bradbury, A. F., D. G. Smyth and C. R. Snell. Peptides: Chemistry, Structure, and
Biology. Proceedings of the fourth American Peptide Symposium, : 1975.

Brawer, J. R. and C. Sonnenschein. Cytopathological effects of estradiol on the arcuate
nucleus of the female rat. A possible mechanism of pituitary tumorigenesis. Am J Anat.
144: 57-88, 1975,

Brawer, J. R., F. Naftolin, J. Martin and C. Sonnenshein. Effects of a single injection
of estradiol valerate on the hypthalamic arcuate nucleus and on reproductive function
in the female rat. Endocrinology 103: 501-512, 1978,

Brawer, J. R., H. Schipper and F. Naftolin. Ovary-dependent changes in the
hypothalamic arcuate nucleus. Endocrinology 107: 274-279, 1980.

Brawer, J. R., H. Schipper and B. Robatre. Effects of long-term androgen and estradiol
exposure on the hypothalamus. Endocrinology 112: 194-199, 1983.

Brawer, J. R., M. Munoz and R. Farookhi. Development of the polycystic ovarian
condition (PCO) in the estradiol valerate-treated rat. Biol Reprod. 35: 647-655, 1986.

Brawer, J., M. Richard and R. Farookhi. Patge:h of human chorionic gonadotropin



210
(HcG) binding in the polycystic ovary. Am J Obstet Gynecol, 161: 474-480, 1989.

Bruni, J. F., D. Van Vugt, S. Marshall and J. Meites. Effects of naloxone, morphine
and methionine-enkephalin on serum prolactin, luteinizing hormone, follicle stimulating
hormone, thyroid stimulating hormone and growth hormone. Life Science 21: 461-466,
1977.

Campbell, C.S., N.B. Schwartz. The impact of constant light on the estrous cycle of
the rat. Endocrinology 106: 1230-8, 1980.

Carriere, P. D., J. R. Brawer and R. Farookhi. Pituitary gonadotropin-releasing
hormone receptor content in rats with polycystic ovarnies. Biol of Reprod. 38: 562-567,
1988.

Carriere, P. D., R. Farookhi and J. R. Brawer. The role of aberrant hypothalamic

opiatergic function in generating polycystic ovaries in the rat. Can J Physiol Pharmacol.
67: 896-901, 1989.

Casulari, A., R, Maggi, D. Dondi, P. Limonta, F. Piva, M. Motta, L. Martini. Effect
of oestrous cyclicity on the number of barin opioid receptors in the rat. Horm. Metab.
Res. 19:549-554, 1987.

Ceballos, I., M. Lafon, F. Javoy-Agid, E. Hirsch, A. Nicole, P. M. Sinet and Y.
Agid. Superoxide dismutase and Parkinsons disease. Lancet. 335: 1035-1036, 1990.

Chang, K.-J. and P. Cuatrecassas. Multiple opiate receptors. Enkephalin and morphine
bind to receptors of different specifity. J Biol Chem. 254: 2610-2618, 1979.

Chen, W., J. Witkin and A. Silverman. Beta-endorphin and synaptic input to
gonadotropin-releasing hormone neurosecretory cells in the male rat. J Comp Neurol.
286: 85-95, 1989.

Ching, M. Morphine suppresses the proestrous surge of GnRH in pituitary portal
plasma of rats. Endocrinology 112: 2209-2212, 1983,

Choi, D.W. Calcium-mediated neurotoxicity: relation to specific channel types and role
in ischemic damage. Trends Neurosci. 11: 465-469, 1988.

Cicero, T. J., B. A, Shainker and E. R. Meyer. Endogenous opioids participate in the
regulation of the hypothalamic-pituitary-luteinizing hormone axis and testosterone’s
negative feedback control of of luteinizing hormone. Endocrinology 104: 1286-1291,
1979.

Cicero, T. J., E. R. Meyer, S. M. Gabriel, R. D. Ball and C. E. Wilcox. Morphine
exerts testosterone like effects in the hypothalamus of the castrated male rat. Brain Res.



20: 151-164, 1980.

Cidlowski, J.A. and G.A. Micheals. Alteration in glucorticoid binding site number
during the cell cycle in HelLa cells. Nature 266: 643-643.

Clarke, J.J. Gonadotropin releasing hormone and ovarian hormone feedback. Oxf Rev
Reprod Biol 9: 54-95, 1987.

Clayton, R. N. and K. J. Catt. Gonadotropin-releasing hormone
receptors:characterization, physiological regulation, and relationship to reproductive
function. Endocr Rev. 2: 186-209, 1981.

Clemens, J. A., Y. Amenomori, T. Jenkins and J. Meites. Effects of hypothalamic
stimulation, hormones and drugs on ovarian function in old female rats. Proc Soc Exp
Biol Med. 132: 561-563, 1969.

Clemens, J., M. Rovsh, R. Fuller and C. Shaar. Changes in luteinizing hormone and
prolactin control mechanisms produced by glutamate lesions of the arcuate nucleus.
Endocrinology 103: 1304-1312, 1978. -

Collindridge, G. L. and T. V. P. Bliss. NMDA receptors-their role in long-term
potentiation. TINS. 10: 288-93, 1987.

Convery, M., G. McCarthy and J. Brawer. Remission of the polycystic ovarian
condition (PCQ) in the rat following hemiovariectomy. Anat Rec. 226: 328-336, 1990.

Cook, P. W., K. T. Swanson, C. P. Edwards and G. L. Firestone. Glucocorticoid
receptor-dependent inhibition of cellular proliferation in dexamethasone resistant and
hypersensistive rat hepatoma cell variants. Mol and Cell Biol. 8: 1449-1459, 1988.

Corbett, A., M. Gillan, H. Kosterlitz, A. McNight, S. Paterson and L. Robson.
Selectivities of opioid analogues as agonists and antagonists at the delta-receptor. Br J
Pharmacol. 83: 271-279, 1984.

Cox, B. M. Life Science 31: 1645-1658, 1982.

Culler, M. D. and A. Negro-Vilar. Endogenous inhibin Suppresses only basal
follicle-stimulating hormone secretion but suppresses all parameters of pulsatile
luteinizing hormone secretion in the diestrous female rat. Endocrinology 124: 2944,
1989.

Cumming, D., R. Reid and M. Quigley. Evidence for decreased endogenous dopamine
and opioid inhibitory influences on LH secretion in polycystic ovary syndrome. Clin
Endocrinol. 20: 643, 1984,



o
12

Delacourte, A., A. Defossez, 1. Ceballos, A. Nicole and P. M. Sinet. Preferential
localization of copper zinc superoxide dismutase in the vulnerable cortical neurons in
Alzheimer's disease. Neurosci Lett. 92: 1{47—253. 1988.

Desjardins, G. C., A. Beaudet and J. R. Brawer. Alterations in opioid parameters in
the hypothalamus of rats with estradiol-induced polycystic ovarian discase.
Endocrinology 127: 2969-2976, 1990.

Desjardins, G. C., J. R. Brawer and A. Beaudet. Distribution of mu, delta and kappa
opioid receptors in the hypothalamus of the rat. Brain Res. 536: 114-123, 1990.

Desjardins, G. C., J. R. Brawer and A. Beaudet. Estradiol is selectively neurotoxic to
hypothalamic beta-endorphin neurons. Endocrinology, in press, 1992.

Desjardins, G. C., J. Brawer and A. Beaudet. Monosodium-induced reductions in
hypothalamic beta-endorphin content result in mu opioid receptor upregulation in the
medial preoptic area. Neuroendocrinology, in press, 1992,

Desjardins, C. G., A. Beaudet, H. Schipper and J. Brawer. Vitamin E protects against
estradiol-induced hypothalamic beta-endorphin loss. Endocrine Soc. abstract: 1992,

DePaolo, L.V., L.D. Anderson, A.N. Hirshfield. Possible existence of a long-loop
feedback system between follicle-stimulating hormone and inhibin in female rats. Am
J Physiol 240: E544-549, 1981.

Diez-Guerra, F., S. Augwood, P. Emson and R. Dyer. Opioid peptides inhibit the
release of noradrenaline from slices of rat medial preoptic area. Exp Brain Res. 66:
378-384, 1987.

Dillman, V. The elevation hypothesis of hypothalamic aging.
In: Hypothalamus, pituitary and aging. (Everitt, A.V., J.A. Burgess eds.), Thomas,
Springfield Ill., 1976.

Dlunzen, D. E. and V. D. Ramirez. In vivo LHRH output of ovariectomized rats
following estrogen treatment. Neurcendocrinology 43: 459-65, 1986.

Dorsa, D. M., E. R. Smith and J. M. Davidson. Immunoreactive beta-endorphin and
LHRH levels in the brains of aged male rats with impaired sex behavior. Neurobiol
Aging, 5: 115-120, 1984.

Drouin, J. F. Labrie. Interactions between 17-beta-estradiol and progesterone in the
control of luteinizing hormone releasing hormone and follicle stimulating hormone
release in anterior pituitary cells in culture. Endocrinology 108:52-57, 1981.



213

Drouva, S., J. Epelbaum, L. Tapia-Arancibia, E. LaPlante and C. Kordon. Opiate.
receptors modulate LHRH and SRIF release from mediobasal hypothalamic neurons.
Neuroendocrinology 32: 163-167, 1981.

Duka, T., P. Schubert, M. Wuster, R. Stoiber and A, Herz. A selective distribution
pattern of different opiate receptors in certain areas of rat brain as revealed by invitro
autoradiography. Neurosci Lett. 21: 119-124, 1981.

Dyer, R. and R. Grossman. Opioid modulation of the response of preoptic neurons to
stimulation of the ventral noradrenergic tract in female rats. I Physiol. 400: 631-644,
1988.

