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Abstract
Gonadotropin-releasing hormone (GnRH) is the primary hypothalamic factor responsible for the
control of gonadotropin secretion in vertebrates. However, within the last decade, two other
hypothalamic neuropeptides have been found to play key roles in the control of reproductive
functions: gonadotropin-inhibitory hormone (GnIH) and kisspeptin. In 2000, we discovered GnIH
in the quail hypothalamus. GnIH inhibits gonadotropin synthesis and release in birds through
actions on GnRH neurons and gonadotropes, mediated via GPR147. Subsequently, GnIH
orthologs were identified in other vertebrate species from fish to humans. As in birds, mammalian
and fish GnIH orthologs inhibit gonadotropin release, indicating a conserved role for this
neuropeptide in the control of the hypothalamo-pituitary-gonadal (HPG) axis across species.
Following the discovery of GnIH, kisspeptin, encoded by the KiSS-1 gene, was discovered in
mammals. In contrast to GnIH, kisspeptin has a direct stimulatory effect on GnRH neurons via
GPR54. GPR54 is also expressed in pituitary cells, but whether gonadotropes are targets for
kisspeptin remains unresolved. The KiSS-1 gene is also highly conserved and has been identified
in mammals, amphibians and fish. We have recently found a second isoform of KiSS-1, designated
KiSS-2, in several vertebrates, but not birds, rodents or primates. In this review, we highlight the
discovery, mechanisms of action, and functional significance of these two chief regulators of the
reproductive axis.
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Introduction
Gonadotropin-releasing hormone (GnRH) primarily regulates secretion of both of the
gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and is a
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crucial neuropeptidergic component of the vertebrate reproductive system. Since the
discovery of the hypothalamic decapeptide, GnRH, in the brain of mammals at the
beginning of 1970s (1,2), several other GnRHs have been identified in the brain of non-
mammalian vertebrates (3–7).

Based on extensive studies in vertebrates, it was generally believed that GnRH is the only
hypothalamic regulator of pituitary gonadotropin synthesis and release. In 2000, Tsutsui and
co-workers discovered a novel hypothalamic neuropeptide that, in contrast to GnRH,
actively inhibits gonadotropin release in quail and termed it gonadotropin-inhibitory
hormone (GnIH) (8). From the past 10 years of research, we now know that GnIH exists in
several avian species, including quail, chickens, sparrows and starlings, and regulates avian
reproduction by decreasing gonadotropin release and synthesis via action on the GnRH
system and the anterior pituitary gland, mediated via GPR147 (8–23).

To place our findings in a broader perspective, we have further identified GnIH orthologs in
a number of other vertebrates from fish to humans [for reviews, see (24–27)]. Importantly,
as in birds, mammalian GnIH orthologs [RFamide-related peptides (RFRPs)] act to inhibit
gonadotropin release across mammalian species, including rats, hamsters, and sheep (28–
32). RFRP-3 has been shown to inhibit GnRH-stimulated gonadotropin synthesis in sheep
pituitary gonadotropes (33). Very recently, an inhibitory action of a fish GnIH ortholog was
also reported in goldfish (34). In general, GnIH and its orthologs seem to act similarly across
vertebrate species to regulate reproduction. To clarify the evolutionary origin of GnIH and
its orthologs, we further sought to identify novel hypothalamic neuropeptides from the brain
of hagfish, an extant group of the oldest lineage of vertebrates, Agnatha (Osugi et al.,
unpublished results).

Following the discovery of GnIH, kisspeptin, encoded by the KiSS-1 gene, was discovered
in mammals. In contrast to GnIH, kisspeptin has a stimulatory effect on GnRH neurons via
its receptor, GPR54, causing up-regulation of the hypothalamo-pituitary-gonadal (HPG) axis
[for reviews, see (24–27)]. Kisspeptin and GPR54 are considered to be essential for puberty
and subsequent fertility in mammals. At present, the KiSS-1 gene has been identified in most
vertebrates, including mammals, amphibians and fish [for reviews, see (24–27)]. Most
recently, we found a second isoform of KiSS-1, designated KiSS-2, in several vertebrate
groups, but not in birds, rodents or primates.

Thus, the discovery of GnIH and kisspeptin has changed our understanding of the vertebrate
reproductive axis in the last 10 years. Based on these findings over the past decade, this
paper summarizes the discovery and evolutionary history of GnIH and kisspeptin, new key
neuropeptides controlling reproduction in vertebrates.

