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Abstract

A hypothalamic neuropeptide, gonadotropin-releasing hormone (GnRH), is the primary factor
regulating gonadotropin secretion. An inhibitory hypothalamic neuropeptide for gonadotropin
secretion was, until recently, unknown, although gonadal sex steroids and inhibin can modulate
gonadotropin secretion. Findings from the last decade, however, indicate that GnRH is not the sole
hypothalamic regulatory neuropeptide of vertebrate reproduction, with gonadotropin-inhibitory
hormone (GnlH) playing a key role in the inhibition of reproduction. GnlH was originally
identified in birds and subsequently in mammals and other vertebrates. GnlH acts on the pituitary
and on GnRH neurons in the hypothalamus via a novel G protein-coupled receptor (GPR147).
GnlH decreases gonadotropin synthesis and release, inhibiting gonadal development and
maintenance. Such a down-regulation of the hypothalamo-pituitary-gonadal (HPG) axis may be
conserved across vertebrates. Recent evidence further indicates that GnlH operates at the level of
the gonads as an autocrine/paracrine regulator of steroidogenesis and gametogenesis. More recent
evidence suggests that GnlH also acts both upstream of the GnRH system and at the level of the
gonads to appropriately regulate reproductive activity across the seasons and during times of
stress. The discovery of GnlH has fundamentally changed our understanding of hypothalamic
control of reproduction. This review summarizes the discovery, progress and prospect of GnlH, a
key regulator of vertebrate reproduction.
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1. Introduction

In vertebrates, the reproductive axis integrates information from a wide range of systems via
direct and indirect neurochemical inputs. Many of the neuropeptidergic pathways involved
in the transduction of environmental stimuli into neuroendocrine signals have been well
studied. A classic example of such regulation is the gonadotropin-releasing hormone
(GnRH) system. GnRH, a hypothalamic decapeptide, regulates secretion of both of the
gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and acts
as a key neurohormone for vertebrate reproduction. Since the discovery of GnRH in the
brain of mammals at the beginning of 1970s [7,41], several other GhnRHSs have been
identified in the brain of a variety of vertebrates [29,35,43,44,52,53,70,71,104]. It has also
been generally accepted that GnRH is the only hypothalamic regulator of the release of
pituitary gonadotropins, and that no other neuropeptide has a direct influence on the
reproductive axis. Some neurochemicals and peripheral hormones [e.g., y-aminobutyric acid
(GABA), opiates, gonadal sex steroids, inhibin] can modulate gonadotropin release to a
degree, but GnRH was considered to be unusual among hypothalamic neuropeptides in that
it appeared to have no hypothalamic antagonist. However, this dogma was challenged by the
discovery in 2000 of a vertebrate hypothalamic neuropeptide that inhibits pituitary
gonadotropin release [85].

In a search for novel neuropeptides regulating the release of pituitary hormones, Tsutsui and
colleagues identified a novel hypothalamic dodecapeptide [Ser-1le-Lys-Pro-Ser-Ala-Tyr-
Leu-Pro-Leu-Arg-Phe-NH, (SIKPSAYLPLRFamide)] that directly acts on the pituitary to
inhibit gonadotropin release in quail and termed it gonadotropin-inhibitory hormone (GnlH;
[85]). This was the first demonstration of a hypothalamic neuropeptide inhibiting
gonadotropin release in any vertebrate. From the past 10 years of research, we now know
that GnlH exists in all avian species studied, including quail, chickens, starlings, sparrows
and zebra finches, and acts as a key neurohormone for the regulation of avian reproduction
by decreasing gonadotropin release and synthesis [3-5,14,54,66,79-89,91,93,95—
97,101,103].

Tsutsui and colleagues have further identified GnIH orthologs in other vertebrates from fish
to humans (for reviews, see [38,75,80,81,83,84,87,100]). As in birds, mammalian GnIH
orthologs act to inhibit gonadotropin release in several mammalian species, such as rats,
hamsters, sheep and cows [16,24,30,31,39,51,65,90]. Furthermore, a fish GnIH ortholog
also inhibits gonadotropin release in fish [106], indicating a conserved role for GnlH and its
orthologs in the control of the HPG axis across species. Thus, GnlH, a newly discovered
hypothalamic neuropeptide, and its orthologs appear to act as key neurohormones
controlling vertebrate reproduction, generally (for reviews, see [80,81,83]).

The discovery of GnlH has changed our understanding about regulation of the reproductive
axis markedly in the past decade, but we are only at the beginning of an exciting new era of
research on reproductive neurobiology. Herein we provide a broad overview of the structure,
biosynthesis, mode of action and functional significance of GnlH in the regulation of
vertebrate reproduction.

2. Discovery of GnlH, a new key regulator of vertebrate reproduction

2.1. Brief history of the discovery of GnIH

GnlH was discovered in the brain of the Japanese quail Coturnix japonica in search of a
novel hypothalamic neuropeptide having a C-terminal Arg-Phe-NH, motif (RFamide
peptide) [85]. RFamide peptides were first isolated in invertebrate species in the late 1970’s.
The initial RFamide peptide, Phe-Met-Arg-Phe-NH, (FMRFamide), is a cardioexcitatory
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molecule isolated from the ganglia of the venus clam Macrocallista nimbosa [60]. After this
discovery, numerous RFamide peptides that act as neurotransmitters, neuromodulators and
peripheral hormones have been identified in various invertebrate phyla, including
cnidarians, nematodes, annelids, molluscs, and arthropods. Subsequently,
immunohistochemical studies suggested the presence of RFamide peptides in the nervous
system of vertebrates. Importantly, FMRFamide-immunoreactive (-ir) neurons terminated in
the vicinity of the pituitary gland, suggesting a role of some unknown RFamide peptide(s) in
the regulation of pituitary function. In 2000, Tsutsui and colleagues discovered that this
novel RFamide peptide localized in the hypothalamo-hypophysial system, in contrast to
GnRH, actively inhibits gonadotropin release in quail and termed it GnlH [85].