Ebling, F. J. P., M. L. Schwartz and D. L. Foster. Endogenous opioid regulation of
pulsatile luteininzing hormone secretion during sexual maturation in the female sheep.
Endocrinology 125: 369-383, 1989.

Edding, T. W., A. V. Schally, A. Arimura and H, Matsuo. Stimulation of release and
synthesis of luteinizing hormone (LH) and follicle stimulating hormone (FSH) in tissue
culture of rat pituitaries in response to natural and synthetic LH and FSH releasing
hormone. Endocrinology 90: 764-770, 1972.

Elde, R., T. Hokfelt, O. Johansson and L. Terenius. Immunocytochemcial studies using
antibodies to leucine enkephalin: Initial observations on the nervous system of the ratr.
Neurosci. 1: 349-351, 1976.

Ellefson, R. Porphyrinogens, porphyrins, and the porphyrias. Mayo Clinic Proc. §7:
454-458, 1982.

Emons, G., E.U. Frevert, O. Ortmann, L. Kiesel, and R. Knuppen. Biphasic
modeulation of pituitary sensitivity to GnRH by estrogens. the effect of A- and D-ring
substitution on LH release in cultured pituitary cells. Acta Endocrinol. 107: 317-27,
1984.

Farookhi, R., R. Hemmings and J. R. Brawer. Unilateral ovariectomy restores
ovulatory cyclicity in rats with a polycystic ovarian condition. Biol of Reprod. 32:
530-540, 1985. C

Ferin, M., D. Van Vugt and S. Wardlaw. The hypothalamic control of the menstrual
cycle and and the role of endogenous opioid peptides. Rec Prog Horm Res. 40:
441-485, 1984.

Field, E. A. and C. M. Kuhn. Opiate antagonist treatment reinstates estrous cycles in
middle-aged persistent estrous rats. Biol Reprod. 40: 714-719, 1989.



214

Finch, C. E., L. S. Felicio, C. V. Mobbs and J. F. Nelson. Ovarian and steroidal

influences on neuroendocrine aging processes in female rodents. Endocine Rev. 3:
467-497, 1984.

Finch, C. E. Longevity, senescence and the genome. (J.A. and C.T, MacArthur, eds.)
Chicago University Press, Chicago, 1990.

Fink, G., M. Aiyer, S. Chiappa, S. Henderson, M. Jamieson, V. Perez-Levy, A,
Pickering, D. Sarker, N. Sherwood, A. Speight and A. Watts. Gonadotropin-releasing
hormone: release into hypophyseal portal blood and mechnism of action. In:
Hormonally actibe brain peptides: structure and function. (McKerns, K. ed.) Plenum
Press, New York, 397-426, 1982.

Finley, J. C. W., J. L. Maderdrut and P. Petrusz. The immunocytochemical
localization of enkephalin in the central nervous system of the rat. J Comp Neurol.
198: 541-565, 1981.

Forman, L. I., W. E. Sonntag, D. A. Van Vugt and J. Meites. Immunoreactive

B-endorphin in the plasma pituitary and hypothalamus of young and old male rats.
Neurobiol Aging. 2: 281-284, 1981.

Forman, L. J., D. E. Marquis and R. Stevens. The effect of chronic estrogen treatment
on immunoreactive beta-endorphin levels in intact female rats. Proc Soc Exp Biol Med.
179: 365-372, 1985.

Forman, L. J. and S. Estilow. Neurotransmitters and estrogen interact to affect
beta-endorphin levels in castrated female rats. Peptides 7: 775-781, 1986.

Fox, S. R. and S. S. Smith. Changes in the puisatile pattern of luteinizing hormone
secretion during the rat estrous cycle. Endocrinology 116: 1485-1492, 1985.

Frankfurt, M., E. Gould, C.S. Woolley and B.S. McEwen. Gonadal steroids modify
dendritic spine density in ventromedial hypothaiamic neurons: a Golgy study in the adult
rat. Neuroendocrinology 51: 530-535, 1990.

Frawley, L.S. and J.D. Neill, Biphasic effects of estrogen on gonadotropin-releasing
hormone induced luteinizing hormone release in monolayer cultures of rat and monkey
pituitary cells. Endocrinology 114: 659-63, 1984.

Fuentes, M., A. Sahu and S. P. Kalra. Evidence that long-term estrogen treatment
disrupts opioid involvement in the induction of pituitary LH surge. Brain Res. 583:
183-188, 1992.



215

Gabriel, S. M., J. W. Simpkins and S. P. Kalra. Moduiation of endogenous opioid
influence on luteinizing hormone secretion by progesterone and estradiol.
Endocrionology 113: 1806-1811, 1983.

Gairin, J. E., C. Gouarderes, H. Mazarguil, P. Alvinere and J. Cros.
D-ProlQ-dynorphin 1-1! is a highly potent and selective ligand for kappa opioid
receptors. European J Pharmacol. 106: 457-458, 1984,

Gairin, J. E., C. Jomary, J. Cros and J. C. Meunier. 125I-DPDYN,
monoiodo-D-Prol0-dynorphin (1-11) is an effective and useful tool for the study of
kappa opioid receptors. Natl Inst Drug Abuse Res Monogr Ser. 75: 232-235, 1986.

Gairin, J. E., C. Jomary, L. Pradayrol, J. Cros and J. C. Meunier. 125I-DPDYN: A
kappa opioid receptor and selective probe for the study of kappa opioid receptors.
Biochem Biophys Res Commun. 134: 1142-1150, 1986.

Gallo, R. V. Effect of manipulation of brain dopaminergic or serotonergic systems on
basal pulsatile LH release and perisuprachiasmatic-induced suppression of LH release
in ovariectomized rats. Neuroendocrinology 31: 161, 1980.

Gallo, R. V. Pulsatile LH release during period of low level LH secretion in the rat
estrous cycle. Biol Reprod. 24: 771, 1581.

Gallo, R. V., G. N. Babu, A. Bona-Gallo, E. DeVorshak-Harvey, T. E. Leipheimer
and J. Marco. Regulation of pulsatile luteinizing hormone release during the estrous
cycle and pregnancy in the rat. In: Regulation of ovarian and testicular function
(Mahesh VB, Dhindsa DS, Andersen E K&ra SP eds.), Plenum Press, New York,
109-130, 1987. .

Gambert, S. R., T. L. Garthwaite, C. H. Pontzer and T. C. Hagen. Age-related
changes in central nervous system beta-endorphin and ACTH. Science 213: 1282,
1980.

Garcia-Segura, L. M., D. Bzetens and F. Naftolin. Synaptic remodelling in the arcuate
nucleus after injection of estradiol valerate in adult female rats . Brain Res. 366:
131-136, 1986.

Gee, C. E., C.-L. C. Chen and J, L. Roberts. Identification od propiomelanocortin |
neurons in rat hypothalamus by in situ cDNA/mRNA hybridization. Nature 306:
374-376, 1983.

Ghareeb, A. Hypothalamic pituitary gonadal axis in hepatosplenic schistosomiasis . Ain
Shams med J. 31: 27-43, 1981.



216

Gharib, S.D., S.M. Bowers, L.R. Need and W. W, Chin. Regulation of rat LH subunit
mRNAs by gonadal steroid hormones. J Clin Invest. 77: 582-386. 1986.

Gharib, §.D., M.E. Wierman and T.M. Badger. Sex steroid hormone regulation of

follicle-stimulating hormone subunit mRINA levels in the rat. J Clin Invest, 80: 294-297,
1987.

Gharib, S. D., M. E. Wierman, M. A, Shupnik and W. W. Chin. Molecular biology
of the pituitary gonadotropins. Endocrine Rev. 11: 177-199, 1990.

Gilbert, P.E., W.R, Martin. The effects of morphine- and nalorphine-like drugs in the

nondependent, morphine-dependent and cyclazocine-dependent chronic spinal dog. J
Pharmac exp Ther 198: 66-82.

Goldgefter, L., A. S. Schejter and D. Gill. Structural and microspectro-fluorometric
studies on glial cells from the periventricular arcuate nuclei of the rat hypothalainus.
Cell Tissue Res. 211: 503-510, 1980.

Goldstein, A., S. Tachibana, L.I. Lowley, M. Hunkapillar, L. Hood. Dynorphin-(1-

13), an extraordinarily potent opioid peptide. Proc Natl Acad Sci. USA 76: 6666-
6670, 1979.

Goodman, R. R., S. H. Snyder, M. J. Kuharm and W. S. Young. Differentation of
delta and mu opiate receptor localization by light microscopic radioautography. Proc.
~ Natl. Acad. Sci. USA 77: 6239-6243, 1980.

Gopalan, ., D. P, Gilamore, C. H. Brown and A. Wilson, Effects of opiates on
biogenic amine turnover in specific hypothalamic areas on the afternoon of pro-estrus
in the rat-I. Catecholamines. Biogenic Amines. 6(6): 557-606, 1589.

Gopalan, C., D. P. Gilamore, C. H. Brown and A. Wilson. Effects of opiates on
biogenic amine turnove- in specific hypothalamic areas on the afternoon of pro-estrus
in the rat-II. Serotonin. Biogenic Amines. 6: 607-614, 1989.

Gosnell, B. A., M. Grace and A. S. Levine. Effects of beta-chlornaltrexamine on food
intake, body weight and opioid-induced feeding. Life Sciences 40: 1459-1467, 1987.

Grossér, P., B. Robaire, R. Farookhi and J. Brawer. Plasma patterns of LH, FSH and
prolactin in rats with a polycystic ovarian condition induced by estradiol valerate, J
Endocrinol. 114: 33-3%, 1986.

