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ABSTRACT

The hypothalamo-pituitary-gonadal (hpg) axis goversn vertebrate
reproduction and consists of a triad of hormones: gonadotropin-releasing hormone
(GnRID; the gonadotropins luteinizing hormone (LI) and follicle-stimulating
hormone (FSH); and the gonadal sex steroids estrogens, proestins, and androgens.
These hormones modulate one anothers’ secretion patterns, therefore to influence
reproduction, factors will affect on or more onstituents of the hpg axis. However, it
remains unclear what mechanism(s) underlie the secretion patterns observed during
puberty and how estradiol feedsback onto GnRH and the gonadotropins.

Recently, GnRH-II was discovered in the brains of human and nonhuman
primates. This second form of GnRH is the most conserved member of the GnRI1
decapeptide family, so it may play a crucial role in reproduction. Therefore, this
dissertation addresses the following three specific aims in the rhesus macaque
(Macaca mulatta): 1) to ascertain how GnRH-I1 may modulate GnRH-I secretion, 2)
to ascertain whether GnRH-I1 stimulates gonadotropin release, and 3) to ascertain if
estradiol exhibits negative and/or positive feedback on GnRH-II expression or
signaling,

For the first specific aim, I used 7 situ hybridization (ISH) and
immunohistochemistry (IHC) to map the hypothalamic distribution of GnRH-I1
mRNA and peptide, respectively. I found GnRH-II within the supraoptic (SON),
suprachiasmatic (SCN), and paraventricular (PVN) nuclei, in addition to the medial
basal hypothalamus (MBH). Although the GnRH-I and GnRH-II distributions
howed some overlap, the two GnRH forms were not coexpressed in any cells.
However, the GnR-II cell population in the MBH might project to GnRH-I
neurons in the preoptic area.

In addition to mapping the hypothalamic distribution of GnRH-II cells,

GnRH-II mRNA levels were compared between juveniles and adults and found to

Xiil



be upregulated developmentally in the MBH, unlike previous findings for GnRH-I.
However, whether this increased expression helps mediate the onset of puberty is
unlikely because further investigation showed estradiol exerted positive feedback on
GnRH-IT mRNA in the MBH. Therefore, this increased expression likely resulted
from rising estrogen concentrations associated with puberty, and thus was a
consequence rather than a cause of puberty.

The ability of GnRH-II to stimulate gonadotropin release was then examined
for the second specific aim. Female rhesus macaques were treated with various doses
of GnRH-I or GnRH-II both # vive and ir vitro to determine the relative potency
of GnRH-II. The resulting data suggest GnRH-II requires the GnRH-I receptor to
stimulate LH release 7z vivo and in vitro, and FSH release i vitro, however it was as
effective as GnRH-I at releasing both I.LH and FSH.

Finally, IHC, ISH, and radioimmunoassay were used to examine whether
estradiol exerts negative and/or positive feedback on GnRH-II expression and
signaling to the pituitary. The data suggest that estradiol exerts positive feedback on
GnRH-II expression in the MBH by acting directly on GnRH-II cells. In addition,
estrogen attenuated GnRH-II stimulating FSH release from the pituitary but had no
effect on GnRH-II-stimulating LH release.

Taken together, the current studies suggest that functional subpopulations of
GnRH-II occur in the rhesus macaque hypothalamus. Furthermore, GnRH-IT may

mediate estrogen’s positive feedback either to GnRH-I, the gonadotropins, or both.
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CHAPTERI

Introduction



Hypothalamo-pituitary-gonadal (hpg) axis

The hypothalamo-pituitary-gonadal (hpg) axis governs reproduction in the
majority of vertebrates. It consists of a triad of hormones, beginning with
gonadotropin-releasing hormone (GnRH), found in the hypothalamus of the brain.
As will be discussed, GnRH stimulates the anterior pituitary to release the second
group of hormones, the gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), which are responsible for stimulation of the gonadal sex
steroids and gametal development, respectively. The third group in the hpg triad is
composed of the gonadal sex steroids, estrogens, progestins, and the androgens;
these steroids are able to exert feedback on both GnRH and the gonadotropins, thus
forming an integrated system to control reproduction (Fig. 1-1). Although other
pituitary and gonadal factors also contribute to the feedback circuitry, the final
corﬁmon pathway to control reproduction is the hpg axis. For this reason, to
examine the affect of a peptide or factor on the reproductive system, it is expedient
to investigate what influence it may exert on the constituents of the hpg axis.
Therefore, I have chosen this approach to determine if gonadotropin-releasing

hormone-II (GnRH-II) can modulate the reproductive system of primates.

Mammalian gonadotropin-releasing hormone
Discovery of GnRH-I

In 1971, the neuropeptide mammalian gonadotropin-releasing hormone
(GnRH, also called GnRH-I; pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH.) was
isolated and sequenced following over a decade of fierce competition (1 - 3). Prior to
the isolation of hypothalamic neurohormones, it was unorthodox to hypothesize that
neurons might act like common glands to secrete peptides, let alone hormones, into

the circulation. Despite this skepticism, however, it remained unclear what regulated



the pituitary, a gland suspended ventral to the hypothalamus, to release hormones
into the peripheral circulation that controlled a range of physiological processes
including reproduction, body growth, and stress. Geoffrey Harris was among the first
to seriously propose that the brain might secrete releasing factors into a capillary
system, now called the hypothalamic portal blood vessels, which vascularizes the
anterior pituitary (4). Supporting this, Harris and Samuel McCann independently
demonstrated in 1960 that a factor did exist to stimulate the release of luteinizing
hormone (LH) (5). This hypothesis and discovery catalyzed two scientific teams,
headed by Roger Guillemin and Andrew Schally, to successfully isolate and sequence
the LH-releasing factor from ovine (3) and porcine (1, 2) hypothalami, respectively.
This factor, whose sequence revealed it was indeed a hormone (2), demonstrated a
high efficacy to stimulate LH release, although bioassays demonstrated it was also
capable of stimulating the release of follicle-stimulating hormone (FSH) (5). This
discovery that a hypothalamic hormone could stimulate the gonadotropins’ release
helped spark an ongoing controversy whether this hypothalamic factor was the LH-
releasing hormone (LHRH) or the gonadotropin-releasing hormone (GnRH) (5).
Adding to this controversy, McCann attempts to isolate bioactive gonadotropin-
releasing factors lead to the discovery that a factor which preferentially stimulated
FSH release, the FSHRF, might also exist (7, 8). Unfortunately, the methods used to
isolate these compounds required thousands of hypothalami, so enough of this
FSHRF was never purified to permit sequencing. Consequently, the name
predominantly in use is GnRH, and it is still unclear whether a separate FSH-

releasing hormone (FSHRIT) exists.
Hypothalamic neurobormones
Despite the residual ambiguity, the discovery of GnRH and other

neurchormones significantly advanced what is known about neurons and gave birth

to the field of neuroendocrinology. True to what Harris proposed, a subpopulation
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of hypothalamic neurons terminate on a capillary bed called the hypothalamic portal
vessels, which vascularizes the anterior pituitary (4). Hypothalamic neurons are thus
able to secrete GnRH into a localized bloodstream, allowing a miniscule amount of
hormone to reach pituitary gonadotropes and stimulate LH and FSH release (5).
Therefore, GnRH and the other hypothalamic neurohormones, as they came to be
called, stimulate anterior pituitary cells to secrete hormones into the peripheral
bloodstream. Because of this, measuring the pituitary hormones’ release patterns
could indicate the hypothalamic neurons’ physiology without requiring a terminal
experiment. Although the field of neuroendocrinology now had a powerful t(;ol to
examine neuronal signaling, the resulting data indicated that the secretion patterns
of some anterior pituitary hormones, including the gonadotropins, might be

influenced by multiple hypothalamic neurohormones.

In keeping with this, a growing body of evidence suggests that multiple
GnRH forms may modulate gonadotropin release. Supporting McCann’s evidence
that an FSHRH might exist, at least 13 decapeptide forms of GnRH have been
isolated and sequenced from various vertebrate species (Fig. 1-2). However, to
determine the specific roles of any GnRH form within the hpg axis, it is first

necessary to summarize the basic release patterns of LH and FSH.

Gonadotropin release patterns

In 1970, a radioimmunoassay (RIA) to measure rhesus macaque LH was
developed, allowing the secretory pattern of LH to be investigated during the normal
menstrual cycle (9). What was discovered was that LH was released in pulses
occurring roughly once per hour, a circhoral rhythm, during the follicular phase,
corresponding to the first 14 days of an approximately 28-day cycle. However, during
the luteal phase, or second half of the cycle, LH was secreted once every 2-3 hours
(10 - 12). Furthermore, this pulsatile release of LH occurred in the presence and

absence of the ovary (11, 12), and this independence of LH pulsatility from gonadal
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signals was soon confirmed for male rhesus macaques as well (1r1). Further
investigation demonstrated that the observed LH pulses corresponded to pulsatile
secretion of GnRH-I in hypothalamic portal blood (14 - 16). Moreover, additional
examinations revealed that maintaining LH secretion required intermittent, rather
than continuous, treatment with GnRH (17), and the finding that intravenous (iv)
administration of GnRH-I antiserum blocked pulsatile LH release in rhesus
macaques (18) provided additional support to the theory that pulsatile LH release

was regulated by hypothalamic GnRIH-I secretion.

Unlike LH, establishing a clear FSH secretory pattern was more difficult from
the start. Using an RIA devised to measure FSH (19, 20), FSH secretion appeared
very similar to LH, but the FSH pulses were not as discrete as those seen for LH (a1,
22) and appeared to overlay a tonic FSH release (23). As a result, FSH secretion has
not been investigated as thoroughly as has LI except in terms of what regulates FSH
release. FSH does appear to be primarily under hypothalamic control as ovariectomy
did not alter FSH pulse frequency (24, 29), although the molecular size of FSH in the
pituitary has been reported to increase following ovariectomy (26). In addition,
GnRH-I antiserum decreased plasma FSH concentrations (18). However, these data
supporting the theory that GnRH-I controls FSH release are inconsistent with data

showing that FSH secretion does not wholly correspond to GnRH-I release patterns.

To address this conflict, a prevalent theory is that the GnRH pulse frequency
allows one GnRH form to separately regulate both LH and FSH. Although the pulse
frequency varies between species, several studies have demonstrated that the
gonadotropes require GnRH pulses within a narrow frequency range to maintain the
’observed physiological amplitude of LH and FSH release (27, 28). Further work has
shown that a slower pulse frequency will more selectively stimulate FSH release (28).
In dissention with this, the decreased endogenous frequency observed during the

primate luteal phase results in an increased amplitude for both FSH and LH release,
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although this may be partly due to increased releasable stores of the gonadotropins
(29). Furthermore, lesioning the dorsal paraventricular nucleus attenuated pulsatile
FSH release without affecting LH release (30). Regardless, exogenous circhoral
pulses of GnRH-I are sufficient to stimulate the natural pattern of gonadotropin
release (31); this treatment is also controversially believed sufficient to stimulate an

LH and FSH surge (3.

In addition to the tonic pulsatile release, plasma gonadotropin concentrations
surge approximately 37 hours prior to ovulation in the rhesus macaque (32). However
the mechanisms underlying this pre-ovulatory gonadotropin surge are somewhat
unclear. Administration of antiserum to estradiol blocked ovulation in the rat (33),
demonstrating that estradiol was necessary, and further investigation revealed that
circulating estradiol levels above 200 pg/ml for over 36 hours was necessary to
generate a gonadotropin surge in primates (34). However, experiments based on the
assumption that an endogenous surge of GnRIH-I is necessary for the surge have

produced conflicting data.

An initial study was designed to test where estradiol signaled to permit the
pre-ovulatory surge and consisted of pituitary stalk section followed by the
placement of a Silastic barrier in the portal vessels of rhesus macaques. In this case,
estradiol treatment alone was sufficient to generate an LH and FSH surge, leading
the investigators to question whether a GnRH surge were necessary (35). Treatment
with a GnRH-I antiserum also failed to block an estradiol-induced gonadotropin
surge, although pulsatile LH release was abolished (18). In 1980, radiofrequency
lesions were used to abolish endogenous GnRH, as measured by the subsequent loss
of pulsatile LH and FSH release. The researchers then replaced GnRH using one
pulse of GnRH-I per hour; this combined with supplemented estradiol levels
generated a gonadotropin surge and lent support to the theory that a GnRH surge

was not necessary for ovulation (36). This controversial finding generated renewed
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interest in the role of GnRH, as it was rapidly followed by two similar investigations.
The first was a study that blocked endogenous GnRH by placing a Silastic barrier in
the portal vessels and then replaced exogenous circhoral GnRH pulses in addition to
estradiol implants to mimic pre-ovulatory conditions. Although this treatment did
result in an LH surge (29), a second investigation that duplicated the study using an
impermeable Teflon barrier prevented the generation of a gonadotropin surge (37).
In another approach, radiofrequency lesions were again used to remove endogenous
GnRH, which was then replaced as before with circhoral GaRH-I. In this case,
however, the exogenous GnRH-I was then removed and animals were treated with
estradiol benzoate (EB) 24, 48, 72, or 96 hours later. This regimen produced
gonadotropin surges at the 24- and 48-hour periods, leading the investigators to
conclude both that GnRH was unnecessary for a gonadotropin surge and that EB
could function as a gonadotropin-releasing hormone (38). Despite the argument that
a GnRH surge was unnecessary, however, several groups observed an increase in
portal GnRH concentrations coinciding with the pre-ovulatory surge in several
species (14, 16, 39), and both nuclear and cytoplasmic GnRH-I mRNA were shown
to increase in rats on the afternoon of proestrus, which is when the LH surge occurs
(40). Taken together, these data suggest the mechanisms underlying pulsatile LH and
FSH secretion are not necessary to generate the pre-ovulatory gonadotropin surge.
However, a hypothalamic factor does seem to be required, and there are increased
levels of a GnRH-I in portal blood coinciding with the surge. Therefore, it is
possible that a unique pathway, which may involve an alternate form of GnRH,

functions to stimulate the pre-ovulatory surge.

Estrogen feedback

Although several estrogens and progestins exist in the female, the majority of

studies have been performed using 17 B-estradiol (estradiol) or estradiol benzoate



(EB) and progesterone. Aside from whether a GnRH surge is necessary for ovulation,
positive feedback from high circulating levels of estradiol are required (34); this is in
direct contrast to estradiol’s tonic signal, which results in negative feedback on
gonadotropin release (41). In rhesus macaques, LH and FSH levels increase
approximately 10-fold within three weeks of estrogen removal by ovariectomy (1),
and replacing physiological estradiol concentrations has been shown to depress
plasma gonadotropins back to intact levels within minutes of intravenous (iv)
administration (41). That this negative feedback results from the estrogens, rather
than another ovarian signal, is further supported by data demonstrating that
progesterone treatment did not affect tonic gonadotropin secretion (41), although it
was capable of selectively blocking both the spontaneous and estradiol-stimulated
pre-ovulatory surge (42, 43).

Estradiol appears to signal negative feedback at the pituitary and the
hypothalamus using multiple mechanisms. Pituitary sensitivity to iv GnRH
treatment decreased following estradiol treatment in women (44), and estradiol
treatment in rhesus macaques decreased LH sensitivity to both intrapituitary and iv
GnRH following radiofrequency lesions of the hypothalamus (31, 45). However,
estradiol may also affect GnRH expression because gonadectomy has been
demonstrated to stimulate increased expression of GnRH-I mRINA. This effect is
reversed by steroid replacement in rats (46) but not in ferrets (47). Further
investigations demonstrated that ovariectomy both attenuated GnRH neurons’
responsiveness to prostaglandins in rats (48) and increased glial ensheathment of
GnRIH neurons in primates (49). In addition, a population of neurons in the arcuate
nucleus (ArcN) of guinea pigs was shown to contain GnRH immunoreactivity and

rapidly hyperpolarize after treatment with estradiol (50).

Taken together, the latter data suggest that estrogens can directly affect

GnRH neurons in terms of gene expression, morphology, and electrophysiology.
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This would indicate a direct negative influence of estrogen on GnRH-I neurons, but
until recently, estrogen receptors were either not found on GnRH neurons (51-56), or
the techniques used to find receptors were of questionable stringency (57, 58).
However, a second estrogen receptor, ERB, was recently discovered (59) and found
colocalized with GnRH-I neurons in some species (60 - 62). Preliminary data has

since suggested that ERB may help control the pre-ovulatory surge due to its
distribution and because an ERP antagonist significantly attenuated the incidence of
ovulation in rats (63). However, ERa. is necessary for estradiol negative feedback

(64). In addition, an ER antagoriist, ZM 182,780, blocked the pre-ovulatory surge but

did not affect pulsatile LH release, further suggesting that the positive and negative
teedback of estradiol may be controlled by different receptors (65). However, further

investigation is warranted to clarify the respective roles for both ERa and ERB and

the mechanisms underlying estradiol positive and negative feedback.

Hypothalamic pulse and surge generators

The release patterns of LH and FSH have implied the existence of
hypothalamic pulse and surge generators, and lesion studies to map their location
suggest these generators are separately housed. An initial study surgically
disconnected the caudal hypothalamus, including the medial basal hypothalamus
(MBH) and ArcN, and found that both the pulsatile and surge patterns of
gonadotropin release remained intact (66). This suggests the caudal hypothalamus is
sufficient for both the pulse and surge patterns, however, additional data indicated
that after being severed, fiber tracts from the rostral hypothalamus were able to re-
terminate on the blood vessels near the scar (67). This corresponded to data that
lesioning the rostral hypothalamus around the supraoptic (SON) and suprachiasmatic
nuclei (SCN) blocked the spontaneous and estradiol-induced LI surge without

altering pulsatile LH release (68). Further support that the surge generator was
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located in the rostral hypothalamus came from data showing that estradiol treatment
facilitated LH release following electrical stimulation of the rostral hypothalamus,
but the response was attenuated when the MBH was stimulated after estradiol
treatment (69). In contrast, radiofrequency lesions that destroyed the ArcN blocked
both pulsatile and surge release patterns of LH (70), although a later study
demonstrated that an estradiol-induced LH surge was possible in rhesus macaques
bearing ArcN lesions (31). These inconsistencies in the data may be due to the
imprecise nature of lesions; typically the lesioned areas vary in size and exact
location. Furthermore, lesions are not confined to cell bodies but may include fiber

tracts, which might supply crucial input from distantly-located cells.

In addition to lesion studies, localized treatments of either agonists or
antagonists have been used to investigate the site of action for the pre-ovulatory
surge. Estradiol microimplants were found to stimulate an LH surge when they were
implanted into the MBH, but not the medial preoptic area (POA), of sheep (71). In
addition, treatment with EB induced Fos expression in the ArcN, although the
rostral hypothalamus was not examined for Fos immunoreactivity (72). However, the
administration of an opioid receptor agonist to inhibit the surge was effective in
both the MBH and the medial POA of sheep (73). The investigators concluded that
the surge generator may have cell bodies located in the MBH that send their axonal
projections to the rostral hypothalamus. This argument reconciles the
aforementioned data, however further investigation is still required to clarify the

pulsatile and surge generators’ sites-of-action.

Taken together, the data investigating the neuroendocrine control of
mammalian reproduction are extensive, however several questions have yet to be
answered. Primary among them are (1) whether separate hormones regulate LH and
FSH secretion, (2) the mechanisms underlying both the pulsatile and surge patterns

of gonadotropin release, and (3) how the positive and negative feedback effects of
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estrogen are transmitted to GnRH release. Although the aforementioned studies
have investigated these very issues, they have presupposed in most cases that the
mammalian hpg axis is controlled by only one form of GnRII. However, it was
recently discovered that mammals express a second GnRH form, which may help to
address the remaining questions concerning the neuroendocrine control of the

reproductive system.

Chicken Gonadotropin Releasing Hormone-I1
History of discovery

The variable synchrony between FSH secretion and GnRH-I release
prompted several groups to investigate whether additional gonadotropin-releasing
factors occurred in the hypothalami of different species. Consequently, the
gonadotropin-releasing hormone (GnRH) family now includes at least 13 decapeptide
forms identified from various vertebrate classes (Fig. 1-2), and most of these forms
are believed to have reproductive functionality. Matsuo’s group first published the
GnRH-II sequence in 1984 following its isolation and purification from chicken
hypothalamus using ion-exchange chromatography and reverse-phase high pressure
liquid chromatography (HPLC) (74). This was soon followed by the construction of
GnRH-II-specific antiserum in 1986, which allowed GnRH-II to be identified in the
amphibian and reptilian (75) brain using HPLC and radioimmunoassay (R1A). HPLC
and RIA were again used to identify GnRH-II in the fish classes, Chondrichthyes
(76) in 1986 and Osteichthyes (75) in 1988. Then in 1989, GnRH-II was discovered
using HPLC and RIA in the metatherian, or marsupial, mammalian brain (77), but it
was commonly held that eutherian, or placental, mammals only expressed GnRH-1.
However, the discovery of GnRH-II in the musk shrew, an eutherian mammal, in
1993 (78) both disproved this theory and lead to the eventual finding in 1997 and

.1998, respectively, that GnRH-II also occurs in the non-human (79) and human (80)
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primate. Because GnRH-II has now been isolated from members of every extant
vertebrate class except the fish class, Agnatha, GnRH-II is currently considered the

most primitive and conserved form in the GnRH decapeptide family.
Phylogenetic distribution pattern
Fish

GnRH-II was originally isolated from the chicken brain, but most GnRH-II
studies since have been carried out using the fish as an animal model. Of the three
extant classes of fish, Agnatha, Chondrichthyes, and Osteichthyes, GaRH-II has

been identified in several species of the latter two classes.

