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ABSTRACT

The pubertal initiation of a high-frequency, pulsatile release of gonadotropin-
releasing hormone (GnRH) involves an escape from estradiol negative feedback.
Kisspeptin neurons are proposed to mediate the effects of estradiol, and estrogen
receptor alpha (ESR1) may play a role in this process. The present study investigated
the hypothesis that reduced ESR1 expression in Kisspeptin neurons is associated with
decreased sensitivity to estradiol negative feedback that underlies reproductive
maturation. Ewe lambs were ovariectomized at approximately 24 wk of age and
received no implant (OVX; n=7) or received a subcutaneous implant containing estradiol
(OVX+E; n=14). At 30 wk of age, blood samples were collected to characterize the
pattern of luteinizing hormone (LH) secretion. Lambs were then euthanized and a block
of tissue containing the preoptic area (POA) and hypothalamus was collected. Detection
of ESR1 mRNA and kisspeptin was performed by dual-label in situ
hybridization/immunocytochemistry. The abundance of ESR1 mRNA in the middle
arcuate nucleus (MARC) was greater in OV X than in OVX+E ewe lambs but did not
differ between groups in any other hypothalamic area investigated. Posthoc analysis of
the LH data obtained from OV X+E lambs indicated three distinct patterns of LH release:
low (1-2 pulses/12 h; n=3), moderate (6-7 pulses/12 h; n=6) and high (>10 pulses/12 h;
n=5) frequency of LH pulses. The proportion of kisspeptin cells containing ESR1

MRNA in the POA/periventricular area did not differ among OV X+E lambs exhibiting



low, moderate and high frequency of LH pulses. However, the proportion of kisspeptin
cells containing ESR1 mRNA in the mid ARC was greater in OVX+E lambs exhibiting
high frequency of LH pulses (0.57) than in lambs exhibiting moderate (0.36) or low
(0.27) LH pulsatility, and did not differ from OVX (0.50) lambs. Contrary to our
hypothesis, the increase in LH pulsatility in maturing ewe lambs is associated with
enhanced ESR1 expression in kisspeptin neurons in the ARC. This indicates that the
mechanism of decreased sensitivity to estradiol negative feedback during maturation of
the reproductive neuroendocrine axis does not involve limiting ESR1 transcription in

kisspeptin neurons.
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CHAPTER I

INTRODUCTION

Puberty is a well-characterized event that has been investigated extensively.
However, the physiological mechanisms controlling the onset of puberty are still
unclear. Genetics play a significant role in determining the age at which an individual
reaches puberty, but nutrition, environment, and sex are also important factors timing the
onset of puberty [1-3]. A trend for decreased age at puberty in girls has been observed
in the last several decades [4-6]. Increased body weight gain and obesity during
childhood have been indicated as potential causes for this early onset of puberty [6].
Recent reports indicate that obesity in juvenile girls advances breast development and
menarche [5, 7], which may increase the chances for development of polycystic ovarian
syndrome and reproductive cancers. Because these diseases can have a critical impact
on women'’s health, characterizing the underlying mechanisms responsible for the
initiation of puberty is of interest.

Understanding the physiological control of pubertal development is also critical in
food-producing species. In sheep production systems, lifetime productivity is greater in
ewes that reach puberty early [8] and lamb for the first time by 1 yr of age [9, 10]. By
gaining a better understanding of the developmental changes that are responsible for the
pubertal process, novel approaches and better managerial strategies can be developed for

timing puberty to periods that are more favorable for achieving production goals. In



addition, ewe lambs serve as a valuable animal model to study puberty because the
activation of the neuroendocrine reproductive system during pubertal development in
sheep is comparable to that of other mammals, including humans [11, 12].

As a female approaches reproductive maturity, the frequency of the pulsatile release
of luteinizing hormone (LH) increases [13-15]. Activation of gonadotropin-releasing
hormone (GnRH) neurons in the preoptic area and hypothalamus, and secretion of
GnRH into the hypothalamic-hypophyseal portal vasculature, is considered to be critical
for the initiation of the pubertal pattern of pulsatile release of LH [16, 17]. However, the
neuroendocrine mechanisms involved in controlling the onset of highly-frequent
GnRH/LH release are still unclear.

Estradiol plays an important role in controlling the onset of puberty. It is well-known
that estradiol exerts both positive and negative feedback regulation on the secretion of
gonadotropin-releasing hormone (GnRH). Interestingly, GnRH neurons do not express
ESR1 (estrogen receptor alpha), which is believed to be the major estrogen receptor
mediating estradiol’s regulation of reproductive function [18]. Another estrogen
receptor, ESR2 (Estrogen receptor beta), is expressed in a subpopulation of GnRH
neurons in sheep [19]), but it does not appear to be important for the control of
reproductive processes [18]. Therefore, it is hypothesized that cells expressing ESR1 in
the hypothalamus mediate estradiol feedback effects on GnRH neurons. Kisspeptin has
been proposed to serve in such a role because kisspeptin neurons express ESR1 [20] and

kisspeptin stimulates GnRH secretion [21]. The absence of ESR1 in kisspeptin neurons
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has been observed to prematurely activate GnRH pulsatile secretion and advance the
onset of puberty [22]. Therefore, understanding the control of ESR1 expression in
kisspeptin neurons could reveal information that will lead to a better understanding of

estradiol’s control of GnRH secretion and reproductive cyclicity.



CHAPTER II

LITERATURE REVIEW

Neuroendocrine basis of pubertal development

One of the primary physiological events leading to reproductive maturation is the
activation of the hypothalamic-adenohypophyseal-gonadal axis. The frequency of
GnRH and LH release in prepubertal ewe lambs is low compared to reproductively-
mature ewes during the follicular phase [11]. Although estradiol can induce a
preovulatory-like surge of GnRH release in immature female lambs [23], the low
frequency of GnRH and LH release characteristic of the prepubertal period is
insufficient to support ovarian steroidogenic activity necessary to elevate concentrations
of estradiol in circulation and, consequently, to stimulate the preovulatory surge of
GnRH/LH. As lambs approach puberty, the frequency of GnRH release increases.
Accelerated pulsatile GnRH release leads to the increased release of gonadotropins from
the adenohypophysis, which in turn, promotes follicular maturation and increases
estradiol synthesis [11].

The major limiting factor for the increased release of LH, and ultimately the initiation
of reproductive cyclicity, is the absence of adequate stimulation of the gonadotropes by
GnRH. Immature female lambs treated with hourly injections of LH exhibit enhanced
ovarian activity, indicating that once sufficient gonadotropin stimulation is present,

females can become reproductively active [24]. Ovarian function is also stimulated in
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female monkeys treated with intermittent injections of GnRH [25]. These observations
indicate that a surge in gonadotropin release can be induced before puberty, but LH
stimulation of follicular estradiol synthesis is not adequate during the prepubertal period.
Estradiol negative feedback is a major cause for the maintenance of the low
frequency of LH release observed during the prepubertal period in lambs [26]. As a
female approaches puberty, the sensitivity to estradiol negative feedback diminishes, and
the frequency of LH release increases [14, 27]. This indicates that the actions of
estradiol appear to have a greater inhibitory effect in prepubertal females than in
reproductively-mature females. This hypothesis is further supported by experiments
indicating that circulating concentrations of LH are elevated after ovariectomy in
prepubertal rats [28], sheep [14], and heifers [29]. In contrast, the magnitude of the post-
ovariectomy increase in LH is not observed when it is performed in reproductively-

mature females [29-31].

Estradiol feedback regulation of GnRH secretion

Estradiol is known to exert positive (stimulation of the preovulatory GnRH/LH surge)
and negative (inhibition of pulsatile GnRH release) actions by acting in the
hypothalamus [32, 33]. In addition, estradiol inhibits the amplitude of LH pulses by
direct actions in the adenohypophysis [34]. Because GnRH neurons do not express
ESR1 [35-37], the major estrogen receptor mediating estradiol regulation of GnRH
secretion [38-40], it is believed that estradiol positive and negative feedback is mediated

by interneurons. Estradiol is also known to have neurotropic effects that may contribute
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to the regulation of neuroendocrine functions by supporting neuronal plasticity in the
brain [22, 41, 42].