Gundersen, H. J. G., P. Bagger, -T. F. Bendtsen, S. M..Evans, L. Korbo, M.
Marcussen, A. Moller, K. Nielsen, J. R. Nyengaard, B. Pakkenberg, F. B. Sorensen,
A. Vesterby and M. J. West. The new stereological tools: Disector, fractionator,



-Endocrinology 126: 1736-1741, 1990. .

217

nucleator and point sampled intercepts and their use in pathological research and
diagnosis. APMIS, 96: 857-881, 1988.

Hamel, E. and A. Beaudet. Electron microscopic autoradiographic localization of opioid
receptor in rat neostriatum. Nature . 312 : 155-157., 1984.

Hammer, R, P. The Sexually dimorphic region of the preoptic area in rats contains
denser opiate receptor binding sites in females. Brain Research . 308: 172-176, 1982.

Hammer, R. P. and R. S. Bridges. Preoptic area opioids and opiate receptors increase
during pregnancy and decrease during lactation. Brain Research. 420: 48-56, 1987.

Harlan, R. E., B. D. Shivers, G. Romano, R. Howells and D. W. Pfaff. Localization
of preproenkephalin mRNA in the rat brain and spinal cord by in situ hybridization. J
comp Neurol. 258: 159-184, 1987.

Harlan, C., B. D. Shivers, S. R. Fox, K. A. Kaplove, B. S. Schacter and D. W. Pfaff.
Distribution and partial characterization of immunoreactive prolactin in the rat brain.
Endocrinology 49: 7-22, 1989.

Hemmings, R., R. Farookhi and J. Brawer. Pituitary and ovarian responses to
luteinizing hormone releasing hormone (LHRH) in a rat with polycystic ovarian
syndrome (PCO). Biol Reprod. 29: 239-248, 1583.

Herkenham, M. and C. B. Pert. In vitro autoradiography of opiate receptors suggests
loci of opiatergic pathways. Proc. Natl. Acad. Sci. U.S.A. 77 : 5532-5536, 1980.

Herkenham, M. and C. B. Pert. Light microscopic localization of brain opiate
receptors: a general radicautographic method which preserves tissue quality. J.
Neurosci. . 2 : 1129-1149, 1982.

Hillman, D., Z Chen, T. T. Aung, B. Cherskey, M. Sugimori and R. R. Llinas.
Localization of P-type calcium channels in the central nervous system. Proc. Natl.
Acad. Sc1 USA. 88: 7076-80, 1991.

Hoffman, G. E., W.-S. Lee, B. Attardi, V. Yan and M. D. Fitzsimmons. Luteinizing
hormone-releasing hormone neurons express C-fos antigen after steroid activation.

- Hokfelt, T., K. Fuxe, M. Goldstein, O. Johansson, H. Fraser and S. Jeffcoate.
- Immunoﬂuoxescence mapping of central monoamines and releasing hormone (LRH)
. .Systems. In: Anatomical Neuroendocnnology (Stumpf W.E, Grant L.D. eds.), Karger,

Basel, 1975. ' -



218
Hokfelt, T. H. Johansson and M. Goldstein. Central catecholamine neurons as
revealed by immunohistochemistry with special reference to adrenaline neurons. In:

Handbook of Chemcial Neuroanatomy (Hokfelt, T. ed.) V.2, Elsevier, Amsterdam,
1984.

Hsu, H. K. and M. T. Peng. Hypothalamic neuron number of old female rats.
Gerontol. 24: 434-440, 1978,

Hu, M.-L., E. N. Frankel, B. E. Leibovitz and A. L. Tappel. Effect of dietary lipids
and vitamin E on in vitro lipid peroxidation in rat liver and kidney homogenates. J
Nutr. 119: 1574-1582, 1989.

Hughes, J. Isolation of an endogenous compound from the brain with pharmacological
properties similar to morphine. Brain Res. 88: 295-308, 1975.

Hunter, W. and F. Greenwood. Preparation of iodine-{31-labelled human growth
hormone of high specific activity. Nature 194: 495-496 , 1972 .

Hutchison, J. B. Hormonal control of behaviour: steroid actlon in the brain. Current
Opinioa in Biol. 1: 562-570, 1991.

Ibata, Y., K. Watanabe, H. Kinoshita, S. Kubo and Y. Sano. The location of LH-RH

neurons in the rat hypothalamus and their pathways to the median eminence. Cell Tissue
Res. 198: 381, 1979.

Ibuka, N., S. Inouye and H. Kawamura. Analysis of sleep-wakefulness rhythms in male
rats after suprachiasmatic nucleus lesion and ocular nucleation. Brain Res, 122: 33-47,
1977.

Jacobsen W., Kalra, S.P. Decreases in mediobasal hypothalamic and preoptic H-
naloxone) binding are associated with the progesterone-induced luteinizing hormone
surge. Endocrinology 124: 199-206, 1989.

Jarry, H., S. Leonhardt and W. Wuttge. A norepinephrine-dependent mechanism in the
preoptic/anterior hypothalamic area but not in the mediobasal hypothalamus is involved
in the regulation of gonadotropin-releasing hormone pulse generator in ovariectomized
rats. Neuroendocrinology 51: 337-344, 1990.

Jennes, L., W. E. Beckman, W. E.L Stumpf and R. Gezanna. Anatomical relationships
of serotonergic and noradrenergic projections with the GnRH system in septum and
hypothalamus. Exp Brain Res. 46: 331-338, 1982.

Jennes, L., W. Stumpf, G. Bissette and C. Nemeroff. Monosodium glutamate lesions
in rat hypothalamus studied by immunohistochemistry for gonadotropin releasing



219

hormone, neurotensin, tyrosine hydroxylase, and glutamic acid decarboxylase and
autoradiography for *H-estradiol. Brain Res. 308: 245-253, 1984,

Johnson, J. H., G. T. Maughan and L. Anderhub. Life Science 30: 1473-1478, 1982.

Jomary, C., J. E. Gairin, J. Cros and J. C. Meunier. Autoradiographic localization of
supraspinal kappa opioid receptors with (‘**I-Tyr,D-Pro'°}dynorphin A-(1-11). Proc.
Natl. Acad. Sci. USA. 85: 627-631, 1988.

Jomary, C., J. E. Gairin, J. Cros and A. Beaudet. Electron microscopic localization of
kappa opioid receptors in guinea-pig neostriatum. Soc. Neurosci. 704 (Abst)., 1989.

Kalra, P. S. and S. P. Kalra. Temporal changes in the hypothalamic and serum levels
of LH-RH levels and the circulating steroids during the estrous cycle.
Neuroendocrinology 12: 321-333, 1973.

Kalra, S. P. and P. S. Kalra. Temporal interrelationships among circulating levels of
estradiol, progesterone and LH during the rat estrous cycle:effects of exogenous
progesterone. Endocrinology 95: 1711, 1974,

Kalra, S. P., J. W. Simpkins and C. L. Chen. The opioid-catecholamine modulation of
gonadotropin and prolactin secretion. In Functional Correlates of Hormones Receptors
in Reproduction. (Elsevier, North Holland): 135-149, 1980a.

Kalra, P. S. and S. P. Kalra. Modulation of hypothalamic LHRH levels by intracranial
and subcutaneous implants of gonadal steroids in castrated rats: Effects of androgen and
estrogen antagonists. Endocrinology 106: 390-397, 1980b.

Kalra, S. P. and J. W. Simpkins. Evidence for noradrenergic mediation of opioid
effects on LH seceretion. Endocrinology 109: 776-782, 1981a.

Kalra, P. S. and S. P. Kalra. Differential effects of low serum levels of estradiol-17beta
on hypothalamic LHRH levels and LH secretion in castrated male rats.
Neuroendocrinology 33: 340-346, 1981b.

Kalra, S. P. Neural loci involved in naloxone-induced Iuteinizing hormone
release:effects of a norepinephrine synthesis inhibitor. Endocrinoiogy 109: 1805-1810,
1981¢.

" Kalra, S.P. and.P.S. Kalra. Neural regulation of luteinizing hormone secr)etion in the

rat. Endocrine Rev. 4: 311-351, 1983a.

Kalra, S. P. Opioid péptides—Inhibitory neuronal syste:hs in the regulation of
gonadotropin secretion. In: Role of peptides and proteins in control of reproduction.



220

(McCann §S.M., Dhindsa, D.S. eds.) Elsevier Biomedical, New York : 63, 1983b.

Kalra, §. P. and C. A. Leadem. Control of luteinizing hormone secretion by
endogenous opioid peptides. In: Opioid modulation of endocrine function. (Delitalia, G.,
Motta, M., Serio, M. eds.): 171-185, 1984.

Kalra, P. S. and S. P. Kalra. Steroidal modulation of the regulatory neuropeptides:
luteinizing hormone releasing hormone, neuropeptide Y and endogenous opioid peptides.
J Steroid Biochem. 25: 733-40, 1986.

Kalra, P. S., W. R. Crowley and S. P. Kalra. Differential in vitro stimulation by
naloxone and K of luteinizing hormone-releasing hormone and catecholamine release

from the hypothalami of intact and castrated rats. Endocrinology. 122: 997-1003,
1987a.

Kalra, S. P., P. S. Kalra, A. Sahu, L. G. Allen and W. R. Crowley. The steroid-
neuropeptide connection in the control of LHRH secretion. Adv. Exp. Med. Biol. 219:
65-83, 1987b.

Kalra, S. P, L. G. Allen, A. Sahu, P. S. Kalra and W. R. Crowley. Gonadal steroids

and neuropeptide-Y-opioid-LHRH axis; interactions and diversities. J Steroid Biochem.
27: 677-681, 1988.

Kalra, S. P. and P. S. Kalra. Do testosterone and estradiol-17 enforce inhibition or

stimulation of luteinizing hormone-releasing hormone secretion? Biol Reprod. 41:
559-570, 1989.