Chondrichthyes

The cartilaginous fish, Chondrichthyes, lack the hypothalamic portal vessels,
a capillary system that connects the median eminence to the pituitary in most
vertebrates. However, the gonadotrope-containing pituitary lobe is anatomically
distinct from the median eminence in Elasmobranchii, a subclass of Chondrichthyes,
therefore it is hypothesized that GnRH may reach the gonadotropes via the general
circulation, rather than by hypothalamic portal vessels. As a result, the GnRH-I1I
distribution in Elasmobranchii could suggest whether GnRH-II functions as a
gonadotropin-releasing factor in these fish. Initially, the two laboratories that nearly
simultaneously reported finding GnRH-II used HPLC and RIA on whole-brain
extracts of Elasmobranchii (81, 82). Two years later, detailed immunohistochemistry
(IHC) localized GnRH-II to cell bodies in the midbrain tegmentum but with very
little immunoreactivity in the pituitary (83), suggesting that GnRH-II likely did not
reach pituitary gonadotropes either directly or through the general circulation. This
finding that GnRH-II immunoreactivity occurred predominantly in the midbrain
rather than the hypothalamus or pituitary would be reiterated for many vertebrate

species.
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Osteichthyes

Class Osteichthyes, which consists of the bony fish, contains approximately
30,000 species, making it the most diversely populated of all the extant vertebrate
classes. Many studies have examined Osteichthyes species for GnRH-IT using HPLC
and RIA (75, 84-88); although HPLC and RIA proved to be a sensitive measure of
GnRH-II occurrence, these methods do not allow the specific distribution of
GnRH-II to be mapped with high resolution. Accordingly, several IHC studies were
published describing GnRH-II immunoreactivity in the brains of various
Osteichthyes species. In the masu salmon (Oncorbynchus masou) (89), dwarf gourami
(Colisa lalia) (90), goldfish (Carassius auratus) (91), and medaka (Oryzias latipes) (92), for
example, GnRH-II cell bodies occurred in the midbrain tegmentum, but very little
immunoreactivity was found in the preoptic or terminal nerve areas, which agreed
with findings from other vertebrate classes. In the goldfish, a few GnRII-II cells also
occurred in the ventrolateral hypothalamus and in parvicellular neurons in the POA,
although GnRH-II fibers were widely distributed throughout the brain and had a
robust population in the pituitary (91). However, most studies found sparse GnRH-
IT-immunoreactivity in the pituitary, unlike the other GnRH form present in each
case, so the investigators frequently concluded GnRH-II does not primarily function
to stimulate gonadotropin release. The medaka study also extended its findings to
trace GnRH immunoreactivity throughout pre- and post-natal development and
demonstrated that GnRH-II-immunoreactive cells originated from ependymal cells
of the third ventricle. Then, in 1995, GnRH-II mRNA was cloned from the catfish
(Clarias gariepinus) (93) and later from the goldfish in 1997 (94), which demonstrated
that GnRH-II is encoded by a distinct gene. Examining the distribution, however,
confirmed GnRH-II is restricted to the midbrain in catfish (86) and olfactory bulb
and midbrain tegmentum in the goldfish (95). Overall, therefore, the predominance

of GnRH-II immunoreactivity in midbrain rather than hypothalamic or pituitary
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tissue led most investigators to conclude that GnRH-II did not primarily function to
stimulate gonadotropin release but that it might act to influence behavior or as a

neurotransmitter.
Amphibians

Although GnRH-II was identified in amphibians using HPLC and RIA on
crude brain extracts (75), site-specific localization was delayed a further four years
until Muske and Moore performed THC using antibodies specific for GnRH-II (96).
Examining three amphibian species (genus Rana) over the course of development,
the investigators found the forebrain-spinal cord system had cell bodies and fibers
immunoreactive for GnRH-II, but the hypothalamic-pituitary pathway had sparse
GnRH-II immunoreactivity. Then, in 1994, Licht et al microdissected the
amphibian brain and returned to using HPLC and RIA. They found GnRH-II
concentration was equally distributed throughout the brain, resulting in it being the
predominant GnRH form in amphibians; however, the average concentration of
GnRH-IT in the hypothalamus was significantly lower than GnRH-I. The
investigators concluded that GnRH-II expression was more consistent with a
neurotransmitter function, however they also discovered GnRH-II in amphibian
portal blood. Therefore, the investigators extended the potential functions to
include pituitary control (97). Furthermore, later studies demonstrated GnRI-II
fibers occurred in the infundibular region and posterior pituitary (98). In addition,
GnRH-II fibers innervated the spinal cord to terminate in the vicinity of
motorneurons (99), suggesting GnRH-II might also influence locomotor activity in
amphibians.

Reptiles

Fewer distribution studies have been performed for GnRH-II in the reptilian

brain. However, Tsai and Licht mapped GnRH-I1 distribution using HPLC and
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RIA on microdissected brains from the turtle (Trachemys scripta). Similar to the
amphibian, GnRH-II occurred in equal concentrations across much of the reptilian
brain, although GnRH-IT concentrations were four times higher in the cerebellum
and eight times higher in the medulla compared to the medjan eminence and optic
tectum (100). In 1997, in contrast to previous findings, HPLC and RIA revealed that
the green anole (Anolis carolinensis) only expressed the GnRH-II form (101). This was
in contrast to current thinking that GnRH-II did not primarily have a reproductive
function in vertebrates, however, studies to further characterize GnRH-11 function
in the anole have not been performed. Otherwise, these findings corresponded to
those in amphibians, suggesting that GnRH-II primarily functioned as a

neurotransmitter/neuromodulator and/or influenced motor activity.

Aves

As mentioned previously, GnRH-II was first identified and sequenced from
the chicken brain (Gallus domesticus) (74), however the GnRH-II distribution was not
mapped using IHC until four years later. Both the caudal hypothalamus and the
rostromedial midbrain had GnRH-II-immunoreactive perikarya, but no GnRH-IT
fibers were found in the rostral hypothalamus or median eminence (1 02). In contrast,
Katz et. al. used microdissected brains and HPLC and RIA to later demonstrate that
the hypothalamus and median eminence did possess GnRH-II-immunoreactivity,
but the midbrain, cerebellum, and medulla contained higher concentrations of
GnRH-IT (103). Three years later, another study used radioimmunoassay on
hypothalamic and posterior pituitary extracts to demonstrate that GnRH-II
occurred in both regions. However, although GnRH-II concentrations in the

hypothalamus were comparable to GnRH-I concentrations, the posterior pituitary

had significantly more GnRH-I than GnRH-II (104).
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Mammals

Not surprisingly, HPLC and RIA were used to first identify GnRH-II in
crude hypothalamic extracts from metatherian mammals, the pouch or marsupial
mammal (77, 105). However, eutherian, or placental, mammals were thought to
express only GnRH-I until 1993, when GnRH-II was described in the musk shrew
(Suncus murinus) brain (78), and again in 1994 in the musk shrew, mole (Chrysochloris
asiatica), and bat (Miniopterus schreibersiz) following HPLC and RIA (106). Although
these techniques did not allow much resolution to determine the GnRH-II
distribution, they did reveal that 55% of GnRH in the musk shrew is the GnRH-II
form (106). Further studies employing ITIC revealed that neither GnRI-II cells nor
projection sites appeared to overlap with GnRH-I; the major terminal field for
GnRH-II in the musk shrew was the medial habenula where immunoreactive cells
made axodendritic contacts that were symmetric, which are often inhibitory (107). In
addition, males were found to have approximately twice as many GnRH-II cells as
intact, but not ovariectomized, females (108). Despite this apparent sex-steroid
regulation and although GnRH-II did occur at low levels in the hypothalamus, the
investigators concluded that GnRH-II likely acted as a neurotransmitter or
neuromodulator. Closely following this study, the cDNA encoding GnRH-II was
cloned from the tree shrew (Twpaia glis belangers), which is not only an eutherian
mammal, but also considered a presumptive primate (109). However, the potential
relevance of a second GnRH form being present was strengthened when GnRH-IT
was found in rhesus (Macaca mulatta) and stumptail (Macaca speciosa) macaques in
1997 (79). GnRH-II gained further clinical relevance when it was cloned from the
human a year later (80) and then cloned from the rhesus macaque in 1999 (110). In
addition, the peptide distribution of GnRH-II was examined in the mouse using
IHC (r11, 112) and again found in the midbrain close to the 4™ ventricle in addition

to a caudal hypothalamic population. Furthermore, GnRH-1I immunoreactivity was
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found in the hypogonadal mouse, which lacks functional GnRH-I (111). However,
murine GnRH-II has not yet been cloned, which prevents a GaRH-II-knockout
mouse from being generated. Despite this setback, cloning rhesus GnRH-II allowed
its mRINA distribution to be mapped, and initial ISH demonstrated that GnRH-II
occurred in the dorsal midbrain, as hypothesized, but also had a robust expression in
the rostral and caudal hypothalamus (110). Because very little GnRH-IT ISH had
been carried out in any vertebrate species, these findings re-opened the question if

GnRH-II helps modulate gonadotropin—signaling.

Potential functions

Despite GnRH-II being highly conserved across the vertebrate classes and its
close similarity to GnRH-I, whose function has been well characterized, a clear
physiological function has not emerged from studies on GnRH-II. What primarily
indicates potential roles, however, are its distribution pattern and its sequence
homology with the GnRH peptide family. Based on these known attributes, several
functions have been hypothesized including acting as a neurotransmitter, regulating
behavior, stimulating gonadotropin release, and/or mediating sex-steroid signaling,
respectively. Although the evidence supporting any of these hypotheses is sparse, it

warrants closer examination.

Neurotransmitter

Initial studies examining whether GnRI-II functioned as a neurotransmitter
were based on an earlier finding that a GnRH analog was able to mediate the late
slow excitatory post-synaptic potential in amphibians. Three years following the
discovery of GnRII-II, Jones used whole-cell patch clamp to demonstrate that
GnRH-IT could potently inhibit the M current in bullfrog sympathetic ganglia (113).
This finding prompted a study that found GnRH-II injection caused a significant

dose-dependent increase in plasma catecholamines, both adrenaline and
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noradrenaline, without affecting heartrate or blood pressure in bullfrogs (Rana
catesbeiana), leading the investigators to conclude GnRH-II might act as a
sympathetic neurotransmitter (114). These studies were further supported by the
finding that GnRH-II immunoreactive fibers innervated both the granular layer of
the cerebellum and the spinal cord near motorneurons in amphibians (115). Similar to
the distribution pattern observed in amphibians, the goldfish and dwarf gourami
were found to have GnRH-II cells in the midbrain tegmentum as well as spinal cord
(9o, 91), although the midbrain tegmentum is implicated to send descending
projections into the spinal cord (116). These observations that GnRH-IT occurred in
the hindbrain around the midbrain tegmentum were verified in several other
vertebrate species, as discussed above, however direct demonstrations are less
prevalent that GnRH-II acts as a neurotransmitter in vertebrates other than
amphibians.

Regulate behavior

The GnRH-II distribution patterns in multiple species also suggest it could
function to regulate behavior because of the theorized functions of these regions
where GnRH-II occurs. For example, in addition to sending projections to the spinal
cord, the midbrain tegmentum has been implicated to help modulate behaviors (119).
Furthermore, a major terminal field for GnRH-II fibers in musk shrews was
observed in the medial habenula (107), an area that may help regulate female sexual
receptivity (118). Altering catecholaminergic activity has also been shown to influence
reproductive behavior (119), which correlates to the finding discussed above that

GnRH-II treatment elevates adrenaline and noradrenaline in amphibians (114).

In addition to circumstantial data that GnRH-II might modulate
reproductive behavior, a few direct measurements have been performed. In red-sided
garter snakes (Thamnophis sirtalis parietalis), intracerebroventricular (icv) injection of
GoRH-II did not potentiate or attenuate the courtship behavior provoked by either
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visual or olfactory cues (120). In contrast, icv injection of GnRH-II, but not chicken
GnRH-I, in female white-crowned sparrows (Zonotrichia leucophrys gambelis) did
maintain copulatory behavior for a significantly longer time after the birds were
exposed to an auditory stimulus (121). In agreement with this study, icv injections of
GnRH increased the number of spawning acts performed by female goldfish,
however, this effect was seen with both GnRH-II and salmon GnRH, another form
present in these fish (122). Therefore it is difficult to draw a clear conclusion whether
GnRH-II functions physiologically to modulate reproductive behavior because
although the GnRH-II distribution pattern would allow it to regulate behavior, its i

vivo effects vary between species.

Gonadotropin-releasing factor

The potential functions theorized for GnRH-II have frequently been drawn
from its distribution pattern in addition to its sequence homology with known
gonadotropin-releasing hormones. In addition to these, GnRH-II is highly
conserved, providing enough evidence to justify addressing a primary question: does
GnRIH-II stimulate LH and/or FSH release and could it function as the putative
FSHRH? As previously mentioned, the existence of an FSHRH has long been
hypothesized (7, 8), but no potential candidates are unequivocally supported (23).
However, several studies have examined whether GnRH-II can act as a

gonadotropin-releasing factor, and particularly an FSHRH both # vitro and in vive.

The comparative ability of GnRH-II to stimulate LH and FSH release has
been examined in several species, but, understandably, the preliminary work
frequently focused on birds, where GnRH-II was originally discovered. In static 2-
hour incubations on primary dispersed chicken pituitary cells, GnRH-II
demonstrated a significantly (P<o.01) greater potency to stimulate both LH (ED;,
0.055) and FSH release (ED;, 0.034) compared to chicken GnRH-I (EDj, 0.28, ED;,
0.37, respectively) and mammalian GnRH-I (EDy, 0.27 for LH) (132, 133). Similarly,
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GnRH-IT showed significantly more potency to release LI from dispersed quail
pituitary cells than chicken GnRH-I or mammalian GnRH-I (ED,, 0.12 for GnRI1-
IT and 0.96 for both chicken and mammalian GnRH-I) (132). One receptor subtype
appeared to mediate the effects of all the GnRH forms, as combining the maximal
doses of both forms in the chicken produced neither an additive nor subtractive
effect on LH release (131). These relative potencies were later confirmed in sexually-
immature cockerels (133) and in turkeys (Meleagris gallopavo), both in an in vitro

perifusion system and 2 vivo (134).

The ability of GnRH-II to stimulate gonadotropin release was also examined
repeatedly in fish species. In catfish, GnRH-II was significantly more effective
(P<0.05) than catfish GnRH to stimulate LH release both 7 vitro from perifused
pituitary fragments and 7z vivo (135). Furthermore, GnRH-II demonstrated a ten-
fold higher potency than catfish GnRH to release LH 7in vivo consistently
throughout the pubertal development of male catfish (136). In addition, GnRH-IT
was found significantly more effective to stimulate ovulation than salmon GaRH in
’catfish (137) and goldfish (88) and was implicated to be primarily responsible to
stimulate ovulation in goldfish, as blocking salmon GnRH, the other form known to
be present, did not impair the goldfishes’ ability to ovulate (138). In addition, GnRH-
IT was found to be between 2 and 8 times more potent to stimulate LH release than

seabream or salmon GnRH in the gilthead seabream (139).

Studies in reptiles (140) and amphibians (97, 141) also demonstrated that
GnRH-IT more effectively stimulated LH release # vivo than the other GnRH
forms present in each respective species. However, the clearance rate of GnRH-II
from plasma was found to be slower than either chicken GnRH-I (26% versus 17%
not degraded after more than 7 hours) or mammalian GnRH-I, respectively, and the
investigators concluded in both cases that the higher observed potency might be due

to a longer exposure to GnRH-II than the other forms.
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A similar observation was later made in the human, where GnRH-II
remained in circulation longer than GnRH-I (142). This might be caused by GnRH-
II resisting degradation due to the histidine at position 5, which hinders proteolytic
degradation (140, 143). In addition, plasma proteins that selectively bound GnRH-II
were identified in both goldfish (144) and spotted ratfish (Hydrolagus collie) (145),
which might further allow GnRH-II to resist proteolytic degradation or reuptake
and therefore remain in the circulation longer than other GnRH forms. Despite this
argument that the increased potency of GnRH-II might result from resisting
removal from the serum, the final conclusion remains that GnRH-II was more
effective at stimulating LH release #z vivo than other naturally occurring GnRH

forms in both reptiles and amphibians.

In contrast to the relative potency of GnRH-II in other vertebrates, GnR H-
I1 initially appeared less effective to stimulate LH release in mammals. Early studies
that examined the relative ability of GnRH-II to release LH and bind pituitary
gonadotropes in vitro found GnRH-II to be approximately ten-fold less effective in
sheep and rats, respectively (130). A later study comparing the abilities of GnRH-II
and GnRH-I to release both LH and FSH from sheep pituitary cells revealed
GnRH-II to be four- and ten-fold less potent, respectively, and further investigation
demonstrated that the mammalian GnRH receptor required an arginine at position 8
for optimal receptor binding (146). Although GnRH-II has a tyrosine in this
position, the combined effect of the histidine at position 5 and the tryptophan at
position 7 compensated, in part, for the arginine to tyrosine substitution (146).
Following these 7z vitro studies, an 7z vive examination demonstrated that GnRH-I
treatment resulted in significantly more musk shrews ovulating than GnRH-II
treatment (P<0.04) (107). However, with the discovery that GnRH-II occurred in
the primate, the ability of GnRH-II to stimulate LH release was reported to be

similar to that for GnRH-I, although the LH-releasing abilities of the two GnRH
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forms were not directly compared (81). In 2001, a GnRH-II receptor was identified
in primates by two separate laboratories (147, 148). Because the lesser potency of
GnRH-II to release LH in mammals had been attributed to its decreased
effectiveness to bind the mammalian GnRH receptor, finding a second, GnRH-II-
selective, receptor strengthened the argument that GnRH-II might function

physiologically to release either or both gonadotropins.

Mediate estradiol feedback

Besides the other functions mentioned, the GnRH-II distribution pattern
also suggests that GnRH-II may help mediate sex-steroid feedback onto the
reproductive axis. Therefore, in addition to mapping GnRH-II distribution, several
investigators investigated whether GnRH-II content or expression was altered in
concert with the changing sex-steroid milieu due to exogenous manipulation or the

stage of the breeding cycle.

Studies using the cichlid (Oreochromis mossambicus) and the European silver eel
(Anguilla anguillz) failed to demonstrate that midbrain GnRH-II expression was
altered by progesterone (123), estradiol (124, 125), or triiodothyronine, a thyroid
hormone analogue (125). However, both testosterone and androstenedion, a
nonaromatizable androgen, caused a decrease in midbrain GnRH-II
immunoreactivity (124). Considering that GnRH-II expression and
immunoreactivity were not observed to change developmentally or in response to
changing estrogen and progesterone milieu, however, made the androgen data
difficult to interpret. Worth noting is that the androgen treatment was given to
female eels, which might suggest the observed negative feedback was not
physiologically relevant, but studies examining relative GnRH-II concentrations
between male and female fish also did not demonstrate a significant difference (126).
In addition to the effects of exogenous steroids on GnRH-II content, the peptide
levels were measured by enzyme-linked-immunosorbant assays (ELISA) in gilthead
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seabream (Sparus aurata) during the breeding and non-breeding seasons. Under these
conditions when the sex-steroid milieu changes naturally, GnRH-II content was
observed to remain constant, although the levels of seabream GnRH, another form
present, increased during the breeding, compared to the non-breeding, season (126).
Furthermore, another study used IHC to find that GnRH-II peptide content does
not change developmentally in the rainbow trout (Sa/mo gairdneri) (127). In summary,
existing data in fish suggest that changing sex-steroid milieu exogenously, during

development, or during the breeding season does not affect GnRH-II levels.

In cockerels, castration resulted in higher chicken GnRH-I but not GnRH-11
content (128), although injecting progesterone intramuscularly (im) to stimulate an
LH surge in hens did decrease GnRH-II hypothalamic immunoreactivity (129). In
addition, photostimulated turkey hens had increased GnRH-II peptide
concentrations in the hypothalamus, but ovariectomy decreased GnRH-II levels
(104).

In reptiles, HPLC demonstrated that adult female turtles did show increased
GnRH-II compared to hatchling females (100). The existing data for mammals also
correspond to the reptile data, as ovariectomy increased GnRH-II cell number in
musk shrews (108). To date, experiments examining the effect of sex-steroid milieu

on GnRH-II in amphibians have not been published.

Although these studies are consistent within each vertebrate class, the overall
outcome seems mixed. Birds, reptiles, and mammals show a change in GnRH-II
immunoreactivity in response to exogenous sex-steroid manipulation, but fish do not
demonstrate a similar pattern. Furthermore, when GnRIH-II concentrations are
examined during conditions that naturally change sex-steroid milieu, the levels
remain constant. It is therefore possible that either any GnRH-II changes observed

following steroid manipulation occur artifactually, or the observed GnRH-II

24



sensitivity to changing milieu evolved after the appearance of fish. Therefore,

whether GnRH-I1 functions to mediate sex-steroid feedback remains unclear.

All in all, there is considerable variability between vertebrate classes of how
GnRH-II functions. As a resulg, it effects on the hpg axis have not been clarified.
However, this same variability raises the question whether GnRI-II has a conserved
function, its physiological role has evolved, or whether GnRH-II is a vestigial
neuropeptide. These questions aside, one factor potentially compounding the
inconsistency is that the data are most frequently collected from a variety of species

and then compiled, rather than one species being examined systematically.

The rhesus macaque as an animal model

The confluence of multiple factors make the rhesus macaque (Macaca mulatta)
an excellent model to examine whether GnRH-IT modulates the hpg axis. Similar to
the human reproductive system, female rhesus macaques undergo a spontaneous
menstrual cycle that lasts approximately 28 days and contains both a follicular and
luteal phase and menstruation, which is not present in all primates. In addition,
GnRH-I exhibits a circhoral release pattern during the follicular phase, and it is
secreted in pulses every 2-3 hours during the luteal phase; this secretion is under
estradiol negative feedback, as is also true of humans. Furthermore, the preovulatory
surge appears almost identical between rhesus macaques and humans. Therefore, the
neuroendocrine system of rhesus macaques appears to regulate reproduction nearly
identically to what is seen for humans. In addition to the reproductive similarities,
however, the GnRH-II gene has been cloned from rhesus macaques, which allows
additional techniques, like #n situ hybridization, to be used to examine the GnRH-II
distribution and expression patterns with high resolution. This combination of a
similar hpg axis coupled with the sequence of GnRH-II mRNA as a tool has not

been duplicated in any other animal to date. Finally, the Oregon National Primate
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Research Center can be utilized to provide a source of animal subjects under
exceptional care that will allow the interactions of GnRH-II with the primate hpg

axis to be investigated in depth.

Aims of the thesis

To determine if GnRH-II can modulate the hpg axis, the following three

specific aims are proposed:

Specific Aim #1: To ascertain whether GnRH-II may modulate GnRH-I
by determining whether GnRH-II is histologically capable of signaling to GnRH-I

and if GnRH-II expression varies according to development or sex.

Specific Aim #2: To ascertain whether GnRH-II may modulate
gonadotropin release by determining if GnRH-II can stimulate FSH and/or LH
release iz vivo, how GnRH-II compares in potency to GnRH-I, if GnRH-I and
GnRH-II compete for a common receptor or signaling pathway, and if endogenous

GnRIH-II reaches the pituitary gonadotropes iz vivo.

Specific Aim #3: To ascertain whether GnRH-II might mediate some of
estradiol’s effects on the reproductive axis by determining if estradiol exhibits
negative and/or positive feedback on GnRH-II expression or release 7z vivo and if

these effects are mediated via estrogen receptors expressed by GnRH-II cells.
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CHAPTERII
Distribution of GnRH-II in the Rhesus Macaque Brain:

Potential to Modulate GnRH-]I secretion.
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INTRODUCTION

To date, the GnRH family includes at least 13 decapeptide forms identified
from various vertebrate classes. Most of these forms are believed to have
reproductive functionality, based on their ability to exogenously either stimulate
gonadotropin release, modulate reproductive behaviors, or a combination of both. In
addition, it has become apparent that many vertebrate species express two or more
of the multiple forms of GnRH, supporting the hypothesis that neuroendocrine

control of the reproductive system is a conjunctive process between two or more

GnRH forms.