It was believed for a long time that GnRH is the only hypothalamic regulator of pituitary
gonadotropin synthesis and release. From the past 10 years of research, however we now
know that GnlH exists in all avian species studied (Table 1), and regulates avian
reproduction by decreasing gonadotropin release and synthesis via action on the GnRH
system and the anterior pituitary gland, mediated via GPR147 [3-5,14,54,66,79—
89,91,93,95-97,101,103) (Table 2). After the discovery of GnlH in birds, GnIH orthologs
have been further identified in a number of other vertebrates from fish to humans [for
reviews, see 80,81,83,84] (Table 1). Importantly, as in birds, mammalian GnIH orthologs
[known as RFamide-related peptides (RFRPSs)] act to inhibit gonadotropin release across
mammalian species [16,24,30,31,38,39,51,90] (Table 2). In addition, RFRP-3, a mammalian
GnlH ortholog, has been shown to inhibit GnRH-stimulated gonadotropin synthesis in
mammalian pituitary gonadotropes [65] (Table 2). Recently, an inhibitory action of a fish
GnlH ortholog was also reported in goldfish [106] (Table 2). In general, GnlH and its
orthologs seem to act similarly across vertebrate species to regulate reproduction, although
some exceptions exist (further described below)

2.2. Structure, functions and biosynthesis of GnlIH

GnlH has a previously-unreported dodecapeptide structure, SIKPSAYLPLRFamide [85]
(Table 1). Its C-terminus is identical to chicken LPLRFamide that was reported to be the
first RFamide peptide isolated in vertebrates [20], which is likely to be a degraded fragment
of GnlH [for reviews, see 80,81,83,87, 100]. After the isolation of GnlIH in the quail brain,
the precursor polypeptide for GnlH was examined [66]. A cDNA that encodes GnIH
precursor polypeptide was identified by a combination of 3" and 5" rapid amplification of
cDNA ends (3'/5" RACE) in quail [66] and other avian species, such as chickens, sparrows,
zebra finches and starlings (for reviews, see [80,81,83]). The GnlH precursor encodes one
GnlH and two GnlH-related peptides (GnlH-RP-1 and GnlH-RP-2) possessing an
LPXRFamide (X = L or Q) sequence at their C-termini in all birds (Table 1). These peptide
sequences are flanked by a glycine C-terminal amidation signal and a single basic amino
acid on each end as an endoproteolytic site. GnlH was further isolated as a mature peptide in
starlings [91] and zebra finches [79] and GnlH-RP-2 was also identified in quail [66] (Table
1). In addition, cDNAs that encode LPXRFamide peptides similar to GnlH have been
investigated in mammals by a gene database search [27]. The cDNAs identified from
mammalian brain encode three GnlIH orthologs, RFRP-1, -2, and -3, in bovines and humans
and two GnlH orthologs, RFRP-1 and -3, in rodents (for reviews, see [80,81,83]). RFRP-1
and -3 are both LPXRFamide peptides, but RFRP-2 is not an LPXRFamide peptide. The
mammalian GnlH orthologs, RFRP-1 and/or RFRP-3 were also identified as mature
peptides in bovines [23,105], rats [98], hamsters [90], monkeys [92] and humans [94] (Table
1). Subsequently, it was shown that RFRP-3 inhibits gonadotropin synthesis and/or release
in mammals [16,30,31,51,65,90] (Table 2). Accordingly, at least RFRP-3 acts as a
functional ortholog of GnIH in terms of reducing gonadotropin secretion (for reviews, see
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[80,81,83]). More recently, it was found that RFRP-1 also inhibits gonadotropin release in
hamsters [90] (Table 2).

3. Progression of GnlH research

3.1. Mode of action and functional significance of GnIH on the HPG axis in birds

3.1.1. Pituitary action of GnlH on gonadotropin secretion—GnlH neurons are
located in the paraventricular nucleus (PVN) in the hypothalamus and their major
projections reach the median eminence of the hypothalamus [85,96,101]. Based on the
observation that GnIH-ir neurons project to the external layer of the median eminence in
quail, the first study on GnlH [85] focused on the effect of GnlH on pituitary gonadotropin
release (see Table 2). In songbirds, intravenous (i.v.) injection of GnlH can rapidly reduce
circulating LH in breeding white-crowned sparrows (Zonotrichia leucophrys gambelii) in
addition to inhibiting GnRH-induced LH release in non-breeding song sparrows (Melospiza
melodia) in laboratory conditions [54]. GnlH administration /n7 vivo and in vitro inhibits the
synthesis of LHB- and FSHpB-subunits within the pituitary gland of quail and chickens
[14,97], indicating a dual role for GnlH within the pituitary-acting over different time-
frames to reduce first the release of gonadotropins into the circulation followed by inhibition
of LH and FSH synthesis. Thus, it has become clear that GnIH in birds is an important
regulator of pituitary gonadotropin synthesis in addition to gonadotropin release
[3,14,54,97]. Despite our published data on the distribution of GnlH in the median eminence
and GnlIH receptor (GnIH-R) in the pituitary, there are some inconsistencies in the literature.
For example, rufous-winged sparrows (Aimophila carpalis) do not seem to exhibit
immunoreactive GnlH in the median eminence [74] — despite expressing GnlH-R mRNA in
the pituitary (McGuire, Deviche and Bentley, unpublished data). Nor do peripheral
injections of GnlIH rapidly inhibit LH secretion in this species [19]. It is possible that there is
another source of GnlH that can influence pituitary gonadotropin release. For example, in
some avian species there appear to be GnlH projections to the pars nervosa (Bentley and
Wingfield, unpublished data), so GnlH could potentially be released directly into the
peripheral circulation. The gonads are also a source of GnlH synthesis, but it is not known if
gonadal GnlH can pass into the blood stream (see later section). It is possible that there is
dynamic temporal regulation of GnlIH in the median eminence, as there is certainly dynamic
regulation of GnlH:GnRH contact in the hypothalamus of rufous-winged sparrows, as in
mammals (see later section). Obviously, one cannot assume that the findings from a few
species are applicable to all- especially given the huge variety of reproductive strategies
amongst avian species. It is clear that further comparative work is needed in this area.