Kamel, F., J.A. Balz, Kubajak, C.L., Schneider, V.A. Gonadal steroids modulate
pulsatile lutetnizing hormone releasing hormone secretion by perifused rat anterior
pituitary cells. Endocrinology 120: 1651-1659, 1987.

Kandel, E.R., J.H. Schwartz and T.M. Jessel. Motor systems of the brain. In:
Principles of Neural Science. Elsevier, New York.

Karsch, F.J., E.L. Bittman, D. Foster and J.E. Robinson. Neuroendocrine basis of
seasonal reproduction. Recent Prog Horm Res 40: 185-204, 1984.

Kelly, M 1., J. Garret, M. A. Bosch, C. E. Rosellu, J. Douglass, J. P. Adelman and
O. K. Ronnekliev. Effects of ovariectomy on GnRH mRNA, proGnRH and GnRH

levels in the preoptic hypothalamus of the female rat. Neuroendocrinology 49: 88,
1989.

Khachaturian, H., S. J. Watson, M. E. Lewis, D. Coy, A. Goldstein and H. Akil.



221

Dynorphin Immunocytochemistry in the rat central nervous system. Peptides 3 : 1982,

Khachaturian, H., M, E. Lewis, M. K. H. Schafer and S. J. Watson. Anatomy of the
CNS opioid systems. TINS. 8: 111-119, 1985.

Khoury, S., N. Reame, R. Kelch and J. Marshall. Diurnal patterns of pulsatile
luteinizing hormoane scretion in hypothalamic amenorrhea: Reproducibilty and
responses to opiate blockade and alpha-adrenergic agonist. J Clin Endocrinol Metab.
64: 755-762, 1987.

King, J., S. Tobet, F. Snavely and A. Arimura. The LH-RH system in normal an
neonatally androgenized female rats. Peptides 1: 85-100, 1980.

Kinoshita, F., Y. Nakai, H. Katamita, Y. Kato, H. Yahima and H. Imura. Life Science
27. 843-846, 1980.

Knobil, E. On the control of gonadotropin secretion in the rhesus monkey. Recent Prog
Horm Res. 30: 1, 1974.

Knuth, U. A., G. S. Skand, F. F. Casanueva, V. Havlicek and H. G. Friesen. Changes
in beta-endorphin content in discrete areas of the hypothalamus throughout proestrus and
diestrus in the rat. Life Sci. 33: 1443, 1983.

Kohama, S. G., C. P. Anderson, H. H. Osterburg, P. C. May and C. E. Finch. Oral
adminsitration of estradiol to young C57BL/6J mice induces age-like neuroendocrine
dysfunctions in the regulation of estrous cycles. Biol Reprod. 41: 227-232, 1989.

Kordon, C., B. Kerdelhue, E. Patou and M. Jutisz. Immunocytochemical localization
of LHRH in axons and nerve terminals of the rat median eminence. Proc Soc Exp Biol
Med. 147: 122, 1974.

Koves, K., J. Marten, J. Molnar and B. Halasz. Neuroendcrinology. 32: 82-86, 1980.

Kow, L. and D. W, Pfaff. Transmitter and peptide actions on the hypothalamic neurons
in vitro: Implications for lordosis. Brain Res. Bull. 20: 857-861, 1988.

Kregel, K. C., D. G. Reynolds, N. J. Gurll and C. V. Gisolfi. Effects of opiate
receptor drugs injected intracerebrally into normovolemic and hypovolemic monkey.
Peptides 6: 1161-1166, 1985.

Krettek, J. E. and J. L. Price. Amygda.lmd projections to subcortical structures within__

the basal forebrain and brainstem in the rat and cat J. Comp. Neurol. 169: 409442,
1976.



nials)

e

Krey, L. C. and A. J. Silverman. Luteinizing hormone releasing hormone. In Brain
Peptides (D.T Krieger, M. Browstein, and J. Martin, eds.): 687-709, 1983,

Krieger, D., A. Liotta, G. Nicholsen and J. Kizer. Brain ACTH and endorphin reduced

in rats with monosodium glutamate-induced arcuate nuclear lesions. Nature. 278: 562-
563, 1979.

Lakoski, J. and G. F. Gebhart. Morphine administration in the amygdala or

periqueductal central gray depress serum levels of luteinizing hormone. Brain Res. 232:
231-237, 1982. '

Laws, S.C., J. C. Webster, W.L. Miller. Estradiol alters the effectiveness of
gonadotropin-releasing hormone (GnRH) in ovine pituitary cultures: GnRH receptors
versus reponsiveness to GnRH. Endocrinology 127: 381-386, 1990.

Leadem, C. A. and S. P. Kalra. The effects of various opiate receptor agonists on
luteinizing hormone (LLH) and prolactin (PRL) secretion in ovariectomized rats.
Abstract, 65th Ann Meeting Endocrine Society, pl63, 1983.

Leadem, C. A. and S. P. Kalra. Stimulation with estradiol and progesterone of
luteinizing hormone-releasing from perifused adult female rat hypothalami: correlation
with the LH surge. Endocrinology 114: 51-56, 1984,

Leadem, C. A., W. R. Crowley, J. W. Simpkins and S. P. Kalra. Effects of naloxone
on catecholamine and LHRH release from the perifised hypothalamus of the
steroid-primed rat. Neuroendocrinology 40: 497-500, 1985.

Leadem, C. A. and S. V. Yagenova. Effects of specific activation of mu-, delta- and
kappa-opioid receptors on the secretion of luteinizing hormone and prolactin in the’
ovariectomized rat. Neuroendocrinology 45: 109-117, 1987.

Lee, A. and 1. McDonald. Stress and population regulation in small mammals. Oxf Rev
Reprod Biol. 7: 261-304, 1985.

Leipheimer, R. E., A. Bona-Gallo and R. V. Gallo. Influence of progesterone and
estradiol on acute ovariectomy-induced change in pulsatile LH release in the rat. Ann
Meeting Soc Neurosci. 9, 1983.

Leranth, C., N. J. MacLusky, H. Sakamoto, M. Shanabrough and F. Naftolin.
Glutamic acid decarboxylase-containing neurons synapse on LHRH neurons in the rat
medial preoptic area. Neuroendocrinology 40: 536-539, 1985.

Leranth, C., N. J. MacLusky and F. Naftolin. Interconnections between
neyrotransmitter- and neuropeptide-containing neurons involved in gonadotrophin release



[ R
[£S]
(VS ]

in the rat. 179-193, 1986.

Leranth, C., M. Palkovits, N. J. MacLusky, M. Shanaborough and F. Naftolin.
Reproductive failure due to experimentally induced constant estrus does not alter LHRH
fiber density in the median eminence of the rat. Neuroendocrinology d43: 526-532,
1986.

Leranth, C., L. M. Segura, M. Palkovits, N. J. MacLusky, M. Shanaborough and F.
Naftolin. The LH-RH containing neuronal network in the preotic area of the rat:
demonstration of LH-RH containing nerve terminals in synaptic contancts LH-RH
neurons. Brain Res. 345: 332-336, 1986.

Leranth, C., N. MacLusky, A. Shanaborough and F. Naftolin. Immunohistochemical
evidence for synaptic connections between pro-opiomelanocortin-immunoreactive axons
and LH-RH neurons in the preoptic area of the rat. Brain Res. 449: 167-176, 1988.

Levine, J. E. and V. D. Ramirez. Luteinizing hormone-releasing hormone release
during the rat estrous cycle and after ovariectomy as estimated with push-pull cannulae.
Endocrinology 111: 1439, 1982.

Levine, J. E. and M. T. Duffy. Simultaneous measurement of luteinizing hormone (LH)
relesing hormone, LH, and follicle-stimulating hormone release in intact and short-term
castrated rats. 1988. 122: 2211-2221, 1988.

Liehr, J. G. and D. Roy. Free radical generation by redox cycling of estrogens. Free
Radical Biol & Med. 8: 415-423, 1990.

Liposits, Z. S., G. Setalo and B. Flerko. Application of the silver-gold intensified
3,3*diaminobenzidine chromagen to the light and electron microscope detection of the

luteinizing hormone releasing hormone system of the rat brain. Neuroscience. 13:
513-525, 1984.

Liu, T. C., G. L. Jackson and J. Gorski. Effects of synthetic gonadotropin releasing
hormone an incorporation of radioactive glucosamine and aminoacids into luteinizing
hormone and total protein by rat pituitaries in vitro. Endocrinology 98: 151-163, 1976.

Lloyd, 1. M. and P. M. Wise. Age-related chages in propopioimelanocortin (POMC)
gene expression in the periarcuate region of ovariectomized rats. Soc Neurosci, 1990.

Lynch, W. C., J. Watt, S. Krall and C. M. Paden. Autoradiographic localization of
kappa opiate receptors in CNS taste and feeding areas. Pharmacol. Biochem. Behav.
22 : 699-705, 1985.

MacLusky, N. I., F. Naftolin, L. Krey and S. Frank. The catecholestrogens. J Steroid



224

Biochem. 13: 111-124, 1981.

Mahesh, V. B. The dynamic interaction between steroids and gonadotropins in the
mammalian ovulatory cycle, Neurosci. and Behav. Rev. 9: 245-260, 1985,

Mallory, D. 8., A. Bona-Gallo and R. V. Gallo. Neurotransmitter involvement in
naloxone-induced stimulation of pulsatile LH release on day 8 of pregnancy in the rat.
Brain Res Bull. 22: 1015-1021, 1989.

Mallory, D. S. and R. V. Gallo. Medial preoptic-anterior hypothalamic LHRH release
is inhibited by a mu-opioid agonist in the ovariectomized rat. Brain Res Bull. 25:
251-257, 1990.