To classify them, the forms are often subdivided into three groups based on
their distribution and specific postulated functions, and it rapidly becomes apparent
that many GnRH forms are specific to a particular vertebrate class or family (Fig. 2-1)
(151). What is unknown, however, is whether these forms arise post-transcriptionally
due to alternative splicing. GnRH-II is an exception in this case because it is known
that a unique gene sequence encodes GnRH-II, thus it is not derived from GnRH-I
post-transcriptionally (8o, 109, 110). In addition, the GnRH-II gene occurs very early
on the phylogenetic tree, therefore current theory holds that it is the most primitive

GnRH form found in vertebrates (Fig 2-1) (149).

Although GnRH-II has been cloned from the human, rhesus macaque, and
tree shrew, little is known about its regional expression in the mammalian brain.
GnRH-IT immunoreactivity has been detected in the midbrain of the tree and musk
shrews (106, 109) and in the midbrain and hypothalamus of the rhesus macaque, but
it is unclear whether these cells represent a source of GnRH-II synthesis or uptake
(79). In addition, if GnRH-II is constituitively released or occurs at low levels,
immunohistochemical methods may give an incomplete representation of its regional

expression.
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The importance of mapping GnRH-II distribution is multi-fold. Although
many GnRH forms are believed to modulate the hpg axis, the biological function of
GnRH-II is presently unknown, and it is possible that GnRH-II acts in a
neuroendocrine cascade modulating GnRH-I. Current theory holds that the majority
of neuroendocrine signals that influence the hpg axis act either directly on GnRH-I
release or on GnRH-I signaling to the gonadotropes. As a result, it is expedient to

determine whether GnRH-IT is histologically capable of influencing GnRH-1.

In humans and rhesus macaques, two distinct genes encode GnRIH-I and
GnRH-II (80, 110); this suggests that different neuroendocrine pathways control the
synthesis and release of GnRH-I and GnRI-II in primates. What is unknown is
whether the same neurons synthesize both GnRH-I and GnRH-II. This possibility
certainly exists in primates because preliminary studies have demonstrated that
GnRH-IT is highly expressed in hypothalamic areas where GnRI-I has also been
found, notably around the ventral hypothalamic tract and in the medial basal
hypothalamus (79, 110). Thus it is unknown whether two populations of GnRH-
releasing neurons exist and if the two GnRH forms play different physiological roles.
As a result, a primary question to be addressed is whether GnRH-II occurs in a
distinct cell population from GnRH-], and to resolve this issue, it is necessary to
determine the extent to which GnRH-I neurons express mRNA encoding GnRIH-

II.

In addition, knowing where GnRH-II occurs in the hypothalamus may also
elucidate potential functionality. In particular, it may help to formulate hypotheses
about the function of GnRH-II if it is located within any well-characterized
hypothalamic regions, because this will indicate what neurotransmitters,
neuropeptides, or axonal terminal fields might modulate GnRH-II and also suggest
where GnRH-II cells themselves project. In addition, studying its projection sites

may serve as an indication whether GnRH-II signals to GnRH-I or other specific
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cell types within a known neuroendocrine system. Examining the GnRH-II terminal
fields will require immunological methods, however, using i situ hybridization to
initially study its distribution will also allow an investigation into whether GnRH-II
mRNA  expression is altered due to sexual dimorphisms or to different

developmental states. Such a determination will further what can be hypothesized

about GnRH-ID’s function(s).

GnRH-I mRNA levels have not been demonstrated to differ between male
and female or juvenile and adult primates. However, castrated male primates will
undergo a gonadotropin surge if primed with estradiol (150), suggesting that their
reproductive neuroendocrine systems are not sexually dimorphic. Similarly, if
juvenile primates are treated with circhoral GnRH-I their LH profiles will
correspond to those of an adult (151), and this suggests that their neuroendocrine
systems controlling reproduction do not differ completely. Unlike the first case,
however, where the sex-steroid makeup provides the definition of “male” or “female”
to the neuroendocrine system, the signal that triggers the hpg axis to undergo
puberty has not been defined. As a result, it was hypothesized that increasing GnRH
expression might signal puberty to begin (155). Contrary to this, GnRH-I
hypothalamic expression does not increase during development unless the animals
are gonadectomized as juveniles (156 - 159). In addition, GnRH-I mRNA also does
not decrease at puberty, which might be expected due to the negative feedback that
might be expected with rising estradiol levels. Taken together, this suggests that a
change in GnRH-I expression does not trigger the onset of puberty. However, it has
since been discovered that GnRH-II also occurs in the primate hypothalamus (110).
Developmentally, GnRH-IT expression has been observed to both increase (130) and
decrease (127), as well as not change (125, 126), depending on the species, however

many of these studies examined midbrain, rather than hypothalamic populations of
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GnRH-II. Taken together, this provides the impetus to examine whether GnRH-IT

expression changes during development.

GnRH-II cDNA was recently cloned from the rhesus macaque, which for
aforementioned reasons is an excellent model to examine GnRH-II mRNA
distribution and expression. In particular, this is due to the striking similarities
between the rhesus macaque and human hpg axes and the placement of the rhesus
macaque in the phylogenetic tree. If GnRH-II is primitive and has a highly
conserved function, studying the peptide near the end of its functional evolution may

clucidate what, if any, essential roles GnRH-II plays in reproduction.

This chapter, therefore, addresses where GnRH-II occurs in the rhesus
hypothalamus, and specifically, the ability of GnRH-IT cells to signal to GnRH-I
cells is examined as well as whether GnRH-II expression differs between males and

female and juveniles and adults.

MATERIALS &METHODS AND RESULTS
Technical approach

Although the regional distribution of GnRH-II has been examined in several
species, the approach taken has depended heavily on HPLC and THC. HPLC
permits high sensitivity but has less resolution when mapping distribution. The
second method, IHC, supplies both sensitivity and resolution to mapping
distribution, but it does not answer the question whether immunoreactive cells
represent a source of peptide synthesis or uptake. Furthermore, the GnRH-II
peptide has 70% sequence homology with the GnRH-I peptide (Fig. 1-2), therefore
antibody specificity becomes a pertinent concern. Alternatively, the GnRH-
associated peptide for GnRH-II is unique from GnRH-I, which allows for a highly
specific GnRH-II riboprobe to be constructed suitable for i situ hybridization

(ISH). As a result, I chose to initially map the GnRH-II distribution using ISH,
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followed by IHC to determine both if the mRINA was translated into peptide and
where GnRH-IT nerve terminals projected. Having examined the mRNA and
peptide distributions, the degree of overlap between the GnRH-IT and GnRH-I
populations was investigated as was whether GnRII-I1 expression varied between

males and females or juveniles and adults.
mRNA distribution

Animals

Tissues from adult male and female rhesus macaques (Macaca mulatta) were
obtained from the Oregon Regional Primate Research Center’s (ORPRC, now the
Oregon National Primate Research Center or ONPRC) Tissue Distribution
Program. These animals had been maintained in accordance with the NTH Guide for
the Care and Use of Laboratory Animals. They had been housed under controlled
lighting (12 hours of light and 12 hours of darkness per day) and temperature (23 +
2°C), and had been provided a diet consisting of Purina monkey chow and fresh fruit,

with unlimited access to drinking water.

Tissue preparation

The animals were deeply anesthetized using ketamine/pentobarbital
according to procedures established by the Panel on Euthanasia of the American
Veterinary Society. Their brains were fixed by perfusing 1 L 0.9% saline through the
ascending aorta followed by 6.5 L ice-cold 4% paraformaldehyde in o.r mol/L
phosphate-buffered (pH 7.6) saline (0.9%, wt/vol). Hypothalami were blocked just
rostral to the optic chiasm and rostral to the mammillary bodies. Midbrains were
blocked just rostral to the mammillary bodies and rostral to the pons. Hippocampal
tissue included the entire fundus to the rostral edge of central sulcus. They were then

immersed in fresh fixative for an additional 3 h (at 4°C) and cryoprotected. This

involved their immersion in 0.02 mol/L phosphate buffer (pH 7.4) containing
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glycerol (10%, vol/vol) and dimethylsulfoxide (2% volfvol) for 24 h, followed by
immersion in a more concentrated glycerol (20%) phosphate/dimethylsulfoxide
solution for an additional 72 h. The tissue blocks were rapidly frozen in 2-methyl
butane (precooled in an ethanol/dry-ice bath) and stored at -85°C. Subsequently, a
freezing, sliding microtome was used to cut coronal sections (25 pm) that were

mounted on glass microscope slides (Fisherbrand SuperFrost/Plus; Fisher Scientific,

Auburn, WA). After being air-dried for 30 min and vacuum-dried overnight, the

mounted sections were stored at -85°C for later use.
cDNA isolation and sequencing

The cDNA used to produce the GnRH-II riboprobe was generously supplied
by Drs. Richard White and Russell Fernald at Stanford University. To obtain the
cDNA, rhesus macaque midbrain tissue was homogenized in a guanidine
thiocyanate-phenol-chloroform reagent and total RNA extracted (UltraSpec-11

RNA, Biotecx Laboratories, Houston, TX). SuperScript IT RT was then used to
transcribe 5 [ig of total RNA into cDNA, following the manufacturer’s protocol (Life
Technologies, Gaithersburg, MD) except that the reaction was performed at 45°C
and primed with dT,,V. A portion (0.01%) of the cDNA synthesis reaction was
amplified in glass microcapillary tubes using a Rapidcycler (Idaho Technologies,
Idaho Falls, ID) and the following cycling protocol: a 15-sec denaturation at 94°C

followed by 35 cycles of a o-sec hold at 94°C, a o-sec primer annealing step at 60°C

and a 15-sec extension step at 72°C. The primers were based on the known human
GnRH-IT cDNA (113): exon 1, §-CTG CAG CTG CCT GAA GGA G-3’ and exon 4,
5-CGG AGA ACC TCA CAC TTT ATT GG-3'. The amplified products were

sequenced directly to confirm their identity (GenBank Accession Number

AF097356).
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In situ hybridization (ISH)

ISH involved the use of ¥S-labeled antisense riboprobes to rhesus macaque
GnRH-II mRNA. The riboprobe was about 430-base-pairs long, and spanned the
complete decapeptide coding region as well as most of the GnRH-associated peptide
(GAP) coding region.

ISH was performed on a series of coronal hippocampal, midbrain, and
hypothalamic sections from each animal, collected at approximately 200-um
intervals. First, the sections were postfixed in 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) for 15 min, rinsed in Tris-ethylenediamine tetraacetate
(Tris-EDTA), and then digested with proteinase K (1o pg/mL) in Tris-EDTA buffer
(pH 8.0, roo mmol/L Tris and 50 mmol/L EDTA) for 30 min. Next, they were
acetylated, dehydrated with ascending concentrations of ethanol, and dried under
vacuum for 2 h. They were then hybridized for 18 h at 65°C with 100 pL ¥S-labeled
antisense riboprobe diluted to 1 X 107 ¢pm/mL hybridization buffer [so mmol/L
dithiothreitol (DTT), 250 pg/ml transfer RNA, 50% formamide, 0.3 mol/L sodium
chloride, 1 X Denhardt’s solution, 20 mmol/L Tris (pH 8.0), 1 mmol/L EDTA, and
10% dextran sulfate}. For the hybridization, glass coverslips were affixed to the slides
using DPX mounting medium (BDH Laboratory Supplies, Poole, UK). The
posthybridization procedure involved removing the coverslips, after two 30-min
soakings in 4X SSC (saline-sodium citrate buffer; the 20X stock SSC solution
comprised 175.3 g sodium chloride and 88.2 g sodium citrate/L, pH 7.0) containing 20
mmol/L DTT. The sections were then incubated in Tris-EDTA buffer (pH 8.0; 10
mmol/L Tris, 1 mmol/L. EDTA, and o.5 mol/L. sodium chloride) containing
ribonuclease A (10 mg/mL) for 30 min at 37°C, followed by two 30-min washes at
room temperature with 2X SSC containing 1 mmol/L DTT. After a final 30-min

wash at 70°C with 0.1X SSC containing 1 mmol/L DTT, they were dehydrated
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through ascending concentrations of ethanol containing 0.3 mol/LL. ammonium
acetate and then air-dried for 30 min. To visualize the hybridization pattern the
sections were apposed to Hyperfilm B-max (Amersham Pharmacia Biotech,
Piscataway, NJ) for 6 days (i.e., an exposure period that maintained the hybridization
signal in the linear response range of the film). As a negative control, ISH was also

performed on a few sections using a ¥S-labeled sense riboprobe.

The autoradiographs were uniformly transilluminated (Northern Light,
Imaging Research, Inc., St. Catherines, Canada) and images captured using a Sony
XC-77 CCD camera (Sony Corp. of America, Cypress, CA) equipped with a 50-mm
macrolens. They were then digitized using a DT-2255 frame grabber (Data
Translation, Marlboro, MA) connected to a Macintosh Power-PC computer (Apple
Computer Inc., Cupertino, CA). To examine regional mRNA distribution at the
cellular level, sections were subsequently dehydrated using increasing concentrations
of ethanol, defatted in xylenes for 1 h, and dipped in photographic emulsion (NTB-2,
Eastman Kodak Co., Rochester, NY). They were exposed at 4°C in a light-tight box
for 12 days then processed with Kodak developer (D-19) and fixer. To determine
whether mRNA occurred in magnocellular or parvicellular cells, sections were then
washed for § min in distilled water and dipped in toluidine blue (160) for 10 min
followed by two 5-min washes in water. Sections were then dehydrated with ethanol,

cleared with xylenes, and finally coverslipped using DPX mounting medium.

Results

Both midbrain and hippocampal sections highly expressed GnRH-IT mRNA
in discrete clusters. Midbrain expression was confined to the central region, ventro-
medial to the fourth ventricle (Fig. 2-2). This distribution appeared to coincide
approximately with the dorsal raphe, however colocalization studies with tryptophan

hydroxylase, a marker for serotonin, are necessary to confirm if GnRIH-II occurs in
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the dorsal raphe. Hippocampal GnRH-II expression appeared to coincide with the
dentate gyrus (Fig. 2-2) although, the high cellular density of this region precluded

individual cells to be identified.

The hypothalamus also highly expressed GnRH-II mRNA in discrete areas.
Autoradiographs revealed a clustered hybridization pattern in the supraoptic (SON)
and paraventricular (PVN) nuclei and the medial basal hypothalamus (MBH) (Fig. 2-
3); in some sections, moderate hybridization also occurred in the suprachiasmatic
nucleus (Fig. 2-3). Control sections hybridized with a ¥S-labeled sense probe, showed
a uniform low level of hybridization (Fig. 2-4). In addition, when sections were
exposed to increasing temperature stringency during post-hybridization, a nonlinear
decrease in expression occurred, which further supports that the hybridization of the

GnRH-IT probe was specific.

To determine whether the magnocellular or parvicellular cells in the SON and
PVN expressed GnRH-II mRNA, hypothalamic sections were counterstained with
toluidine blue, which gives parvicellular nuclei a dark, granulated appearance while
magnocellular nuclei stain a more uniform light color. As shown in Fig. 2-3, silver
grain deposition coincided entirely with magnocellular nuclei, indicating that the

magnocellular cell population in the SON and PVN express GnRH-II mRNA.

Distribution of GnRH-II versus GnRH-I
Animals

This study was approved by the Institutional Animal Care and Use
Committee at the ONPRC and used six male rhesus macaques (Macaca mulatta),
aged 0.6-15 years. They were cared for by the ORPRC in accordance with the NTH
Guide for the Care and Use of Laboratory Animals and eventually were painlessly killed to
provide a source of brain tissue both for this and other related studies. Tissue was

perfusion-fixed and processed as described above.
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Immunohistochemistry

IHC was performed on a series of 8-12 hypothalamic sections from each
animal, collected at approximately 200-pm intervals. All solutions made for this
procedure used RNase-free, diethyl pyrocarbonate-treated water. Sections were
washed three times, 5 min each, with Tris buffer (0.05 M Tris, pH 7.6, containing
0.15 M sodium chloride). They were then incubated for 48 h at 4°C with a GnRH-I
monoclonal antibody (HHU4H) (159) at a :rooo dilution. They were then washed
three times, § min each, incubated in biotinylated horse anti-mouse IgG (Vector
Laboratories; Burlingame, CA) at 1:1000 dilution in Tris buffer for 1 h at room
temperature, and again washed. To detect the signal, the sections were exposed to an
avidin/biotin complex (Standard ABC kit; Vector Laboratories) for 1 h, washed three
times in Tris buffer, § min each, and exposed to 3,3’-diaminobenzidine tetrachloride
(t mg/ml Tris buffer; Sigma, St. Louis, MO) for 1o min, concluding with 3 more
washes. The sections were then mounted on glass microscope slides (Fisherbrand;
Fisher Scientific), fan dried for 10 min, dehydrated in ascending concentrations of

ethanol, dipped in xylenes, and coverslipped using DPX mounting medium.

In situ hybridization

ISH was performed as described above using a ¥S-labeled antisense riboprobe
against either macaque GnRH-II precursor cDNA or macaque GnRH-I precursor
cDNA, which was a riboprobe approximately 224-nucleotides in length, for a positive

control.

Results

Representative autoradiographs depicting the general distribution pattern of
GnRH-I and GnRH-IT mRNAs in the hypothalamus are shown (Fig. 2-5). Cells
expressing GnRH-I mRNA were scattered widely throughout the hypothalamus,

especially in the ventral regions, whereas cells expressing GnRH-II mRNA were
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found to be concentrated mainly in the SON and PVN nuclei, as well as in the
MBH. Despite the marked difference in the general distribution pattern of GnRH-I
and GnRH-II mRNAs, some overlap was also evident, especially around the ventral

hypothalamic tract and in the MBH.

To examine whether the GnRH-I neurons in these regions also express
GnRH-TI mRNA, some of the brain sections were first processed for IHC using a
monoclonal antibody to GnRH-I and then for ISH using a riboprobe to monkey
GnRH-II mRNA. The sections were then coated with photographic emulsion to
allow microscopic examination for double labeling. Overall, three times as many
GnRH-IT as GnRII-I cells were detected. More importantly, in no instance was
GnRH-II mRNA found to be coexpressed with GnRII-I peptide (F ig. 2-6).

For control purposes, some of the GnRH-I immunolabeled cells were
processed for ISH using a riboprobe to monkey GnRH-I mRNA. As expected,
numerous GnRH-I immunolabeled cells were found scattered around the ventral
hypothalamic tract and in the MBH, and each one showed a high level of GnRH-I
mRNA expression (Fig. 2-6). This is in marked contrast to the results obtained when
using the GnRH-II riboprobe; although several cells in the vicinity of the GnRH-I
neurons showed a high level of hybridization to the GnRH-II riboprobe, the GnR-

I neurons themselves did not (Fig. 2-6).

Peptide distribution
Tissue preparation

The animals were deeply anesthetized and brains were fixed as described
above. Hypothalami were blocked, cryoprotected, and sectioned as described.
Coronal sections (25 pm) were stored free-floating at -20°C in a cryoprotectant

solution comprised of 0.05 M sodium phosphate buffer (pH 7.3) with ethylene glycol
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(30% vol/vol) and glycerol (20% vol/vol) until use. Pituitaries were cryoprotected and

axial or sagittal sections were stored in cryoprotectant as described,

Immunohistochemistry (IHC)

IHC was performed as described above except the antibodies used were a
previously characterized (162) GnRH-II polyclonal antibody (Ferro 1) at a I:500
dilution in Tris buffer, and a GnRH-I monoclonal antibody (HU4IT) (159) at a 1:1000
dilution, a previously characterized FSH monoclonal antibody at 1:50 (Fisher
Scientific) (163) and LH polyclonal antibody at 1:r00 (Chemicon International;
Temecula, CA) (164). Furthermore, the secondary antibodies used were a
biotinylated goat anti-rat and a biotinylated horse anti-mouse IgG, respectively

(Vector Laboratories).

Results

mRNA expression, while providing an indication of GnRH-II distribution,
does not reveal whether the message is translated into the peptide, where GnRH-II
cells might project, or whether the GnRH-IT peptide may be constituitively
released. Therefore it became necessary to also map hypothalamic GnRH-II
distribution using immunohistochemical methods. A previously characterized (161)
polyclonal rat antibody specific for GnRH-II was used to map peptide distribution.
In the hypothalamus, immunoreactive fibers occurred predominately along the
ventral hypothalamic tract, presumably coming from the SON population (F ig. 2-7),
or originated ventral to the PVN and ran parallel to the third ventricle, however

immunoreactive cell bodies were not detected in either nucleus.

Approximately 90% of magnocellular cells in the SON and PVN project to
the pars nervosa, therefore IHC was also performed on a series of pituitary sections
to determine whether GnRH-IT cells projected to the pituitary. As hypothesized,

both the pituitary stalk and the pars nervosa had fibers immunoreactive for GnRH-
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IT (Fig. 2-9). In the latter case, GnRH-II fibers occurred predominately at the base
of the stalk and near the border of the pars nervosa with the pars distalis (F ig. 2-7). In
the pars distalis, GnR-II immunoreactivity was not observed, although GnRI-I
immunoreactivity was present in cells that corresponded to both LH- and FSH-

producing gonadotropes (Fig. 2-8).

Although the GnRH-IT antibody used has been characterized using ELISA, it
was also preabsorbed with synthesized GnRH-II to confirm that the
immunoreactivity seen was specific. Results, shown in Fig. 2-7, indicated that

nonspecific binding was low to nonexistent using this IHC protocol.

GnRH-II secretion into peripheral plasma
Animals

Blood samples (0.5 ml) were obtained from six gonad-intact adult females
during their follicular and luteal phases, as determined by detailed menstruation
records and radioimmunoassay for circulating estradiol and progesterone

concentrations.

Animal care was provided as described above by the ONPRC in accordance

with the NYH Guide for the Care and Use of Laboratory Animals.