GnIH
Discovery of GnIH

GnIH possesses the RFamide (Arg-Phe-NH2) motif at its C-terminus and thus belongs to the
RFamide peptide family. The first identified RFamide peptide, Phe-Met-Arg-Phe-NH2
(FMRFamide), was a cardioexcitatory molecule isolated from the ganglia of the venus clam
Macrocallista nimbosa (35). Since this initial discovery almost 30 years ago, numerous
RFamide peptides that act as neurotransmitters, neuromodulators and peripheral hormones
have been identified in various invertebrate phyla (36).

The presence of uncharacterized RFamide peptides in the vertebrate nervous system was
suggested by immunohistochemical studies (37,38). Likewise in birds, FMRFamide-like
immunoreactive neurons project to the hypothalamic region close to the pituitary gland,
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suggesting the presence of a novel RFamide peptide that regulates anterior pituitary
function. As a result, in 2000, an RFamide peptide was isolated from the brain of the
Japanese quail using high-performance liquid chromatography (HPLC) and a competitive
enzyme-linked immunosorbent assay for the dipeptide Arg-Phe-NH2 (8). The isolated
peptide was a previously-unreported dodecapeptide (SIKPSAYLPLRFamide) [see (8) and
Table 1], the C-terminus of which was identical to the first isolated vertebrate RFamide
peptide (39), which may be a degraded fragment of the dodecapeptide, as suggested by
Dockray and Dimaline (40). Interestingly, the novel dodecapeptide was shown to be located
in the quail hypothalamo-hypophysial system and to decrease gonadotropin, but not
prolactin (PRL), release from cultured quail anterior pituitaries (8) (Table 1). Tsutsui and co-
workers therefore designated this novel RFamide peptide gonadotropin-inhibitory hormone
(GnIH) (8).

Following the isolation of GnIH from birds, its precursor polypeptide was examined
(12,13,21). Following 3' and 5' rapid amplification of cDNA ends (3'/5' RACE), the resulting
cDNA allowed deduction of the GnIH precursor, which consisted of 173 amino acid
residues encoding one GnIH and two putative GnIH-related peptides (GnIH-RP-1 and
GnIH-RP-2) possessing a -LPXRFamide (X = L or Q) sequence at their C-termini (Table 1).
Subsequently, Satake et al. (13) identified GnIH-RP-2 as a mature peptide. Osugi et al. (12)
also cloned a GnIH cDNA from Gambel's white-crowned sparrow brain. As in quail, the
deduced sparrow GnIH precursor consisted of 173 amino acid residues, encoding one
sparrow GnIH and two sparrow GnIH-related peptides (sparrow GnIH-RP-1 and GnIH-
RP-2) that included -LPXRFamide (X = L or Q) at their C-termini (Table 1). A cDNA
encoding GnIH and GnIH-RPs was also reported in the chicken from a gene database.
Recently, Ubuka et al. (21) further cloned a cDNA that encoded GnIH in the brain of
European starlings. In agreement with other bird species, starling GnIH precursor mRNA
encoded three peptides that possess characteristic LPXRFamide (X = L or Q) motifs at their
C-termini (Table 1). The structures of these GnIH precursor polypeptides in different orders
of birds indicate that the chicken LPLRFamide discovered as a first RFamide peptide in
vertebrates (39) is highly likely to be a fragment of GnIH and GnIH-RP-1 (8,12,13,21).

Function and mode of action of GnIH
Because the localization of GnIH in the brain is essential to understand its function, several
studies investigated the precise localization of GnIH in the avian brain by
immunohistochemistry (8,9,12,18,21,22). Clusters of distinct GnIH-immunoreactive (-ir)
neurons were found mostly in the paraventricular nucleus (PVN) in the hypothalamus.
Importantly, GnIH-ir neurons were clearly distinct from vasotocin- or mesotocin-expressing
neurons (22). In contrast to the discretely-localized clusters of cell bodies, GnIH-ir nerve
fibers were widely distributed in multiple diencephalic and mesencephalic regions, implying
multiple regulatory roles for GnIH. In all the avian species studied so far except for rufous-
winged sparrows (Aimophila carpalis) sampled at one time of year (41), there are extensive
networks of branching, beaded fibers extending to terminals in the median eminence (ME),
consistent with a role for GnIH in pituitary gonadotropin regulation [for reviews, see (14–
17)]. Rufous-winged sparrows express GnIH receptor in the pituitary, however (N.L.
McGuire and G.E.Bentley, unpublished results). Importantly, GnIH fibers are further
observed in extremely close proximity to GnRH neurons in the preoptic area (POA) in birds
(9,21). Contact also occurs between GnIH and GnRH fibers in the ME (9). Therefore, GnIH
likely acts at both the hypothalamic and pituitary levels to regulate gonadotropin release
(21).