Mansour, A., M. E. Lewis, H. Khachaturian, H. Akil and S. J. Watson.
Pharmacological and anatomical evidence of selective mu, deita and kappa opioid
receptor binding in rat brain. Brain Research, 399: 69-79, 1986.

Mansour, A., H. Khatchatunan, M. E. Lewis, H. Akil and S. I. Watson.
Autoradiographic differentiation of mu, delta and kappa opioid receptors in rat forebrain
and midbrain. J Neurosci. 7: 2445-2464, 1987.

Mansour, A., M. E. Lewis, H. Khachaturian, H. Akil and S. J. Watson. Anatomy of
CNS opioid receptors. TINS. 11: 308-314, 1988.

Martin, W.R., C.G. Eades, J.A. Thompson, R.E. Huppler, P.E. Gilbert. The effects
of morphine- and nalorphine-like drugs in the non-dependent chronic spinal dog. J.
Pharm Exp Ther. 197: 517-132, 1976.

Martinez de la Escalera, G., A. Choi and R. Weiner. Generation and synchronization
of GnRH pulses: Intrinsic properties of the GT-1 GnRH neuronal cell line. Proc Natl
Acad Sci USA. in press: 1992.

Masotto, C., A. Sahu, M. G. Dube and_S. P. Kalra. A decrease in opioid tone
amplifies the luteinizing hormone surge in estrogen-treated ovariectomized rats:
comparisons with progesterone effects. Endocrinology 126: 18-25, 1990.

McCarthy, G. F., R. Farookhi and J. R. Brawer. Plasma gonadotropin pattern
characterizing the development of polycystic ovaries in the estradiol valerate-treated rat.
Can J Physiol Pharmacol. 68: 28-33, 1990.

McCarthy, G. F. and J. R. Brawer. Induction of a Stein-Leventhal type polycystic
ovarian condition (PCQ) in the rat: a new model for cystic ovarian disease. Anatomical
Rec, 1991.



225
McEwen, B. S. Binding and metabolism of sex steroids by the hypothalamic-pituitary
unit: physiological implications. Ann Rev Physiol. 42: 97-110, 1980.

McEwen, B., A. Biegon, P. Davis, L. Krey, V. Luine, N. McGinnis, C. Paden and
T. Rainbow. Steroid hormones humoral signals which alter brain cell properties and
functions. Recent Prog Horm Res. 38: 41-92, 1982.

McGinty, J. F. and F. Bloom. Double immunostaining reveals distinctions among
opioid peptidergic neurons in the mediobasal hypothalamus. Brain Res. 278: 145-153,
1983.

McLaren, J., H.M. Schiper and J.R. Brawer. Electron probe analysis of peroxidase
positive granules in periventricular glia. (Ssubmitted, 1992)

McLean, S., R. B. Rothman and M. Herkenham. Autoradiographic localization of mu,
and delta opiate receptors in the forebrain of the rat. Brain Research. 378: 49-60,
1986.

Meister, B., S. Ceccatelli, T. Hokfelt, N. Anden, M. Anden and Theodorsson.
Neurotransmitters, neuropeptides and binding sites in the rat mediobasal hypothalamus:
effects of monosodium glutamate (MSG) lesions. Exp Brain Res. 76: 343-368, 1989,

Meites, J., H. H. Huang, J. W. Simpkins and R. W. Steger. Control of nervous system
neurotransmitters during the decline of reproductive activity. The menopause: Clinical,
endocrinological and pathophysiological aspects. (Fioretti, Martini, Melis and Yen eds.)
Academic Press, New York, 1982,

Meites, J. Neuroendocrine basis of aging in the rat. In: Regulation of neuroendocrine
aging (Everitt, A.V., Walton, J.R., eds.) Karger, Basel 24: 37-50, 1988.

Mercer, J.E., J.E. Clemens, J.W. Funder and L.J. Clarke. Luteinizing hormone beta
levels are regulated primarely by gonadotropin-relasing hormone and:not by negative
feedback on the pituitary. Neuroendocrinology 47: 563-566, 1988.

Merchenthaler, I., T. Gores, G. Setalo, P. Petrusz and B. Flerko. Gonadotropin
releasing hormone neurons and their pathways in the rat brain. Cell Tissue Res. 237;
15-29, 1984.

Merchenthaler, I., G. Setalo, C. Csontos, P. Petrusz, B. Flerko and A. Negro-Vilar.
Combined retrograde tracing and immunocytochemical identification of luteinizing
_ hormone-releasing hormone- and somatostatin-containing neurons projecting to the
median eminence of the rat. Endocrinology 125: 2812-2821, 1989.

Meydani, M., J. B. Macauley and J. B. Blumberg. Effect of dietary vitamin E and



‘\‘)6

selenium on susceptibility of brain regions to lipid peroxidation. Lipids. 23: 405-409,
1988.

Mezey, E., J. Z. Kiss, G. P. Mueller, R. Eskay, T. L. O'Donohue and M. Palkovitz.
Distribution of pro-opiomelanocortin derived peptides, adrenocorticotrope hormone,
alpha-melanocyte-stimulating hormone and beta-endorphin in the rat hypothalamus.
Brain Res. 328: 341-347, 1985.

Midgley, A.R., W.A_ Sadler. In: Ovarian Follicular development and function, Raven
press, New York, 1979.

Miller, M., J. Silver and R. Billiar. Effects of ovariectomy on the binding of
125Talpha-bungarotoxin to the suprachiasmatic nucleus of the hypothalamus: An in vivo
autoradiographic analysis. Brain Res. 247: 355-364, 1982.

Miller, M. Chronic exposure to vasopressin in the aging rat impairs
renal-responsiveness to vasopressin. Excepta Medica. 652: 823, 1984.

Miller, M. A., W. J. Bremner, D. K. Clifton, D. M. Dorsa and R. A. Steiner. Opioid

regulation of luteinizing hormone secretion in the male rat. Biol Reprod. 35: 17-26,
1986.

Miller, M. M., D. Joshi, R. B. Billiar and J. F. Nelson. Loss during aging of
beta-endorphin neurons in the hypothalamus of female C57BL/6J mice. Neurobiol
Aging. 12:239-244, 1991.

Missale, C., S. Govoni, A. Bosio, P. F. Spano and M. Trabucchi. Changes of
beta-endorphin and met-enkephalin content in the hypothalamus-pituitary axis induced
by aging. J Neurochzm. 40: 20-24, 1983.

Mobbs, C. V., K. Flurkey, D. M. Gee, K. Yamamoto, Y. N, Sinha and C. E. Finch.
Estradiol-induced anovulatory syndrome in the female CS7BL/6] mice: age-like
neuroendocrine, but not ovarian impairments. Biol Reprod. 30: 556, 1984,

Mobbs, C. V.7and C. Finch. E,-induced impairments as a mechanism in reproductive
senescence of female C57BL/6] mice. J Gerontol. 47: B48-51, 1992.

Mobbs, C. V., M. Kaplitt, L. M. Kow and D. W. Pfaff. PLC-alpha: a common
mediator of the action of estrogen and other hormones? Mol Cell Endocrinol. 80:
C187-91, 1992.

Moore, R. Central neural control of circadian rhythms. Frontiers in Neuroendocrinology



227
185-206, 1978.

Morreill, J., F. McGinty and D. W, Pfaff. A subset of beta-endorphin or
dynorphin-containing neurons in the medial basal hypothalamus accumulate estradiol.
Neuroendocrinology 41: 417-426, 1985.

Morris, B. J. and A, Hertz, Autoradiographic localization in rat brain of & opiate
binding sites labelled by *H-bremazocine, Neuroscience, 19: 839-846, 1986.

Morris, B. and A. Herz. Control of opiate receptor number in vivo: simultaneous &-
receptor down-regulation and mu-receptor up-regulation following chronic
agonist/antagonist treatment. Neurosci. 29: 433-442, 1989.

Moudy, A., J. Spain and C. Coscia. Differential up-regulation of microsomal and
synaptic membrane mu opioid receptors. Biochem Biophys Res Commun. 132: 735-
741, 1985.

Moyse, E., F. Pasquini and R. Quirion. '*I-FK 33-824: A selective probe for
radioautographic labeling of mu opioid receptors in the brain. Peptides 7: 351-355 ,
1986.

Moyse, E., M. Miller, W. Rostene and A. Beaudet. Effects of ovariectomy and
estradiol replacement on the binding of '**I-neurotensin in rat suprachiasmatic nucleus.
Neuroendocrinology 48: 53-60, 1988.

Murray, A.W. and M.W. Kirschner. What controls the cell cycle? Scientific
American, March: 56-63, 1991.

Naftolin, F., N. J. MacLusky, C. Leranth, H. Sakamoto and L. Garcia-Segura. The
cellular effects of estrogens on neuroendocrine tissues. J Steroid Biochem. 30: 1-6,
1988.

Naftolin, F., L. M. Garcia-Segura, D. Keefe, C. Leranth, N. J. MacLusky and J. R.
Brawer. Estrogen effects on the synaptology and neural membranes of the rat
hypothalamic arcuate nucleus. Biol Reprod. 42: 21-28, 1990.

Negro-Villar, A., M. Culler and C. Masottc. Peptide-steroid interaction in brain region
of pulsatile gonadotropin secretion. J Steroid Biochem. 25: 74-82, 1986.

Nelson, F. F., L. 8. Felicio, H. H. Osterburg and C. E. Finch. Altered profiles of
estradiol and progesterone associated with prolongued estrous cycles and persistent
vaginal cornification in aging C57BL/6J mice. Biol Reprod. 24: 784-94, 1981.