Radioimmunoassay

GnRH-II standards were prepared by diluting 5 pg purified GnRII-IT
(Bachem Laboratories) in 245 ug o.1 N acetic acid. This was then further diluted 50
pl into 9.95 ml of assay buffer (0.or M phosphosaline-EDTA, 0.1% gelatin, pH 7.4)
to make a 10 ng/roo pl stock solution that was used to make the seven GnRH-II
standards: 25 pg, 50 g, 100 jg, 200 g, 400 lig, 8oo ug, and 1600 ng/roo ul assay

buffer. The choice of standards to optimize the calibration curve was determined

empirically.
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All samples, including the GnRH-II standards, were prepared in triplicate for

the GnRH-II assay. Standards (100 pl) were added to borosilicate glass culture tubes
(rzmm x 75, Fisherbrand; Fisher Scientific) containing 50 pl of a rabbit polyclonal
GnRH-II antibody generously provided by Dr. Els d’Hondt diluted 1:50,000 in assay
buffer, and 150 pl assay buffer to bring the final volume to 300 pl. Experimental
tubes contained a dilution curve of 10, 25, 50, or 100 ul of sample, and the assay
buffer volume was adjusted accordingly to bring the final volume to 300 pl. Tubes
were vortexed briefly and incubated at 4°C overnight. Next, 50 ul of radiolabeled
GnRH-IT (Peninsula Laboratories; Belmont, CA), diluted in assay buffer to a final
concentration of 8,000 to 10,000 cpm, was added. The tubes were again vortexed
and incubated at 4°C overnight. Following this, 100 ul of goat anti-rabbit antibody
diluted 1:10 in assay buffer was added and the tubes were vortexed and incubated as
before. The following day, 1 ml of assay buffer was added and the tubes were
centrifuged at 3000 rpm for 30 minutes. The supernatant was gently aspirated off
and the remaining pellet counted using a Packard Cobra gamma counter (Packard;
Meridan, CT) for 1 min.

Results

The SON and PVN populations of GnRH-II cells appeared to send
projections to the posterior pituitary, where they might release GnRH-11 into the
general circulation. This would allow GnRH-II release to be measured in peripheral,
rather than portal, blood samples. Single time-point blood samples were obtained
from follicular- and luteal-phase intact rhesus macaques, and the plasma was assayed
for GnRH-II concentrations. However, GnRIH-11 was below the detectable limits of

the assay for intact animals during either the follicular or luteal phase (Fig. 2-9).
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Comparison between males and females and juveniles and adults
Animals

Tissues from six male and six female rhesus macaques (Macaca mulatta) were
obtained from the ONPRC Tissue Distribution Program to provide tissue for this
and other studies. Half of the animals from each sex were sexually immature (0.6 yr
old), and half were adults (10-15 yr old). Based on detailed menstruation records, one
of the three adult females was in the early follicular phase of the menstrual cycle, one
was in the late follicular phase, and one was in the luteal phase. The immature
animals had all been weaned several months before use. Animal care was provided by
the ONPRC in accordance with the NIH Guide for the Care and Use of Laboratory
Animals. They had been housed under controlled lighting (12 hours of light and 12
hours of darkness per day) and temperature (23 + 2°C), and had been provided a diet
consisting of Purina monkey chow and fresh fruit, with unlimited access to drinking

water.

Tissue preparation

The animals were deeply anesthetized using ketamine/pentobarbital
according to procedures established by the Panel on Euthanasia of the American
Veterinary Society. Their brains were fixed by perfusion as described above.
Hypothalami were blocked just rostral to the optic chiasm and rostral to the
mammillary bodies. The tissue blocks were frozen, sectioned, and stored as described

above.

In situ hybridization (ISH)

ISH involved the use of ¥S-labeled antisense riboprobes to macaque GnRH-
II mRNA. The riboprobe was 430-base-pairs long and spanned the complete
decapeptide coding region as well as most of the GnRH-associated peptide (GAP)
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coding region. Because the GAP region is unique for each GnRH precursor form,

this probe specifically identified only those cells that express GnRH-II mRNA.

ISH was performed as described above on a series of eight coronal
hypothalamic sections from each animal, collected at approximately 200-um
intervals. As a negative control, ISH was also performed on a few sections using a ¥S-
labeled sense riboprobe. For quantitation, the autoradiographs were uniformly
transilluminated, and the images captured and digitized as described above. Images
were analyzed using the NIH Image program (version 1.59). Specific hypothalamic
areas were defined using the freehand outlining tool, and the mean optical density
was measured after correcting for background noise. For each animal, the mean
optical densities from different autoradiographs were averaged and then combined
according to age and sex to give an overall group mean (+ SEM; n=3). Two-way
ANOVA was used to assess statistical differences in regional GnRH-II mRNA
expression between the sexes and also between the immature and adult animals.
Because no sex differences were detected, the data from the males and females were

pooled (i.e., n=6/age group) and further analyzed by one-way ANOVA.

To further quantitate the expression of GnRH-II mRNA in the different
groups, the hypothalamic sections were subsequently dehydrated, defatted, and
dipped in photographic emulsion as described above. Silver grain density was
examined under a microscope using a X40 objective lens. Only cells that had an
obvious round or fusiform silver grain deposition pattern were counted and analyzed.
The images were digitized, as described above, and the NIH Image program was
then used to determine the silver grain density per cells (expressed as pixels per cell)
and to determine the total number of positive cells per section. Again, for each
animal the mean silver grain densities were averaged and then combined according to

age and sex to give an overall group mean (+ SEM,; n=3). Two-way ANOVA was used
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to assess statistical differences in regional GnRH-II mRINA expression between the
sexes and also between the immature and adult animals. Because no sex differences

were detected, the data from the males and females were pooled G.e., n=6/age group)

and further analyzed by one-way ANOVA.

Results
Autoradiographic analysis

To analyze sex and age differences in GnRH-II gene expression in these
hypothalamic regions the autoradiographic images were digitized, and mean optical
densities were determined for the SON, PVN, and MBH. In all of the hypothalamic
regions examined the level of GnRH-II mRNA expression was similar in the males
and females (Fig. 2-9), which was confirmed by two-way ANOVA, so data from the
two sexes were pooled for the developmental analysis. Comparing the distribution
between adult and immature animals, GnRH-II mRNA appeared equivalent in the
SON and PVN, suggesting that the rostral hypothalamus does not undergo a
significant change in GnRH-II expression developmentally (F ig. 2-10). However, in
the caudal hypothalamus, GnRH-II mRNA was expressed in the adult MBI but
this hybridization was either markedly attenuated or missing in the juvenile MBH
(Fig. 2-11). This observation was confirmed using ANOVA to be a statistically

significant difference between adults and juveniles, regardless of sex (P<0.03).
Silver grain analysis
Based on the autoradiographs alone it was unclear whether the intense
hybridization in the MBH of adults reflected an increase in GnRH-II mRNA
expression per cell or the cell population itself increased developmentally. To resolve
this issue, the same hybridized sections were dipped in photographic emulsion, and
the resulting silver grain deposition patterns were analyzed microscopically (Fig. 2-

11). A total of 2604 GnRH-II cells were identified in hypothalamic sections from the
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12 males and females, however the number of silver grains per cell was found to be
similar regardless of the animal’s age (P<0.05; Fig. 2-11). In contrast, the number of
MBH ‘cells expressing detectable quantities of GnRH-IT mRNA was significantly

(P<o.001) greater in the adults than in the immature animals (F ig. 2-11).

Due to the apparent, but not significant, increase seen developmentally in the
SON and PVN using autoradiographs, silver grain analysis was also used in the
rostral hypothalamus to make a more sensitive measure of GnRH-IT mRNA levels.
As seen with the autoradiographs, GnRH-II mRINA expression appeared greater in
the adult than immature animals in the rostral and caudal hypothalamus (Fig. 2-12),
however, whereas the juvenile SON and PVN expressed a moderate level of GnRH-
II, the MBH population of GnRH-II appeared largely absent in the juvenile. Upon
analysis, both the quantity of silver grains per cell and the total number of cells
expressing GnRH-II were not significantly greater in the adult SON or PVN
compared to the juvenile SON and PVN, respectively (Fig. 2-12).
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Figure 2-2. Regional expression of GnRH-II mRINA in the rhesus macaque
brain as revealed by radioisotopic i situ hybridization. Autoradiographs of
coronal brain sections represent hybridization of an antisense GnRH-I1
riboprobe in the central region of the midbrain (A) and hippocampus (B).
Scale bar, 5 mm.
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Figure 2-3. Regional expression of GnRH-II mRNA in the rhesus macaque
brain as revealed by radioisotopic ## situ hybridization. Autoradiographs of
coronal brain sections represent hybridization of an antisense GnRH-I1I
riboprobe in the central region of the supraoptic, paraventricular, and
suprachiasmaticnuclei of the hypothalamus (A) and in the mediobasal
hypothalamus (B). Silver grains representing mRNA for GnRH- 11 are
combined with toluidine blue staining to distinguish magnocellular and
parvocellular nuclei in the SON and PVN (C). Notice the silver grains
occur predominately over the magnocellular nuclei. Scale bars, 5 mm (A, B),
50 um (C). oc=optic chiasm, ot = optic tract.
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Figure 2-5. Regional distribution of GnRH mRNA in the rostral (upper panels)
and caudal (lower panels) hypothalamus of male rhesus macaques, as revealed
by #n situ hybridization. Representative autoradiographs depicted in the /ef
panels show a scattered pattern of GnRH-I mRNA expression, especially in
ventral regions of the hypothalamus. Representative autoradiographs
depicted in the right panels show a concentrated pattern of GnRH-II mRNA
expression, especially in the suproptic (SON), paraventricular (PVN), and

suprachiasmatic nuclei (SCN), and also in the medial basal hypothalamus
(MBH). oc = optic chiasm; ot=optic tract. Scale bar, 5 mm.
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Figure 2-6. Representative photomicrographs of hypothalamic sections from
male rhesus macaques, double-labelled using a procedure that combined
immunohistochemistry (IHC) with #n situ hybridization (ISH). The sections
were initially processed for GnRH-I ITHC and then for ISH, using a
riboprobe to either GnRH-I mRNA (B, C) or to GnRH-II mRNA (A, D-G).
In the bright-field photomicrographs (upper panels), GnRH-1
immunopositive cells are indicated by black arrows. In the corresponding
dark-field photomicrographs (lower panels), cells expressing GnRH-1 or
GnRH-II mRNA are identified by regions of high silver grain density
(indicated by white arrow heads). Note the colocalization of GnRH-I mRNA,
but not GnRH-II mRNA in the GnRH-1 immunopositive cells.

Scale bars=50 pum.
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Figure 2-7. Representative photomicrographs showing GnRH-11
immunoreactivity in the rhesus macaque hypothalamus. Coronal sections
(25 wm) were processed for immunohistochemistry using an antibody to
GnRH-II (A, C). Immunostained fibers in the ventromedial hypothalamus
(A) presumably originate from the supraoptic nucleus while fibers
extending parallel to the third ventricle presumably originate from the
paraventricular nucleus. Immunohistochemistry on adjacent sections used
the GnRH-II antibody after it had been preabsorbed with purified
GnRH-II (B, D). Scale bars, 50 um, 3V=third ventricle, inf=infundibulam.
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Figure 2-10. Regional expression of GnRH-II mRNA in the rhesus macaque
hypothalamus, as revealed by radioisotopic #x situ hybridization.
Autoradiographs depict representative female (A) and male (B) rostral
hypothalamic sections. Note that the hybridization is equally intense
between males and females. Scale bar, 2.5 mm. oc=optic chiasm.
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Figure 2-11. Regional expression of GnRH-II mRNA in the rhesus macaque
hypothalamus, as revealed by radioisotopic 7z situ hybridization.
Representative autoradiographs of rostral and caudal regions of the
hypothalamus are depicted in the /eft and right columns, respectively. Note
the less intense hybridization in the prepubertal animals (upper panels)
compared with the adults (Jower panels). Scale bar, 3.5 mm. oc=optic chiasm,
ot=optic tract.
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Figure 2-12. Expression of GnRH-II mRNA in the rhesus macaque SON,
PVN, and MBH, as revealed by radioisotopic i situ hybridization.
Representative darkfield photomicrographs from prepubertal and adult
animals are shown in the upper and lower panels, respectively. Note the
increased density of silver grains in the adults, especially in the MBH.

Scale bar, 400 pm.
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Figure 2-13. Comparison of GnRH-II mRINA expression in the rhesus
macaque SON, PVN, and MBH before and after the onset of puberty
(white and black bars, respectively). (A) The total area of expression was
determined by optical density analysis of autoradiographs. (B) The mean
expression per cell was determined by silver grain density analysis of
emulsion-dipped slides. (C) The number of GnRH-II mRNA-expressing
cells per section. Each bar represents the mean value from six animals
(three males and three females), and the SEM is represented by the vertica/
lines. *, P<0.05; ** P<0.001.
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DISCUSSION

For the last 2 decades, it has generally been assumed that only one molecular
form of GnRH (i.e., GnRH-]) exists in the primate brain, but recent evidence from
HPLC (79), immunohistochemistry (79, 111), and 7 situ hybridization (110, 164)
supports the existence of at least one additional form (.e., GnRH-II). This discovery
that a second form of GnRH exists in the primate brain introduces questions
concerning the neuroendocrine control of the reproductive system. In particular, the
neuroendocrine mechanisms regulating specific events, such as puberty and
ovulation, have proven difficult to clearly resolve using current assumptions that only
one GnRH form is present. However, little is currently known about the distribution

and regulation of GnRH-II in the primate brain.

mRINA distribution

The present results use ISH to corroborate and extend previous findings (79)
by showing a high level of GnRH-II mRNA expression in four discrete regions of
the primate hypothalamus: the SON, SCN, PVN, and MBH. Counterstaining the
sections further revealed that the clustered pattern of GnRH-II expression in the
SON and PVN appeared restricted to the magnocellular population. Further caudal,
the hybridization observed in the MBH had a more medial to lateral spread, however
the overall distribution of the cell bodies appeared continuous. As a result, this
expression pattern for GnRH-II was strikingly different from the more diffuse
pattern observed for GnRH-I mRNA (165) and suggests the neuroendocrine
pathways for the two forms are likely to show some differences. However, there also
appeared to be some overlap in ventral hypothalamic regions between GnRH-I and
GnRH-II mRNA expression, therefore it is possible that a population of cells uses

the two GnRH forms as cofactors.
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Distribution of GnRH-II versus GnRH-I

To investigate whether a subpopulation of cells contain both GnRH-I and
GnRH-1I, over 2000 cells were examined for GnRH-1 peptide and GnRH-II
mRNA. However, no coexpression was observed, suggesting the individual cells
expressed only one of the two molecular forms. It is unlikely that this lack of GnRH-
I/GnRH-IT double-labeling reflected a limitation of the techniques employed in this
study, because the combined THC/ISH approach that was used was validated by
demonstrating that GnRH-I immunolabeled neurons also express GnRI-T mRNA.
In addition, GnRH-I-immunolabeled neurons were often observed within the same
field of view as GnRH-II-positive cells, but in no instance was colocalization of
GnRH-I peptide and GnRH-II mRNA evident. Therefore, because distinct
hypothalamic cell populations contain GnRH-I and GnRH-II mRNAs and they
show a largely dissimilar distribution pattern, these populations, and thus the GaRH
forms, are likely to receive a distinct set of inputs, and to show some differences in
their physiological roles.

The pivotal involvement of GnRH-I in the control of the primate
reproductive axis is well established, but it is unclear whether GnRIH-II can
modulate GnRH-I. The pattern of GnRH-II expression observed supports the
hypothesis that GnRH-II could function to help regulate GnRH-I secretion or
signaling. In particular, it has not been resolved how GnRH-I release is coordinated
into either the observed pulses or a preovulatory surge due to the GnRH-I cell
bodies being scattered throughout the ventral hypothalamus. However, the
distribution of GnRH-II in the MBH or the SON and PVN may allow GnRH-IT to

coordinate GnRII-I secretion or modulate its signaling.
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Peptide distribution

Although GnRI-II occurs in the MBH, it is currently unknown whether
GnRH-II neurons project to the median eminence and or even secrete the
decapeptide into the hypothalamo-hypophyseal portal blood vessels. Such a humoral
route to the pituitary gonadotropes is certainly plausible given the GnRH-II mRNA
distribution observed, however the possibility also exists that MBH GnRH-II cells
project to the POA in the vicinity of GnRIH-I cells (166). Furthermore, IHC analysis
demonstrated GnRH-II-immunoreactive fibers in the dorsal region of the caudal
hypothalamus, but it is unknown if these fibers originate from the MBH or the
SON. Thus, the MBH population potentially allows GnRH-II to be secreted
humorally into the hypophysial portal vessels, or to signal to GnRII-I cells in the

median eminence or POA.

It is also possible that the posterior lobe of the pituitary gland, or pars
nervosa, secretes some GnRH-II directly into the peripheral circulation. Although
speculative, this view gains support from the observation that very high levels of
GnRH-II mRNA were detected in the SON and PVN, two hypothalamic nuclei
that have major projections to the pars nervosa (167, 168). The primary neuropeptides
produced by these nuclei include arginine VP and OT, which resemble GnRH-II in
many ways. For example, the biosynthesis of each of these peptides involves
amidation of the terminal glycine residue at the carboxyl end of the molecule by the
donation of an amide group from an adjacent glycine residue. Furthermore, each
peptide’s precursor contains an associated peptide that is cleaved off at a lysine-
arginine processing site (167, 169). Taken together, these peptide similarities
emphasize that some of the neurons in the SON and PVN share the same
biochemical machinery to produce VP, OT, and GnRH-II. Furthermore, these
magnocellular neurons provide the main axonal projections from the SON and PVN
to the pars nervosa (168).
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The similarities between OT, VP, and GnRH-II peptide processing may also
clucidate the unexpected IHC results for GnRH-11. GnRH-II immunoreactivity
was seen in nerve fibers and terminals but no somal immunoreactivy was observed in
any hypothalamic nucleus. This raised the question whether the IHC produced
artifactual results, however, it is also possible that the data reflect how the GnRH-II
peptide is processed post-translationally. Both the OT and VP preprohormones
encode a second peptide, the neurophysins. Studies originally using the Brattleboro
rat, which lacks a functional VP neurophysin, demonstrated that the neurophysins
are cleaved off OT or VP during transport down the axon and are furthermore
necessary to chaperone the peptides during transport. This became clear because the
Brattleboro rat expressed VP mRNA, but the VP peptide was not transported
successfully to nerve terminals without the exogenous addition of the VP
neurophysin in vitro. (170) To construct an antibody specific for GnRI-II likely
requires including an epitope located adjacent to the cleavage site between the
GnRH-IT peptide and the GnRH-associated peptide (GAP). Because post-
translational processing has some marked similarities between GnRH-IT and OT or
VP, it is possible that for the antibody to recognize GnRH-II, the peptide must first
be cleaved from its GAP sequence, which may take place during axonal transport,
just as occurs for OT and VP. If this were the case, one would expect
immunoreactivity would only be detectable within the axons and terminals rather
than the cell bodies, which is what was observed following GnRH-II THC.
Moreover, this might explain why IHC detected less hypothalamic GnRIH-II than
HPLC and RIA in the other vertebrate classes.

However, a population of GnRH-II fibers was observed in the external
lamina of the median eminence extending down the pituitary stalk and terminating
in the pars nervosa, but it is unknown what the ultimate function could be for

circulating GnRH-II. Previous studies have shown that synthetic GnRH-IT is a
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potent stimulator of gonadotropin release in rhesus macaques 7 vivo (79) Taken
together, the findings that GnRH-II mRNA exists in the rhesus hypothalamus and
that GnRH-II peptide may reach GnRH-I cell bodies, the portal vessels, and/or the
peripheral circulation suggests that more than one molecular form of GnRH may
play a physiological role in regulating the release of LH and FSH. Thus, GnRH-I and
GnRH-II may coordinately control gonadal steroidogenesis, sperm production,

follicular development, ovulation, and/or reproductive development.

GnRIH-11 secretion into peripheral plasma

Plasma GnRH-II concentrations were not detectable in either follicular- or
luteal-phase samples from female rhesus macaques. These data would suggest that
the SON and PVN cells that express GnRH-II do not function to help modulate the
hpg axis during either the follicular or luteal phase. However, it remains possible that
GnRH-II in the SON and PVN may have a reproductive neuroendocrine function
during the pre-ovulatory surge at mid-cycle, or GnRH-II may have a specific, rather
than constituitive, action on the hpg axis. Alternatively, the SON and PVN
populations of GnRH-II may have a non-reproductive neuroendocrine function. In
particular, GnRH-II may act as a cofactor with either oxytocin and/or vasopressin,

which also occur in magnocellular neurons in the SON and PVN,

Comparison of expression between juvenile and adult

Although the level of GnRH-II mRNA expression in the SON and PVN was
similar in immature and adult animals, it showed a marked developmental increase in
the MBH. This increase appeared to stem from an increase in the total number of
cells expressing GnRH-IIT mRNA rather than from an increase in the level of
expression per cell. Although the literature describing GnRH-II expression during
development seems mixed, these results corroborate what has been observed in

other vertebrates, namely that hypothalamic GnRH-II increases developmentally
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(128). Other existing studies, which find GnRH-II does not show a developmental
increase, examine populations of GnRH-II that are all non-hypothalamic but
primarily occur in the midbrain (127 - 129). However, these data do not elucidate
whether a developmental increase in GoRH-II expression is associated with the
central mechanism that triggers the onset of puberty, or whether it simply reflects a

consequence of the maturational change in the sex steroid environment.

Possibly the earliest manifestation of pubertal onset in primates is a change in
the pulsatile release pattern of LH, which is highlighted by high amplitude nocturnal
peaks (173). To date, the underlying cause of this neuroendocrine activation is
unclear, although a pubertal change in the pulsatile release pattern of GnRH almost
certainly plays a pivotal role (174). In addition, there is evidence to indicate that the
pubertal activation of LI secretion following an extended juvenile hiatus is
associated with increased glutamatergic stimulation (171, 173) and/or reduced V-
aminobutyric acidergic inhibition (174 - 176) of the GnRH neuronal circuitry. It is
possible that developmental changes in the expression of neuropeptide Y within the
MBH are also involved (157, 177 - 179). However, because enhanced GnRH release is
maintained after puberty, one might expect an underlying increase in GnRH gene
expression to also become prominent during prepubertal development. Surprisingly,
there is little evidence to support a developmental increase in the expression of
GnRH-I mRNA (156, 158) or GnRH-I peptide (159) in the hypothalamus of
primates, although a developmental increase in GnRH-I mRNA expression has been

observed recently in the MBH of gonadectomized monkeys (157).

The present findings show that a developmental increase in GnRII-IT mRNA
levels is prominent in the MBH even in gonad-intact males and females, however,
previous data suggest GnRH-I is necessary for mammals to undergo puberty. This
has been demonstrated both in the hypogonadal mouse (111) and humans with

Kallmann’s (180) syndrome; in each case, functional GnRH-I is not present in the
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hypothalamus, and neither the mice nor the humans undergo puberty until they are
treated with exogenous GnRH-I (180). Because GnRH-II immunoreactivity has
been demonstrated in the hypogonadal mouse (111), this suggests that GnRH-II in
the absence of GnRH-I is not sufficient to trigger puberty. However, existing data
do not address whether GnRH-II is necessary for the onset of puberty.
Furthermore, the distribution of the GnRH-II mRNA and peptide may allow
GnRH-II to signal to GnRH-I cells. Therefore, this observed developmental
increase of GnRH-II mRNA may play a permissive role in reproductive

development or puberty.