In view of the initial immunohistochemical findings in quail, Tsutsui and co-workers
analyzed the effect of the isolated SIKPSAYLPLRFamide, GnIH, on the release of LH, FSH
and PRL from cultured quail anterior pituitaries (8). GnIH significantly inhibited LH release
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in a dose-dependent manner in vitro (8) (Table 2). A similar inhibitory effect of GnIH on
FSH release but not on PRL release was also detected (8). GnIH was also effective in
inhibiting circulating LH in vivo (Table 2). When administered intraperitoneally (i.p.) to
quail via osmotic pumps, GnIH significantly reduced plasma LH (20) (Table 1). GnIH
injected simultaneously with GnRH acutely inhibited the surge of plasma LH above the
baseline in song sparrows (12) (Table 2). Furthermore, GnIH injections also acutely
decreased LH levels in breeding free-living Gambel's white-crowned sparrows (12). Thus,
acute GnIH administration can rapidly reduce circulating LH (12). The same acute effect
was not seen in a similar study on a different species, rufous-winged sparrow (42), although
the reason for this disparity is not clear, given that this species expresses GnIH receptor
mRNA in its pituitary gland (McGuire and Bentley, unplublished results). In addition to
reducing gonadotropin release, GnIH inhibits gonadotropin synthesis (11,20). Addition of
GnIH to diced pituitary glands from chickens suppressed gonadotropin common α and FSHβ
subunit mRNAs (11) (Table 2). When administered i.p. to quail in vivo via osmotic pumps,
GnIH significantly reduced gonadotropin common α and LHβ subunit mRNAs, as well as
reducing plasma LH (20) (Table 2). Thus it is clear that, in birds, GnIH not only reduces the
release of the gonadotropins from the pituitary, but also reduces gonadotropin subunit
synthesis.

Once GnIH had been discovered in birds, identification of the GnIH receptor (GnIH-R) was
essential. Yin et al. (23) therefore identified and cloned a novel G protein-coupled receptor
(GPCR) (GPR147) cDNA encoding a putative GnIH-R in quail. Crude membrane fractions
of COS-7 cells transfected with the putative GnIH-R cDNA specifically bound to GnIH and
GnIH-RPs, but not to neuropeptides lacking the C-terminal LPXRFamide (X = L or Q)
motif (23). Scatchard plot analysis of the binding also showed that this putative GnIH-R
possesses a single class of high affinity binding sites (Kd = 0.752 nM) for GnIH and GnIH-
RPs (23). These data indicate that the identified GnIH-R is a functional receptor in the quail.
Subsequently, GnIH-R has also been identified in chicken (43,44) and European starling
(21).

To clarify the mode of action of GnIH on gonadotropin release and synthesis, the expression
of GnIH-R mRNA was further characterized in birds (23). Southern blotting analysis of
reverse-transcriptase-mediated PCR products revealed the expression of GnIH-R mRNA in
the pituitary and several brain regions, including the hypothalamus, in the quail (23).
Because GnIH-R-ir cells were colocalized with LHβ mRNA- and FSHβ mRNA-containing
cells in the quail pituitary (unpublished observation) and chickens (44), GnIH can act
directly on gonadotropes in the pituitary via its specific receptor to inhibit gonadotropin
release and synthesis. Although GnIH fibers project to the ME and GnIH-R is present on
gonadotropes, further studies are needed to determine whether GnIH is effectively released
into the hypophysial portal system to control gonadotrope function in a physiologically
relevant manner.

The expression of GnIH-R mRNA was significantly higher in the pituitaries of sexually
immature chickens relative to sexually mature chickens (44). Administration of estradiol
(E2) or E2 plus progesterone (P4) to chickens caused a significant decrease in the amount of
pituitary GnIH-R mRNA relative to vehicle controls (44). Thus, the expression of GnIH-R
in birds may be down-regulated by increased circulating E2 and P4 levels during sexual
maturation. As already described, in vivo treatment with GnIH inhibits GnRH-elicited LH
release in sparrow species (9,12). Bentley et al. (9) and Ubuka et al. (21) found that GnIH
neurons project to GnRH neurons as well as to the ME in birds. Furthermore, GnIH-R was
expressed in GnRH-I neurons as well as in the pituitary gland (21). Thus, GnIH appears to
act on GnRH-I neurons to inhibit gonadotropin release and synthesis, in addition to acting
on the pituitary gland.
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GnIH-R was shown to inhibit adenylyl cyclase (AC) activity and alter GnRH-induced
stimulation of cAMP responsive elements (CRE) on target genes (45). To understand the
mode of action of GnIH in more detail, the analysis of the secondary messenger system
downstream of GnRH-R is now in progress.