Estrogen receptors are present throughout the body, including the brain. In sheep,
estrogen receptor-immunoreactive cells can be found in several areas throughout the
hypothalamus and preoptic area (POA), as well as in several limbic structures, including
the amygdala, bed nucleus of the stria terminalis (BNST), and lateral septum [43-45]. A
large number of estrogen receptor-immunoreactive cells are observed in the medial
preoptic area and the mediobasal hypothalamus (MBH), particularly in the ventromedial
hypothalamus (VMH) and arcuate nucleus (ARC) [43, 45]. Itis also interesting to note
that estrogen receptor immunoreactivity in the VMH of ewes is denser and localized
more laterally during an induced luteal phase when compared to either a female in the
follicular phase or a female that has been ovariectomized [45]. When implants of
estradiol are placed in this specific area, estrous behavior and the LH surge are initiated
[46, 47]. Both the immunoreactivity and estradiol implant data indicate that cells located
within the VMH that express estrogen receptor may play important roles in the
generation of both estrous behavior and the GnRH surge. Variation in estrogen-receptor
immunoreactivity in those physiological conditions is also observed in the organum
vasculosum of the lamina terminalis (OVLT), the supraoptic nucleus (SON), the
suprachiasmatic nucleus (SCN), the dorsomedial nucleus (DMH), the periventricular
nucleus (PeV), and the paraventricular nucleus (PVN) [43, 45]. ESR1 mRNA is found in

the medial preoptic area, BNST, SON, VMH, ARC, PVN, lateral septum, and
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subfornical organ [44]. In sheep fetuses, ESR1 and ESR2 are detected in the brain by
day 80 of gestation [48]. The abundance of both ESR1 and ESR2 mRNA and protein in
the brain increases during fetal development [48]. In heifers, the concentration of
estradiol receptors in the anterior and mediobasal hypothalamus, based on estradiol
binding assays, declines as heifers near puberty [49]. In contrast, no change in the
concentration of estrogen receptors in the preoptic area and median eminence is
observed [49]. A similar decline in estrogen receptors during juvenile development has
also been reported in rats [50]. This decline may play a role in the reduced estradiol
negative feedback inhibition of LH secretion during pubertal transition.

The mechanisms of estradiol action include binding to intracellular receptors ESR1
and ESR2. These receptors have a basic structure which includes a C-terminal ligand-
binding domain, a central and highly conserved DNA-binding domain, a variable N-
terminal domain, and at least two transcriptional activation subdomains [51, 52]. Both
receptors have a size of approximately 60kDa and bind estradiol-17p with high affinity.
However, the two receptor subtypes are produced by two different genes and exhibit
different DNA-binding affinity [53]. The classical mechanism of estradiol signaling
involves estradiol binding to one of its receptor proteins in the cytosol, receptor
dimerization upon ligand binding, translocation of the complex to the nucleus and
binding to estrogen response elements in specific DNA sequences [41, 54, 55] and in
other promoter sites [56] for the regulation of transcription of estrogen-responsive genes.

In addition to binding specifically to estrogen response elements, estrogen receptors can
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also interact with other transcriptional factor complexes, including Fos/Jun [57] and SP-
1 [58] to influence genes that do not have estrogen response elements within their
promoters. Coactivators and repressors can also be involved in the up-regulation of
transcription that can occur once the RNA polymerase 11 complex is assembled [59].
Estradiol is also known to elicit rapid, non-genomic effects mediated by estrogen
receptors located in the cellular plasma membrane [56, 60]. These include ESR1 and
ESR2 and the recently-characterized estrogen receptors GPER1 (also known as GPR30),
Gg-mER, and ER-X [56, 60]. The non-classical estradiol mechanism of action involves
activation of kinases and phosphatases and downstream signaling events [55, 56, 61].
Once receptors are trafficked to the membrane of neurons and astrocytes, ESR1 and
ESR2 associate with metabotropic glutamate receptors (mGIuRs) and signal similarly to
G protein-coupled receptors [62, 63]. After a specific membrane estrogen receptor has
activated the mGIuR, phospholipase C/IP3-MAPK pathways are stimulated, which lead
to the phosphorylation of CREB or the release of internal calcium stores [62]. Estradiol
positive feedback action on secretion of GnRH and induction of the preovulatory surge
of GnRH appears to occur through classical estrogen signaling. However, estradiol
negative feedback inhibition of pulsatile GnRH secretion appears to involve both

classical and non-classical mechanisms [56, 64].

ESR1 and its role in reproduction
Estrogen receptor 1 appears to be the estrogen receptor that is essential for

reproductive function in females, with both genomic and non-genomic signaling serving
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important roles, while ESR2 appears to have a less critical role. Depending on the type
of ESR2 knock-out (ESR2KO) produced, varying effects are seen on fertility [65]. Mice
with a GnRH neuron-selective deletion of ESR2 continue to have normal estrous cycles,
and the effects of estradiol negative feedback are still observed. This indicates that
ESR2 within GnRH neurons is not important for the control of GnRH secretion [66]. In
contrast, deletion of functional ESR1 impairs reproductive function. In female ESR1KO
mice, estradiol-induced activation of p-opioid receptor in the medial preoptic nucleus, a
mechanism involving the regulation of ESR1-transactivation of mGluR1a essential for
reproductive behavior in mice, is eliminated [38]. In addition, male and female
ESR1KO mice are infertile [39]. In rats treated with an ESR1 agonist, uterine growth is
stimulated, bone-protective effects are observed, concentrations of LH and FSH in
circulation decrease, and concentrations of angiotensin I in circulation increase. These
observations indicate that ESR1 is a primary mediator of estrogen’s effects in the uterus,
bone, pituitary, and liver [40]. In the gonadotrope, ESR1 mediates estradiol negative
feedback on LH release, induces the progesterone receptor, elicits the reorganization of
membrane-enclosed intracellular organelles, and causes cell shrinkage [67]. Increased
plasma concentrations of LH are associated with increased expression of the pituitary
glycoprotein a-subunit and LH-B genes in Esrl knockout mice [68]. Moreover, ablation
of Esrl in neurons during the neonatal period leads to impaired estradiol negative
feedback and absence of normal estrous cycles in adult female mice [22].

Administration of a specific ESR1 agonist in adult, ovariectomized, wild-type mice
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suppresses secretion of LH [66]. These observations further illustrate the critical role for
ESR1 in mediating estradiol negative feedback control of gonadotropin secretion.

Estrogen receptor 1is also involved in estradiol positive feedback. Neuron-specific
Esrl knockout mice do not exhibit the preovulatory LH surge or activation of GhnRH
neurons in the preoptic area [69], indicating a lack of estradiol positive feedback. When
the anteroventral periventricular nucleus (AVPV) is electrolytically lesioned in rats, the
LH surge is absent, suggesting that afferent neurons in this area are critical for
communicating estradiol positive feedback to GnRH neurons [70, 71]. When
microimplants of antiestrogen were placed into the AVPV region in rats, the LH surge
was also inhibited [72].

While it is clear that ESR1 is important for communicating estradiol feedback to the
reproductive system, the mechanisms in which this occurs are unclear. ESR1 mRNA
and protein have been detected in GT1 and GT1-7 cell lines [73-75] but have not been
found in GnRH neurons in studies using animal models [76, 77]. Therefore, it appears
that ESR1 uses afferent pathways for communicating estradiol feedback to GnRH

neurons. Kisspeptin is considered a major mediator for this action.

Kisspeptin signaling and anatomical pathways

The gene that expresses kisspeptin, Kiss1, was first characterized as a human
malignant melanoma metastasis-suppressor gene for its role in decreasing metastatic
potential of malignant melanoma cells [78]. The products of Kissl are peptides termed

kisspeptins, which exert their effects through binding to a G-protein coupled receptor
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(KISS1R) [79]. The various isoforms of kisspeptin, ranging from 10 to 54 amino acids,
are derived from a 145 amino acid precursor, and have a common carboxy terminal
containing an arginine and amidated phenylalanine (RFamide) motif which is necessary
for the activation of KISS1R [78-80]. Kisspeptin-54, kisspeptin-14, kisspeptin-13, and
kisspeptin-10 are found in the human placenta [79], In mice and rats, a 52 amino acid
form of kisspeptin has been found [79]. In sheep, 53-, 16-, 14-, 13- and 10-amino acid
forms of kisspeptin have also been found in hypothalamic tissue, with kisspeptin-16 and
-13 being the most abundant isoforms [Caraty, unpublished data]. All isoforms bind to
kisspeptin receptors (KISS1R) with similar affinity [79]. Activation of KISS1R elicits
responses through the Gq/Ga11 signal transduction pathway, which leads to stimulation of
phospholipase C (PLC) , phosphatidylinositol 4, 5-biphosphate breakdown, and
formation of diacylglycerol (DAG) and inositol-(1, 4, 5) - triphosphate (IP3) as end
products. DAG activates protein kinase C (PKC), while IP3 stimulates mobilization of
intracellular calcium [79]. It has been shown that kisspeptin can also stimulate
arachidonic acid release and the phosphorylation of extracellular signal-regulated kinase
1 (ERK1) and 2 (ERK2) [79].

