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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

18



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.

26



'$91BIQI1I2A

1sowr ur wajss 3a3onpordar 3y3 Jo suoqydeq AyIswoy sixe siy [, ‘surdoropeuod oy
PUe HY U JO 353a1 a3 empouwr 03 Areymirdpue snwreyiodLy ay3 yioq uo Joeqpasy
1I9XJ SPIOIVIS XIS JY ], "3U0I1S01$2] PUE Qu0Ia3sadoid ‘uaorisa ‘sprorais xas oy (g)
pue ‘(HSJ) suowroy3uryemuins-3[oijoj pue (HT) suowroy Suiziuran] ‘surdoropeuod
A () ‘(HYuDH)auowoy Sursearar-urdorjopeuod (1) ssuounroy jo pern e jo pasodwod
ST sTX® 3 ], ‘srxe (3dy) [epeuos-Areimird-ourereyiod4Ay ay3 jo uonesuasardoyf ‘1-1 2y

27

(HS4)
9UOIRNSOIS] el auouuoH Buiejnwng-s)91j104
auoJaisabouy (H7)

|o1pess3 — suowloH buziueinT
SAVNOD ANV1O AdHVLINlid
(HHuO)

auounoH buisesjay
-uidoJjopeuor)

SNAVIVHLOdAH




‘sopndadeoap are surioy o re
pue ‘pacusnbas pue paje[osT }SI1J SeM T UDTUM WO So1ads oy Joyge paureu A[eord £y st wiioy yoeq
‘ououLIOY Sulsea[a1-uldoIjopeuod Jo SULI0] UMOUD] Udd}iIy} 10§ seousnbas poe ourwy z-T a3y

CHN - A9 - 013 - 19§ - N - A]5) - ST - 19§ - dx . - st - npoyd SuLIIoL]
CHN - 49 - 01 - 81y - A - A1) - 14T - 19§ - 1 - 1L] - npod 314 eouIno)
CHN - A19 - 01J - B[y - STH] - SAD) - na] - 19§ - di1 ], - sty - njoyd [1-23e01UNT,
ZHN - A9 - 03 - sS4 - 9y{ - ILT, - dsy - 109G - da ] - stp] - npod [-93801UN
CHN - A9 - 03d - s&7 - d1], -dsy - sty - 190G - dap - sty -npoyd  [y[-4oxdwe
CHN - A9 - 01g - sAT-d1] -n[D) - nor - 319G - 147 - sty - njod [-Aoxdure g

CHN - 419 - 014 - 097 - di], - 419 - ST - 196 - d1] - sTP] - npod ysyy3o(]
CHN - 419 - 01g - Usy - 0] - 4[5 - SIH - 19§ - d1 - sTE] - njoyd ysyie)
CHN - A1 - 01d - U[9 - 09T - A9 - 14T, - 19§ - di1, - st - npHd [-uaydIy)
CHN - 415 - 01 - 19G - nory - A - 141, - 10§ - dag - STH - njod WEdIqeds
ZHN - 415 - 03 - narg - diy - Ao - 3141, - 19§ - d1] - sty - npod UOWIeS

CHN - 419 - 03d - 141, - di - L1 - st - 319G - di ] - sTi{ - npd  [[-uoydIy)
ZHN - 419 - 01d - 81y - nor] - £j0) - 141 - 109G - d17 - STH - nod UBI[EWWER A
0L 6 8 2 9 ¢ ¥ ¢ T 1



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

36



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 perf<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>