To demonstrate the functional significance of GnIH, we investigated the effects of GnIH on
gonadal development and maintenance in male quail (20). Chronic treatment with GnIH via
osmotic pumps decreased plasma testosterone concentrations as well as gonadotropin
synthesis and release (20). Further, administration of GnIH to mature birds induced
testicular apoptosis and decreased spermatogenic activity in the testis (20). In immature
birds, chronic treatment with GnIH suppressed normal testicular growth and plasma
testosterone concentrations (20). These results show that GnIH inhibits gonadal
development and maintenance by inhibiting gonadotropin synthesis and release. Thus, GnIH
may act as an important regulatory factor in reproductive maturity and competence [for
reviews, see (15,17,24,27)]. It is presumed that the antigonadal effects of GnIH in these
experiments are mediate via GnIH action on pituitary gonadotropin synthesis and release.
However, these results do not preclude a direct effect of GnIH on the gonads (see refs
46,47).

The mechanisms regulating GnIH biosynthesis have been investigated in birds. The pineal
gland and eyes are the major sources of melatonin in quail (48). We found that pinealectomy
combined with orbital enucleation (Px + Ex) decreased the expression of GnIH precursor
mRNA and the mature GnIH peptide in the diencephalon (19). Melatonin administration to
Px + Ex birds caused an increase in the expression of GnIH precursor mRNA and
production of mature peptide (19). In addition, the expression of GnIH increased under short
day (SD) photoperiods (19), when the nocturnal duration of melatonin secretion increases
(49). Mel1c, a melatonin receptor subtype, was expressed by GnIH-ir neurons in the PVN,
suggesting a direct action of melatonin on GnIH neurons (19). These data indicate that
melatonin acts directly on GnIH neurons via its receptor to induce GnIH expression and that
GnIH is capable of transducing photoperiodic information to the avian reproductive axis via
changes in the melatonin signal. To further explore this possibility, we investigated the role
of melatonin in the regulation of GnIH release and the correlation of GnIH release with LH
release in quail. Melatonin administration increased GnIH release from hypothalamic
explants in vitro (50). Furthermore, GnIH release was photoperiodically controlled in quail
with diurnal changes negatively correlated with plasma LH concentrations; GnIH release
increased at night and LH decreased during the same time period (50). Based on these
results, we suggest that melatonin plays a role in stimulating not only GnIH expression but
also GnIH release, thus inhibiting plasma LH concentrations in quail.

Evolutionary history of GnIH structure and function
To begin to understand the evolutionary history of GnIH, several studies have been
conducted to identify GnIH orthologs in other vertebrates. As summarized in Table 1, GnIH
orthologs have now been documented in a variety of vertebrates from fish to mammals,
including humans: RFamide-related peptides (RFRPs) in mammals (51–55), frog growth
hormone-releasing peptide (fGRP) and fGRP-RPs in amphibian (56–58) and goldfish
LPXRFamide peptide (gfLPXRFa) in teleosts (59).