Kisspeptin neurons in the brain are distributed in two distinct populations: one
located in the POA/PeV and the other located in the ARC [20, 81-83]. A small and more
controversial group of kisspeptin cells is also seen in the DMH of sheep [20], mice [84,
85], and horses [86], but not in the rat [87] or hamster [88]. There is also solid evidence

that kisspeptin cells exist outside of the hypothalamus in the medial amygdala in mice
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and rats [83, 89], and in the BNST in mice [83] and monkeys [90]. Outside of the brain,
kisspeptin has been found in the placenta, pancreas, gonads, pituitary, and adipose tissue
[79, 80, 91-94].

The distribution of Kisspeptin neurons varies depending on the species. In mice and
rats, kisspeptin neurons in the ARC are distributed in all rostral to caudal levels [81, 83].
However in sheep, primates, goats, and horses, kisspeptin neurons are mainly located in
the middle and caudal levels of the ARC [20, 82, 95]. The comparative distribution of
kisspeptin neurons in the POA of laboratory rodents and other species indicates that
kisspeptin cells are located directly adjacent to the third ventricle in mice [81, 83] and
rats [96]; whereas, they appear more dispersed in the medial POA in sheep [20, 82],
monkeys [90], and humans [97]. Depending on the area in which kisspeptin neurons are
located, different genes are found to be co-expressed along with KISS1. In the
AVPV/PeV of rodents, galanin, metenkephalin, and tyrosine hydroxylase have all been
found to be co-expressed with kisspeptin [98-101]. Kisspeptin neurons located in the
ARC co-express the neuropeptides neurokinin B (NKB), dynorphin, and the NKB

receptor, TACR3 [82, 102].

Kisspeptin and its role in reproduction

The kisspeptin pathway was first characterized to be integral to reproductive function
and pubertal development by the observation that a mutation in the KISS1R led to
hypogonadotropic hypogonadism [103, 104]. It became evident later that kisspeptin is a

critical regulator of the GnRH neuroendocrine system [105]. Kisspeptin is a potent
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stimulator of LH release [106-111], and this effect occurs through direct actions on
GnRH neurons. The evidence for the latter includes the observation of the presence of
kisspeptin receptor in GnRH neurons [112, 113] and direct apposition of GnRH neurons
by kisspeptin-containing fibers [84, 114]. In the POA of female mice [84] and sheep
[115], 41-55% of GnRH cells have at least one kisspeptin-positive close contact,
whereas GnRH cells in the MBH have approximately 95%. In comparison, only 5-15%
of GnRH neurons present in the POA and 20% of GnRH neurons present in the MBH of
female rhesus monkeys have at least one kisspeptin-positive close contact [90]. The
failure of kisspeptin to induce release of LH in hypothalamo-pituitary disconnected ewes
[116] and in ewes pretreated with GnRH antiserum [117] provide further evidence for
GnRH neurons as direct targets of kisspeptin. Furthermore, Kiss1 or Kiss1r knock-out
mice do not exhibit a preovulatory surge of LH, indicating that the occurrence of the
surge is dependent on Kisspeptin signaling [118, 119]. In anestrous ewes, Kisspeptin
administration stimulates the LH surge and ovulation [120].

Kisspeptin plays an important role in the control of the hypothalamic-pituitary-
gonadal axis and the onset of puberty [103, 104, 106, 107]. Genetic ablation of
kisspeptin neurons during development in mice does not impair estrous cyclicity and
fertility, indicating that potential developmental compensation may occur in partial
absence of kisspeptin neurons [121]. Because a small number of kisspeptin neurons
remained in the brain of these mice, it is possible that few kisspeptin neurons may

support reproductive function in mice. Nevertheless, a similar genetic approach to
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ablate kisspeptin neurons during adulthood leads to infertility [121], supporting the
requirement of a functional kisspeptin system for reproductive function. Ablation of
kisspeptin/NKB/dynorphin neurons in the ARC of rats leads to decreased circulating
concentrations of gonadotropins [122]. In addition, the normal increase in
concentrations of gonadotropins that is expected to occur after ovariectomy, as well as
the decrease after estradiol replacement, is absent in this animal model [122]. This
indicates that kisspeptin neurons are important for mediating estradiol feedback
regulation of gonadotropin release. Because of the high co-expression of kisspeptin,
NKB, and dynorphin, it has been proposed that NKB’s stimulatory, and dynorphin’s
inhibitory effects may work in a cyclic autocrine/paracrine way to regulate the pulsatile
secretion of GnRH [102].

The importance of kisspeptin in the onset of puberty was further supported by
observations that KISS1 mRNA and peptide increase during pubertal development in
mice [84, 123], rats [106, 124, 125], sheep [114, 126], and monkeys [127]. An increase
in the number of kisspeptin immunopositive cells present in the ARC is observed in
post-pubertal ewes when compared to pre-pubertal ewes [114]. The activation of
kisspeptin neurons in the ARC is also observed by the increase in the number of KISS1
mRNA-containing cells in maturing ewe lambs exhibiting high frequency of LH release
[126]. In female non-human primates, the amount of kisspeptin peptide that is released
in the stalk-median eminence increases during pubertal maturation in conjunction with

increased GnRH secretion [107]. Electrophysiological studies in mouse brain slices
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have demonstrated that the percentage of GnRH neurons that respond to kisspeptin
increases throughout pubertal development [123]. The increasing ability of kisspeptin to
stimulate LH secretion as pubertal development progresses in rodents supports further

that the response of GnRH neurons to kisspeptin changes during postnatal development.

Kisspeptin neurons as mediators of estradiol regulation of GnRH secretion

Gonadal steroids hormones, particularly estradiol, regulate KISS1 expression [81,
115, 128, 129]. After gonadectomy, KISS1 mRNA increases in the ARC of mice [81,
130] and ewes [131], and in the infundibular recess of non-human primates [129]. This
effect is reversed with gonadal steroid replacement. In the rostral periventricular area of
the third ventricle (RP3V) of rodents and the POA of sheep, gonadectomy results in a
decreased number of Kiss1 mRNA- or peptide-containing cells. Like in the ARC,
gonadal steroid replacement reverses these effects [81, 128, 130, 131]. In aromatase-
knockout female mice, kisspeptin peptide and mRNA are extremely low or completely
absent in the RP3V when compared to wild-type mice. This indicates that estradiol is
required for enhanced kisspeptin expression [132, 133]. Similar observations are
reported in hypogonadal mice [134]. It is evident that estradiol represses the expression
of kisspeptin in the ARC of pre-pubertal ewes. This was demonstrated by the
observation that in gonad-intact ewes, the number of kisspeptin-immunoreactive neurons
in the ARC increases with pubertal maturation, whereas the number of kisspeptin-
immunoreactive cells is greater in immature, ovariectomized compared to immature,

intact ewe lambs [114]. In non-human primates, the pubertal increase in KISS1 mRNA
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appears to be independent of changes in concentrations of gonadal steroid hormones
[127] because little change in KISS1 mRNA abundance is observed after ovariectomy
[135].

It is possible that a critical window for exposure to estradiol exists for full activation
of kisspeptin expression. Kisspeptin receptor knockout [118, 136], aromatase knockout
[137], and hypogonadotropic [134] mice treated with estradiol during adulthood exhibit
only 30-50% of the number of kisspeptin neurons observed in the RP3V of wild-type
mice. However, in wild-type mice that were ovariectomized at 2 wk of age, the number
of Kissl-expressing neurons did not differ between sham and estradiol-treated groups
when evaluated as adults. This indicates that there is a critical period for estradiol
exposure for regulation of kisspeptin neuronal development, most likely within the first
2 wk after birth in the mouse [132]. It is also possible that estradiol leads to epigenetic
changes in the Kiss1 gene during pubertal development [138].