Nelson, J. F., L. S. Felicio, P. K. Randall, C. Sims, C. E. Finch and . A longitudinal



‘)‘\S

study of estrous cyclicity in aging C57BL/6J mice: 1. Cycle frequency, length and
vaginal cytology. Biol of Reprod. 27: 327-339, 1982.

Nelson, J. F. and L. S. Felicio. Reproductive aging in the temale: an etiological
perspective updated. Rev Biol Res Aging. 3: 359-381, 1987.

Nelson, J. F., M. Bender and B. S. Schachtner. Age-related changes in
proopiomelanocortin meessenger ribonucleic acid levels in hypothalamus and pituitary
of female C57BL/6J mice. Endocrinology 123: 340-344, 1988.

Nemeroff, C., L. Grant, G. Bissette, G. Ervin, L. Harrell and A. J. Prange. Growth,
endocrinological and behavioral deficits after monosodium-L- glutamate in the neonatai
rat: Possible involvement of arcuate dopamine neuron damage.
Psychneuroendocrinology. 2: 179-196, 1977,

Nemeroff, C., C. Lamartiniere, G. Mason, R. Squibb, J. Hong and S. Bondy. Marked
reduction in gonadal steroid hormone levels in rats treated neonatally with monosodium
L-glutamate: Further evidence for disruption of hypothalamic-pituitary-gonadal axis
regulation. Neuroendocrinology 33: 265-267, 1981.

Nishino, H., K. Koizumi and C. Brookes. The rcle of the suprachiasmatic nuclei of the
hypothalamus in the production of circadian rhythm. Brain Res. 112: 45-59, 1976.

O’Donohue, T. L., R. L. Miller and D. M. Jacobowitz. Identification, characterization
and stereotaxic mapping of intraneuronal alpha-melanocyte stimulating hormone-like

immunoreactive peptides in discrete regions of the rat brain. Brain Res. 176: 101-123,
1979.

Olney, J. Glutamate-induced neuronal necrosis in the infant mouse hypothalamus. J
Neuropath Exp Neurol. 30: 75-90, 1971.

Olson, G. A., R. D. Olson and A. J. Kastin. Endogenous opiates : 1987, Peptides 10:
205-236, 1989.

Ostrowski, N. L., J. M. Hill, C. B. Pert and A. Pert. Autoradiographic visualization
od sex differences in the pattern and density of opiate receptors in hamster
hypothalamus. Brain Res. 421: 1-13, 1987,

Paden, C., S. Krall and W. Lynch. Heterogeneous distribution and upregulation of mu,
delta and kappa opioid receptors in the amygdala. Brain Res. 418: 349-355, 1987.

Pang, C. N., E. Zimmerman and C. H. Sawyer. Morphine inhibition of the
preovulatory surges of plasma luteinizing hormone and follicle stimulating hormone in
the rat. Endocrinology 101: 1726, 1977.



229

Papavasiliou, S.S., S. Zmeili, L. Herbon, J. Duncan-Weldon, J.C. Marshall and T.D.
Landefeld. Alpha and luteinizing hormone beta mRNA of male anf female rats after
castration: quartitation using an optimnized RNA dot blot hybridization assay.
Endocrinology 119: 619-124, 1986.

Park, O.K., V.D. Ramirez. Spontaneous changes in LHRH release during the rat
estrous cycle as measured with push-pull perfusion of the pituitary gland in the same
female rats. Neuroendocrinology 50: 66-72, 1989.

Paterson, S.J., L. E. Robson and H. W. Kosterlitz. Opioid receptors. In: The Peptides
6 : 147-189, 1984.

Pearson, L., L. Brandeis, E. Simon and J. Miller. Radicautography of binding of
tritiated diprenorphine to opiate receptors. Life Sci. 26: 1047-1052, 1980.

Perez, V. and J. Olney. The hypothalamus of the infant mouse following subcutaneous
administration of monosodium glutamate. J Neurochem. 19: 1777-1782, 1972.

Pert, C.B., S.H. Snyder. Opiate receptor: demonstration in nervous tissue. Science
179: 1011-1014, 1973.

Pfaff, D. W. Uptake of estradiol-17°H in the female rat brain. An autoradiographic
study. Endocrinology 82: 1149-1153, 1968.

Pfaff, D. W. Patterns of steroid hormone effects on electrical and molecular events in
hypothalamic neurons. Mol Neurobiol. 3: 135-154, 1989.

Pfeiffer, D.G., A. Pfeiffer, O.F.X. Almeida, A. Herz. Opiate suppression of LH
secretion involves central receptors dif urent from those mediating opiate effects on
prolactin secretion. J. Endocrinol. 114:469-476, 1987.

Pilcher, W. and S. Joseph. Differential sensitivity of hypothalamic medullary opiocortin
and tyrosine hydroxylase neurons to the neurotoxic effects of monosodium glutamate
(MSG). Peptides 7: 783-789, 1986.

Piotte, M., J. T.H. and B. I.R. The fine structural organization of tyrosine hydroxylase
immunoreactive neurons in the rat arcuate nucleus. J Comp Neurol., 239: 44-53, 1985.

Pive, F., P. Limonta, M. Motta and L. Martini. Effects of naloxone on luteinizing
hormone, follicle stimulating hormone and prolactin secretion in the different phases of
the estrous cycle. Endocrinology 117: 766-772, 1985.

Poirier, J., D. Dea, A. Baccinet and S. Gauthier. Modulation of gamma-actin and
alphal tubulin expression by corticosterone during neuronal plasticity in the



hippocampus. Mol Brain Res. in press.

Polson, D. and N. Abdulwahid. Multifollicular ovaries: clinical and endocrine features
and response to pulsatile gonadotropin releasing hormone. Lancet H: 1375-1378, 1985.

Proud, V., Y. Hsia and B. Wolf. Disorders of amino acid metabolism. In: Basic
Neurochemistry. (4th edition, G. Siegel, B. Agranoff, R. Albers, and E. Molinoff, eds.}
Raven Press, New York: 733-763, 1989.

Quirion, R., J. M. Zajac, J. L. Morgat and B. P. Roques. Autoradiographic distribution

of mu and delta opiate receptors in rat brain using highly selective ligands. Life Sci.
33: 227-230, 1983.

Rainbow, T. C., W. V. Bleisch, A. Biegon and B. S. McEwen. Quantitative
densitometry of neurotransmitter receptors. J. Neurosci. Meth. 5: 127-138, 1982,

Rasmussen, D. D., J. H. Liu, P. L. Wolfand S. S. C. Yen. Endogenous opioid peptide
regulation of gonadotropin-releasing hormone release from the human fetal
hypothalamus in vitro. J Clin Endocrinol Metab. 57: 881-884, 1983.

Rasmussen, D. D., M. Gambacciani, W. Swartz, V. S. Tueros and S. S. C. Yen.
Pulsatile gonadotropin-releasing hormone release from the human mediobasal

hypothalamus in vitro: opiate receptor-mediated suppression. Neuroendocrinology 49:
150-156, 1989.

Renaud, L. P. Influence of medial preoptic anierior hypothalamic are stimulation on the
excitability of mediobasal hypothalamic neurons in the rat brain. J Physiol. 264:
541-564, 1977.

Rethelyi, M., S. Vigh, G. Setalo, I. Merchentaler, B. Flerko and P. Petrusz. The
luteinizing hormone releasing hormone containing pathways and their co-termination
with tanycyte processes in and around the median eminence and the pituitary stalk of
the rat. Acta Morphol Acad Sci Hung. 29: 259, 1981.

Rivier, C., J. Rivier and W. Val-. Inhibin-mediated feedback control of
follicle-stimulating hormone secretion in the female rat . Science 234: 205-208, 1986.
Roberts, J. L., C. M. Dutlow, M. Jakubowski, M. Blum and R. P. Millar. Estradiol
stimulates preoptic area-anterior hypothalamic pro-GnRH-GAP gene expression in
ovariectomized rats. Mol Brain Res. 6: 121, 1989.

Robsen, L. E., S. J. Paterson and H. W. Kosterlitz. Opiate receptors. In; Handbook .
of Psychopharmacology, Biochemical studies on CNS receptors. (Iversen, L.L.,
Iversen, S.D., Snyder, S.H. eds.), Plenum Press, New York: 1983.



231

Rogers, J., W. J. Shoemaker, D. G. Morgan, C. E. Finch and . Senescent changes in
tissue weight and immunoreactive B-endorphin ., enkephalin, and vasopressin in eight
regions of C57BL/6J mouse brain and pituitary. Neurobiol Aging. 6: 1-9, 1985.

Ronnekliev, C.K., B.R. Naylor, C.T. Bond, J.P. Adelman. Combined
immunocytochemsitry for gonadotropin releasing hormone (GnRH) and pro-GnRH, and
in situ hybridizdation for GnRH mRNA in rat brain. Mol Endocrinology 3: 363-371,
1989.

Rossier, J., M. V. Theresa, S. Minick, N. Ling, F. E. Bloom and R. Guillemin.
Regional dissociation of beta-endorphin and enkephalin contents in rat brain and
pituitary . Proc. Natl. Acad. Sci. USA . 1977.

Rothfeld, J. M., J. F. Hejtmancik, P. M. Conn and D. W, Pfaff. LHRH messenger
RNA in neurons in the intact and castrated male rat forebrain, studied by in situ
hybridization. Exp Brain Res. 67: 113-118, 1987.

Rothman, R. B., V. Bykov, B. R. De Costa, A. E. Jacobson, K. C. Rice and L. S.
Brady. Interactions of endogenous opioid peptides and other drugs with four kappa
opioid binding sites in guinea pig brain. Peptides 11: 311-331, 1990.