In amphibians, a GnIH ortholog which consisted of 12 amino acids
(SLKPAANLPLRFamide) with a C-terminal LPLRFamide motif was identified in the
bullfrog hypothalamus (56) (Table 1). This frog neuropeptide, named fGRP, has a high
sequence homology (75%) with quail GnIH (8,56). Note that GnIH and fGRP possess the
same C-terminal motif, LPLRFamide (8,56). The fGRP precursor also encoded one fGRP
and three fGRP-related peptides [fGRP-RP-1, -2, and -3 (57)], later identified as mature
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LPXRFamide peptides (58) (Table 1). At the same time, fGRP and fGRP-RP-1 were
independently purified from the European green frog [R-RFa (60)] and bullfrog [fNRP
(61)], respectively. Subsequently, from the goldfish brain, a cDNA that encoded three fish
GnIH orthologs [goldfish LPXRFamide peptide (gfLPXRFa)-1, -2, and -3)] was
characterized and gfLPXRFa-3 was identified as a mature peptide (59) (Table 1). In the
mammalian brain, cDNAs that encode GnIH orthologs have been uncovered from a gene
database search (62). The cDNAs of human, monkey and cow (bovine) also encoded three
GnIH orthologs, which were termed RFRP-1, -2 and -3 (62). However, in contrast to other
vertebrates, RFRP-2 is not predicted to be an RFamide peptide, although this mature peptide
has not yet been isolated so it is unknown if it is actually cleaved from the precursor.
Subsequently, RFRP-1 and -3 were purified from bovine hypothalami (51,55) (Table 1).
Ukena et al. (54) also identified RFRP-3 in the rat hypothalamus (Table 1). Recently, Ubuka
et al. (52,53) further identified RFRP-3 in the monkey hypothalamus and RFRP-1 and -3 in
the human hypothalamus (Table 1). Mammalian and primate RFRP-1 and -3 also contain a
C-terminal LPXRFamide (X = L or Q) sequence (51–55) as does avian GnIH (Table 1).
Because all of the identified neuropeptides possess a LPXRFamide (X = L or Q) motif at
their C-termini (Table 1), we designated GnIH and these GnIH orthologs as LPXRFamide
peptides which form new members of the RFamide peptide family [for reviews, see (24–27)
and Fig 1]. Thus, the presence of GnIH and its orthologs is a conserved property in
vertebrates.

The identified GnIH orthologs also regulate pituitary hormone release [for reviews, see (24–
27) and Table 2]. Mammalian cDNAs encode the two biologically active GnIH orthologs,
i.e., RFRP-1 and RFRP-3. To date, mammalian GnIH orthologs, RFRP-1 and RFRP-3, have
been identified in cow (both RFRP-1 and RFRP-3), rat (RFRP-3 only), monkey (RFRP-3
only) and human (both RFRP-1 and RFRP-3) brain (51–55,63,64). When injected via
intracerebroventricular (i.c.v.) cannulae or i.p. GnIH reduces plasma LH levels in
ovariectomized Syrian hamsters (31). Likewise, i.c.v. injections of RFRP-3 reduce plasma
levels of LH in one study on rats (30) although in a separate study RFRP-3 was found to
reduce plasma LH only after intravenous (i.v.) administration, and not after i.c.v.
administration (32). The reasons for these disparate data are not clear, but GnIH and
RFRP-3 act as functional orthologs in terms of reducing circulating gonadotropin
concentrations.

In all mammalian species studied to date (30,31,52,53,65), RFRP terminal fibers create
putative contacts with GnRH cells, suggesting important functional interactions. In mice,
direct application of RFRP to GnRH cells in cultured brain slices decreases firing rate in a
subpopulation of cells, further suggesting a direct action of RFRP on GnRH neurons (66). In
addition to the evidence for RFRP action on GnRH neurons, RFRP may impact gonadotrope
function as seen in birds. Suggestive evidence for this comes from studies showing that the
RFRP receptor (RFRP-R; GPR147) is localized to rat, Syrian hamster and human pituitary
(29,53,62) and RFRP-ir fibers have been reported to extend into the external layer of the ME
in hamsters, sheep, monkeys and humans (28,29,52,53). Additionally, recent studies in rats
suggest that RFRP inhibits GnRH-elicited LH release at the level of the pituitary (32).
However, in another study, RFRP-ir fibers were not observed in the ME and i.p. injections
of the retrograde tracer Fluorogold labeled very few RFRP cell bodies in rats (67),
suggesting that these cells do not reach the hypophysial portal system. Despite this, in the
same study peripheral (i.v.) injections of RFRP-3 rapidly (within 3 min) inhibited GnRH-
induced LH secretion in ovariectomized rats, indicating action of RFRP-3 on pituitary
gonadotropin secretion. Notwithstanding such a difference in the projections of RFRP-ir
terminals to the neurosecretory zone of the ME in mammals, Clarke et al. (28) also found
that peripheral administration of the deduced ovine GnIH ortholog, RFRP-3, reduces the
amplitude of LH pulses in sheep, and reduces LH and FSH release in vitro. Likewise, in
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culture, RFRP-3 inhibits GnRH-stimulated LH and FSH secretion associated with a
reduction in LHβ and FSHβ subunit expression (33). Thus, it is considered that GnIH and its
mammalian ortholog RFRP-3 act to inhibit gonadotropin release and synthesis in both birds
and mammals (see Table 2). However, more detailed studies, analyzing peptide release into
the hypophysial portal blood, peptide projection by retrograde labeling, etc., are needed to
elucidate the hypophysiotropic actions of GnIH and its mammalian ortholog RFRP-3. More
detailed information in mammals has been described by Kriegsfeld et al. in this volume.