3.1.2. Central action of GnIH on physiology and behavior—In addition to the
effects of GnlH on the pituitary, the contact of GnRH neurons by GnlH axons is perhaps the
most conserved property of GnlH:GnRH interactions across vertebrate classes. Initially
discovered in house sparrows, Passer domesticus [4], contact of GnRH neurons by GnlH has
been observed in all other vertebrates studied to date, including humans [94]. In birds, GnIH
neurons project to GNRH-1 and -1l neurons and presumably inhibit the action of these two
types of GnRH via the GnlH-R GPR147 in European starlings, Sturnus vulgaris [91].
Experimental support of this notion comes from Bentley et al. [3], in which centrally-infused
GnlH inhibit circulating LH and reduced copulation solicitation in female white-crowned
sparrows (copulation solicitation is thought to be regulated largely by GnRH-I1 in this
species) (Table 2). This finding agrees with the social regulation of GnlH described later.
Further, rhodaminated GnlH was shown to bind to putative GnRH-11 neurons and, in a later
study on European starlings, Sturnus vulgaris, GnRH-I and-11 neurons were shown to
express GnlH-R mRNA [91]. A separate study investigated GnlH in another songbird
species, rufous-winged sparrow, Aimaophila carpalis. This bird is a resident of the Sonoran
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desert and breeds after the onset of summer rain (monsoon). Birds caught during the
monsoon (breeding) had fewer, less densely labeled GnIH-ir cell bodies than birds caught
before the monsoon (large gonads but not breeding). There were also fewer GnlH-ir fibers in
the preoptic area of birds caught during the monsoon season —indicating fewer contacts with
GnRH neurons [74]. Thus, physiological, behavioral and histological evidence in several
species combine to indicate a direct role for GnlH in regulation of GnRH in the brain of
songbirds (Table 2). In contrast to the highly-clustered cell bodies in the PVN, GnlH
neuronal fibers are widely distributed in diencephalic and mesencephalic regions in birds,
suggesting the regulation of other, non-reproductive behaviors [4,91,101]. For example,
central administration of GnlH stimulates feeding behavior in chickens [78] (Table 2).
Because of its widespread distribution, it would not be surprising to find that GnIH
regulates, or is regulated by, other behaviors.

There is evidence in quail that GnlH might be involved in reproductive termination in
response to the nocturnal melatonin signal [13,89] — see section 3.3. Also, melatonin
implants delayed the onset of clutch initiation in female great tits (Parus major) but did not
affect clutch size, body mass, or timing of onset of activity [26]. In contrast, GnlH and
GnRH expression appear to be positively correlated in other species [4,10]. Such a
relationship seems confusing and perhaps counter-intuitive to begin with; after all, why
should an inhibitory hormone increase during the breeding season [18]? We suspect that in
some species, GnlH most likely acts to induce a temporary pause in reproductive effort
without shutting down the whole HPG axis, which would cause the individual to miss the
opportunity to breed in that year. Such a missed opportunity in a single year could
dramatically reduce reproductive success in short-lived songbirds. This temporary cessation
of reproduction occurs in response to unpredictable environmental cues, such as stress, or
mate/nest availability. In an experiment on European starlings in which nesting
opportunities were limited, birds which outcompeted others for nest boxes (‘winners’) had
significantly fewer numbers of GnlH-producing cells than those without nest boxes
(‘losers’) at the beginning of the breeding season [10]. This relationship changed with
breeding stage; once “winners” had begun to incubate eggs, their GnlH content increased
significantly above that of “losers”. Thus, whereas birds appeared reproductively capable
across treatments, our data indicate that hypothalamic GnlH may serve as a modulator of
reproductive behaviors in response to social environment. Consequently, hypothalamic
GnlH may serve as a modulator of reproductive behaviors in response to social environment
[10]. How this pattern of GnlH expression during long-days in a naturally-housed songbird
relates to the increased expression and release of GnlH by short-day induced melatonin
action in laboratory quail [13,89] (see section 3.3.) remains to be seen. Studies on wild quail
might provide some valuable answers to this question (see [9]).

3.1.3. Gonadal GnlH action—Vertebrate gonads are the sites of synthesis and action of
many peptides that were initially classified as neuropeptides. The gonadal GnlH system was
first discovered in European starlings and Japanese quail [6]. The presence of transcripts for
GnlH and GnlH-R in the gonads and associated tissues, and the expression of GnlH and
GnlH-R by specific cell types involved in steroid biosynthesis and gamete maturation
indicates the likely importance of GnlH as a paracrine/autocrine regulator within
reproductive tissues (for a review, see [45]). To gauge functional significance of gonadal
GnlH in males, the effect of GnlH on the secretion of testosterone was investigated using
gonadotropin-stimulated cultured house sparrow testes. In this study, testosterone secretion
from gonadotropin-stimulated cultured house sparrow testes was significantly decreased by
the application of GnlH /n vitro [46]. In a separate study, seasonal and possibly melatonin-
dependent regulation of gonadal GnlIH in European starlings was identified: GnlH and
melatonin administration significantly decreased testosterone secretion from LH/FSH-
stimulated testes before, but not during, breeding [47]. Thus, local inhibition of sex steroid
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secretion appears to be regulated seasonally at the level of the gonad, perhaps most strongly
prior to the onset of breeding. New evidence in support of this phenomenon comes from an
experiment on free-living female great tits, in which birds implanted with melatonin at the
beginning of the breeding season delayed their onset of egg-laying relative to controls [26].
It is not yet known if this effect of melatonin occurs via the hypothalamus or if it is a direct
effect on the ovary, or both. Thus, although the GnRH system in the hypothalamus has been
considered the final integration point of vertebrate reproductive responses to environmental
cues, the gonads seem capable of responding directly to endocrine proxies of environmental
stimuli such as changes in day length.

In addition to melatonin receptors, avian gonads express glucocorticoid receptor.
Environmental cues such as stress and food availability are detectable in the plasma (through
glucocorticoids and absence/presence of metabolic fuels). We recently showed that, in
addition to regulation by the brain, the gonads of European starlings (Sturnus vulgaris)
directly respond to stressful stimuli by modulating sex steroid secretion (McGuire, Kangas
and Bentley, under review). Under tissue culture conditions, we showed that
physiologically-relevant levels of corticosterone and metabolic stress (via use of the glucose
utilization inhibitor 2-deoxy-D-glucose and the fatty acid oxidation inhibitor ethyl 2-
mercaptoacetate (2DG/MA)) can directly decrease testosterone and estradiol secretion from
LH/FSH-stimulated testes and ovaries. This effect is regulated seasonally. Prior to the
breeding season, testes and ovaries respond to corticosterone and 2DG/MA by significantly
decreasing gonadal steroid release. Within the breeding season, the testes do not respond to
these cues of stress, while the ovaries respond only to corticosterone. This seasonal
difference in response may be due in part to the influence of these cues of stress on gonadal
neuropeptide expression: corticosterone up-regulates GnlH expression in the testes while
metabolic stress up-regulates GnlH in the ovaries. There is no effect of treatment on gonadal
GnRH. Thus, the gonads can directly respond to stressful stimuli during a time of critical
importance to the onset of breeding.