Expression of Kissl in the AVPV is stimulated by estradiol in rats [139] and mice
[132]. This observation supports the hypothesis that in mice and rats, kisspeptin neurons
located in the AVPV mediate estradiol positive feedback. The role of the POA/PeV and
ARC populations of kisspeptin neurons in mediating estradiol positive and negative
feedback is less clear in sheep and primates. In sheep, estradiol acts in the MBH, not in
the POA, to induce the surge of LH [47]. Consistent with mice and rats, KISS1
expression in the POA increases during the late follicular phase in ewes, a time of the

estrous cycle dominated by elevated circulating concentrations of estradiol [20, 111]. In
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addition, KISS1 expression also increases just before the GnRH/LH surge in cells located
in the caudal and mid ARC [111], and kisspeptin neurons in the ARC are activated after
acute estradiol treatment [111]. Furthermore, the percentage of kisspeptin cells co-
expressing Fos in both the POA and ARC is significantly increased during the LH surge
[110]. These observations indicate that estradiol positive feedback may involve
activation of kisspeptin neurons in both POA/PeV and ARC. However, Hoffman et al.
[109] reported the presence of Fos in kisspeptin neurons located in the POA, but not in
the ARC, after estradiol treatment that mimicked the late follicular phase. Therefore,
whether estradiol positive feedback in ewes involves activation of kisspeptin neurons in
the POA only, or POA and ARC remains unresolved.

In contrast, the role of kisspeptin neurons in the ARC in communicating estradiol
negative feedback is less controversial in the various mammalian species studied,
including mice [22, 128, 140], rats [21], sheep [110, 111], and monkeys [141]. Ablation
of kisspeptin neurons in rats leads to decreased circulating concentrations of
gonadotropins [122]. The normal increase in concentrations of gonadotropins that is
expected to occur after ovariectomy, and the decrease after estradiol replacement, is
absent in ARC kisspeptin neuron-ablated rats [122]. In ewes that were subjected to
either short- or long- term estradiol withdrawal following ovariectomy, the percentage of
kisspeptin cells expressing Fos increased in the ARC, but not the POA [110]. It also
appears that the kisspeptin populations in the AVPV/periventricular nucleus (PeN) and

ARC are activated and organized by estradiol differently in mice [142]. In
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gonadectomized mice, kisspeptin immunoreactivity in the ARC is decreased, but it
increases after estradiol or dihydrotestosterone treatment in adult, aromatase knock-out
mice [142]. However, in the AVPV/PeN, estradiol treatment in adult aromatase
knockout mice only partially restores kisspeptin immunoreactivity [142]. Kisspeptin
immunoreactivity increases in the ARC of female mice from postnatal day 5 to postnatal
day 25. In contrast, kisspeptin in not detected before postnatal day 25 in male mice. In
both wild-type and aromatase knock-out mice, estradiol masculinizes the pattern of
kisspeptin immunoreactivity when administered at postnatal day 5 in females. In males,
estradiol feminizes the pattern of kisspeptin immunoreactivity if administered from
postnatal day 15 onward [142]. This indicates that differences exist between males and
females in the activation and organization of kisspeptin cell populations by estradiol.

It has been discussed that ESR1 appears to be the estrogen receptor that is responsible
for mediating the effects of estradiol feedback, and kisspeptin neurons seem to play an
important part in communicating these effects. The majority of kisspeptin neurons in
mature mice [81], rats [96], and sheep [20] express ESR1. In studies using knockout
mice, it was demonstrated that Esr1-expressing neurons in the AVPV, where kisspeptin
is known to be located, project directly to GnRH neurons and are important for estradiol
positive feedback [69]. In gonadectomized rats that were treated with an ESR1
selective-agonist, Kiss1 mMRNA expression and circulating concentrations of LH
decrease [106]. In adult ESR1 knockout female mice, estradiol does not regulate Kissl

MRNA expression [81]. Mayer et al. [22] further showed that when Esr1 is ablated
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selectively in kisspeptin neurons in female mice, Kiss1 mRNA in the ARC and
circulating concentrations of LH are elevated. An advancement of puberty is observed
in these mice, followed by the eventual arrestment of pubertal maturation and absence of
normal estrous cyclicity. These observations indicate that Esrl in kisspeptin neurons is
important for the juvenile inhibition and pubertal activation of the neuroendocrine
reproductive system in mice [22]. However, it is unclear whether changes in ESR1
expression in kisspeptin neurons are involved in communicating estradiol feedback

during pubertal transition.

19



CHAPTER III

MATERIALS AND METHODS

Experiments were conducted at the Texas A&M University Nutrition and Physiology
Center located in the O.D. Butler Animal Science Teaching and Research Complex in
College Station, Texas. The Institutional Agricultural Animal Care and Use Committee

of the Texas A&M University system approved all procedures used in these studies.

Animal and experimental procedures

In this experiment, spring-born ewe lambs (n=21) were ovariectomized at
approximately 24 wk of age. The lambs were housed in individual pens and fed ad
libitum a commercial diet formulated to maximize growth potential in lambs. At the
time of ovariectomy, ewe lambs were selected randomly to receive no implant (OVX;
n=7) or a subcutaneous implant containing crystalline estradiol (OVX+E; n=14). The
estradiol implants are designed to produce circulating concentrations of estradiol of
approximately 1 to 2 pg/ml and successfully maintain estradiol negative feedback on
gonadotropin release in ewe lambs [26, 126].

At 30 wk of age, a catheter (16G x 3 in polyurethane; Jorgensen Laboratories Inc.,
Loveland, CO) was inserted into the jugular vein. On the next day, lambs were
restrained loosely in their home pen with a halter and blood samples (5 ml) were
collected every 10 min for 12 h using tubing extension connected to the jugular catheter.

Lambs were acclimated to experimental conditions of blood collection for 5 d prior to
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blood sampling and were housed adjacent to other sheep at all times. Immediately after
collection, blood samples were placed in tubes containing 50pl of a solution of heparin
(3,000U/ml) and 5% EDTA and mixed gently. Tubes containing the blood samples were
placed immediately on ice and centrifuged at 2200 x g for 20 min at 4°C within 2 h of
collection. Plasma was collected and stored at -20°C until processing to determine
concentrations of LH.

On the day after intensive collection of blood samples, ewe lambs were euthanized
with an overdose of pentobarbital (Beuthanasia-D Special, Schering-Plough, Union, NJ).
Death was confirmed based on the absence of audible heartbeat and visual signs of
ocular reflex and respiration. Animals were then decapitated and heads were perfused
with a solution containing 4% paraformaldehyde. Brains were dissected from the
cranium, and a block of tissue containing the septum, POA, and hypothalamus was
collected and placed in 4% paraformaldehyde at 4°C for 48 h, with paraformaldehyde
solution replaced after 24 h. After paraformaldehyde incubation, tissue blocks were
placed in a 0.1 M phosphate buffered solution containing 30% sucrose at 4°C for at least

7 d.

Tissue processing, in situ hybridization, and immunocytochemistry

Tissue blocks were cut in coronal sections of 50 um using a freezing microtome
(Microm HM430, Microm International, Germany). The sections were then stored at -
20 °C in a cryopreservative solution until they were processed for in situ hybridization

and immunocytochemistry.
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To detect ESR1 mRNA, sense and antisense radiolabeled cRNA probes were
generated by in vitro transcription of a DNA template containing a 311 bp sequence of
ovine ESR1 cDNA linked to RNA polymerase promoters. The template was produced
by PCR from the linearized poER8 plasmid containing a partial ovine ESR1 cDNA
provided graciously by Dr. Nancy Ing (Texas A&M University, College Station;
GenBank accession number U30299.1) [44] following procedures described previously
[143]. The initial PCR used the following primers: 5’-CGAGCGGCTATGCGGTG-
3’and 5’-GGCCTGACAGCTCTTCCTTC-3’ to amplify an ESR1-specific sequence. A
second reaction was performed using the product of the first reaction as template and
primers tagged with the T3 and T7 RNA polymerase promoter sequences. Primers used
in the second reaction were: 5°-
AATTAACCCTCACTAAAGGGCGAGCGGCTATGCGGTG-3’ (T3 promoter in
bold) and S>’TAATACGACTCACTATAGGGAGGCCTGACAGCTCTTCCTTC-3’
(T7 promoter in bold). The PCR product was sequenced and the sequence obtained was
aligned to the available Ovis aries genomic database using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The cDNA obtained was 100% identical to the
ovine ESR1 cDNA. The in vitro transcription reaction for synthesis of **S-labeled
probes followed procedures described previously [126].