In addition, the adult MBH expressing more GnRH-II than the juvenile
MBH is interesting because it indicates that functional subpopulations of GnRH-II
exist in the primate hypothalamus. GnRH-II expression in the SON and PVN was
not significantly altered during development; these two nuclei vary widely from the
remainder of the hypothalamus, because they both send major projections to the
posterior pituitary where they release peptides into the peripheral circulation.
Furthermore, gap junctions have been both observed in and demonstrated to
increase following stimulation of either the SON or PVN (168), which would allow
peptides to be coordinately released into the bloodstream, as has been observed for
both VP (181) and OT (182). It is possible that circulating GnRH-II from the
posterior pituitary could reach the pituitary gonadotropes; this is further supported
by studies demonstrating that VP may impact LH release iz vivo (179 - 181), although
endogenous VP may reach the gonadotropes via a direct projection to the median
eminence rather than through the peripheral bloodstream (168, 183). Another
possibility, however, is that GoRH-II acts on peripheral tissues to have a
nonreproductive function. Regardless, these data suggest that the SON and PVN

populations utilize a different neuroendocrine pathway than the MBH population of

GnRH-II.
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Summary

Until recently, only a single molecular form of GnRH was thought to exist in
the primate brain, so existing ideas about the neuroendocrine control of
reproductive function in humans are still generally based on the involvement of only
GnRH-I (183, 184). Therefore, the finding that in rhesus macaques GnRH-IIT mRNA
is highly expressed in the hypothalamus suggests that both molecular forms of
GnRH may be involved in the neuroendocrine control of the hpg axis. Furthermore,
the marked difference in the distribution pattern of GnRH-I and GnRH-II
expressing cells supports the view that these two neuropeptides are, to some extent,
regulated differently and that they play different physiological roles. In addition, the
GnRH-II distribution supports a histological capacity to modulate GnRH-I. Taken
together, these findings raise the possibility that GnRH-II may contribute
nontraditionally to modulate reproductive function and/or may play an important

nonreproductive neuroendocrine role.
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CHAPTER III
Relative Ability of GnRH-II to Modulate Gonadotropin Release

69



INTRODUCTION

Although 13 known forms of GnRH are believed to have reproductive
functiona‘lity, it is largely unknown how these different forms interact to modulate
the hpg axis in any vertebrate class, and even whether each “gonadotropin-releasing
hormone” form functions physiologically to stimulate the release of LH and/or FSH.
Although GnRH-II is both the most primitive and conserved form of GnRH
phylogenetically, it is also unclear if GnRH-IT acts as a gonadotropin-releasing factor

and then whether it does so directly or indirectly.

When GoRH-I was first isolated and sequenced, controversy arose regarding
the function, and hence the proper name, of the peptide. Bioassays indicated GnRH-
I is able to stimulate both LI and FSH in vitro (3), and during Schally’s isolation of
GnRI-I using fractionation, a separate factor that selectively stimulates FSH was
not found (5). Although many groups concluded at the time that only one
gonadotropin-releasing hormone was sufficient, particularly in mammals, several
discrete data indicate otherwise. Foremost among these is that the LH response to
GnRH-I stimulation is much more robust than the FSH response. Furthermore, the
FSH release pattern, extemporized from measurements of plasma FSH
concentrations, appears to be uncoupled at least a third of the time from the
measured GnRH-I release pattern (187). In addition, different hypothalamic extracts
preferentially stimulate LH or FSH release, based on the region supplying the extract
(31, 188, 189), suggesting that LH and FSH release may be separately regulated.
Therefore, it is controversial whether GnRH-I is responsible for stimulating both
LH and FSH secretion or whether a separate FSH-releasing hormone (FSHRH)
exists (1, 2).

Apart from differential LH and FSH release, the pulsatile and surge release
patterns of LH also appear to be regulated separately. Namely, estradiol has negative
feedback on LH pulsatility but positive feedback on the LH surge (11, 190, 192), and
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bolus progesterone attenuates the LH surge but does not affect LI pulsatile release
in primates (41, 42), although continuous exposure to progesterone has been shown
to decrease LH pulse frequency (43). In addition, the LH “pulse generator” and
“surge generator” have distinct hypothalamic locations in the arcuate nucleus and

around the suprachiasmatic nucleus, respectively (31, 68, 70).

Despite these dissenting data, it was long held that only one form of GnRH
existed in the mammalian brain. As a result, the release patterns of LH and FSH
were attributed nearly entirely to GnRH-I. However, based on recent evidence from
HPLC (106), immunohistochemistry (8o, 111, 112), Northern blots (110), and 77 situ
hybridization (111), it is now clear that a second form of GnRH (GnRH-II) also
exists in the brain of many mammals, including humans (80) and nonhuman primates
(79, 110). Finding GnRH-II in the mammalian hypothalamus raises the question
whether it may function as a gonadotropin-releasing factor, and if GnRH-II
specifically accounts for any known discrepancies between LH and FSH and GnRH-

I release patterns.

Research in representative non-mammalian vertebrates indicates that GnRH-
II can be a potent gonadotropin-releasing factor, although it has yet to be
determined whether the effect is physiologically relevant. In chickens, GnRH-II is
six-fold more potent than chicken GnRH-I or mammalian GnRH-I 7 vitro (131) and
approximately seven-fold more potent 7 vive. (133). However, GnRH-II release is
not detectable from the chicken median eminence, although chicken GnRH-I has a
four-fold release from the median eminence following an identical stimulation (103).
In seabream, GnRH-II is seven- to eight-fold more potent than seabream GnRH
and two-fold more potent than salmon GnRH in vive. Despite this, the seabream,
which does not have a hypothalamic portal system but releases hypothalamic
hormones directly into the pituitary, does not have GnRH-II in the pituitary (139).

Worth noting, however, is that goldfish plasma contains a GnRH-binding protein
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that is selective for GnRH-IT and salmon GnRH, which suggests that GnRH-I1 may
also be released into the peripheral circulation in fish (144). In tree-frogs,
hypothalamic GnRH-II levels are lower than GnRII-I levels, but the GnRH-II
concentration is higher in the plasma draining the hypothalamus; this may be due to
extra-hypothalamic sources of GnRH-II, or GnRH-II may be more resistant to
peptide degradation (97). Alternatively, GnRI-II also occurs in bullfrog dorsal root
ganglia where it potentiates L-type calcium channels (99), and increases plasma
catecholamine concentrations (114). In turtles, GnRH-II is approximately equi-
potent to release LH 7z vitro (192), however the turtle median eminence expresses
chicken GnRH-I at an eight-fold higher concentration than GnRH-IT (100). Taken
together, it appears that GnRH-II is a potent gonadotropin-releasing factor in non-
mammalian vertebrates, but the GnRH-II distribution may not allow it to be the
primary releasing factor. What is unknown are both whether the increased potency
of GnRH-II compensates for its decreased presence at the pituitary gonadotropes

and how these data relate to a GnRH-II function in mammals.

Work by Millar indicates that the mammalian GnRH-I receptor shows more
selectivity for GnRH-I than the less discriminatory GnRH receptors in non-
mammals (146); thus, it appeared that GnRH-II would not function directly to
stimulate gonadotropin release in mammals. However, a preliminary study in rhesus
macaques indicates exogenous GnRH-II does potently stimulate LH release (79).
Furthermore, mapping the GnRH-II distribution also revealed that the rhesus
hypothalamus expresses GnRH-II in the SON, PVN nuclei and the MBH, which
may allow GnRH-II to reach the pituitary gonadotropes and stimulate LH and/or
FSH release (110). This is underscored by the recent finding that specific GaRH-IT
receptors are expressed in the anterior pituitary of several mammalian species (147,
148). Taken together, these findings suggest that GnRH-II may contribute to

regulating the primate reproductive axis and may be under separate neuroendocrine
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control from GnRH-I. However, while it is known that GnRH-II can stimulate LH
release in vivo (79), less is known about its potency compared to GnRH-I, or its
ability to stimulate FSH release. Moreover, it is unclear whether the gonadotropin-

releasing abilities of GnRH-II have physiological relevance.

This chapter, therefore, addresses if GnRH-II is sufficient to stimulate or
modulate gonadotropin release i vivo, and whether this effect is physiologically

relevant in the rhesus macaque.

MATERIALS & METHODS AND RESULTS

Relative ability to stimulate gonadotropin release in vivo

Animals

The Institutional Animal Care and Use Committee {IACUC) at the ONPRC
approved this study, and animal care was provided by the ONPRC in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. For the physiological
experiments, seven, regularly cycling female rhesus macaques (Macaca mulatta) were
used to compare the gonadotropin-releasing ability of GnRH-I and GnRI-IT; four
of the animals were premenopausal (21-23 yr old) and three were young adults (8-12 yr
old). Animals were surgically fitted with indwelling subclavian catheters as previously
described (193) Silastic tubing to accommodate intravenous administration of GnRH
and remote blood sampling. The catheter was extemporized around the mid-scapular
region of the back where it was connected to PV-6 (Bolman Co; McKeesport, PA)
tubing that ran to a blind sampling room next door. Animals were then fitted with a
vest-and-tether system (Fig. 3-1), which protected the catheter while allowing each
animal full range of movement within its cage. PVC tubing connected to a pump
that infused heparinized saline (5 units/ml volvol) at a flow rate of 1 ml/hour. An
attached three-way stopcock allowed infusions and blood sampling to occur, and this

setup allowed the experiment to be performed without disturbing the animals.
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Animals were allowed at least one month to recover from the surgery and become

accustomed to the vest-and-tether before the experiments were performed.

Remote treatment and sampling
Luteal phase

Each of the seven animals was determined to be in their mid-luteal phase
(days 18-24 of a -28-day cycle) based on detailed menstruation records and by
analyzing blood samples for estradiol and progesterone concentrations. They were
given a bolus intravenous (iv) injection of saline, as negative control, or GnRH-I or
GnRH-II at four doses, 0.o1 ig, 0.1 ig, 1 ug, or 10 pglkg body weight. Blood samples
(0.5 ml) were collected in glass tubes coated with EDTA (50 ul of a 10% wtfvol; Ricca
Chemical, Arlington, TX ) at —-10, 0, 10, 20, 30, 60, and 120 min following
administration and centrifuged; the plasma supernatant was removed and stored at

—20°C until assay for LH and FSH.

Follicular phase

Each of the seven animals was determined to be in their mid-follicular phase
(days 4-10 of a -28-day cycle) based on detailed menstruation records and by
analyzing blood samples for estradiol and progesterone concentrations. They were
given a bolus iv injection of saline, as negative control, or GnRH-I or GnRH-II at
four doses, 0.01 pg, 0.1 g, 1 g, or 10 pg/kg body weight. Blood samples (0.5 ml)
were collected, as before, at -10, 0, 10, 20, 30, 60, and 120 min following
administration and centrifuged; the plasma supernatant was removed and stored at
—20°C until assay, except samples were only assayed for FSH concentration to
determine if the FSH response was more sensitive during the follicular, rather than

luteal, phase.
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Hormone assay

Samples were assayed for LH using a previously described mouse Leydig cell
bioassay involving radioimmunoassay for testosterone (9);' results are expressed in
terms of a cynomolgus LH-RP1 standard (195) FSH was measured by
radioimmunoassay using an anti-recombinant monkey FSH (NIDDK Lot #
AFP782594) antibody; results are expressed in terms of the recombinant monkey

FSH-RP1 (NIDDK Lot # AFP6940A) standard (19, 20).

Analytical methods

GnRH administrations were randomized and spaced 24-48 hours apart to
prevent an interaction occurring between separate treatments. Basal LI and FSH
concentrations were determined by averaging the values obtained at —10 and o
minutes prior to GnRH treatment; these basal concentrations were then subtracted
from experimental values to obtain the net LH and FSH concentrations at each time
point. Net LH and FSH values over time for each GnRH dose were analyzed using
Systat software (version 10) and two factor repeated measures analysis of variance
(ANOVA), the two factors being time and treatment. The Huynh-Feldt (H-F) factor
was used in lieu of the P value to minimize error due to non-uniform variance-
covariance matrices (196). In addition, data were analyzed across the two age groups
using two-factor ANOVA, and the P value was used to indicate any statistical

significance.
Results
The responses of LH and FSH to a bolus dose of GnRH-I1 are shown in Figs.

3-2 and 3-3 The three highest doses of GnRH-I1, roo-ng/kg, 1-lig/kg and ro-ug/kg,

cach produced a cumulative LH release that was significantly greater than both the
lowest dose and vehicle treatment but not significantly different from one another.

The time-course of release also appeared very similar between the three effective
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doses; for the 1-ig/kg dose, the maximum response occurred approximately 20
minutes following treatment and then circulating LH levels fell gradually to baseline
levels by 120 minutes. At 100 ng/kg and 10 pg/kg, which appeared less potent, LH
levels rose to maximum levels by 1o minutes and remained high through 20 minutes
before beginning to fall. The 10-ng/kg dose stimulated an LH release pattern similar
to the higher GnRH-II doses, but the total LH release was not significantly different
from vehicle alone. No treatment stimulated a significant amount of FSH release

following a bolus injection during the follicular phase (Fig. 3-3) or the luteal phase

(not shown); this was true for both GnRH-II and GnRH-I.

The LH response to GnRH-I treatment was very similar to that seen for
GnRH-II (Fig. 3-2). Circulating LH levels peaked by approximately 1o minutes after
each dose and then declined gradually, although the 1-pg dose of GnRH-I had not
yet reached baseline concentrations by 120 minutes. In this aspect, the optimal
GnRH-I dose, 1 pg/kg, displayed a faster time-course than that for GnRH-II to

reach maximum stimulation, however the effect was not significant. However, all
four doses of GnRH-I produced a significant increase in LH, although the lowest
dose was significantly less effective than all other doses, which were not statistically
different from one another. All in all, GnRH-I did not release significantly more I.LH

than GoRH-II at any dose.

The ability of age to influence gonadotropin response was also analyzed for
both GnRH-I and GnRH-II. Three of the seven rhesus monkeys used were young
adults (8-12 yr old), and the remaining four were old but still premenopausal (21-23 yr
old). Fig. 3-4 shows the responses of the two age groups to GaRH-I and GnRH-II
treatment. Two-factor repeated measures ANOVA was performed using age as a

grouping factor and suggests that the older animals were less sensitive to both
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GnRH-I and GnRH-II (Fig. 3-4) treatment than the young animals, irrespective of
dose (P<0.05).

Site of action

Animals

For the in vitro experiments, pituitaries were obtained from regularly cycling
female rhesus monkeys that were euthanized as part of the ONPRC Tissue

Distribution Program to provide tissue for this and other studies.

Pituitary cell dispersion

Four female rhesus were deeply anesthetized using ketamine/pentobarbital,
according to procedures established by the Panel on Euthanasia of the American
Veterinary Society, and fresh pituitaries were obtained. The anterior pituitary gland
was separated from the posterior pituitary gland, and the cells were dispersed as
previously described (15). Briefly, the tissue was incubated in 0.3% type IV
collagenase (weight/vol, Sigma) and 0.1% DNase (weight/vol, Sigma) in calcium- and
magnesium-free Hanks’ balanced salt solution (HBSS; Gibco, Carlsbad, CA) at 37°C
for one hour, centrifuged at 3000 rpm for five minutes, and then washed twice in
Hanks BSS followed by centrifugation as before. Next, the tissue was incubated in
0.15% pancreatin (weight/vol, Sigma) and 0.1% DNase in HBSS at 37°C for 30
minutes, and centrifuged and washed as before. It was then triturated in 0.2%
DNase in HBSS using a sterilized Pasteur pipette, centrifuged and washed, and
resuspended in 1 ml DMEM/F12 (Sigma) containing 10% fetal calf serum (Sigma).
The dispersed cells were counted using a histocytometer, transferred to coated 48-
well tissue culture plates (Fisher Scientific) at 1.5 x 10° cells/well, and incubated at

37°Cwith 5% CO, for 48 hours to allow them to adhere to the plate.
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Treatment in vitro

Plated cells were washed in serum-free DMEM/F12 media for first 60 min and
then § min prior to treatment. GnRH-I and GnRH-II were separately diluted to
doses ranging from 10™ to 10" moles/well in serum-free media. Cells were then
incubated with GnRH-I, GnRH-II, or serum-free media for two hours at 37°C.
Following incubation, culture media was collected, centrifuged to remove any cells,
and stored at -20°C until assay for LH and FSH concentration. Following media

collection, cells were exposed to trypan blue and an average of 95% were able to

exclude the dye, indicating their viability.

Analytical methods

Basal LH levels were obtained using media treatment alone and subtracted
from experimental values to determine net LH release. In addition, experiments
were performed in duplicate or triplicate for each pituitary, therefore the mean was
calculated for each pituitary to determine experimental values. The net LH release
for each pituitary was then analyzed using Systat software and two-way ANOVA,

and the P value was used to indicate any statistical significance.

Results

It is possible that exogenous GnRH-II acts upstream of the pituitary and
stimulates GnRII-I release rather than LH release directly. Therefore, the ability of
GnRH-II to stimulate LH and FSH release from freshly dispersed pituitary cells in
vitro was examined to determine whether the /z vivo GnRH-II effect occurred
upstream of the pituitary or could indeed be mediated directly at the gonadotrope
level. To test this, GnRH-II was administered iz vitro to primary cultures of
dispersed anterior pituitary cells. Following a two-hour static incubation in media
containing GnRH-I or GnRI-II at doses ranging between 10™ and 10™® M, the

media was removed and assayed for LH and FSH concentrations. GnRH-I is known
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to directly stimulate the pituitary gonadotropes to release LH, so it was used
comparatively to assess the relative ability of GnRH-II to act at the pituitary level.
As shown in Fig. 3-5, GnRH-II stimulated LH and FSH release 7 vitro with similar
potency to GnRH-I.

Receptor signaling

To determine whether GnRI-1I required the GnRH-I receptor to stimulate
LH release, animals were treated with Antide® (Bachem; Torrance, CA), a potent
GnRH-I receptor antagonist (196), either alone or in combination with GnRH-I and
GnRH-II during the mid-luteal phase, determined as described in Experiment 1.

GnRH forms were administered iv at a 1-ug/kg body weight dose and Antide was

administered iv at 100 ug/kg body weight. Blood samples were collected, processed,
stored, assayed for LH, and analyzed as described in Experiment 1.

Results

Recently, a second GnRH receptor was discovered in mammals with a high
selectivity for GnRH-II over GnRH-I. This provoked the question whether the
ability of GnRH-II to release LH is mediated by its own receptor or by cross-
reactivity at the GnRIH-I receptor. Therefore, a 100-ug/kg dose of Antide, a potent
GnRH-I receptor inhibitor, was administered with GnRH-I or GnRH-IT at 1 pg/kg
or alone as a negative control. Administered with GnRH-I, Antide attenuated the
cumulative LH release but did not affect the time-course of the response (Fig. 3-6).
This treatment paradigm did not completely inhibit GnRH-I-stimulated LH release,
likely due to the relative dissociation constants of Antide and GnRH-I. However,
when administered with GnRH-I1, Antide was able to completely block both the

time-course and cumulative LH response (Fig. 3-6).
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Modulatory effects

To determine the interaction of GnRH-I and GnRH-II, each animal received
four different GnRH treatments: GnRH-I and GnRH-II both at o.1 pug/kg body
weight, GnRH-I at o.1 jig and GnRH-IT at 1 ug/kg body weight, GnRH-I at 1 g and
GnRH-IT at 0.1 ng/kg body weight, and GnRH-I and GnRH-II both at 1 ug/kg body
weight. All treatments were administered iv as a bolus injection during the mid-luteal

phase, and blood samples were collected, processed, and stored as described in

Experiment 1.

Results

Because exogenous GnRH-IT was able to stimulate LH release through
pituitary GnRH-I receptors and a population of GnRH-II containing cells occurs in
the primate medial basal hypothalamus (MBH), it is possible that GnRH-II is
released into the portal vasculature and may modulate the pituitary gonadotropes’
response to GnRH-I stimulation. Therefore, GnRH-I and GnRH-II were
administered concomitantly at two different doses to determine if GnRI-II
exposure would potentiate or attenuate GnRH-I-stimulated LH release or if the

time-course of LH secretion would be altered by exposure to GnRH-I1. Because, the

1-pg dose appeared most effective for both forms, 1 ug was used as the optimal dose
and o.1 g as the suboptimal dose for both forms.

As indicated in Fig. 3-7, the most effective treatments included GnRH-I at
the optimal, 1-lig, dose. Therefore, GnRH-I at 1 g and GaRH-IT at 0.1 pg was more

effective than GnRH-I at o.r pg and GnRH-II at 1 pg. However, combining both

GnRH forms at optimal doses did not produce a statistically additive effect over
either GnRH-I or GnRH-II alone at the 1-ng dose. Likewise, combining GnRH-II

treatment with GnRH-I did not produce a subtractive effect from either form alone.
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In addition, the time-course of L secretion more closely resembled that seen with

GnRH-I.
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Saline

Heparinized saline

Peristaltic pump

3-way stopcock

Swivel-tether

Figure 3-1. Diagram of a procedure that enables frequent blood
samples to be remotely collected from conscious, undisturbed
monkeys. Animals are surgically fitted with an indwelling vascular
catheter that is exteriorized in the mid-scapula region of the back
and the distal end connected via a swivel assembly to a sampling/
infusion port located in an adjacent room. An attached peristaltic
pump is used to maintain catheter patency by continuously infusing
a heparinized saline solution.
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Figure 3-2. Comparison of the LH-releasing abilities of various doses of
GnRH-I and GnRH-II in the rhesus monkey # vivo. Mean increase of plasma
LH concentrations above baseline levels following iv administration at time 0
of saline or GnRH-1 (A) or GnRH-II (B) at four doses. C, Comparison of the
optimal dose, 1 ug/kg body weight, of GnRH-I and GnRH-II to stimulate LI
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¥, H-F<0.05 compared to saline treatment.
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Figure 3-3. Comparison of the FSH-releasing abilities of various doses of
GnRH-I and GnRH-II in the rhesus monkey # vivo. Mean increase of
plasma FSH concentrations above baseline levels following administration

at time 0 of saline or GnRH-I (A) or GnRH-II (B) at four doses.