3.2. Mode of action and functional significance of GnlH on the HPG axis in mammals

As in birds, GnlH has been found in the brains of all mammalian species studied to date,
including humans [16,23,38,90,92,94,98,105] (Table 1). As described previously, the cDNA
for GnlH encodes two LPXRFamide peptides, RFRP-1 and RFRP-3, in mammals (Table 1).
Across mammals, administration of GnlH suppresses gonadotropin secretion
[16,31,39,58,59, 65,90] (Table 2). Most studies to date have applied RFRP-3 as the
mammalian ortholog of avian GnlH [16,31,58]. However, our recent study showed a strong
suppressive effect of RFRP-1 on LH in Siberian hamsters [90]. Consistent with results for
GnlH across mammalian species, injections of the GnlH-R antagonist, RF9, result in rapid
and sustained, dose-dependent increases in LH in male and female mice and rats [59].
Together, these findings suggest that RFRP-1 and/or -3 operate as GnlH in mammalian
species. Whether RFRP-1 and -3 operate synergistically in mammals to inhibit HPG axis
activity or whether each peptide dominates differentially across species remains an
interesting avenue for further investigation.

3.2.1. Pituitary action of GnlH on gonadotropin secretion—In rodents, GnIH cell
bodies are clustered in the dorsomedial nucleus of the hypothalamus (DMH) with extensive
projections to hypothothamic and limbic structures [30,38,90]. In other species, such as
sheep, GnlH neurons are located in both the PN and more widely distributed throughout
the mediobasal hypothalamus [76]. With regard to reproduction, GnlH neurons have been
shown to project to the external layer of the median eminence of Syrian hamsters, with
GPR147 expression observed in pituitary in the same investigation [24]. These findings
suggested that, as in birds, GnlH might act at the pituitary level to suppress gonadotropin
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secretion. In sheep, GnlH administration down-regulates LHB- and FSHp-subunit
expression [65] and results in marked reductions in LH pulse amplitude without affecting
pulse frequency [16] (Tabel 2). In cows, repeated administration of GnlH leads to reduced
LH pulse frequency [31] (Table 2), indicating the possibility of different modes of action
across species. Taken together, these findings provide convincing evidence that the function
of GnlH is conserved in mammals as well as in birds.

Some disparity across studies and species has drawn into question the generality of the
actions of GnlH directly on the pituitary. In one study in rats, for example, GnIH fibers were
not detected in the external layer of the median eminence [63]. In the same study, peripheral
injections of the retrograde tracer, Fluorogold, did not label GnIH cell bodies whereas a
majority of cells bodies were labeled following central injections of GnlH. Finally, in this
study, i.v. injections of GnlH did not affect basal LH concentrations, but GnRH-induced LH
secretion was modestly suppressed. This latter finding is consistent with work by another
group indicating that GnlH had minimal impact on LH secretion in cultured rat pituitary, but
significantly suppressed GnRH-induced LH secretion /n vitro [51] (Table 2). Curiously, in
this study, peripheral injections of GnlIH led to gross reductions in LH at 15 min post
injection whereas central injections did not impact LH concentrations. In another study of
rats, peripheral injections of the GRP147/NPFF receptor antagonist, RF9, led to modest
increases in LH /n vivo, whereas application of RF9 to pituitary cultures was without effect
[59]. In contrast, central injections of this receptor antagonist markedly stimulated LH
release. Another study using ovariectomized female rats treated with a low dose of estrogen,
found no effect of central GnlIH injections on LH [2]. Together, these findings make it
difficult to reconcile the specific impact of GnlH on the pituitary, at least in rats. The
disparity across studies likely results from differences in the time course of sample
collection, antibody, peptide and tissue preparation, and other differences in experimental
procedures and the reproductive state of the animals investigated. Investigators working
together to explore both the central and peripheral impact of currently available GnlH
peptides and antagonists within the same studies/groups of animals will be necessary to
begin to clarify the inconsistencies observed.

3.2.2. Central action of GnlH on physiology and behavior—As in birds, GnlH
neurons project monosynaptically to GnRH cells [30,38,76] and GnRH neurons express the
GnlH-R GPR147 [90]. Direct application of GnlH inhibits neuronal firing in GnRH cells
and this inhibitory action of GnlIH persists when amino acid transmission is blocked,
providing strong evidence for a direct inhibitory role of GnlH on the GnRH neuronal system
[21,102]. Similarly, GnIH administration decreases the activational state of GnRH cells (as
measured by FOS co-expression) [2]. Together, these findings, combined with those
indicating a suppressive action of central GnlH and RF9 on LH concentrations
[2,39,58,59,63], point to a potent role for GnlH in GnRH inhibition.

Several lines of evidence indicate an important role for GnlH in mammalian reproductive
function and behavior. In females, GnlH appears to play a significant role in mediating
estradiol negative feedback to restrain the reproductive axis throughout most of the
ovulatory cycle [2,24,39], with acute injections of estradiol increasing GnlH/FOS expression
in ovariectomized hamsters. At the time of the preovulatory LH surge and estradiol positive
feedback, GnlH activity is reduced, presumably to allow for stimulation of ovulation [24].
Treatment of female rats with GnlH results in marked inhibition of GnRH neuronal activity
at the time of the LH surge, providing support for this possibility [2]. Likewise, in one recent
finding, treating mice for 4 days with estrogen led to a decrease in GnlH mRNA expression
[50], suggesting a mechanism for removal of GnlH suppression during times of high
estrogen stimulation. The discrepancy in the impact of estrogen in mice and hamster may
result from the timing at which the brains were collected for analysis — hamster brains were
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collected prior to the LH surge whereas it was not reported when in the day mouse brains
were sampled. Analogous to findings in female white-crowned sparrows [3], central GnlH
injections lead to reductions in male sexual motivation and performance in male rats [30],
suggesting that a coordinated removal of GnlH inhibition might be important for
coordinating female reproductive motivation with the timing of optimal fertility.