Free floating sections were washed in 0.1M PB 10 times for 6 min each. The sections
were then placed in a 1% NaBHa solution for 15 min. Sections were washed in 0.1M PB

10 times for 6 min each and then washed in 0.1M triethanolamine (TEA) twice for 10
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min. Sections were incubated in a 0.25% acetic anhydride solution for 10 min before
being washed in 2X saline-sodium citrate (SSC) three times for 10 min. Sections were
then hybridized with sense or antisense radiolabeled cRNA probes for ESR1 overnight at
55°C. Before hybridization, probes were diluted in hybridization buffer (50% deionized
formamide, 0.3 M NaCl, 20 mM Tris-HCI, 5 mM EDTA, 10 mM NaPO4, Denhardt’s
solution, 10% dextran sulfate, 0.5 mg/ml of yeast tRNA, and 100mM DTT) and
denatured at 70°C for 10 min. After overnight incubation, the sections were briefly
washed four times in 4X SSC and then treated with Ribonuclease (RNase) in TEN buffer
for 30 min at 37°C. The sections were then incubated in a 1X TEN buffer for 30 min at
37°C followed by washes in 2X SSC for 30 min at 55°C and 0.2X SSC for 30 min at
55°C.

After completion of the in situ hybridization procedure, tissue sections were then
immediately processed for immunodetection of kisspeptin. The sections were washed in
PBS four times for 5 min and then incubated in PBS containing 1% hydrogen peroxide
for 10 min to remove endogenous peroxidase activity. After further washing, the
sections were incubated in a solution of PBS containing 0.4% Triton-X100 (PBSTX) and
4% normal goat serum (NGS) for at least 1 h. The sections were then incubated in a
solution containing rabbit anti-kisspeptin antiserum (AC#564, 1:75,000 dilution;
graciously provided by Dr. Alain Caraty, INRA, France) in PBSTX, and 4% NGS for 16
h. After incubation with the primary antibody, the sections were washed and then

incubated in a solution containing biotinylated goat anti-rabbit 1gG (1:400 dilution;
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Vector Laboratories), PBSTX, and 4% NGS for 1 h. The sections were washed and
incubated in a solution containing streptavidin horseradish-peroxidase conjugate
(Vectastin Elite ABC, Vector Laboratories; 1:600 dilution) for 1 h. Sections were then
washed and incubated in a solution containing 3,3-diaminobenzidine (DAB; 0.2 mg/ml)
with hydrogen peroxide (0.012%; Sigma) in PBS for 10 min. The sections were washed,
mounted on slides and dried at 37°C. Slides were dipped in photographic NBT2
emulsion, dried, and exposed in the dark for 35 d at 4°C. Slides were developed in D-19
developer and sections counterstained with Cresyl violet, dehydrated, and covered with

glass slip using DPX (VWR International).

Analysis

Processed slides were coded and tissue sections were analyzed by an observer who
was unaware of each animal’s experimental group. Overall ESR1 expression in the POA
and hypothalamus was determined using a dark and bright field microscope (Nikon 80i
Eclipse; Nikon Inc., Melville, NY, USA). The anatomical location and distribution of
ESR1-mRNA was investigated in the POA, periventricular nucleus (PeV), supraoptic
nucleus (SON), paraventricular nucleus (PVN), ventromedial hypothalamus (VMH),
ventrolateral-ventromedial hypothalamus (VL-VMH), and arcuate nucleus (ARC). For
each region examined, four sections within the POA (including two sections at the level
of the organum vasculosum of the lamina terminalis [OVLT]), three through the PeV,
four through the SON, four through the PVN, two through the rostral ARC (rARC), four

through the middle ARC (mARC), two through the caudal ARC (cARC), three through
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the VMH, and two through the VL-VMH were selected. Sections were selected to
represent comparable levels within each area examined. Bright-field images of each
region were captured using a 40X objective and a digital camera (DS-Qil; Nikon)
attached to the microscope. In the SON, VMH, and VL-VMH three images were
collected per section analyzed. Inthe POA, PeV, PVN, rARC, and cARC, four images
were collected and five images were collected in the mARC. The abundance of ESR1
MRNA was determined by establishing the number of objects (silver grains) present in a
region of interest (ROI) within each image collected. The NIS-Elements software
(Nikon) was used for image analysis using procedures similar to those used previously in
our laboratory [126]. A threshold signal was established and applied to all images
before the number of objects was determined in the standardized ROI. The number of
objects, which directly corresponded to the number of silver grains present, was
recorded within each ROI. Additional images encompassing a neuronal fiber bundle
present in the section (i.e., anterior commissure for POA images and fornix for
hypothalamic images) were captured and used to determine the background number of
silver grains present in each section. Background counts were used to adjust data

obtained for each area investigated.

ESR1 expression per kisspeptin neuron
In the POA/PeV and ARC, the number of kisspeptin neurons was determined. Four
sections within the POA (including two sections at the level of the OVLT), three through

the PeV, three through the rARC, four through the mARC, and two through the cARC
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were selected. Bright-field images were captured at 40X magnification from 20
kisspeptin cells in at least three representative sections of the POA/PeV, 15 kisspeptin
cells in at least three representative sections of the rARC, 30 kisspeptin cells in at least
four representative sections of the mARC, and 15 kisspeptin cells in at least two
representative sections of the cCARC of each ewe. A threshold signal was established and
applied to all images and a ROl of 20 um in diameter was placed over a kisspeptin cell
identified in the image. The number of objects representing the area covered by silver
grains was determined in the standardized ROI and recorded. Fifteen ROI of 20 um in
diameter were placed randomly in an image captured from a neuronal fiber bundle
present in the section (i.e., anterior commissure and fornix) to determine background
number of silver grains in each section. The average number of silver grains determined
in these 15 ROI was used to adjust the data obtained from images of each cell.
Kisspeptin cells containing 5X or more the number of silver grains determined in the

background image were identified as ESR1-expressing kisspeptin neurons.

Hormone assays

Concentrations of LH in plasma samples were determined by a double antibody
radioimmunoassay (RIA) using rabbit anti-ovine LH (AFP192279; National Hormone
and Pituitary Program, NHPP, Torrance, CA) and ovine LH (AFP8614B; NHPP) as the
labeled tracer and reference preparation, respectively. Briefly, 200 ul of reference
standard preparation or plasma were added to polypropylene tubes containing 300 ul of a

1% egg white-phosphate buffered saline solution (1% EW-PBS). Two hundred pl of a
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solution containing ovine LH antiserum (1:1,125,000 dilution in PBS + 0.05 M EDTA +
1:400 NRS) were added to assay tubes and mixed by vortex. After 1-2 h incubation at
room temperature, 100 ul of a solution containing *2°I-LH tracer (20,000 cpm in 0.1%
EW-PBS) were added to all assay tubes and mixed by vortex. Following 20 h
incubation at 4°C, 200 pl of a solution containing goat-anti-rabbit gamma globulin
(Equitech-Bio Inc., Kerrville, TX) were added to each tube. The tubes were again
vortexed and set to incubate at 4°C for 48 to 72 h. After incubation, 3 ml cold PBS (0.01
M; pH 7.0) was added to each tube on a per spin basis, and the tubes were then
centrifuged at 2200 X g for 1 h at 4°C. The supernatant was decanted and the tubes

counted in a gamma counter for 1 min.