C, Comparison of the 1 ug/kg body weight dose of GnRH-T and GnRH-I1
to stimulate FSH release 7z vivo. Absolute values of circulating FSH from

a post-menopausal monkey are also shown as a marker of expected FSH
concentrations. Data points represent the mean and sEm of seven animals.
No significant increase in plasma FSH observed after treatment with either

GnRH-I or GnRH-II, regardless of dose.
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Figure 3-7. Comparison of net LH concentrations iz vivo following the combined
treatment of GnRH-I and GnRH-II at two different doses, 100 ng/kg and

1 ug/kg body weight. A, Time-course of net LH response to all four possible
combinations of GnRH-I and GnRH-II. B, Comparison at ten minutes
following treatment with GnRH-I at 1 pg/kg either alone or combined with either
dose of GnRH-II. C, Comparison at ten minutes following treatment with
GnRH-T at 100 ng/kg either alone or combined with either dose of GnRH-II. D,
Comparison at ten minutes following treatment with GnRH-II at 1 ug’kg either
alone or combined with either dose of GnRH-1. E, Comparison at ten minutes
following treatment with GnRH-II at 100 ng/kg either alone or combined with
either dose of GnRH-I. Each #ar represents the mean and SEM of seven animals.
No statistically significant differences in plasma LH concentrations were

observed after treatment with the various combinations of GnREL
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DISCUSSION

The gonadotropin-releasing hormone family is literally defined by its
members’ abilities to stimulate gonadotropin release, however whether each
individual form has this physiological function has not been determined. The recent
discovery of a second form of GnRH (GnRH-II) in the human and non-human
primate, however, raises the possibility that control of gonadotropin secretion may
be coordinated between GnRH-I and GnRH-II. This idea is certainly plausible
given that GnRH-II is the most primitive form of GnRH, and phylogenetic studies
have demonstrated it is a potent gonadotropin-releasing factor in nonmammalian
vertebrates (133, 139, 192). In many vertebrates, however, the distribution pattern of
GnRH-II counters this ability to stimulate LH release. Furthermore, whether
GnRH-IT might physiologically function to stimulate gonadotropin release hasn’t
been examined in much detail for any species. In rhesus macaques, the GaRH-I1
distribution may allow the peptide to reach the gonadotropes, either by diffusion
from the posterior pituitary, or more directly if the MBH cell population releases
GnRH-II into the portal vasculature. In addition, preliminary work suggests GnRH-
II can potently stimulate LH release in vivo (79), but the question remains, “Does

GnRH-II function as a gonadotropin-releasing hormone?”

Relative ability to stimulate gonadotropin release in vivo

GnRH-II and GnRH-I stimulated an equivalent LH response when they
were administered intravenously at three different bolus doses to adult, luteal-phase
rthesus monkeys. Because a previous study reported that the mammalian GnRH-I
receptor had a ten-fold higher affinity for GnRH-I compared to GnRH-II (146),
these results suggested that GnRH-II did not act directly at the GaRH-I receptor to
stimulate LH secretion. However, two alternate explanations were that GnRH-IT

might stimulate nerve terminals in the median eminence to release GnRIH-I into the
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portal vasculature or that GnRH-II might be acting through the recently discovered
GnRH-II receptor (147, 148), which was shown to be colocalized with LH in
pituitary gonadotropés (148).

In addition, the time-course of response to GnRH-II appeared slower than
that for GnRH-I. Namely, LH release peaked at 10 minutes following GnRH-I
treatment but did not peak until 20 minutes following lower doses of GnRH-II.
Although this difference was not statistically significant, this apparent delay may
imply at the mechanisms by which the GnRH forms signal. For example, the GnRFH-
IT receptor has a cytoplasmic tail (147), unlike the GaRH-I receptor, so perhaps this
slows signal transduction. Or perhaps the substitution of histidine for glycine at
position 5 in GnRH-II hinders proteolytic degradation by alpha-chymotrypsin (143),
giving GnRH-IT a longer circulating half-life when it could transduce its effects.
Alternatively, GaRH-II could be stimulating GnRH-I release upstream of LH,
which might postpone the LH response. Or pethaps GnRH-II binds the GnRH-I
receptor, and its lower affinity causes an apparent delay in stimulating LH release.
To sort through these possibilities, the obvious questions became whether GnRH-I1

acts directly on the pituitary gonadotropes and which receptor subtype mediates the

GnRH-IT effect.

In contrast to the LH response, neither GnRIH-I nor GnRH-II stimulated
FSH secretion in vivo. However, a few factors complicate the interpretation of these
results. Among them, it is questionable whether the existing assay is entirely reliable
to accurately detect FSH (149). Although the assay is reproduceable with a standard
curve, multiple isoforms of FSH are known to exist (150). Furthermore, the secretion
pattern of FSH is somewhat unclear because baseline concentrations of FSH are
markedly elevated compared to LH, but it is unclear if this is due to a tonic release
pattern, a longer circulating half-life,or another unknown factor. As a result,

determining the FSH response is, at best, a relative measurement. However, a recent
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study in sheep demonstrated that administering GnRH-I or GnRH-II every two
hours for 24 hours stimulated FSH release iz vivo (151). In addition, the present study
showed GnRH-I and GnRH-II were equally effective to stimulate FSH secretion 77
vitro. Taken together, this suggests that the treatment paradigm sufficient to
stimulate LH release was not optimal to produce an FSH response, but either or
both forms may still be responsible to stimulate FSH release. Alternatively, FSH may
be regulated by a different neuroendocrine factor, or the pattern of FSH release may
largely be determined by the pituitary gland itself (197).Although the present data fail
to distinguish either form as a definitive FSHRH, they do support the theory that

LH and FSH are not controlled by identical mechanisms and/or factors.

Site of action

The distribution of GnRH-II cells in the hypothalamus might allow the
peptide to modulate LH release by acting at the level of GnRH-I cell bodies or nerve
terminals, or the pituitary gonadotropes. To ascertain GnRH-IT’s site-of-action, it
was prudent to initially determine if GnRH-II could stimulate LH release directly from
the pituitary. Following static incubation of freshly-dispersed anterior pituitary cells
with GnRH-II, LH concentrations were significantly elevated compared to
treatment with medium alone. Furthermore, the LH response to different doses of
either GnRH-I or GnRH-II was similar, indicating that exogenous GnRI-II acted
directly at the pituitary to stimulate LH secretion. In combination with Millar’s data
that a population of LI gonadotropes expressed the GnRH-II receptor (148), these
findings suggested GnRH-II might be acting through its own receptor to stimulate
LH release. However, it is also possible that the delayed peak of LI release
following GnRH-II treatment was due to interactions between GnRH-IT and the
GnRH receptor(s) to which the peptide binds. Because this interaction might be
complicated by the receptor’s cytoplasmic tail or the circulating half-life of GnRH-

I1, the preliminary question to be addressed was whether GnRH-II binds to the
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GnRH-T and/or GnRH-IT receptor to stimulate LH release. This is made further
relevant because the anterior pituitary expresses both GnRH-I and GnRH-II

receptors (198).

Receptor signaling

The GnRH-II receptor recently discovered in mammals has approximately a
4o00-fold selectivity for GnRH-II over GnRH-I (147, 148, Neill review). This is in
contrast to the ten-fold selectivity of the mammalian GnRH-I receptor for GnRH-I
over GnRH-IT (146). Taken together, the evidence suggests GnRH-IT would
stimulate LH release through the GnRH-II receptor, however, a potent GnRH-I
receptor antagonist, Antide, prevented LH secretion in response to GnRH-II
treatment 7z vivo. A previous study has demonstrated that the GnRH-I1 receptor
has little to no affinity (IC, > 10,000 nM) for Antide (194), so it is unlikely that this
effect was mediated at the GnRH-II receptor, despite the pharmacological dose of
Antide (100 pg/kg body weight) used. Therefore, this finding indicates that a bolus
dose of GnRH-IT requires the GnRH-I receptor to stimulate LH release directly

from the pituitary gland iz vive.

Modulatory effects

However, the LH and FSH data call into question the physiological relevance
of GnRH-II as a gonadotropin-releasing hormone. Does endogenous GnRH-I1I
duplicate the action of GnRH-I or was the treatment paradigm masking the true
function of GnRH-II? It is possible that GnRH-II modulates pituitary
responsivenss to GnRH-I Previous studies have shown the GnRH-I receptor
became desensitized when exposed to continuous, rather than episodic, GnRH-I (17,
27, 200). In addition, GnRH-II has a substantially longer circulating half-life than
GnRH-I (97, 140). Therefore, if GnRH-II were able to bind the GnRH-I receptor

over a longer period of time, it is possible that GnRH-II treatment could lead to the
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eventual densitization of the GnRH-I receptor. Alternatively, episodic GnRH-I
exposure is known to prime the GnRH-I receptor, and potentiate the LH response
to a bolus GnRH-I treatment (203). However, it is unclear whether GnRH-II might
also act to prime the GnRH-I receptor. Because a population of GnRH-II
containing cells occurs in the primate MBH, it is possible that GnRH-II is released
into the portal vasculature and may modulate the pituitary gonadotropes’ response to

GnRH-I stimulation.

To address this, GnRH-I and GnRH-IT were administered together at two
different doses to determine if GnRH-II exposure has an inhibitory or stimulatory
effect on GnRH-I-stimulated LH release. GnRH-II did not potentiate nor attenuate
GnRH-I-stimulated LH secretion, which suggested that the only interaction
between the GnRH-I and GnRH-II treatments occurred due to competition at the
GnRH-T receptor. These results corresponded to the earlier findings that GnRH-I1
required the GnRH-I receptor to stimulate LH secretion. However, because
previous investigations found the GnRH-I receptor has a higher affinity for GnRH-I
than GnRH-IT (146, 148, Neill review), GnRH-II may not affect GnRII-I signaling
unless the pituitary is exposed to the two forms sequentially, rather than
simultaneously. Furthermore, because GnRH-I and GnRH-II demonstrated equal
potency, it is likely that an endogenous, bolus secretion of GnRH-II does not
significantly affect GnRH-I release, rather the equal potencies of GnRH-I and
GnRH-II nullify any competition that might occur at the GnRH-I receptor.
Alternatively, endogenous GnRH-II might signal to GnRH-I cell bodies to alter
GnRH-I secretion, but the present experimental design could not address this
possibility. Taken together, these data indicate that exogenous GnRH-IT signaled
using the established GnRH-I pathway rather than a unique neuroendocrine

pathway.
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However, although GnRH-II administration was able to stimulate LH
release, anterior pituitary cells did not show immunoreactivity to GnRH-II (Fig. 2-7).
In contrast to this, GnRH-I did show immunoreactivity in the anterior pituitary,
where it may have been internalized after binding to GnRH receptors (26). This
ability to detect GnRH-I but not GnRH-II in the anterior pituitary suggests that an
appreciable amount of endogenous GnRH-II does not reach the anterior pituitary,

further suggesting that GnRH-II may not regularly signal to the gonadotropes.

In addition to the relative potency of GnRH-I and GnRH-II, the effect of
age on the LH response to GnRH treatment was also examined. Unexpectedly, the
results demonstrated that aged but regularly-cycling rhesus monkeys secreted less
LH following GnRH treatment compared to young adult rhesus monkeys. This was
observed for both GnRH-I and GnRH-II at the 10-ng/kg and 100-ng/kg doses, but
was not noticeable at 1 jig/kg, which appeared to be the most effective dose for both
GnRH forms. It is possible that these results stem from a change in GnRH receptor
numbers or a smaller releasable pool of LH stored in the gonadotropes. However, I
am hesitant to make more than a preliminary conclusion due to the small number of

animal subjects per group.

Summary & Physiological Relevance

In summary, the present study finds that exogenous GnRH-II is able to
stimulate LH release from the anterior pituitary using the GnRH-I receptor.
Furthermore, GnRH-II demonstrates equal potency to GnRH-I at stimulating LH
release, although a single dose of either form failed to stimulate FSH release 7z vivo.
Therefore, it is possible that neither GnRH-II nor GnRH-I plays a significant
physiological role as an FSHRH in primates. Moreover, because the hpg axis of
rhesus macaques closely resembles that of humans, these results may provide further

understanding of the neuroendocrine mechanisms that regulate human reproduction.
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CHAPTERIV
Interaction of GnRH-II and Estradiol: Influence of Estradijol

on GnRH-II Expression, Release, and Signaling

95



INTRODUCTION

Traditionally, the hpg axis is thought to be composed of a triad of hormones
that feed-back on one another to coordinate a functional reproductive systemy; thése
three groups of hormones are the gonadotropin-releasing hormones, GnRI-I and
possibly GnRH-II; the gonadotropins, LH and FSH; and the gonadal sex steroids,
estrogens, progestins, and androgens. Although several estrogens and progestins exist

in the female, the majority of studies have been performed using 17 B-estradiol or

estradiol benzoate (estradiol) and progesterone. Estradiol exhibits both positive and
negative (11, 12) feedback on the reproductive axis, and to achieve the end result of
cither potentiated or attenuated gonadotropin release, this feedback occurs at
multiple levels. However, the signaling mechanisms used by estrogens are
differentially understood, primarily due to the existence of multiple estrogen
receptors (ER), ERa and ERp, whose distributions and specific functions require
further definition. In addition, a general consensus has not been achieved to explain
the mechanisms underlying the switch from negative to positive feedback. However,
it is also possible that another impediment to explaining how estradiol modulates
gonadotropin release has been the assumption that only one form of GnRH existed

in the mammalian hypothalamus.

Estradiol may influence GnRH at the level of its production, secretion,
and/or its signaling to the gonadotropes; any or a combination of these can eventually
alter LH and FSH release. Comparing the volume of literature devoted to each of
these feedback mechanisms, the effect of estradiol on GnRH-I expression has been
the least studied. One possible explanation is that until the discovery of a second
estrogen receptor, ERP, (59) it was widely theorized that GnRH-I cells did not
contain estrogen receptors in any appreciable amounts (51 - §6), therefore estradiol

would not be expected to directly affect GnRH-I expression. Despite the limited
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number of studies, ovariectomy did result in increased GnRH-I expression in rats
(46, 199), and this was reversed by estradiol replacement (46). Contrary to this, a
similar study carried out in ferrets did not demonstrate statistically different GnRH-
I expression following ovariectomy and estradiol replacement (47)., and ovariectomy
in sheep did not induce Fos expression in GnRH-I cells (203). In addition to the
effects on expression, other investigations have shown a direct effect of estradiol on
GnRH-I neurons. Ovariectomy attenuated GnRH neurons responsiveness to
prostaglandins in rats (48) and increased glial ensheathment of GnRH neurons in
primates (48). In addition, a subpopulation of arcuate nucleus neurons were shown to
both contain GnRI immunoreactivity and to rapidly hyperpolarize after treatment
with estradiol (50). Taken together, these data suggest that estradiol can have direct

negative feedback on GnRH-I expression, as well as GnRH-I neuron morphology,

and GnRH-I cell tone.

The evidence is stronger, however, that estradiol might affect GnRI-I
release, rather than its expression. In terms of positive feedback, a GnRI pre-
ovulatory surge has been detected in the peripheral plasma of women (201), and in
the portal plasma of sheep (14, 16). Furthermore, an estradiol-induced surge in
ovariectomized sheep induced Fos expression in 41% of GnRH-I cells (203). The
majority of studies, however, used radiofrequency or knife lesions to demonstrate
that estradiol could act on the hypothalamus to generate the gonadotropin surge (45,
66, 68, 70). Similarly, when an impermeable Teflon barrier was inserted into the
pituitary stalk, estradiol treatment failed to initiate a gonadotropin surge, suggesting
that estradiol was acting on the hypothalamus (37). In addition, evoked LH release
was potentiated when estradiol replacement was combined with electrical
stimulation of the rostral hypothalamus, but LH release was attenuated following the
same paradigm when the MBH was stimulated (69). Although most investigations

examine the positive feedback effects of estradiol, this study also shows negative
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feedback effects of estradiol on GnRH release from the MBH. In addition, direct
portal sampling demonstrated a decreased amplitude of GnRH release following
estradiol treatment in ewes (202), however push-pull perfusion in rhesus macaques
did not show altered GnRH-I release following estradiol treatment (206). Taken

together, the data are more consistent that estradiol primarily has positive feedback

on GnRH release.

Similar to studies investigating whether estradiol could affect GaRH release,
most examinations of estradiol’s affects on pituitary responsiveness to GnRH used
hypothalamic lesions. However, because how the pituitary responded to GnRI was
being studied, exogenous GnRH-I treatments were used, and this allowed the
investigators to observe both negative and positive feedback effects of estradiol. In
these cases, treatment with estradiol at concentrations above 200 pg/ml for 36 hours
or more resulted in an initial decline of LH secretion followed by an LH surge,
demonstrating estradiol also acted at the level of the pituitary to modulate GnRH
signaling (31, 34 - 36). In addition, pituitary sensitivity to intravenous GnRH
treatment was decreased following estradiol treatment in women (44), and LH
sensitivity was decreased to intrapituitary GnRH infusion following estradiol

treatment in rhesus macaques (45).

In examining whether estradiol altered GnRH release or pituitary
responsiveness, however, the majority of studies used LH as a marker and thus did
not establish that estradiol affected GnRH-I signaling in licu of another GnRH
form. In particular, the lack of ERo in GnRI-I neurons complicated attempts to
map what mechanisms mediated estradiol positive and negative feedback. Although
recently, ERP was found to occur in GnRH-I neurons of several species (60 - 62), it
remains unclear how estradiol feedback switches from negative to positive prior to

the pre-ovulatory surge. Preliminary data suggests ERP may mediate positive
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feedback because its mRNA expression increases just prior to ovulation (63).

Furthermore, an estrogen receptor antagonist blocked the LI surge without
affecting tonic LH release (65), and ERa has been shown to be necessary for

estradiol negative feedback (64). Taken together, this suggests that the positive and

negative feedback of estradiol may be controlled by ERB and ER, respectively.

Considering that both GnRH-I and GnRH-II occur in the primate
hypothalamus, it is plausible that two forms of GnRH may also contribute to
estradiol signaling to the reproductive axis. Correspondingly, recent studies have
begun to examine whether GnRH-I1 concentrations change after removal of the sex
steroids, however, the data is inconsistent measuring GnRH-II mRNA following
gonadectomy. Castration and subsequent steroid replacement has no effect on
GnRH-II expression in the male (108, 123). In the female, ovariectomy both
stimulates (108) and inhibits (104) GnRH-II expression, however, progesterone
treatment decreases GnRH-II mRNA levels (129) while estradiol has no effect (124),
suggesting that the variable results following ovariectomy may reflect progesterone,
rather than estradiol, effects. However, many of these studies examined GnRH-IT
expression in the midbrain, rather than the hypothalamus. In addition, the paucity of
direct evidence that GnRH-I mediates estradiol feedback warrants investigation of

how estradiol treatment affects GnRH-II expression, release, and signaling.

To help resolve the issues regarding the roles each GnRH form plays to help
regulate gonadotropin secretion in response to changing estrogen milieu, this
chapter examines how ovariectomy and steroid replacement in the primate alter the
expression of GnRH-II mRNA, the amount of GnRH-II secreted, and pituitary
responsiveness 2 vitro to GnRIH-II administration. Comparing these results to

existing data on GnRH-I during the same events may help clarify the respective
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influences of GnRH-II and GnRH-I. In addition, the ability of estradiol to signal
directly to GnRH-II cells via either ERo. or ER is examined.

MATERIALS & METHODS AND RESULTS
Regional overlap of estrogen receptors and GnRH-IIT
Animals

Tissues from three intact female rhesus macaques (Macaca mulatta) were
obtained from the ONPRC Tissue Distribution Program to provide tissue for this
and other studies. Based on detailed menstruation records, one of the three adult
females was in the early follicular phase of the menstrual cycle and the other two
were in the luteal phase. Animal care was provided by the ONPRC in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. They had been housed
under controlled lighting (12 hours of light and 12 hours of darkness per day) and
temperature (23 * 2°C), and had been provided a diet consisting of Purina monkey

chow and fresh fruit, with unlimited access to drinking water.

Tissue preparation

The animals were deeply anesthetized using ketamine/pentobarbital
according to procedures established by the Panel on Euthanasia of the American
Veterinary Society. Their brains were fixed and the hypothalami were blocked,
cryoprotected and sectioned as described in Chapter I1. Sections were stored free-
floating in cryoprotectant at —20°C until use, which was a maximum of 6 months

after sectioning to prevent undue degradation of the mRNA.
Immunohistochemistry
IHC was performed as described above using RNase-free reagents and
solutions. Furthermore, sections were incubated overnight at 4°C with a previously

characterized (207) polyclonal ERB or monoclonal ERg, (Santa Cruz Biotech; Santa
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Cruz, CA) at a 1:800 or 1:100 dilution, respectively, in Tris buffer In addition, 1 ug of
RNase inhibitor (vol/vol; Promega Corp; Madison, WI) was added per ml Tris
buffer. The secondary antibodies used were biotinylated goat anti-sheep or horse
anti-mouse IgG (Vector Laboratories), respectively. Following IHC for ERa, or ERB,
sections were mounted on glass microscope slides (Fisherbrand SuperFrost/Plus;
Fisher Scientific). After being air-dried for 30 min and vacuum-dried overnight, the

mounted sections were stored at -85°C for ISH.
In situ hybridization

ISH was performed as described above using a #S-labeled antisense riboprobe

against GnRH-II precursor cDNA.

To further quantitate the expression of GnRH mRNA in the different
groups, following ISH, the hypothalamic sections were subsequently dehydrated,
defatted, and dipped in photographic emulsion as described above. Silver grain
density was examined under a microscope using a X40 objective lens. Only cells that
had an obvious round or fusiform silver grain deposition pattern around a thionin
counter-stained nucleus were counted and analyzed. The images were digitizedv, as
described above, and the NIH Image program (version 1.59) was then used to
determine the total number of positive cells per section. Two-way ANOVA was used
to assess statistical differences in regional GnRH-I and GnRH-IT mRNA expression

between the treatment groups.

Results

Representative autoradiographs (Fig. 4-1) suggest that the estrogen receptor 3
(ERP) distribution may overlap that for GnRH-II in the SON and PVN. Therefore,
IHC for ERP, or ERa as a positive control, was combined with ISH for GnRH-II,

and photographic emulsion to induce silver grain deposition was used to allow

microscopic examination for double labeling. Using NIH Image and a digital frame
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grabber, cells were individually analyzed to determine if silver grain deposition
exceeded 5 times above background, the parameters used to define a positive cell. As
shown in Figs. 4-2, GnRH-II mRNA did occur together with ERB immunoreactivity
in subpopulations in the PVN and MBH but not in the SON. The incidence of
colocalization was approximately 50% for the PVIN and 40% for the MBH (Table 4-

1). However, no coexpression was observed for GnRH-II and ER c..