In mammals, GnlH appears to play an important role in monitoring internal and external
status and integrating this information to control reproductive functioning precisely and
maximize reproductive success [8]. For example, GnlH neurons project to neuropeptide-Y,
pro-opiomelanocortin, orexin and melanin concentrating cells in the ovine brain [15,61],
suggesting an important role for GnlH in communicating current energetic status to the
reproductive system. Likewise, administration of GnlIH increases feeding in rats [30].
Recent findings suggest that GnlH system may communicate inhibitory information to the
reproductive axis during times of stress [32,36] (see section 3.3). In male rats, GnlH cells
express glucocorticoid receptors and GnlH expression is up-regulated by acute and chronic
stress. The role of the GnlH system in suppressing reproduction during times of stress may
not be common across species; stress does not affect GnlH peptide or mRNA expression in
sheep [55]. Finally, several studies suggest that GnlH may play a role in seasonal breeding.
At odds with an inhibitory role for GnlH in mediating seasonal breeding, GnlH is reduced
during non-breeding season in hamster and Soay sheep [17,42,56,62,90] (see section 3.3).
However, our recent findings in Siberian hamsters indicate that GnlH can have stimulatory
actions in short-day animals and suppression of GnlH in winter may be important for
reproductive suppression [90] (Table 2). In contrast to findings in rodents and Soay sheep,
GnlH is increased during the non-breeding season in Blackface sheep [76], a seasonal
pattern consistent with an inhibitory role for this peptide during the non-breeding season in
this species. Together, these findings suggest a potentially non-conserved role for GnlH
across seasonal breeding species. Direct manipulations of GnlH in long- and short-day
breeding rodents and ungulates under different reproductive states will help to begin to
clarify the role of this neuropeptide in mammalian seasonal breeding.

3.2.3. Gonadal GnlH action—As is the case in birds, GnlH and its receptor are robustly
expressed in Syrian hamster testis [107], indicating that a role for GnlH in gonadal function
may be common to all vertebrates. In hamsters, GnlH expression is confined to seminiferous
tubules, with spermatocytes and spermatids expression the GnlH-R GPR147, suggesting an
important role in spermatogenesis. In macaque, GnlH is expressed in Leydig cells, Sertoli
cells, spermatogonia and spermatocytes [46], suggesting roles in spermatogenesis and sperm
production. Analagous to findings in males, GnlH is also found in the granulosa cells of
mouse ovarian follicles during proestrus and estrus and in the luteal cells during diestrus 1
and 2 [73], and macaque granulosa cells and oocytes [46]. In mice, GnlH was closely
associated with GnRH expression in mouse ovarian tissue [72], suggesting that a
coordinated balance between GnRH and GnlH activity plays an important role in follicular
development and atresia throughout the ovulatory cycle.

3.3. Regulatory mechanisms of GnIH expression in birds and mammals

To understand the physiological role of GnlH, Ubuka et al. [89] investigated the
mechanisms that regulate GnlH expression in quail. Pinealectomy (Px) combined with
orbital enucleation (Ex) (Px plus Ex) decreased the expression of GnlH precursor mMRNA
and content of mature GnlH peptide in the diencephalon. Melatonin administration to Px
plus Ex birds caused a dose-dependent increase in expression of GnlH precursor mMRNA and
production of mature peptide. The expression of GnlH was photoperiodically controlled and
increased under short-day photoperiods, when the duration of melatonin secretion increases.
In situ hybridization of Mel;. mMRNA combined with immunocytochemistry for GnlH
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revealed that Mel;. MRNA was expressed in GnlH- ir neurons in the PVN. Melatonin
receptor autoradiography further revealed specific binding of melatonin in the PVN. It was
further shown that melatonin stimulates the release of GnIH in quail /n vitro[13].
Accordingly, melatonin appears to act directly on GnlH neurons through its receptor to
induce GnlH expression and release in birds (Fig. 1).

In hamsters, reproductive status is primarily driven by day length (photoperiod).
Photoperiodic mammals rely on the annual cycle of changes in nocturnal secretion of a
pineal hormone, melatonin, to drive their reproductive responses [8]. If GnIH is involved in
the control of reproductive functions in hamsters, the expressions of GnlH precursor mMRNA
and GnlIH peptides should be regulated by photoperiod and melatonin. Ubuka et al. [90]
found that expression of GnlH precursor mMRNA, GnlH-immunoreactivity in GnlH-ir
perikarya and GnlH-ir fiber density decreased under short-day photoperiod compared to
long-day in Siberian hamsters. This inhibitory effect of short-day was not seen if the
hamsters were pinealectomized, and melatonin administration inhibited the expressions of
GnlH precursor mRNA, GnlH-immunoreactivity in GnlH-ir perikarya and GnlH-ir fiber
density. It was further shown that the percentage of GnRH-ir neurons receiving GnlH-ir
fiber terminals decreased in short-day photoperiod. These results are in line with the results
in Syrian hamsters [42,62] and sheep [17]. These findings are consistent with the possibility
that the activity of GnlH neurons decreases in short-day by the inhibitory action of pineal
melatonin in hamsters (Fig. 1). On the other hand, it was shown that melatonin directly
induces GnlH (RFRP) mRNA expression in the rat GnlH cell line (rHypoE-7) [25]. The
mechanism of different actions of melatonin on GnlH (RFRP) expression across species is
an open question (Fig. 1).