Statistical analysis

Frequency and amplitude of LH pulses were determined using the Pulse4 pulse-
detection algorithm available within the Pulse_XP program [144]. Adjusted ESR1
expression data were transformed to the log, and the proportion of kisspeptin neurons
expressing ESR1 was transformed using the arcsine of the square root method.
Normalized ESR1 expression, the number of Kisspeptin neurons, the transformed
proportion of kisspeptin cells expressing ESR1, the mean adjusted number of silver
grains per kisspeptin cell, mean concentrations of LH, and the amplitude and frequency
of LH pulses were analyzed by the t-test (SAS 9.1; SAS Institute, Cary, NC) to

determine the effects of estradiol replacement in ovariectomized ewe lambs.
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Because the frequency of LH pulses was highly variable among ewe lambs in the
OVX+E group, lambs were reassigned to one of three separate groups based on the
number of LH pulses detected in 12 h as follows: 1) Low Frequency (1 or 2 pulses/12 h;
n=3), 2) Moderate Frequency (6 or 7 pulses/12 h; n=6), and 3) High Frequency (10 or
more pulses/12 h; n=5). Data were reanalyzed using ANOVA (PROC GLM procedure
of SAS; SAS 9.1). The main source of variation was group (OVX, Low frequency,
Moderate frequency and High Frequency). When significant differences were observed
in the ANOVA, the Least Squares means method was used to compare means between

groups.
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CHAPTER 1V

RESULTS

The mean (x SEM) body weight at 30 wk of age was 50 + 1.5 kg and did not differ
between OVX and OVX+E ewe lambs. Mean circulating concentrations of LH were
greater (P <0.0001) in OVX ewes (5.53 = 0.54 ng/ml) than in OVX+E ewes (2.19 +
0.36 ng/ml). The frequency of LH pulses was also greater (P < 0.01) in OVX ewes (14.6
+ 0.6 pulses/12 h) than in OVX+E ewes (7.8 £ 1.4 pulses/12 h). The mean amplitude of
LH pulses was greater (P< 0.01) in OVX ewes (3.74 + 0.44 ng/ml) than in OVX+E ewes
(2.17 £ 0.21 ng/ml) as well.

Changes in the sensitivity to estradiol negative feedback are anticipated to occur
when ewe lambs approach 30 wk of age [26, 126]. Indeed, ewe lambs in the OVX+E
group exhibited high variability in the frequency of LH pulses, and ranged from 1 to 20
pulses/12 h. Therefore, ewe lambs within the OV X+E group were reallocated into three
groups based on the number of LH pulses as follows: 1) Low Frequency (LF: 1-2
pulses/12 h; n=3); 2) Moderate Frequency (MF: 6-7 pulses/12 h; n = 6), and 3); High
Frequency (HF: 10-20 pulses/12 h; n=5). The patterns of LH release during the 12 h
sampling period from one representative ewe lamb in each group are depicted in Figure
4.1. The analysis of the data in the rearranged groups indicated the frequency of LH
pulses did not differ between OV X and OV X+E lambs exhibiting high frequency of LH

pulses, but it was greater (P < 0.0001) in these two groups than in MF and LF groups
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(Table 4.1). Differences in mean concentrations of LH and mean amplitude of LH

pulses were also observed among groups (Table 4.1).
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FIG. 4.1. Patterns of LH release in representative ovariectomized (OVX), and OVX
lambs receiving an estradiol implant exhibiting high (HF), moderate (MF) or low (LF)
frequency of LH release. Detected pulses are indicated with asterisks.
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Table 4.1. Mean (x SEM) circulating concentrations of LH and mean (x SEM)
frequency and amplitude of LH pulses in ovariectomized (OVX) lambs and in OVX
lambs receiving an estradiol implant exhibiting high (HF), moderate (MF) or low (LF)
frequency of LH pulses.

OoVvX OVX+E
(n=7) HF (n=5) MF (n=6) LF (n=3)
Mean 5.53 + 0.54? 3.24+0.42° 2.01+051°¢ 0.81+0.19°
concentrations
(ng/ml)

Frequency 14.57 + 0.61¢ 13.20+1.77¢  6.5+0.22° 1.33 £ 0.33f
(pulses/12 h)

Amplitude 3.73 £ 0.449 240+0.31" 218+040" 1.75+0.33"
(ng/ml)

Within row, ¢ Differ (P < 0.0001) ; ¢ & Differ (P < 0.0001) ; ¢ " Differ (P < 0.002)

Overall ESR1 expression in the POA and hypothalamus

Accumulation of silver grains following in situ hybridization for detection of ESR1
MRNA was observed throughout the POA and hypothalamus. An image depicting
hybridization signals for ESR1 mRNA in the ARC is shown in Figure 4.2. The
comparison between the OVX and OV X+ E groups indicated no differences in overall
signal in the POA, PeV, SON, PVN, VMH, VL-VMH, and cARC. In the mARC, OVX
ewes exhibited greater ESR1 expression (P < 0.05) than OVX+E ewes (Figure 4.3).
There was a trend (P < 0.08) for OV X ewes to exhibit greater ESR1 expression in the
rARC than OVX+E ewes (Figure 4.3). When comparison among OVX+E lambs
exhibiting high, moderate and low frequency of LH release was performed, no

differences were observed in any of the areas studied (Table 4.2).
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FIG 4.2. Detection of ESR1 mRNA in the hypothalamus of a representative ewe lamb.
Drawing of a hypothalamic section containing the VL-VMH and mARC (A). Low
magnification image of the boxed area in “A” depicting signal at the level of the mARC
and a portion VL-VMH (B). 3V, third ventricle; ARC, arcuate; fx, fornix; pt, pars
tuberalis; VL-VMH, ventrolateral-ventromedial hypothalamus. Asterisk in “B” indicates
artifact associated with meninges.

32



A rARC

31 -
th 3 -
E 20 -
- 28 .
o 27 - |
& 26 -
= 25
@ 34.B  mARC
(o] g
@ 29
n & i.l.i
£ 28
- .
3 27
-n_ Euﬁ' B T 1
N 3.C cARC
wm 29 -
E 2.8 -
S 27

.2.'5' = T 1

ovX OVX+E

FIG. 4.3. Normalized mean (£ SEM) number of silver grains in the rostral (rARC, A),
middle (mARC, B) and caudal (cCARC, C) portions of the arcuate nucleus in
ovariectomized (OVX) and ovariectomized lambs receiving an estradiol implant
(OVX+E). The number of silver grains in the rARC (A) of OV X ewes tended to be
greater (*P < 0.08) than in OVX+E ewes. The number of silver grains in the mARC (B)
of OV X ewes was greater (**P < 0.05) than in OVX+E ewes. No differences were
observed in the cARC (C).
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Table 4.2. ESR1 expression in the POA and hypothalamus of ovariectomized and
ovariectomized lambs receiving an estradiol implant exhibiting high (HF), moderate
(MF) and low (LF) frequency of LH pulses. Means (x SEM) represent the number of

objects per region of interest in images captured using a 40X objective.

OoVvX OVX+E

Area (n=7) HF (n=5) MF (n=6) LF(n=3)
PeV 776 + 104 622 + 79 664 + 71 893 + 218
POA 1120 £+ 229 700 £ 94 787 +73 1203 £ 295
PVN 834 £ 164 497 £ 70 612 £ 67 856 + 249
SON 1319 £+ 293 1089 + 97 1100 + 95 1678 + 260
VMH 598 + 128 505+ 78 465 £ 27 749 £ 294
VL-VMH 896 + 155 736 £ 73 708 £ 76 1070 + 460
rARC 920 + 240 403 + 57 514 + 103 863 + 383
mARC 1100 £ 230 590 + 58 620 £ 58 1052 +518
cARC 929 + 302 502 + 56 538 + 74 800 + 337

Number and distribution of kisspeptin neurons in the POA and ARC

The number of kisspeptin-immunoreactive neurons detected in the POA/PeV of OVX
lambs was limited, with no or only few (up to four) cells observed in each lamb.
Therefore, no comparison between OVX and OVX+E lambs was performed for the
POA/PeV. In contrast to OVX lambs, numerous Kisspeptin neurons were observed in
the POA/PeV of OVX+E lambs. However, no differences in the number of kisspeptin-
immunoreactive neurons in the POA/PeV were observed among HF, MF and LF groups
(Table 4.3).

Kisspeptin-immunoreactive neurons were readily detected in the ARC (Figure 4.4A)
in substantial numbers in both OV X and OVX+E lambs. The number of kisspeptin cells

was greater (P < 0.001) in OVX than OVX+E lambs in the rARC and mARC (Figure
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4.5). Inthe cARC, there was only a tendency (P < 0.11) for an increased number of
kisspeptin neurons (Figure 4.5). When comparisons among OV X+E lambs exhibiting
low, moderate or high frequency of LH pulses were performed, there were no
differences in the number of kisspeptin-immunoreactive neurons in any of the three

subdivisions of the ARC (Table 4.3).