Rotsztejn, R., S. Drouva, E. Pattou and C. Kordon. Effect of morphine on the basal
and tiie dopamine-induced release of LHRH from mediobasal hypothalamic fragments
in vitro. Eur J Pharm. 50: 285-286, 1978.

Rotten, B., P. Leblanc, C. Kordon, R. I. Weiner and A. Enjelbert. Interference of
endogenous beta-endorphin with opiate binding in the anterior pituitary. Neuropeptides.
8: 377-392, 1986.

Samson, W. K. and S. M. McCann. Effects of lesions of the organum vasculosum
lamina terminalis on the hypothalamic distribution of luteinizing hormone-releasing
hormone and gonadotropin secretion in the ovariectomized rat. Endocrinology
105(939): 1979.

Saper, C. B. and L. W. Swanson. The efferent connections of the ventromedial nucleus
of the hypothalamus of the rat. J. Comp. Neurol. 169: 409-442, 1976.

Sapolsky, R. M., L. C. Krey and B. S. McEwen. The neuroendocrinology of stress and
aging: the glucocorticoid cascade. Endocr Rev. 7: 284-301, 1986.

Sapoisky, R. M., B. A. Stein-Behrens and M. P. Armanini. Long-term adrenolectomy
causes loss of dendate gyrus and pyramidal neurons in adult hippocampus . Exp Neurol.
114: 246-9, 1991.



Sapolsky, R. M. Excitotoxicity. J Neurosci. 12: 773-80, 1992,

Sar, M., W. E. Stumpf, R. J. Miller, K. -. Chang and P. Cuatrecassas.
Immunohistochemical localization of enkephalin in rat brain and spinal cord. J. Comp.
Neur. 182 : 17-38, 1978.

Sar, M. Estradiol is concentrated in tyrosine hydroxylase-containing neurons of the
hypothalamus. Science 223: 938-940, 1984,

Sar, M., A. Sahu, W. R. Crowley and S. P. Karla. Localization of neuropeptide-Y
imunoreactivity in estradiol-concentrating cells in the hypothalamus. Endocrinology
127; 2752-2756, 1990.

Sarkar, D. K., P. E. Gottschall and J. Meites, Damage to hypothalamic dopaminergic

is associated with development of prolactin-secreting tumors. Science 218: 634-686,
1984.

Sarkar, D. K. and S. S. C. Yen. Changes in beta-endorphin-like immunoreactivity in
pituitary portal blood and after ovariectomy in rats. Endocrinology 1i6: 2075-2079,
1985.

Scarborough, K., N. G. Weiland, J. M. Lloyd, G. H. Larson, S. Chiu and P. M. Wise.
Aging influences the diurnal pattern and the level of propiomelanocortin gene expression
in the arcuate nucleus of ovariectomized and estradiol-treated rats. Soc Neurosci Abstr,
20(952): 1990.

Scally, A.V., A.J. Kastin and A. Arimura. FSH-releasing hormone and LH-releasing
hormone. Vitam Horm 30: 83, 1972.

Schippef, H. M., J. R. Brawer, J. F. Nelson, L. S. Felicio and C. E. Finch. Role of
the gonads in histologic aging of the hypothalamic arcuate nucleus. Biol Reprod. 25:
413-419, 1981.

Schipper, H. M., E. G. Stopa and W. T. Gomon-positive periventricular glia in the
human brain. Soc Neurosc Abstr, 1988.

Schipper, H. M., R. M. Lechan and S. Reichlin. Glial peroxidase activity in the
hypothalamic. arcuate nucleus:effects of estradiol-valerate induced persistent estrus.
Brain Res. 507: 200-207, 1990.

Schipper, H. M. and A. Mateescu-Cantuniari. Identification of peroxidase-positive
astrocytes by combined histochemical and immunolabeling techniques in situ and in cell
culture. J of Histochem and Cytochem 39: 1009-1016.



233

Schipper, H. M., M, Piotte and J. Brawer. Effects of progestins on the age-related
accumulation of astrocytic granuies in the hypothalamic arcuate nucleus. Brain Res.
527- 176-179, 1990.

Schipper, H. M., D. Scarborough, R. M. Lechan and S. Reichlin. Gomori-positive
astrocytes in primary culture: Effects of in vitro age and cysteamine exposure. Dev.
Brain Res. 54: 71-79, 1990.

Schipper, H. M., Y. Kotake and E. Janzen. Catechol oxidation by peroxidase-positive
astrocytes in primary culture:an electron spin resonance study. J Neuroscience, 11:
2170-2176, 1591.

Schipper, H. M. Gomori-positive astrocytes: biological properties and implications for
neurologic and neuroendocrine disorders. Glia. 4: 365-377, 1991.

Schulster, A., R. Farookhi and J. R. Brawer. Polycystic ovarian condition in estradiol
valerate-treated rats: spontaneous changes in characteristic endocrine features. Biol
Reproduc. 29: 239-248, 1984.

Seifer, D. B. and R. L. Collins. Current concepts of beta-endorphin physiology in
female reproductive dysfunction. Fert Steril. 54(5): 757-769, 1990.

Setalo, G., S. Vigh, A. V. Schally, A. Arimura and B. Flerko. Immunocytochemical
study of the origin of LH-RH containing nerve fibers of the rat hypothalamus. Brain
Res. 103: 597-602, 1976.

Sharif, N. A. and J. Hughes. Discrete mapping of brain mu and delta opioid receptors
using selective peptides: quantitative autoradiography, species difterences and
comparison with kappa receptors. Peptides 19 : 499-522, 1989.

Sherwood, N. and G. Fink. Effect of ovariectomy and adrenolectomy on luteinizing
hormone-releasing hormone in pituitary stalk blood from female rats. Endocrinology
106: 363-369, 1980.

Shivers, B. D., R, E. Harlan, J. 1. Morrell and D. W. Pfaff. Abscence of oestradiol
concentration in cell nuclei of LHRH-immunoreactive neurones. Nature. 304: 345-347,
1983.

Shivers, B. D., R. E. Harlan, J. I. Morrell and D. W. Pfaff. Immunocytochemical
localization of luteinizing hormone releasing hormone in male and female rat brains.

Quantitative studies on the effects of gonadal steroids. Neuroendocrinology 36: 1-12,
1983.

Shupnik, M.A., S.D. Gharib and W.W. Chin. Estrogen suppresses rat gonadotropin



gene transcription in vive. Endocrinology 122: 1842, 1983.

Shupnik, M.A., S.D. Gharib and W.W. Chin. Divergent effects of estradiol on
gonadotropin gene transcription in pituitary fragments. Mol Endocrinoi 3: 474, 1989.

Silverman, A. J. Distribution of luteinizing hormone-releasing hormone (LH-RH) in the
guinea pig brain. Endocrinology 99 : 30-41, 1976.

Silverman, A.-J., J. Jhamandas and L. P. Renaud. Localization of luteinizing
hormone-releasing hormone (LHRH) neurons that project to the median eminence. J.
Neurosci. 7: 2312-2319, 1987.

Simantov, R. and P. Snyder. Opiate receptor binding in the pituitary gland. Brain Res.
124: 178-188, 1977.

Simantov, R., M. J. Kuhar and G. R. Uhl Opioid peptide enkephalin:

Immunohistochemical mapping in rat central nervous system. Proc. Natl. Acad. Sci.
USA. 74: 2167-2171, 1977.

Simantov, R. and S. Amir. Regulation of opiate receptors in mouse brain: arcuate
nuclear lesion induces receptor upregulation and supersensitivity to opiates. Brain
Research. 262: 168-171, 1983.

Simard, M., J. R. Brawer and R. Farookhi. An intractable ovary-dependent impairment
in the hypothalamo-pltmtary axis of the estradiol-valerate induced polycystic ovanan
condition in the rat. Biol Reprod. 36: 1229-1237, 1987.

Simon, E.J., J.M. Hiller, I. Edelmen. Stereoscopic binding of the potent analgesic *H-
etorphine to rat brain homogenate. Proc Natl Acad Sci. USA 70: 1947-1949, 1973.

Sloviter, R. S., G. Valiquette, G, M. Abrams, E. C. Ronk, A. L. Sollas, L. A. Paul
and S. Neubort. Selective loss of hippocampal granule cells in the mature rat brain after
adrenalectomy. Science 243: 535-538, 1989.

Srebro, Z. The ependyma, the cystein-rich complex-containing periventricular glia, and
the subfornical organ in normal and X-irradiated rats and mice. Folia Biologica Krakow.
18: 327-334, 1970.

Srebro, Z. and A. Macinska. Cytochemical demonstration of ferric iron and

fluorescence microscopy observations on Gomori-positive glia grown in vitro. Brain
Res. 42: 53-58, 1972, .

Sternberger, L. A. and G. E. Hoffman. Immunocytology of luteinizing
hormone-releasing hormone. Neuroendocrinology 25: 111-128, 1978.



235

Strobl, F.J and J.E. Levine. Estrogen inhibits luteinizing hormone but not follicle
stimulating hormone in hypophysectomized pituitary-grafted rats receiving pulsatile LH-
releasing hormone infusions. Endocrinology 123: 622-629, 1988.

Sylvester, D. W., D. A, VanVugt, C. A. Aylsworth, E. A. Hansen and J. Meites.
Neuroendocrinology 34: 269-273, 1982.

Szentagothai, J., B. Flerko, B. Mess and B. Halasz. In: Hypothalamic control of
anterior pituitary. 40-68, 1972.

Tappel, A. L. Lipid peroxidation damage to cell components. Fed Proc. 32:
1870-1874, 1973.

Tempel, A., E. Garder and R. Zukin. Visualization of opiate receptor upregulation by
light microscopic autoradiography. Proc Nat Acad Sci USA. 81: 3893-3897, 1984.