Stress can also inhibit reproduction in birds and mammals. Calisi et al. [11] examined the
effects of capture-handling stress on the numbers of GnlH neurons in the hypothalamus of
adult male and female house sparrows. There were more GnlH-positive neurons in birds in
fall versus those sampled in the spring, and a significant increase in GnlH positive neurons
was seen in stressed birds in spring. These data imply an influence of stress upon the GnlH
system that changes over the annual cycle of reproduction. It is likely that this effect of
immobilization stress is mediated directly via glucocorticoid action on GnlH neurons via
glucocorticoid receptor, as in rats [36]. It is not known if house sparrows GnlH neurons
express glucocorticoid receptor, but we have recently generated data indicating this to be the
case in European starlings. We found glucocorticoid receptor co-localized with GnlH-ir
cells in the European starling hypothalamus (Calisi and Bentley, unpublished data). Kirby et
al. [36] investigated how acute immobilization stress alters GnlH mRNA and protein levels
in adult male rats. GnlH mRNA and protein levels increased immediately following stress
but returned to a lower level 24 h after stress. Thus, glucocorticoid receptor expression by
GnlH neurons is evident in birds and mammals, and is likely to be an evolutionarily
conserved phenomenon. GnlH may therefore be a mediator of stress-induced reproductive
disruption in birds and mammals (Fig. 1).

3.4. Phylogenetic Aspects of GnlH structure and functions

From evolutionary aspects of GnlH structure and function, several studies have been
conducted to identify GnlIH orthologs in lower vertebrates as in birds and mammals. As
summarized in Table 1, GnlH orthologs have now been documented in a variety of
vertebrates from fish to mammals, including humans: RFRPs in mammals
[23,90,92,94,98,105], frog growth hormone (GH)-releasing peptide (fGRP) and fGRP-
related peptides (fFGRP-RPs) in amphibians [37,67,99] and goldfish LPXRFamide peptide
(9fLPXRFa) in teleosts [68]. In amphibians, a GnlH ortholog with a C-terminal
LPLRFamide motif was identified in the hypothalamus of bullfrogs Rana catesbeiana [37]
(Table 1). The fGRP precursor also encodes one fGRP and three fGRP-RPs [67], later
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identified as mature peptides [99] (Table 1). At the same time, fGRP was independently
purified from the European green frog Rana esculenta as R-RFa [12]. Subsequently, from
the brain of goldfish Carassius auratus, a cDNA that encodes three fish GnIH orthologs
(9fLPXRFa-1, -2, and -3) was characterized and gfLPXRFa-3 was identified as a mature
peptide [68] (Table 1). Thus, the presence of GnlH and its orthologs is a conserved property
in vertebrates.

All the identified GnlIH and its orthologs possess a common C-terminal LPXRFamide motif
(Table 1). GnIH and its orthologs form a new group in the RFamide peptide family (for
reviews, see [80,81,83]). Extensive studies over the past decade have shown that vertebrate
brains produce a variety of RFamide peptides.

In birds and mammals, GnlH and the mammalian GnlH ortholog RFRP-3 act to inhibit
gonadotropin release and synthesis (for reviews, see [80,81,83]) (Table 2). The mammalian
GnlH ortholog RFRP-1 also inhibits gonadotropin release in hamsters [90] (Table 2). In
contrast to the impact of GnlIH in birds and mammals, fGRP and fGRP-RP-2 stimulate the
release of GH and/or prolactin (PRL) in amphibians [37,99] (Table 2). On the other hand,
gfLPXRFa-1, -2 and -3 stimulate the release of gonadotropins and GH but not PRL in
sockeye salmon Oncorhynchus nerka [1], whereas zebrafish (zf)LPXRFa-3 inhibits
gonadotropin release in goldfish [106] (Table 2). Thus, all of the identified GnlH and its
orthologs regulate pituitary function in vertebrates, but hypophysiotropic activities are
diverse in lower vertebrates (Table 2).

Vertebrates have their own reproductive strategies to adapt to their external environments.
GnlH and its orthologs regulate the secretion of gonadotropins in most animals and PRL in
some animals; both of these hormones are involved in the regulation of vertebrate
reproduction. Therefore, GnlH and its orthologs are considered to be evolutionarily-
conserved components of the regulatory mechanisms of reproduction in vertebrates. Further
studies are necessary to clarify the generality and diversity of functions of GnlH and its
orthologs on the secretion of pituitary hormones, in particular gonadotropins, in various
vertebrates in relation to their adaptive significance and evolution.

4. Future prospects for GnlH research

4.1. Evolutionary origin of GnlIH structure and function

As described above, all the identified GnlH and its orthologs possessed a C-terminal
LPXRFamide motif and thus they were designated as LPXRFamide peptides (for reviews,
see [80,81,83,87,100]). Although GnlIH and its orthologs exist in gnathostomes (jawed
vertebrates) from teleosts to humans, the evolutionary history of this gonadotropin-
inhibitory system is still unknown because the existence of GnlH was not investigated in
agnathans (jawless vertebrates), the most ancient lineage of vertebrates whose lineage dates
back over 500 million years [28]. Therefore, it is necessary to identify GnIH orthologs in
agnathans to reveal when during the course of evolution animals acquired this hypothalamic
gonadotropin-inhibitory system. Lampreys and hagfish are the only two extant members of
agnathans. Recently, a candidate of the evolutionary origin of GnlH was found in the brain
of sea lampreys Petromyzon marinus, one of the most ancient vertebrate species [83; Osugi
et al., unpublished]. To clarify evolutionary origin of GnlH structure and function, further
studies are in progress in the sea lamprey as an excellent model for understanding the
evolution of the HPG axis in vertebrates [77].

4.2. Interaction of GnlH with kisspeptin for balancing reproduction

In contrast to GnlH, kisspeptin, a neuropeptide encoded by the K7ssI gene, acts as a
pronounced stimulatory regulator of the GnRH system. K/551was originally identified as a
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human metastasis suppressor gene, suppressing metastases of human melanomas and breast
carcinomas without affecting tumorigenicity (for a review, see [57]). In 2003, marked
interest in Kisspeptin as a stimulatory modulator of the reproductive axis occurred following
the observation that individuals with mutations in the gene GPR54, the receptor for
kisspeptin, exhibit hypogonadotropic hypogonadism and fail to enter puberty [69], with
analogous results seen in knock-out mice lacking the Gpr54 gene [69]. Since these initial
discoveries, numerous contributions by researchers working at varying levels of analysis
indicate that kisspeptin is a critical regulator of sexual differentiation and maturation as well
as normal, adult reproductive functioning across mammalian species, including humans
[33,34,40,57,64].