Table 4.3. Mean (£ SEM) number of kisspeptin cells in the preoptic/periventricular areas
(POA/PeV) and rostral (rARC), middle (mMARC) and caudal (cARC) arcuate nucleus of
ovariectomized (OVX) lambs and ovariectomized lambs receiving an estradiol implant
(OVX+E) exhibiting high (HF), moderate (MF) and low (LF) frequency of LH pulses.

oVX OVX+E
Area (n=7) HF (n=5) MF (n=6) LF (n=3)
POA/PeV N/A 157 + 33 319 + 62 297 + 76
rARC 169 + 462 36 + 12° 30 + 11° 41 +12°
mARC 675 + 87° 384 + 52¢ 263 + 75¢ 365 + 60¢
CARC 132 £35 100 +31 67 + 19 62 + 28

Within row, & Differ (P < 0.02) ; ¢ 9 Differ (P < 0.006)
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FIG. 4.4 Images of a section at the level of the arcuate nucleus (ARC) processed for
dual-label detection of ESR1-containing and kisspeptin-immunoreactive cells. Low
magnification image depicting kisspeptin-immunoreactive neurons (brown) and cells
stained non-specifically with Cresyl violet (purple) in the middle ARC (A). High-
magnification image of 2 kisspeptin neurons shown in “A” (arrows) exhibiting Silver
grain accumulation over the brown-stained cell body and proximal dendrite (B). High
magnification image of a kisspeptin neuron shown in “A” (arrowhead) exhibiting only
few silver grains accumulated over the brown-stained cell body and proximal dendrites

(©).
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FIG. 4.5. Mean (£ SEM) number of kisspeptin-immunoreactive neurons in the rostral
(rARC, A), middle (mARC, B) and caudal (cARC, C) arcuate nucleus. The mean
number of kisspeptin cells was greater (*P < 0.01) in the rARC and mARC of OVX than
OVX+E lambs.

ESR1 expression in kisspeptin neurons

A substantial number of kisspeptin neurons of both POA/PeV and ARC populations
were observed to express ESR1 (Figure 4.4B), although many were also observed to
exhibit no meaningful accumulation of silver grains (Figure 4.4C). In the POA/Pev of

OVX+E lambs, the proportion of ESR1-positive kisspeptin cells was 0.58, and the
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proportion of ESR1-positive kisspeptin cells did not differ among OVX+E groups (Table
4.4). The mean number of silver grains per ESR1-positive kisspeptin neuron in the
POA/PeV of OVX+E lambs did not differ among groups (Table 4.5).

In the ARC, the proportion of ESR1-positive kisspeptin neurons was 0.50, 0.44 and
0.37 for the rostral, middle and caudal ARC, respectively, and it did not differ between
OVX and OVX+E lambs. Upon analysis of OVX and OVX+E lambs exhibiting high,
moderate and low frequency of LH pulses, it was observed that the proportion of ESR1-
positive neurons in the mMARC was greater in OV X+E lambs exhibiting a high frequency
of LH pulses than in OVX+E lambs exhibiting low (P < 0.03) and moderate (P < 0.06)
frequencies (Table 4.4). The mean proportion of ESR1-positive Kisspeptin neurons
located in the mARC in OV X lambs did not differ from HF and MF groups, but was
greater (P < 0.06) than in LF lambs (Table 4.4). The mean number of silver grains per
kisspeptin cell tended to be greater (P = 0.07) in the rostral and middle ARC of OVX
than in OVX+E lambs, but it did not differ in the cCARC (Figure 4.6). This tendency
appears to be driven mainly by the HF and MF groups, although when the number of
silver grains per kisspeptin neuron was analyzed within ewe lambs exhibiting low,

moderate and high frequency of LH pulses, no differences were detected (Table 4.5).
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Table 4.4. Proportion of ESR1-positive kisspeptin neurons in the preoptic/periventricular
areas (POA/PeV) and rostral (rARC), middle (mMARC) and caudal (CARC) arcuate
nucleus of ovariectomized (OVX) lambs and ovariectomized lambs receiving an
estradiol implant (OVX+E) exhibiting high (HF), moderate (MF) and low (LF)
frequency of LH pulses.

OoVvX OVX+E
Area (n=7) HF (n=5) MF (n=6) LF (n=3)
POA/PeV N/A 0.65+0.12 0.62 £ 0.10 0.33+0.11
rARC 0.56 £ 0.07 0.55+0.12 0.49 £ 0.07 0.29 £ 0.09
mARC 0.50 + 0.05%P¢ 0.57 £0.122¢  0.36 + 0.06™"" 0.27 +0.0299"
CARC 041+0.11 0.37 £ 0.08 0.36 + 0.06 0.22 £ 0.02

Row means without a common superscript differ (9 and &P < 0.06; ©9P < 0.03)

Table 4.5. Mean (£ SEM) number of grains per kisspeptin neuron in the
preoptic/periventricular areas (POA/PeV) and rostral (rARC), middle (mARC) and
caudal (cCARC) arcuate nucleus of ovariectomized (OVX) lambs and ovariectomized
lambs receiving an estradiol implant (OVX+E) exhibiting high (HF), moderate (MF) and
low (LF) frequency of LH pulses.

OoVvX OVX+E
Area (n=7) HF (n=5) MF (n=6) LF (n=3)
POA/PeV N/A 9.7x1 9.1+£04 99+18
rARC 105+ 1.0 75+12 7.7+0.6 10.1+2.6
mARC 10.0+£1.0 78+1.1 6.9+0.7 89+23
cARC 88+1.3 58+0.5 6.7+0.4 9.0+2.8
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FIG. 4.6. Mean (£ SEM) number of grains per kisspeptin neuron in OVX and OVX+E
ewes in the rostral (rARC, A), middle (mMARC, B) and caudal (cARC, C) arcuate
nucleus. The average number of grains per kisspeptin cell tended to be greater in OVX
than in OVX+E lambs in the rARC and mARC. *P<0.07.
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CHAPTER V

DISCUSSION

In this study, we investigated whether changes in overall ESR1 expression in the POA
and hypothalamus, as well as changes in ESR1 expression specifically in Kisspeptin
neurons located in the POA/PeV and ARC regions, could contribute to the decrease in
the sensitivity to estradiol negative feedback that occurs during maturation of the
reproductive neuroendocrine axis in female sheep. The abundance of ESR1 mRNA in
the mMARC was less in OVX+E lambs than in OV X lambs, but no clear differences in
ESR1 expression were observed between OV X+E lambs exhibiting low, moderate or
high frequency of LH release. Although there was an overall tendency for reduced ESR1
expression per Kisspeptin neuron in the mARC of OVX+E lambs, the proportion of
Kisspeptin neurons in the mARC that was detected containing abundant ESR1 mRNA
was greater in OV X+E lambs exhibiting a high frequency of LH pulses than those
exhibiting moderate and low LH pulsatility. These results indicate that estradiol down-
regulates ESR1 expression specifically in the ARC and not in other areas of the
hypothalamus in ewe lambs during the peripubertal period. However, ESR1 expression
in kisspeptin neurons in the ARC is enhanced during maturation of the reproductive
neuroendocrine axis.

It is generally accepted that changes in estradiol negative feedback are crucial for

pubertal development in females [14, 26, 145, 146]. However, it has been challenging to
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clearly understand the role of ESR1 in this process. Studies in mice have indicated that
ESR1 is the major type of estrogen receptor mediating estradiol negative feedback on
GnRH secretion [18]. In a study using intact heifers, a decline in the overall number of
estradiol receptors in the anterior and mediobasal hypothalamus was observed to occur
as heifers approached puberty [49]. A similar decline in the number of estrogen
receptors in the hypothalamus was also detected during juvenile development in female
rats [50]. Because both of these studies used estradiol-binding assays of hypothalamic
extracts, the specific type of estrogen receptor investigated, and the regional location
within the hypothalamus in which receptors were present, was not determined.
Therefore, a direct comparison with changes in ESR1 observed in the current study
should be done with caution. Nevertheless, the results of the current study in ewe lambs
indicate that the decrease in estradiol binding in the hypothalamus reported during
reproductive maturation in rats [50] and heifers [49] is not associated with changes in the
overall expression of ESR1.