Tempel, A., E. Gardner and R. Zukin. Neurochemical and functional correlates of

naltrexone-induced opiate receptor upregulation. J Pharmac Exp Ther. 232: 439-444,
1985.

Tempel, E. and R. S. Zukin. Neuroanatomical patterns of the mu, delta, and kappa
opioid receptors of rat brain as determined by quantitative in vitro autoradiography.
Proc. Natl. Acad. Sci. USA. 84: 4308-4312, 1987.

Terenius, L. Stereospecific interaction between narcotic analgesics and a synaptic
plasma membrane fraction of rat cerebral cortex. Acta Pharmacol Toxicol 32: 317-320,
1973.

Thomas, T., C.-C., Chao, and T.J. Thomas. Estradiol control of cell cycle: regulation
of cyclin B mRNA and polyamine biosynthesis. Endocrine Soc Meeting. 1093 (Abst.),
1992,

Tong, Y., H. Zhao, F. Labrie and G. Pelletier. Regulation of proopiomelanocortin
messenger ribonucleic acid content by sex steroids in the arcuate nucleus of the female
rat brain. Neurosci Lett. 112: 104-108, 1990.

Toranzo, D., E. Dupont, J. Simard, C. Labrie, J. Couet, F. Labrie and G. Pelletier.
Regulation of pro-gonadotropin-releasing hormone gene expression by sex steroids in
the brain of male and female rats. Mol Endocrinology 3: 1748, 1989.

Uchitel, O. D., D. A. Protti, V. Sanchez, B. D. Cherskey, M. Sugimori and R. Llinas.
P-type voltage dependent clacium channel mediates presynaptic calcium influx and

transmitter release in mammalian synapses. Proc. Natl. Acad. Sci. USA. 89: 3330-3,
1992,



236

Van Vugt, D. A., C. F. Aylsworth, P. W. Sylvester, F. C. Leung and J. Meites.
Evidence for hypothalamic noradrenergic involvement in naloxone-induced stimulation
of luteinizing hormone release. Neuroendocrinology 33: 261-264, 1981.

Van Vugt, D. A., N. Y. Lam and M. Ferin. Reduced frequency of pulsatile luteinizing
hormone secretion in the luteal phase of the rhesus monkey. Involvement of
endogenous opiates. Endnerinology 115: 1095-1101, 1984,

Vermes, 1., F.J. Tilders, J.C. Stoof. Dopamine inhibits the release of immunoreactive-
beta-endorphin from rat hypothalamus in vitro. Brain Res. 326: 41-46, 1985.

Vincent, S. R., T. Hokfelt, I. Christensson and L. Terenius. Dynorphin-immunoreactive

neurons in the central nervous system of the rat. Neuroscience Lett. 33: 185-190,
1982.

Wamsley, J. Opioid receptors : autoradiography. Pharmacol. Rev. 35: 69-83, 1983,

Wardlaw, S. L., L. Thoron and A. G. Frantz. Effects of sex steroids on brain
beta-endorphin. Brain Res. 245: 327-331, 1982,

Wardlaw, S. L. and M. Blum. Biphasic effct of orchiectomy on pro-optomelanocortin
gene expression in the hypothalamus. Neuroendocrinology $2: 521-526, 1990.

Watson, S. J., C. W. Richard and J. D. Barchas. Adrenocorticotropin in rat

brain:immunocytochemical localization in cells and axons. Science 200: 1180-1182,
1978.

Watson, S. J., H. Akl, V. E. Ghazarosstan and A. Goldstein. Dynorphin
immunocytochemical localization in brain and peripheral nervous system: Preliminary
studies. Proc. Natl. Acad. Sci. USA. 78: 1260-1263, 1981.

Weick, R. F. Acute effects of adrenergic receptor blocking drugs and neuroleptic agents
in pulsatile discharge of luteinizing hormone in the ovariectomized rat.
Neuroendocrinology 26: 108-117, 1978.

Weisner, J., J. Koenig, L. Krulich and R. L. Moss. Site of action for beta-endorphin-
induced changes in plasma luteinizing hormone and prolactin in the ovariectomized rat.
Life Sci. 34: 1463-1473, 1984.

Werling, L., P. McMahon and B. Cox. Selective changes in mu opioid receptor
prcverties induced by chronic morphine exposure. Proc Natl Acad Sci USA. 86: 6393-
6397, 1989.

West, M. J. and H. J. G. Gundersen. Unbiased stereological estimation of the number



237
of neurons in the human hippocampus. J. Comp. Neurcl. 296: 1-22, 1990.

Wilcox, J. N. and J. L. Roberts. Estrogen decreases rat hypothalamic
proopiomelanocortin messenger ribonucleic acid levels. Endocrinology 117: 2392-2396,
1985.

Wilcox, J., J. Roberts, B. Chronwall, I, Bichop and T. O’Donohue. Localization of
proopiomelanocortin mRNA ir. functional subsets of neurons defined by their axonal
projections. J Neurosci Res. 16: 89-96, 1986.

Wildt, L. and G. Leyendecker. Induction of ovulation by chronic adminstration of
naltrexone in hypothalamic amenorrhea. J Clin Endocrinol Metab
64: 1334-1335, 1987.

Wilkes, M. M, and S. S. C. Yen. Reduction by beta-endorphin of efflux of dopamine
and DOPAC from superfused medial basal hypothalamus. Life Sci. 27: 1387-1391,
1980.

Wilkinson, M., R. Bhanot, D. A. Wiikinson and J. R. Brawer. Prolonged estrogen
treatment induces changes in opiate, benzodiazepine and beta-adrenergic binding sites
in female rat hypothalamus. Brain Res Bull. 11: 279-281, 1983.

Wilkinson, C. W. and D. D. Dorsa. The effects of aging on molecular forms of beta-
and gamma-endorphins in the rat hypothalamus, Neuroendocrinology 43: 124-131,
1986.

Willmore, L. J. and J. J. Rubin. Antiperoxidant pretreatment and iron-induced
epileptiform discharges in the rat: EEG and histopathologic studies. Neurology. 31:
63-69, 1988.

Wise, P.M., N. Rance and C.A. Barraclough. Effects of estradiol and progesterone on
catecholamine turnover rates in discrete hypothalamic regions in ovariectomized rats.
Endocrinology 108: 2186-93, 1981.

Wise, P. M., K. Scarbrough, G. H. Larson, J. M. Lloyd, N. G. Weiland and S. Chiu.
Neuroendocrine influences on aging of the female reproductive system. Frontiers in
Neuroendocrinology 12: 323-356, 1991.

. Witkin, J. W., C. M. Paden and A. J. Silverman.-The luteinizing hormone-releasing
‘hormone system in the rat brain. Neuroendocrinology 35: 429-438, 1982,

Witkin, J. W. and A. J. Silverman. Synaptology of luteinizing hormone releasing
hormone neurons in the rat preoptic area. Peptides 6: 263-271, 1985.



238

Wolozin, B. L., S. Nishimura and G. W. Pasternak. The binding of kappa and sigma-
opiates in rat brain. J. Neurosci . 2: 708-713, 1982.

Woeod, P. L. Multiple opiate receptors: A guide to structures and terminology. Life Sci.
31: 1645, 1982,

Wray, S., R. T. Zoeller and H. Gainer. Differential effect of estrogen on luteinizing
hormone-releasing hormone gene expression in sliced explant cultures prepared from
specific rat forebrain regions. Mol Endocrinology 3: 1197-1206, 1989,

Yamamoto, M., N.D. Diebel and E.M. Bogdanone. Analysis of initial and delayed

effects of orchidectomy and ovariectomy on pituitary and serum LH levels in adult and
immature rats. Endocrinology 86: 1102-11, 1970,

Yuri, K. and M. Kawata. Semi-quantitative analysis of the effects of estrogen on
CGRP- and methionine enkephalin-immunoreactivity in the periventricular preoptic
nucleus and the medial preoptic area of female rats. Brain Res. 578: 282-288, 1992.

Zaborsky, L. and G. B. Makara. Intrahypothalamic connections: An electron
microscopic study of the rat. Exp Brain Res. 34: 201-215, 1979.

Zagon, [.S., S.R. Goodman, P.J. MacLaughlin. Characterization of opioid binding
sites in murine neuroblastoma. Brain Res. 449: 80-88, 1988.

Zamir, N., M. Palkovits, E. Weber and M. J. Brownstein. Distribution of

immunoreactive dynorphin in the central nervous system of the rat. Brain Research.
280: 81-93, 1983.

Zmeili, S.M., S.S. Papavasiliou, M.Q. Thomer, W.S. Evans, J.C. Marshall and T.D.
Landefeld. Alpha and luteinizing hormone beta subunit mRNAs during the rat estrous
cycle. Endocrinology 119: 1867-1878, 1986.

Zeman, W. and J. R. M. Innes. Craigies’s neuroanatomy of the rat. New York,
Academic Press. 230 : 1963.

Zoeller, R. T., P.H. Seeburg and W. Scott Young II. In situ hybridization
histochemistry for messenger ribonucleic acid (mRNA) encoding gonadotropin releasing
hormone (GnRH): effects of estrogen on cellular levels of GnRH mRNA in female rat
brain. Endocrinology 122: 2570-2577, 1988.

Zukin, R., J. Sugarman, M. Fitz-Syage, E. Gardner, S. Zukin and A. Ginzler. Brain
Res. 245: 285-292, 1982.

Zukin, R. S., M. Eghbali, D. Olive, E. M. Unterwald and A. Tempel. Characterization



‘ 239

and visualization of rat and guniea pig brain kappa opioid receptors: evidence for k1 and
k2 opioid receptors. Proc. Natl. Acad. Sci. USA. 85: 4061-4065, 1988.