In addition to GnlIH, kisspeptin forms another new group in the RFamide peptide family (for
reviews, see [80,81,83]. Despite the fact that all experiments on GnlH and kisspeptin
indicate that both have pronounced actions on the HPG axis in mammals, the specific neural
loci at which the combined contribution of both of these neurochemicals are integrated and
summate to impact downstream reproductive function has not been explored. One question
of interest is whether GnIH and kisspeptin act on the same or distinct populations of GnRH
cells to regulate the combined output of this ensemble. One study to date demonstrated that
GnlH inhibits kisspeptin-activated GnRH firing rate /n vitro[102], suggesting interactions at
the cellular level at the same GnRH targets. However, to gain insight into the general pattern
of GnlH and kisspeptin innervation of the GnRH system, extensive tract tracing and
combined electrophysiological studies are required.

Further evidence for the importance of interactions between GnlH and kisspeptin in
reproductive function comes from recent work using GnlH and kisspeptin receptor
antagonists. For instance, infusions of the kisspeptin receptor antagonist, peptide-234,
grossly suppress the LH surge in female rats [64]. Likewise, administration of the GnIH-R
antagonist, RF9, augments the gonadotropin-releasing impact of kisspeptin [59]. Together,
these findings underscore the importance of maintaining the proper balance in the activity of
these opposing neuropeptidergic systems to ensure that both are not regulated
simultaneously in the matching directions, resulting in a loss of any downstream impact on
target effector systems.

Evidence presented throughout this review indicates that an individual’s internal milieu and
the external environment affect both kisspeptin and GnlH. By having both systems sensitive
to reproductively-relevant stimuli, and responding in opposing directions, precision can be
gained beyond that which can be achieved by either system acting alone. Because these two
neuropeptides play key roles in reproduction, it is attractive to speculate that, kisspeptin and
GnlH serve to communicate an array of excitatory and inhibitory signals that regulate the
HPG axis, summating the contribution of each and, together, producing the appropriate
downstream response. By each system responding to both positive and negative stimuli, in
addition to cross-talk between the systems, a more accurate depiction of current conditions
can be relayed to the reproductive axis for final integration and analysis to maximize
reproductive success.

4.3. Application of GnIH research to human reproductive dysfunction

The identification of GnIH in the human hypothalamus [94] and the demonstration that
human GnlIH has potent inhibitory actions on gonadotropin secretion [16] opened up new
vistas for understanding the regulation of human reproduction (for reviews, see [80,81,83])
(Fig. 1). Many factors such as stress, anorexia, diabetes, obesity and photoperiod inhibit
gonadotropin secretion. The possible role of GnlH in mediating these effects has been
implicated in animals [11,13,17,36,42,62,89,90] (Fig. 1). Currently GnRH analogs are
extensively employed to manipulate the hypothalamic-pituitary-gonadal axis in various
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clinical conditions [22,48,49]. In view of GnlIH’s potent inhibitory action on gonadotropin
expression and release in animals (Fig. 1), GnlH has the potential of an alternative medicine
to inhibit gonadotropins and steroid hormones. Accordingly, this endogenous inhibitor of
gonadotropin secretion clearly has therapeutic potential in the treatment of hormone-
dependent diseases, such as precocious puberty, endometriosis, uterine fibroids, benign
prostatic hyperplasia and prostatic and breast cancers. Human GnlH may also have potential
as a novel contraceptive.

5. Conclusion

In sum, the discovery of GnlH has fundamentally changed our understanding of
hypothalamic control of reproduction. In addition, the variety of actions and modes of
regulation of GnlH raise interesting questions as to the evolution of this neuropeptide and its
adaptive significance. For example, why do long days down-regulate GnlH in some species
and up-regulate it in others? How do these opposing regulatory roles evolve? Why are the
physiological effects of GnlH more varied in lower vertebrates, and what were the selection
pressures that caused GnlH to become an inhibitor of reproduction in birds and mammals?
Why is more than one mature peptide cleaved from the same precursor polypeptide when
they often have similar functions (but not always)? Likewise, anomalies in data both within
and across species and laboratories deserve further exploration to fully understand the
origins, functions and regulation of this neuropeptide and the complexity of its impact.
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Fig. 1. GnlH actionswithin the brain and pituitary

GnlH inhibits gonadotropin synthesis and release by directly acting on the pituitary or by
inhibiting the activity of GnRH neurons. GnlH can also inhibit reproductive behavior by
possibly acting within the brain. Stress induces the expression of GnlIH in birds and
mammals. Melatonin induces the expression of GnlH in quail, whereas melatonin inhibits
the expression of GnlH in hamsters.
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Amino acid sequences of GnlH and its orthologs in vertebrates.
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Animal Name Sequence Reference
Mammal

RFRP-1 MPHSFANLPLRFa Ubuka et al., 2009b
Human

RFRP-3 VPNLPQRFa Ubuka et al., 2009b

RFRP-17 MPHSVTNLPLRFa  Ubuka et al., 2009a
Macaque

RFRP-3 SGRNMEVSLVRQVLNLPQRFa Ubuka et al., 2009a

_ RFRP-1 SLTFEEVKDWAPKIKMNKPVVNKMPPSAANLPLRFa  Fukusumi et al., 2001

Bovine

RFRP-3 AMAHLPLRLGKNREDSLSRWVPNLPQRFa Yoshida et al., 2003

RFRP-17 SLTFEEVKDWGPKIKMNTPAVNKMPPSAANLPLRFa Clarke et al., 2008
Ovine

RFRP-3” VPNLPQRFa Clarke et al., 2008

RFRP-17 SVTFQELKDWGAKKDIKMSPAPANKVPHSAANLPLRFa  Ukena et al., 2002
Rat

RFRP-3 ANMEAGTMSHFPSLPQRFa  Ukena et al., 2002

RFRP-1 SPAPANKVPHSAANLPLRFa Ubuka et al., 2011
Hamster

RFRP-3 TLSRVPSLPQRFa Ubukaetal., 2011
Bird

GnlH SIKPSAYLPLRFa  Tsutsui et al., 2000
Quail GnIH-RP-1*  SLNFEEMKDWGSKNFMKVNTPTVNKVPNSVANLPLRFa  Satake et al., 2001

GnIH-RP-2 SSIQSLLNLPQRFa  Satake et al., 2001

GnIH™ SIRPSAYLPLRFa Ikemoto et al., 2005
Chicken GnIH-RP-1*  SLNFEEMKDWGSKNFLKVNTPTVNKVPNSVANLPLRFa  Ikemoto et al., 2005