The monoclonal ERa is commercially available and has been previously
characterized, however characterization for the polyclonal ERB had not been
performed in the rhesus macaque brain. Therefore, IHC for ERPB was combined with
ISH for ERP; as shown in Fig. 4-3, ERP immunoreactivity occurred in cells

expressing ERP mRNA, demonstrating the antibody was specific for ERB in the

hypothalamus.

Estradiol feedback on GnRH-I1 expression

Animals

Tissues from nine adult (6-12 yr old) female rhesus macaques (Mucaca mulatta)
were obtained from the ONPRC Tissue Distribution Program to provide tissue for
this and other studies. Three of the animals were gonad-intact, three were
ovariectomized (ovx), and three were ovariectomized but treated with estradiol
replacement (ovx+E). Animals were bilaterally ovariectomized at least 1 month prior
to euthanasia. To restore circulating estradiol back to physiological levels, ovx
animals were implanted with a 3-cm Silastic capsule filled with crystallized 17 B-
estradiol (Sigma). Using radioimmunoassay, estradiol levels were determined to be 6o
pg/ml, which is within physiological parameters for this species (189). Animal care
was provided as described above by the ONPRC in accordance with the NITH Guide
Sfor the Care and Use of Laboratory Animals.
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Tissue preparation

The animals were deeply anesthetized using ketamine/pentobarbital
according to procedures established by the Panel on Euthanasia of the American
Veterinary Society. Their brains were fixed by perfusion as described above.
Hypothalami were blocked just rostral to the optic chiasm and rostral to the
mammillary bodies. The tissue blocks were frozen, sectioned, and stored as described

in Chapter I1.

In situ hybridization (ISH)

ISH involved the use of ”S-labeled antisense riboprobes to macaque GnRH-I
mRNA or macaque GnRH-II mRNA. The riboprobes were 224- or 430-base-pairs
long, respectively, and spanned the complete decapeptide coding region as well as
most of the GnRH-associated peptide (GAP) coding region. Because the GAP
region is unique for each GnRH precursor form, the probes specifically identified

only those cells that express GnRH-I or GnRH-II mRNA, respectively.

ISH was performed as described above on a series of six coronal hypothalamic
sections from each animal, collected at approximately 200-im intervals. Sections
were then washed for 5 min in distilled water and dipped in thionin (Sigma) for 10
min followed by two §-min washes in water. Sections were then dehydrated with
ethanol, cleared with xylenes, and finally coverslipped using DPX mounting medium.
For quantitation, the autoradiographs were uniformly transilluminated, and the
images captured, digitized, and analyzed as described above. Two-way ANOVA was
used to assess statistical differences in regional GnRH-I and GnRH-II mRNA

expression between the treatment groups.

Results

Because the silver grain analysis for the developmental series closely

corroborated what was observed using the autoradiographs (Chapter II), I chose to
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not use autoradiographic analysis to examine GnRH-II expression during changing
sex steroid milieu. GnRH-I ISH was performed on sections adjacent to those used
for GnRH-II ISH in order to determine that the estradiol concentration used as
replacement was physiological to achieve negative feedback on the hypothalamus. In
addition, because GnRH-I cells are scattered throughout the hypothalamus rather
than clustered, the hypothalamus was compared as a unit between treatment groups
instead of comparing individual hypothalamic nuclei or regions for GnRH-I analysis.
The ovx hypothalamus expressed significantly more GnRH-I mRNA than either the
intact or ovx+E hypothalamus (Fig. 4-4). However, treating ovariectomized animals
with estradiol reduced GnRH-I mRNA expression to the level found in gonad-intact
animals. In both cases, these changes in expression were reflected in the total

number of cells expressing GnRH-I, rather than silver grains per cell (F ig. 4-4, 4-5).

In contrast to GnRH-I expression, GnRH-II mRNA levels appeared greatest
in the ovx+E animals (Fig. 4-2). Upon analysis, silver grain deposition revealed that
significantly more MBH cells expressed GnRIH-II in the ovx+E animals compared to
either the intact or the ovx animals (Fig. 4-5). Furthermore, the ovx animals
expressed similar levels of GnRH-II mRNA in the MBH compared to the intact
animals MBH (Fig. 4-5). However, the SON and PVN GnRH-II populations were

not significantly different between any treatment groups (Fig. 4-5).

Estradiol feedback on GnRH-11 signaling
Animals

Pituitaries were obtained from 19 adult (6-12 yr old) female rhesus macaques
(Macaca mulatta) that were euthanized as part of the ONPRC Tissue Distribution
Program to provide tissue for this and other studies. Four of the animals were gonad-
intact, six were ovx, and six were ovx+E. Animals were bilaterally ovariectomized at

least 5 months prior to euthanasia. To restore circulating estradiol back to
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physiological levels, ovx animals were implanted with a 3-cm Silastic capsule filled
with crystallized 17 B-estradiol (Sigma). Using radioimmunoassay, estradiol levels
were determined to be 6o pg/ml, which is within physiological parameters for this
species (191). Animal care was provided as described above by the ONPRC in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Pituitary cell dispersion

Animals were deeply anesthetized using ketamine/pentobarbital, according to
procedures established by the Panel on Euthanasia of the American Veterinary
Society, and fresh pituitaries were obtained. The anterior pituitary was isolated, and

the cells were dispersed and cultured as described in Chapter ITI.

Treatment i vitro

Plated cells were washed twice in serum-free DMEM/F12 media for first 60
min and then § min prior to treatment. GnRH-I and GnRH-II were separately
diluted to doses ranging from 10™ to 107 moles/well in serum-free media. Cells were
then incubated with GnRH-1, GnRH-II, or serum-free media for two hours at 37°C.
Following incubation, media was collected, centrifuged to remove any cells, and
stored at -20°C until assay. To measure their viability, cells were exposed to 0.4%

trypan blue (Sigma) and then washed in media; the number of live cells able to

exclude were approximately 95%.

Results

To examine whether estradiol alters pituitary responsiveness to GnRH-11,
freshly dispersed cells were cultured from intact, ovx, or ovx+E rhesus macaque
anterior pituitaries. These primary cell cultures were then statically incubated with
GnRH-II at doses ranging from 10™* to 10” molar for two hours, and the media
assayed for LH and FSH concentrations. As demonstrated in Fig. 4-8, the net

amount of LH released was consistently lower in the ovx and ovx+E pituitaries
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compared to the intact control group. This pattern of responsiveness was also

characteristic of LH secretion following an identical paradigm of treatment with

GnRH-1.

Dissimilar to that seen for LH, pituitaries from ovx+E animals secreted less
FSH than pituitaries from intact or ovx animals (Fig. 4-9). This was evident at every
dose of GnRH-IT except 10 molar, when the response was equivalent rather than
attenuated for the ovx+E. Furthermore, examining the FSH response to GnRH-T

revealed a similar pattern (Fig. 4-9).
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Figure 4-1. Regional expression of GnRH-II and ERB mRINA in the rhesus
macaque brain as revealed by radioisotopic #n situ hybridization. Autoradiographs
of coronal brain sections represent hybridization of an antisense GnRH-II or
ERp riboprobe in the rostral (/eft panel and ERB)and caudal hypothalamus.
Notice that the ERp signal, while overlapping with GnRH-1I, shows the
strongest hybridization in the PVN. Scale bars, 5 mm (upper panels), 10 mm

(lower panel). oc=optic chiasm, ot = optic tract.
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Nucleus Number of cells Percentage of cells
GnRH-1I| Double-label | GnRH-II | Double-label
SON 200 19 93 .
PVN 51 28 60 40
MBH 40 41 50 50

Table 4-1. Number and percentage of GnRH-II cells that expressed ERB in the
SON, PVN, and MBH. ERf and GnRH-II cells were identified in the SON A
PVN, and MBH by immunohistochemistry and #n situ hybridization,
respectively. Numbers represent the total number of positive cells detected

in the sections that were examined. 6 sections per animal, n =3 .

Figure 4-3. Representative brightfield photomicrograph demonstrating that
the ERP antibody used was specific for cells expressing ERp mRNA.
Immunohistochemistry for ERB was combined with non-isotopic 7 situ
hybridization using an antisense riboprobe specific for ERP. ERPB
immunopositive cells are labeled with black arrows. Cells expressing ERB

mRNA are labeled with white arrows. Scale bar=10 um.
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Intact

Ovx+E

Figure 4-4. Hypothalamic GnRH-I expression levels following ovariectomy
and estrogen replacement. Representative darkfield photomicrographs
demonstrating GnRH-I expression in the hypothalamus of intact,
ovariectomized, and estrogen-treated ovariectomized animals as revealed
by #n situ hybridization. Hypothalamic GnRH-I expression increased
following ovariectomy, estrogen treatment attenuated GnRH-I expression
back to intact levels. Scale bar=15 pm.
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DISCUSSION

Estradiol feedback on the hpg axis is key to modulate tonic GnRH and LH:
secretion and to help entrain the menstrual cycle to a regular thythm. During most
of the cycle, estradiol exerts negative feedback to attenuate the amplitude of GnRH
(z07) and gonadotropin (31) secretion. The elevated estradiol levels at midcycle,
however, result in a surge of both GnRH (14) and gonadotropin (35) release; this
ability to significantly potentiate GnRH and LH release has led some investigators
to view estrogen as a gonadotropin-releasing hormone in its own right (38). These
data showing estradiol affecting both LH and GnRH release confirm that estradiol
signals both at the hypothalamic and pituitary level to regulate gonadotropin release,
but the mechanisms underlying estradiol action and the estradiol site-of-action for

positive and negative feedback require further investigation.

Regional overlap of estrogen receptors and GnRH-I1

GnRH-II provides a new potential target to mediate estradiol feedback
effects to the reproductive axis. GnRH-II mRNA has a clustered distribution in
SON and PVN magnocellular cells, which secrete peptides into the peripheral
circulation, and a GnRH-II cell population occurs in the MBH, which may send
projections to the POA (73). GnRH-II axons may also terminate on the
hypothalamo-pituitary portal vessels, which vascularize the anterior pituitary.
Moreover, exogenous GnRH-II is a potent LH-releasing hormone, so taken
together, GnRH-IT may reach the pituitary gonadotropes and/or GnRH-I cells
where it can modulate gonadotropin signaling. Furthermore, because there is an
apparent overlap of expression between GnRH-1I and estrogen receptor B (ERP) in
the rhesus macaque hypothalamus (110, 208), GnRH-II is in a position to act
downstream of estradiol to influence either or both GnRH-I and gonadotropin

secretion.
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GnRH-II and estradiol in the rostral hypothalamus

These data demonstrate that GnRH-II expression is influenced by estrogen

milieu and that estradiol may directly exert feedback on the decapeptide. A GnRH-
IT subpopulation of cells were found to express ERP, however, although 40% of
GnRH-IT cells in the PVN expressed ERP, the degree of overlap was minimal to
non-existent in the SON. This variability suggests that GnRH-II is involved in
multiple neuroendocrine pathways. However, gap junctions, which allow electrical
activity to be transmitted directly between cells, are known to exist in the SON and
PVN and to increase in numbers when these nuclei are electrically stimulated (170).
Therefore the lack of ERB in GnRH-1I cells in the SON may represent an economy

of expression rather than the existence of functional subpopulations.

Despite PVN cells coexpressing GnRH-IT and ERp, ovariectomy with or

without estradiol replacement did not affect GnRH-II expression in the SON or
PVN. Therefore it appears that chronic changes in estrogen milieu do not feedback

on GnRH-II expression.

GnRH-I1 and estradiol in the caudal hypothalamus

In addition to estradiol effects on GnRH-II in the rostral hypothalamus,
approximately 50% of GnRH-II cells in the MBH expressed ERB, the receptor
subtype that may mediate estradiol’s positive feedback (63). In keeping with this,
treating ovariectomized animals with estradiol resulted in greater GnRH-II
expression specifically in the MBH. This indicates that estradiol is able to directly
exert positive feedback on GnRH-II, and provides some impetus to examine
whether GnRH-II is involved in the preovulatory surge.

It is questionable whether GnRH-I provides the entire hypothalamic

stimulus for a gonadotropin surge. Although recent data demonstrates that GnREL-I
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cells express ERP, estradiol exerted negative, rather than positive, feedback on

GnRH-I expression. Furthermore, a GnRH-I antisera administered to rhesus
macaques decreased pulsatile LH but was unable to block the estradiol-induced LI
surge (18). It should be noted that controversy exists whether a GnRH pulse is even
necessary to generate a surge, however a study blocking neuroendocrine inputs to the
pituitary with a Teflon shield was able to obliterate the surge (37), and lesions that
destroyed the arcuate nucleus and MBI blocked the estradiol-induced surge in
rhesus macaques (70). Moreover, elevated GnRH-I has been detected in portal
plasma around the time of the surge (14, 16, 39, 201). These findings strongly suggest
a neuroendocrine input is necessary for the pre-ovulatory surge and that GnRH-I
contributes to this input, however it is unclear how a surge of GnRH-I is
coordinated. The present findings provide circumstantial evidence that suggest
MBH GnRH-II cells may play an important role in mediating feedback from
estradiol to the hypothalamus and in augmenting the central stimulus for the

preovulatory gonadotropin surge.

However, the question remains why MBH GnRH-II expression was not
attenuated in ovx animals, which lack the estradiol stimulus. One possibility is that a
gonadal signal separate from estradiol exerts negative feedback on GnRII-IT
expression; therefore GnRH-II levels in the intact animal are achieved by
coordinating estrogenic positive feedback with a gonadal negative-feedback signal.
Based on this hypothesis, it would be expected that ovariectomy removes both the
positive and negative signals, leaving basal GnRH-II expression to be similar to
intact levels. Such a system would allow for GARH-I1 expression to be modulated by
the relative concentrations of feedback signals. A potential candidate to have
negative feedback is progesterone, because previous work has demonstrated that
progesterone treatment will decrease hypothalamic GnRH-II levels (129). Moreover,

carly studies showed that progesterone was able to selectively block the preovulatory
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and estradiol-stimulated LH surge without affecting pulsatile LH release (42, 43).
Therefore, if progesterone does apply negative feedback, this provides further
support to hypothesize that GnRH-II from the MBH may help mediate the

gonadotropin surge.

Estradiol feedback on GnRH-11 signaling

In examining estradiol feedback on GnRH-II, it is also important to
determine whether estrogen milieu affects the gonadotropes’ sensitivity to GnRH-
II. Several studies have used hypothalamic lesions to demonstrate that acute
exposure to estradiol concentrations above 200 pg/ml increases pituitary sensitivity
to GnRH-I in rhesus macaques (31, 35, 36). However, the estradiol levels typical of
the luteal or early follicular phases attenuate the pituitary response to GnRH-I in
primates (44, 45). In contrast to these studies, which examined pituitary sensitivity
following short-term exposure to estradiol, LH release following GnRH-I treatment
was less in pituitaries from chronically ovx compared to ovx+E rats (210). The present
data, however, suggest that estradiol does not exert feedback on the # vitro LH
response to GnRH-II, but estradiol does attenuate the FSH response to GnRH-II.
This was identical to the results obtained following GnRH-I treatment, which
supports the earlier data in Chapter 111 that GnRH-II stimulated gonadotropin
release using the GnRH-I receptor. Taken together, long-term estradiol exposure
exerts either no or negative feedback on both GnRH-I and GnRH-II signaling to
LH and FSH, respectively.

Summary
In summary, the results from this study show that GnRH-II may mediate the

positive estradiol signal to the reproductive axis. The MBH cell population expresses

more GnRH-II in response to estradiol alone, and this modulation may occur

directly as a cell population in the MBH express both GnRH-II and ERB.
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Furthermore, these cells may project to regions containing GnRH-I neurons,
potentially allowing them to communicate the estradiol signal to GnRH-I.
Therefore, these findings give credence to the view that reproductive function in

higher primates may be regulated by more than one GnRH neuronal system.

In addition, estradiol exerted negative feedback on GnRH-IT release into the
peripheral circulation. It is possible that cells in the PVN that express both GnRH-
IT and ERP are responsible for this observed negative feedback. What is unlikely is
that plasma GnRH-IT signals to the pituitary gonadotropes, because the highest
concentrations observed did not reach the necessary levels to stimulate LH release
(Fig. 3-2 and Chapter III), however, the peripheral target for GnRH-II remains
unknown. Taken together, then, this latter data opens new avenues to understand
how estradiol signals to the neuroendocrine system, although not necessarily the

reproductive axis.
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CHAPTER YV
Summary and Conclusions: how GnRH-11 Modulates the HPG
Axis
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HPG axis

Reproduction is regulated by a variety of events and signals that ultimately
exert their influence via one or more members of the hypothalamo-pituitary-gonadal
(bpg) axis, which governs the reproductive system. The hpg axis maintains
homeostasis through a triad of hormones: gonadotropin-releasing hormone (GnRH);
the gonadotropins, LH and FSH; and the gonadal sex steroids, estrogens, progestins,
and androgens. These hormones modulate each other’s release to form an
interconnected regulatory system. Furthermore, because there are several external
stimuli that influence reproduction compared to the key players in the hpg axis, the
frequency and amplitude of secretion provide additional signaling mechanisms.
However, it is controversial whether this carefully orchestrated interconnectivity can

fully account for the release patterns observed during the primate menstrual cycle.

Gomzdotropz'n-releasz’ng hormone

GnRH-I is distributed in isolated cells dispersed throughout the
hypothalamus from the POA to the median eminence (165), and it is secreted into
the hypothalamic portal blood vessels, which vascularize the anterior pituitary.
GnRH-I has a high efficacy to stimulate LH release, which earned it the name
luteinizing hormone-releasing hormone (LHRH), although bioassays demonstrated it
is also capable of stimulating the release of another gonadotropin, FSH G - 6).
Further complicating the interpretation of these data, measuring GnRH-I release,
either by sampling portal blood (14, 16) or by push-pull perfusion (39), has proved to
be a difficult and delicate task, therefore there is limited data demonstrating GnRH-
I release patterns. Results to date, however, show GnRH-I release follows a pulsatile
pattern that corresponds to LH, but not always to FSH, release (24). These

difficulties have also plagued determining whether GnRH-1 undergoes a surge prior

121



to ovulation, although data from the sheep (14, 16) and rhesus macaque (39) indicate

this is the case.

In addition to regulating gonadotropin release during the ovulatory or
menstrual cycle, the pattern of GnRH-I release during puberty is also unclear.
Although nocturnal LH pulses are an early indicator of the onset of puberty, the
trigger for nocturnal GnRH-I release is unknown. GnRH-I expression has not been
observered to change developmentally in the intact primate (156), therefore the
stimulus for the onset of puberty must instead regulate GnRH-I release, and has
therefore been theorized to be either an excitatory or inhibitory neurotransmitter,
such as GABA (211) or glutamate (171, 173), respectively. In addition, the absence of
NPY, an orexigenic signal that inhibits GnRH-I release, has also been postulated to
trigger puberty by releasing GnRH-I from inhibitory feedback (157). Regardless,
several details of the mechanisms underlying GnRH-I’s control of the reproductive
system remain unclear under the paradigm of one gonadotropin-releasing hormone

in the hpg axis.

Gonadotropins

For the gonadotropins, the second tier of the hpg axis, LH is secreted in
pulses occurring once per hour, or in a circhoral rhythm, during the follicular phase
and once every 2-3 hours during the luteal phase (10 - 12, 20). These observed LH
pulses correspond to pulsatile secretion of GnRH-I in hypothalamic portal blood (14
- 16); this intermittent, rather than continuous, exposure to GnRH is obligatory to
maintain LH release (17). Moreover, the gonadotropes require GnRH pulses within a
narrow frequency range to maintain the observed physiological amplitude of LH and
FSH release (27, 28), as Knobil's data demonstrated that a slower pulse frequency will

more selectively stimulate FSH release (28).
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Establishing a clear FSH secretory pattern has been difficult. Although FSH
secretion appears similar to LH, the FSH pulses are less distinct (20 - 22) and appear
to overlay a tonic FSH release (23). Also less clear is what regulates FSH release. A
prevailing theory is that the GnRH pulse frequency provides the signal for selective
LH or FSH secretion in lieu of separate LH- and FSH-releasing hormones. However,
although a slower pulse frequency has been demonstrated to increase FSH release
compared to LH release (28), the decreased endogenous frequency of GnRH-I
during the primate luteal phase results in an increased amplitude for both FSH and
LH release (190). Alternatively, this may result from increased releasable stores of

the gonadotropins (29).

Additional data also contradict the conclusion that only one gonadotropin-
releasing hormone is sufficient to regulate both LH and FSH secretion. LH release
following GnRH-I stimulation is much more robust than the FSH response, which
appears to be uncoupled at least a third of the time from the measured GnRI-I
release pattern (189). Furthermore, LH or FSH release are preferentially stimulated
by extracts from different hypothalamic regions (30, 189, 190), suggesting that LH
and FSH release may also be regulated by different hormones. As a result, a unique

FSH-releasing hormone (FSHRH) has long been postulated (1, 2).

Separate from the tonic release patterns, plasma gonadotropin concentrations
also surge, and this occurs approximately 37 hours prior to ovulation in the rhesus
macaque (32). Circulating estradiol levels above 200 pg/ml for over 36 hours are
necessary for a gonadotropin surge to occur in primates (34), however, a
hypothalamic contribution to the surge is both controversial and less clear. The
controversy springs from attempts to prevent endogenous GnRH-I from reaching
pituitary gonadotropes followed by treatment with prel-surge concentrations of

estradiol and exogenous pulses of GnRH-I (29, 35, 36, 38). Although pre-ovulatory

surges have been observed under these conditions, it is often difficult to conclude
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that all hypothalamic input to the pituitary is blocked. This is particularly the case
because the experimental design is considered successful when tonic gonadotropin
release no longer occurs, however, other studies have demonstrated that separate
hypothalamic areas are responsible for tonic and surge gonadotropin release (31, 68 -
70), thus bringing into question the methodology used. In dissention with these
conclusions, blocking the pituitary stalk and portal blood vessels with an
impermeable barrier prevented the generation of a gonadotropin surge (37), providing
strong evidence that hypothalamic input is necessary for the preovulatory surge.
Furthermore, elevated GnRH concentrations have been observed in portal blood
temporally corresponding to the surge (14, 16, 39). However, a GnRH-I antiserum
failed to prevent the surge, although it abolished pulsatile gonadotropin release (18).
Taken together, it appears that both elevated estradiol and a hypothalamic signal are
obligatory for the surge. It is possible, however, that the hypothalamic signal is an
alternate form of GnRH than the one required to generate tonic gonadotropin

secretion.