The effects of estradiol on the regulation of ESR1 expression in the hypothalamus
appear more consistent among various studies. Estrogen receptor mRNA in the VMH
and ARC decreases with estradiol treatment in mature, ovariectomized rats [147].
Although we did not observed changes in ESR1 mRNA in the VMH between OV X and
OVX+E lambs, estradiol treatment decreased the abundance of ESR1 mRNA in the
ARC. Whether the difference in ESR1 expression in the VMH reflects distinction

among species, or represents differences in the animal model as related to the maturation
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of neuroendocrine function is unclear. Nevertheless, the consistency between studies on
the effects of estradiol in the regulation of ESR1 expression in the ARC indicates the
relevance of this hypothalamic area for the estradiol control of reproductive function in
females.

The presence or absence of estradiol has also been shown to have an effect on ESR1
immunoreactivity. In rats, estradiol down-regulates estrogen receptor immunoreactivity
in the medial preoptic nucleus [148]. When comparing rats treated with estradiol
benzoate to ovariectomized rats, the density of ESR1-immunoreactive cells was lower in
the AVPV, VL-VMH, and ARC of rats treated with estradiol benzoate than in untreated
ovariectomized rats [149]. This observation is consistent with estradiol inhibition of
ESR1 expression in rats.

The expression of the Kiss1 gene has also been demonstrated to be influenced by
estradiol. In mature, ovariectomized ewes, expression of Kissl in the ARC is increased
[131]. Treatment with an estradiol implant decreases Kiss1 mRNA in the ARC to levels
similar to that of intact ewes [131]. Similarly, ovariectomy increases the number of
immunoreactive kisspeptin cells in the ARC [115], indicating that estradiol inhibits
Kissl expression in the ARC. In the current study, we observed that the number of
kisspeptin neurons in the rostral and middle ARC was greater in ovariectomized ewe
lambs left without an estradiol implant. This observation is consistent with the findings
of the study reported by Nestor et al. [114] in which the number of kisspeptin cells

increased in the ARC of prepubertal ewes that were ovariectomized compared to intact
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ewes. The study by Nestor et al. [114] also reported that the number of kisspeptin cells
was greater in postpubertal compared to prepubertal, intact ewes. Because the frequency
of LH pulses has been reported to increase as ewes approach maturity [11], it was
plausible to expect that the number of kisspeptin cells would increase in the ARC as the
frequency of LH pulses increases in peripubertal lambs. An earlier study in our
laboratory indicating that Kiss1 expression increases in the ARC in association with
increased LH pulsatility in ovariectomized, estradiol-treated lambs [126] would support
this hypothesis. However, in the current study, no differences in the number of
kisspeptin cells were detected in the ARC among groups of ovariectomized, estradiol-
implanted ewe lambs exhibiting low, moderate or elevated LH pulsatility. Thus,
immediate changes in kisspeptin synthesis and accumulation in the arcuate nucleus
neurons do not appear to clearly precede the decrease in the sensitivity to estradiol
negative feedback during reproductive maturation in sheep.

Estradiol likely regulates Kiss1 expression directly because ESR1is detected in
kisspeptin neurons [20]. Therefore, it has been proposed that kisspeptin neurons mediate
estradiol feedback regulation of GnRH and LH secretion. Research in mice has
demonstrated that Esrl expression in Kisspeptin neurons is critical for the control of LH
pulsatility and reproductive function. Selective ablation of Esrl in kisspeptin neurons in
female mice increases Kiss1 mRNA in the ARC and circulating concentrations of LH
[22]. In addition, these mice exhibit advanced pubertal development, although complete

pubertal maturation is halted and normal estrous cyclicity is absent. This observation

44



supports the role for Esrl in kisspeptin neurons as important for signaling estradiol
feedback control of gonadotropin release in mice [22]. Therefore, down regulation of
Esrl in kisspeptin neurons could facilitate increased kisspeptin synthesis and release
during the pubertal transition and downstream stimulation of GnRH secretory activity.
However, contrary to our hypothesis, we observed that the proportion of kisspeptin
neurons in the ARC expressing ESR1 was greater in OVX+E lambs exhibiting high
frequency of LH pulses than in less mature lambs. These results indicate that the ability
of estradiol to inhibit ESR1 transcription in kisspeptin neurons in the ARC is impaired in
ewes exhibiting a more advanced stage of reproductive maturation and decreased
sensitivity to estradiol negative feedback. Additional studies will be required to
investigate whether decreased ESR1 protein in kisspeptin neurons are associated with
increased ESR1 expression in kisspeptin neurons. The increase in ESR1 expression may
also be the result of an increase in the net synthesis rate of ESR1 mRNA, which could be
caused by an increase in the degradation of the ESR1 receptor [150, 151]. In addition,
posttranscriptional regulation, activation of ESR1, regulation of signaling, the type of
transcription factors involved, or other events downstream to ESR1 transcription may
also be involved in the mechanisms that are responsible for the escape from estradiol
negative feedback [66, 150, 152-155].

In addition to participating in the communication of estradiol negative feedback to
GnRH neurons, it also appears that kisspeptin neurons may also be involved in the

transmission of estradiol positive feedback. In rodents, kisspeptin neurons located in the
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POA seem to play an important role in communicating estradiol positive feedback [81,
136, 156]. The role of kisspeptin neurons in the POA/PeV as mediators of estradiol
positive feedback in sheep is more ambiguous than in rodents. The expression of KISS1
in the POA/PeV increases during the late follicular phase in ewes [111], as well as
during juvenile development [20, 111, 126]. Moreover, in mature ewes, the percentage
of kisspeptin cells exhibiting Fos activity in both the POA and ARC is observed to
increase during the preovulatory surge of LH [110]. However, in a similar study
investigating activation of kisspeptin neurons during the preovulatory gonadotropin
surge, Hoffman et al. [109] only observed Fos labeling in Kisspeptin neurons in the POA.
Therefore, the role for kisspeptin neurons in the ARC in mediating estradiol-stimulation
of the preovulatory LH surge remains to be fully determined. Nevertheless, the MBH
has been demonstrated to constitute the hypothalamic area in which estradiol acts to
stimulate the surge of LH [120]. Kisspeptin neurons in the POA are proposed to act as
interneurons in the pathway linking estradiol-sensitive neurons in the MBH and GnRH
neurons in the POA.

In absence of estradiol implants, few kisspeptin neurons were observed in the
POA/PeV of ovariectomized lambs. This is in agreement with a previous report in sheep
[114] and in mice [22, 85]. The observation that the number of kisspeptin neurons do
not change as the frequency of LH pulses increases in 30-wk-old ewe lambs is also in
agreement with our previous study [126]. Although estradiol is required for activation

of KISS1 expression in the POA/PeV, estradiol does not appear to regulate ESR1
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expression in kisspeptin neurons in the POA/PeV in a similar manner as is observed in
the ARC. In addition to the lack of estradiol effects on overall ESR1 expression in the
POA and anterior hypothalamus, the abundance of ESR1 mRNA in kisspeptin neurons in
the POA/PeV of ovariectomized lambs bearing an estradiol implant did not differ among

ewes exhibiting low, moderate and high frequency of LH pulses.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The results from this study indicate that decreased sensitivity to estradiol negative
feedback during the maturation of the reproductive neuroendocrine axis is associated
with changes in ESR1 expression in the ARC nucleus. As the frequency of LH release
increases in maturing ewe lambs, both overall ESR1 expression and the proportion of
kisspeptin neurons expressing ESR1 in the arcuate nucleus increase. This indicates that
decreased sensitivity to estradiol negative feedback during late juvenile development is
associated with enhanced ESR1 transcriptional activity in Kisspeptin neurons. This
observation is contrary to our hypothesis. However, it indicates that estradiol inhibition
of Kisspeptin neurons in the ARC is diminished because estradiol does not appear to
inhibit ESR1 expression as strongly as compared to less mature lambs. The cellular
changes leading to this decreased inhibition are still unclear, but may be involved in the
mechanisms by which decreased sensitivity to estradiol negative feedback is permissive
for increased frequency of LH release during final maturation of the reproductive

neuroendocrine axis.
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