GnIH-RP-2~ SSIQSLLNLPQRFa  Ikemoto et al., 2005

GniH ™ SIKPFSNLPLRFa  Osugi et al., 2004
Sparrow GnIH-RP-17 SLNFEEMEDWGSKDIIKMNPFTASKMPNSVANLPLRFa  Osugi et al., 2004

GnIH-RP-2 ™ SPLVKGSSQSLLNLPQRFa Osugi et al., 2004

GniH SIKPFANLPLRFa Ubuka et al., 2008
Starling GnIH-RP-1*  SLNFDEMEDWGSKDIIKMNPFTVSKMPNSVANLPLRFa  Ubuka et al., 2008

Gan-RP-Z* GSSQSLLNLPQRFa Ubuka et al., 2008

GniH SIKPFSNLPLRFa Tobari etal., 2010
Zebra finch  GnIH-RP-17 SLNFEEMEDWRSKDIIKMNPFAASKMPNSVANLPLRFa  Tobari et al., 2010

GnlIH-RP-2%* SPLVKGSSQSLLNLPQRFa Tobari et al., 2010
Amphibian
Frog fGRP/R-RFa SLKPAANLPLRFa Koda etal., 2002; Chartrel et al., 2002
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Animal Name Sequence Reference
fGRP-RP-1 SIPNLPQRFa Ukena et al., 2003b
fGRP-RP-2 YLSGKTKVQSMANLPQRFa  Ukenaet al., 2003b
fGRP-RP-3 AQYTNHFVHSLDTLPLRFa Ukenaetal., 2003b
nLPXRFa-1 SVPNLPQRFa Chowdhury et al., 2011
nLPXRFa-2 MPHASANLPLRFa Chowdhury et al., 2011

Newt
nLPXRFa-3 SIQPLANLPQRFa  Chowdhury et al., 2011
nLPXRFa-4 APSAGQFIQTLANLPQRFa  Chowdhury et al., 2011

Fish

gfLPXRFa-1~

Goldfish  gfi pPXRFa-2™
9fLPXRFa-3

PTHLHANLPLRFa
AKSNINLPQRFa

SGTGLSATLPQRFa

Sawada et al., 2002b
Sawada et al., 2002b

Sawada et al., 2002b

*
Putative peptides. LPXRFamide (X = L or Q) carboxyl peptide consensus sequences are shown in bold.

Gen Comp Endocrinol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Tsutsui et al.

Table 2

Physiological functions of GnlH and its orthologs in vertebrates.

Animal Name Physiological Function Reference
Mammal
Human RFRP-1 Stimulation of prolactin release (/.c.v.) Hinuma et al., 2000
. Inhibition of GnRH-elicited gonadotropin release (/n vitro) Kadokawa et al., 2009
Bovine RFRP-3 o ) .
Inhibition of gonadotropin release (/.v.) Kadokawa et al., 2009
Inhibition of GnRH-elicited gonadotropin release (/in vitro) Clerke et al., 2008
Ovine RFRP-3™ Inhibition of gonadotropin release (/.v.) Clerke et al., 2008
Inhibition of GnRH-elicited gonadotropin synthesis and release (/n vitro) ~ Sari et al., 2009
RERP-1~ Stimulation of adrenocorticotropic hormone, oxytocin release (/.c.v.) Kaewwongse at al., 2011
Stimulation of adrenocorticotropic hormone, oxytocin release (/.c.v.) Kaewwongse at al., 2011
Inhibition of gonadotropin release (/.c.v.) Johnson et al., 2007
Rat Inhibition of gonadotropin release (/.v.) Murakami et al., 2008
RFRP-3 Inhibition of GnRH-elicited gonadotropin release (/n vitro) Murakami et al., 2008
Inhibition of reproductive behavior (7.c.v.) Johnson et al., 2007
Stimulation of feeding behavior (i.c.v.) Johnson et al., 2007
Stimulation of feeding behavior (i.c.v.) Murakami et al., 2008
RFRP-1 Inhibition of gonadotropin release (/.c.v.) Ubuka et al., 2011
Hamster 3 Inhibition of gonadotropin release (/.c.v.) Ubuka et al., 2011
RFRP-
Inhibition of gonadotropin release (/.p.) Kriegsfeld et al., 2006
Bird
Inhibition of gonadotropin release (/in vitro) Tsutsui et al., 2000
Quail GnlH
Inhibition of gonadotropin synthesis and release (7.p.) Ubuka et al., 2006
. Inhibition of gonadotropin synthesis and release (/n vitro) Ciccone et al., 2004
GnIH
Stimulation of feeding behavior (/.c.v.) Tachibana et al., 2005
Chicken . - - . L .
GnIH-RP-1 Stimulation of feeding behavior (/.c.v.) Tachibana et al., 2005
GnIH-Rp-2*  Stimulation of feeding behavior (/.c.v.) Tachibana et al., 2005
Inhibition of GnRH-elicited gonadotropin release (/.v.) Osugi et al., 2004
Inhibition of gonadotropin release (/.v.) Osugi et al., 2004
Sparrow  GnIH™*
Inhibition of gonadotropin release (/.c.v.) Bentley et al., 2006
Inhibition of reproductive behavior (i.c.v.) Bentley et al., 2006
Amphibian
fGRP Stimulation of GH release (/n vitro, i.p.) Koda et al., 2002
Frog
fGRP-RP-2 Stimulation of GH/PRL release (in vitro, i.p.) Ukena et al., 2003b
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Animal Name

Physiological Function

Reference

Fish

gfLPXRFa-1”*

Stimulation of gonadotropin and GH release (/in vitro)

Amano et al., 2006

Goldfish  gf| pXRFa-2*

Stimulation of gonadotropin and GH release (in vitro)

Amano et al., 2006

gfLPXRFa-3

Stimulation of gonadotropin and GH release (in vitro)

Amano et al., 2006

Zebrafish 1| pxRFa-3*

Inhibition of gonadotropin release (/.0.)

Zhang et al., 2010

*
Putative peptides. /.c.v.: intracerebroventricular administration; 7 v.: intravenous administration; Zp.: intraperitoneal administration.
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