Estradiol

Estradiol influences GnRH production and secretion, and also affects LH and
FSH release by altering the gonaodtrope’s sensitivity to GnRH-I. In the rhesus
macaque, plasma estradiol concentrations are low during the early follicular phase,
which attenuates GnRH-I and LH release. However, with ongoing LH stimulus,
circulating estradiol levels rise until they reach 200 pg/ml or higher for at least 36
hours, and this stimulates the surge of GnRH and the gonadotropins, which trigger
ovulation. Therefore, estradiol has negative feedback on tonic LH and FSH secretion

but positive feedback on the gonadotropin surge (11, 190, 192).

Estradiol exerts negative feedback on gonadotropin release using multiple
mechanisms (41). Removing endogenous estrogens by ovariectomy will increase
GnRH-I gene expression in rats (46, 202), although ovariectomy in sheep did not
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induce Fos expression in GnRH-I cells (203). A similar variation occurs for estradiol
negative feedback on GnRH-I secretion. Direct portal sampling demonstrated a
decreased amplitude of GnRH release following estradiol treatment in rhesus
macaques (205), however push-pull perfusion did not show altered GnRH-I release
following estradiol treatment (206). In addition, ovariectomy and estradiol treatment
have been shown to alter GnRH-I neurons activity by attenuating their
responsiveness to prostaglandins (48) for the former and for estradiol treatment to

cause rapid hyperpolarization (50).

In addition to studies investigating whether estradiol affects GnRH
expression or release, there have been several examinations of estradiol’s affects on
pituitary responsiveness to GnRH, most using hypothalamic lesions. Because how
the pituitary responded to GnRH was being studied, exogenous GnRH-I treatments
were used, and this allowed the investigators to observe both negative and positive
feedback effects of estradiol. In these cases, treatment with estradiol at
concentrations above 200 pg/ml for 36 hours or more resulted in an initial decline of
LH secretion followed by an LH surge, demonstrating estradiol also acted at the
level of the pituitary to modulate GnRH signaling (1, 34 - 36). Pituitary sensitivity to
GnRH-I has also been shown to decrease following estradiol treatment in mammals
G, 44, 45).

Estradiol also exerts positive feedback using multiple mechanisms of action.
An estradiol-induced surge in ovariectomized sheep induced Fos expression in 41%
of GnRH-I cells (203). Furthermore, several studies have used radiofrequency or
knife lesions to demonstrate that estradiol can act on the hypothalamus to generate
the gonadotropin surge (45, 66, 68, 70). In addition, 2 GnRH pre-ovulatory surge has
been detected in the peripheral plasma of women (204), and the portal plasma of

sheep (14, 16).
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Among other sites-of-action, these data suggest estradiol can act directly on
GnRH-I neurons, but until recently, estrogen receptors were either not found on
GnRH' neurons (51 - 56) or the techniques used to find receptors were of
questionable stringency (57, 58). However, a second estrogen receptor, ERB, was
recently discovered (60) and found to colocalize with GnRH-I neurons in several
species (60 - 62). Moreover, preliminary data has since suggested that ERP may help
control the pre-ovulatory surge due to its distribution and upregulated mRNA
expression prior to ovulation (63), suggesting estradiol might directly signal positive

feedback. In contrast, ERa is necessary for estradiol negative feedback (64), and the
majority of evidence suggests ERot and GnRH-I have separate distributions.

Therefore, the members of hpg axis form a system of checks and balances,
which largely orchestrates reproduction; however growing evidence suggests an
additional element or elements may exist within the hpg axis to help mediate
individual members’ signals. With this in mind, a second form of GnRH, GaRH-IT,
was recently demonstrated to occur in a majority of vertebrates, including human
and non-human primates. This conservation of expression suggests that GnRH-II
may play an important role within the hpg axis, although its physiological interaction
with each member of the axis was unclear. The current results address how GnRH-II
interacts in the female rhesus macaque with the hpg triad: GnRH and the
hypothalamus, the gonadotropins in the pituitary, and the sex steroids estradiol and

to a certain extent, progesterone.

How GnRH-II modulates the hpg axis

In the mammalian hpg axis, GnRH-I is regarded as the primary
neuroendocrine link between the brain and the reproductive system. In essence,

then, GnRH-I transmits signals that have been relayed to the hypothalamus to the
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remainder of the hpg axis. However, the mechanisms underlying how these
extrahypothalamic signals modulate GnRH-I in addition to how specific
gonadotropin release patterns are regulated remain less clear. The discovery that
GnRH-II is expressed by almost every vertebrate examined for it thus raises the
possibility that at least two forms of GnRH coordinately regulate reproduction.
Furthermore, because GnRH-II is so conserved phylogenetically, it is worth
considering that GnRH-II may have an essential or conserved function. Therefore, it
is tantalizing to hypothesize that GnRH-II modulates the hpg axis, as this may
resolve some unanswered questions regarding how physiological events impact
repfoductive function. A summary diagram is provided (Fig. 5-1) to aid the discussion

of GnRH-II’s possible involvement with the hpg axis.

A primary question to be addressed is whether the distribution pattern of
GnRH-II within each vertebrate class would allow it to influence the hpg axis, either
at the level of GnRH-I or the gonadotropes. In fish, GRRH-II occurs predominately
in the midbrain tegmentum (83, 89 - 92), although a few species have sparse GnRH-
IT immunoreactivity in the pituitary (91). In amphibians and reptiles, GnRH-II
occurred more in the forebrain-spinal cord system than the hypothalamic-pituitary
system (96, 100). In addition, it was discovered that a population of GnRH-IT fibers
terminate in the spinal cord near motorneurons, suggesting GnRH-11 might function
as a neurotransmitter/neuromodulator (99, 115). In birds, GnRH-II also occurs
predominately in the midbrain compared to the hypothalamus (102, 103). Prior to the
current studies, GnRH-II was also commonly found in the midbrain in mammals
with a major terminal field in the medial habenula (107, 111, 112). Taken together,
although GnRH-II has a wide distribution in the brain (91, 96 - 98, 100, 103, 108,

111), the majority of its cell bodies usually occur in the midbrain and spinal cord.
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GnRH-II and GnRH-I

Using zn situ hybridization, the current study found that GnRH-II mRNA is
also expressed in the midbrain of rhesus macaques. However, clustered expression
was also found in the rostral and caudal hypothalamus, specifically in the SON, SCN,
PVN, and MBH. While this pattern of expression varied greatly from the scattered
distribution of GnRH-I cells (165), some general overlap did occur in the MBH.
Upon further examination, however, the cells that expressed GnRH-II were
completely separate from the cells that were immunoreactive for GoRII-I. In
addition, when the distribution study was extended using immunohistochemistry,
GnRH-II immunoreactive fibers were found in the median eminence and the ventral
hypothalamic tract as well as in the posterior pituitary, which is the presumed
terminal field for the magnocellular GnRH-II cells in the SON and PVN. However,
GnRH-II was not detectable in the plasma of luteal- or follicular-phase rhesus
macaques, suggesting that the SON and PVN cell populations of GnRH-II did not

have a tonic function during the follicular or luteal phase.

In addition to mapping where the GnRH-II mRNA and peptide were
expressed, the pattern of expression was compared between adult and juvenile rhesus
macaques to determine whether GnRH-II might play a role during the onset of
puberty. In nonmammalian vertebrates, GnRH-II expression during development
has been observed to increase (128), decrease (127), and not change (125, 126),
depending on the species. However, GnRH-I expression does not change during
development in intact primates (156 - 159). The current investigation demonstrated
that considerably more cells expressed GnRH-II mRNA in the adult MBH than in
the juvenile MBH. Although this finding suggests that a subpopulation of GnRH-II
may help modulate reproductive development, previous studies indicate GnRH-TI
would not be sufficient as a trigger for puberty. Specifically, disorders occur in both
humans and mice in which GnRH-I is non-functional, and these subjects fail to
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undergo puberty, although there are no indications that GnRH-II is not functional

in these cases (111, 180). However, the MBH population of GnRH-IT may project to

GnRH-I cells in the POA (73).

Multiple approaches are available to examine whether the GnRH-IT increase
predicts or follows the induction of puberty. However, determining if changing sex
steroid milieu impacts GnRH-II expression appeared to be an economical choice,
because it informed both whether estradiol exerts positive or negative feedback on
GnRH-II expression and whether the developmental increase might be due to rising
estradiol concentrations. Taken together, the current results suggest that the
observed increase of GnRH-II expression developmentally occurred due to rising

estradiol levels during puberty.

Therefore, when these data are considered together, they suggest that
GnRH-II neurons may have functional subpopulations: while the SON and PVN
populations likely signal to extra-neuronal tissues, the MBH cell population may play
a neuroendocrine role. In addition, the SON and PVN populations may not function
to regulate reproduction during the follicular or luteal phase. Furthermore, because
previous studies have found the MBH neurons send projections to the POA (73),

GnRH-II from the MBH may modulate GnRH-I expression and/or secretion.

GnRH-I1 and the gonadotropins, LI & FSH

The recent discovery of GnRH-II in the human and non-human primate
raises the possibility that neuroendocrine control of the reproductive axis may be
coordinated by GnRH-I and GnRH-II. This possibility gains further credence
because the existence of a specific FSH-releasing hormone has long been
hypothesized (6, 8), but no potential candidates are unequivocally supported (23). As
a result, the presence of a highly conserved form of GnRH in the hypothalamus

raises questions regarding whether it functions to stimulate gonadotropin secretion.
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Furthermore, it is possible that the MBH population secretes GnRH-II into the
hypothalamic portal vessels, thus allowing it to affect gonadotropin release from the
pituitary gland.

The relative ability of GnRH-II to stimulate gonadotropin secretion both 77
vitro and in vivo has been examined in almost every vertebrate class. An 7 vitro
investigation in birds demonstrated that GnRH-II has a much greater potency than
mammalian GnRH-I or chicken GnRH-I, the native form, to stimulate both LI and
FSH release (130 - 133). This ability was further confirmed in birds 7z vive (134).
Similar studies in fish 7z vivo corroborated the evidence that GnRIH-II was the most
potent gonadotropin-releasing hormone examined (135, 136, 139). Moreover, several
separate examinations suggested that GnRH-II might be responsible for ovulation in
fish (88, 137, 138). Studies in reptiles (140) and amphibians (97, 141) also demonstrated
GnRH-II could stimulate LH release more potently iz vivo than other GnRH forms
present in each respective species. Taken together, it appears that GnRH-II can
potently stimulate gonadotropin release in non-mammalian vertebrates, but it

remains possible that GnRH-IT does not function physiologically to stimulate LI
and/or FSH release.

In contrast to the relative potency of GnRH-II in other vertebrates, GnRH-
IT initially appeared less effective to stimulate LH release in mammals. An early
study that examined the ability of GnRH-II to release LH and bind pituitary
gonadotropes #n vitro found GnRH-II to be approximately ten-fold less effective
than GnRH-I in sheep and rats, respectively (130). Furthermore, GnRI-I stimulated
significantly more musk shrews to ovulate than GnRI-II (107). However, the ability
of GnRH-II to stimulate LH release in the primate was reported to be similar to
that for GnRH-I, although the LH-releasing abilities of the two GnRH forms were
not directly compared (79). Moreover, the gonadotropin-releasing properties of

GnRH-II were based on its ability to bind the mammalian GnRH-I receptor.
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Work by Millar indicates that the mammalian GnRH-1 receptor shows more
selectivity for GnRH-I than the less discriminatory GnRH receptors in non-
mammals (146). However a specific GnRH-11 receptor was recently cloned from
primates and found in the anterior pituitary of several mammalian species (147, 148).
Therefore, it is possible that GnRH-IT might act as a gonadotropin-releasing

hormone.

The present investigation found that GnRH-1I was able to potently stimulate
LH release in vivo similar to that seen following GnRH-I treatment. Moreover, the
relative LH-releasing ability of GnRH-II was also comparable to that for GnRH-I 7z
vitro. However, neither GnRI-I nor GnRH-II treatment resulted in significant
FSH secretion in vivo, and the two forms showed equal potency to stimulate FSH
release /n vitro. Therefore, the current data support the theory that FSH secretion
may be regulated by a neuroendocrine factor other than GnRH-I or GnRH-II, or
FSH release may be coordinated between GnRH and an inhibitory factor derived
from the brain or gonads. This latter possibility exists because both GnRH-T and
GnRH-II were able to release FSH in culture, so it is possible that using a different
treatment paradigm, GnRH-I and/or GnRH-II would stimulate FSH release 71 vivo.
In dissention with this hypothesis, existing data have demonstrated that plasma FSH
concentrations are not fully synchronized with observed GnRH-I release patterns
(23), nor has the receptor selective for GnRH-II been demonstrated on FSH-
containing gonadotropes (148). Taken together, another hormone or factor may be
primarily responsible to regulate FSH release, the pattern of FSH release may largely
be determined by the pituitary gland itself (197), or relatively low concentrations of
GnRH may be sufficient to stimulate tonic FSH release. Therefore, it is probable

that the gonadotropins are not controlled by identical mechanisms and/or factors.

Although GnRH-I and GnRH-II were equally able to stimulate LH release,

the time-course of LH secretion appeared delayed tollowing lower doses of GnRH-
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IT compared to GnRH-I. Although this difference was not statistically significant,
the observation raised questions about the mechanisms underlying GnRH-II-
induced LH secretion. GnRH-II demonstrated equal potency to stimulate LH
release from cultured anterior pituitary cells, suggesting it could act directly at the
pituitary, however, examining the distribution of GnRH-II cells in Chapter II
suggested GnRH-II could also modulate LH release by acting at the level of GnRII-

I cell bodies or nerve terminals.

To ascertain the site-of-action for exogenous GnRH-II, a two-pronged
approach was taken. An earlier study in birds demonstrated that suboptimal doses of
GnRH-II attenuated LH release stimulated by chicken GnRH-I (212), therefore it
was possible that GnRH-II might modulate GnRH-I secretion. Because of the
difficulty in directly measuring GnRH-I release, GnRH-I and GnRH-II were
administered concomitantly at two different doses to determine if GnRH-II
exposure had an effect on GnRIH-I-stimulated LH release. However, this treatment
paradigm did not potentiate nor attenuate GnRH-I-stimulated LH secretion, nor
did it alter the LH release pattern, suggesting that any interaction between GnRELI

and GnRH-IT administration occurred at the level of the pituitary.

Existing studies had mapped the GnRH-II receptor to pituitary
gonadotropes immunoreactive for LH (17). Therefore, the second step was to
determine whether exogenous GnRH-II required the GnRH-I receptor to stimulate
LH release. Administering a GnRI-I receptor antagonist, Antide, with GnRI-I and
GnRH-II blocked the ability of GnRH-IT to stimulate LH release 7 vivo. Because
the GnRH-IT receptor has little to no affinity (IC, > 10,000) for Antide (28), the
data indicate this effect could only have been mediated at the level of the GnRII-I
receptor. Taken together, under the treatment paradigm of a bolus exposure,
exogenous GnRH-II requires the GnRH-I receptor to stimulate LH release 7 vivo.

However, endogenous GnRH-II may act at GnRH-I cell bodies in the rostral
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hypothalamus, ultimately resulting in the modulation of GnRH-I release. The
current data do not rule out this possibility because the blood-brain barrier likely
prevented exogenous GnRH-II from reaching GnRH-I cell bodies in the rostral

hypothalamus.

Considering whether GnRH-II functions to stimulate gonadotropin release,
the current results suggest that GnRH-II signaled using the established GnRH-I
pathway rather than a unique neuroendocrine pathway. In addition, an investigation
in Chapter II failed to find GnRH-II in the anterior pituitary, although GnRH-I
was readily apparent. Furthermore, studies in the hypogonadal mouse and in patients
with Kallmann’s syndrome indicate that GnRH-I is necessary for both the onset of
puberty and tonic gonadotropin release (111, 178). Taken together, the evidence
supports the hypothesis that GnRH-II may act upstream of GnRH-I to modulate

gonadotropin secretion.

GnRH-1I and Estradiol

Completing the hpg axis in the female are the gonadal sex steroids, estrogens
and progestins. Of these, estradiol has been more heavily investigated, because it is
known to exhibit both positive and negative feedback on the reproductive axis (11,
12). This feedback occurs at multiple levels to result in either potentiated or
attenuated gonadotropin release. However, the mechanisms underlying estradiol
feedback remain unclear, partially because until recently, estrogen receptors were not
found on GnRH-I neurons (50 - 56). Following the discovery of a second estrogen
receptor, ERP (59), it was discovered that GnRH-I cells in the rostral hypothalamus
do express an estrogen receptor (60 - 62), but it still remains unclear how estradiol
feedback changes from negative to positive. However, a possible impediment to
understanding estradiol feedback might be the assumption that only GnRH-I exists

in the mammalian hypothalamus.
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In addition to potentially modulating GnRH-I and/or gonadotropin
secretion, the GnRH-IT distribution pattern also suggests that GnRH-II may help
mediate sex-steroid feedback onto the reproductive axis. In particular, a GnRH-II
cell population occurs in the MBH; this hypothalamic region has been shown to send
projections to the POA (73) in the vicinity of GnRH-I neurons. Furthermore,

because there is an apparent overlap of expression between GnRH-1I and ERB in

some regions of the rhesus macaque hypothalamus (110, 208), GnRH-II may be
histologically capable to mediate estradiol signals to GnRH-I and/or the

gonadotropins.

Several investigators have investigated whether sex-steroid milieu affects
GnRH-II content or expression in different vertebrate classes. In fish, GnRH-I1I
content was observed to remain constant during conditions when the sex-steroid
milieu changes naturally (127, 126). In contrast, ovariectomy in birds attenuated
GnRH-II content (104), and this effect was increased tollowing im treatment with
progesterone (129), suggesting that progesterone has negative feedback, and estradiol
may have positive feedback. Furthermore, GnRII-II expression increased in reptiles
during development (100). The existing data from mammals also correspond to the

reptile data, as ovariectomy decreases GnRH-II cell number in musk shrews (108).

The current investigation corroborates the findings in birds, reptiles, and
mammals. Specifically, GnRH-II expression increased in concert with rising
estradiol concentrations, both following estradiol replacement in ovx animals and
during development. Furthermore, this change in mRNA concentration was
restricted to the MBH population, where approximately 40% of GnRH-IT cells
expressed ERP, the receptor subtype implicated in estradiol’s positive feedback (64).
However, MBH GnRH-II expression was not attenuated in ovx animals, which lack

the estradiol stimulus. In the case of this latter finding, a gonadal signal separate
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from estradiol may exert negative feedback on GnRH-I1 expression; therefore
GnRH-II levels in the intact animal would be achieved by coordinating estrogenic
positive feedback with a gonadal negative feedback signal. This hypothesis
corresponds to the earlier finding in birds, which show decreased GnRH-II content
after treatment with progesterone (129). Early studies have also demonstrated that
progesterone could selectively block the spontaneous and estradiol-stimulated surge
without attenuating LH pulses (42, 43). Taken together, these observations and
considerations suggest that a functional subpopulation of GnRI-II cells in the
MBH may play an important role in mediating positive feedback from estradiol to
the hypothalamus, and this provides some impetus to examine whether GnRH-II js

involved in the preovulatory gonadotropin surge.

It is questionable whether GnRII-I provides the entire hypothalamic
stimulus for a gonadotropin surge because estradiol exerted negative, rather than
positive, feedback on GnRH-I mRNA expression. Although the positive feedback
required for a gonadotropin surge may only affect GnRH-I secretion, an additional
study demonstrated that GnRH-I antisera capable of decreasing pulsatile LH did not
block the estradiol-induced LH surge (18). Existing data do strongly suggest that
GnRH-I contributes to the necessary neuroendocrine input for the pre-ovulatory
surge (14, 16, 37, 70, 204), but it is unclear how a surge of GnRH-I is coordinated.
However, GnRH-II appears to contribute to ovulation in several nonmammalian
vertebrates (88, 137, 138). Because GnRI-II required the GnRH-I receptor to
stimulate LH release and elevated GnRH-I has been observed during the rhesus
macaque LH surge (39), this suggests GnRH-I signals the pre-ovulatory surge directly
to the gonadotropes. However, GnRH-II may mediate estradiol’s positive feedback

to GnRH-I cells in the POA.
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Summary

In summary, the results from this study show that GnRI1-I1 may mediate the
positive estradiol signal to the reproductive axis. The MBH cell population expresses
more GnRII-IT in response to estradiol alone, and this modulation may occur

directly as a cell population in the MBH express both GnRH-II and ERB.

Furthermore, these cells may project to regions containing GnRH-I neurons,
potentially allowing them to communicate the estradiol signal to the GaRH-I release
mechanism. Alternatively, GnRH-II was able to stimulate LI release equally well as
GnRH-I, which might allow GnRH-II to exert positive feedback directly on the
gonadotropes. Therefore, these findings give credence to the view that reproductive
function in higher primates may be regulated by more than one GnRH neuronal

system.

Future studies

Several future studies would further elucidate whether GnRH-II might
mediate estradiol positive feedback to GnRH-I neurons. Recently, a specific GnRH-
II receptor was discovered and antibodies have since been generated to detect it
using IHC (147, 148). This antibody would allow immunohistochemical analysis to
examine whether GnRH-I cells express the GnRH-II receptor and therefore
whether GnRH-II can directly signal to GnRH-I neurons. In addition, GnRH-II
cells could be examined for increased Fos expression both during the spontaneous
pre-ovulatory surge and following administration of surge-like concentrations of
estradiol. This could be further compared to Fos expression in animals that were also
treated with progesterone to block the spontaneous or estradiol-stimulated LH
surge. Taken together, the resulting data would suggest whether GnRH-IT cells are
stimulated by the spontaneous or estradiol-stimulated surge and if progesterone

inhibits this activation. In addition, the receptor study would indicate whether
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GnRH-II could directly modulate GnRH-I release following estradiol positive
feedback. The generation of GnRH-II receptor-specific agonists and antagonists
would also help to address the specific role of GnRH-II in modulating the hpg axis.
However, a previous study has demonstated the feasibility to actively immunize rats
against GnRH-II (161), but it is debatable whether mice or rats express GnRH-II.
Therefore, another future study would involve active immunization in rhesus
monkeys to elucidate any reproductive functions for GnRH-II and potentially

nonreproductive functions for the SON and PVN populations.

The role of the SON and PVN populations of GnRH-II are less clear,
however, it would be useful to determine whether GnRH-II occurred together with
either OT or VP in these hypothalamic nuclei. Determining this would then suggest
further studies to examine whether GnRH-II secretion patterns were altered by
stimuli that affect OT and VP release, including lactation or a hyperosmotic
challenge, respectively. This would begin to test the hypothesis that GnRH-II in the
SON and PVN populations may not act primarily to modulate reproduction. Data
demonstrating that immunizing rats against GnRH-1I resulted in mild hypertrophy
of the kidney (161) supports this view that the peptide may also act to control water

balance or have a similar neuroendocrine function.
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