In a marked departure from the actions of GnIH and its mammalian homolog, RFRP-3, frog
GnIH orthologs (fGRP and fGRP-RP-2) stimulate the release of growth hormone (GH) and/
or PRL in amphibians both in vitro and in vivo (56,58) (Table 2). On the other hand,
goldfish GnIH orthologs (gfLPXRFa-1, -2 and -3) stimulate the release of gonadotropins
and GH but not PRL in vitro (68) (Table 2). However, another recent study (34) found that
the zebrafish GnIH ortholog (zfLPXRFa-3) reduces LH release in goldfish in vivo (Table 2).
The reason for this discrepant finding in fish might be due to technical variation across
studies. Therefore, further studies are necessary to clarify the generality of GnIH function on
gonadotropin release in lower vertebrates.

Evolutionary origin of GnIH
To clarify the evolutionary origin of GnIH and its orthologs, Tsutsui and co-workers further
investigated novel LPXRFamide peptides from the brain of sea lamprey and hagfish, two
extant groups of the oldest lineage of vertebrates, Agnatha. Three PQRFamide peptides,
another RFamide group in the RFamide peptide family, were found in the brain of sea
lamprey (69). Lamprey PQRFamide peptides have the C-terminal structure PQRFamide
similar to LPXRFamide peptides (X = L or Q). However, neither LPXRFamide peptides nor
their cDNA could be identified from the brain of sea lamprey (69). On the other hand, three
PQRFamide peptides and one LPXRFamide peptide were found in the brain of hagfish. In
the hagfish, two cDNAs were identified; one encoded three PQRFamide peptides and the
other encoded two PQRFamide peptides and one LPXRFamide peptide (Osugi et al.,
unpublished results). Hagfish LPXRFamide peptide may be involved in the regulation of
pituitary hormones because this peptide was expressed in the hypothalamus (Osugi et al.,
unpublished results). Further studies, such as genome synteny analysis and functional
analysis of hagfish LPXRFamide peptide, are needed to clarify whether the hagfish peptide
may be the earliest known evolutionary origin of GnIH and its orthologs.

Kisspeptin
Discovery and function of kisspeptin

Following the discovery of GnIH in 2000, kisspeptin, encoded by the KiSS-1 gene, was
discovered in mammals. As with GnIH, kisspeptin is also a member of the RFamide peptide
family (Fig 1). In contrast to GnIH, kisspeptin has a stimulatory effect on GnRH neurons via
its receptor, GPR54, and an up-regulation of the HPG axis.

A major breakthrough in the initial discovery of kisspeptin came when the ligand of an
orphan GPCR, OT7T175, which is nearly identical to AXOR12 and GPR54, was identified.
Ohtaki et al. (70) found that an extract from human placenta reacts with OT7T175, and
purified a novel 54-amino acid-residue RFamide peptide, the KiSS-1 gene product. Although
KiSS-1 was known to be a human metastasis suppressor gene that suppresses metastasis of
human melanomas and breast carcinomas without affecting tumorigenicity, until recently the
KiSS-1 gene product and its functional mechanism had not been clarified. The KiSS-1 gene
product was originally referred to as metastin (71,72) and inhibited chemotaxis and invasion
of OT7T175-transfected Chinese hamster ovary cells in vitro, and attenuated the pulmonary
metastasis of the receptor-transfected B16-BL6 melanomas in vivo. Two other research
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groups reported similar results, and termed the peptide KiSS-1 (73) and kisspeptin (74).
Based on this nomenclature history, in this review the gene product of the KiSS-1 gene will
be referred to as KiSS-1 mRNA and its peptide product as kisspeptin. Muir et al. (73)
showed that KiSS-1 mRNA was mainly present in the placenta and brain. In the brain,
KiSS-1 mRNA is highly expressed in the hypothalamus and basal ganglia. A role for
kisspeptin in regulating reproductive function was first reported in 2003 when individuals
with hypogonadism were found to have a mutation in the GPR54 gene (75,76). In humans
and mice lacking GPR54, the hypothalamus fails to drive adequate secretion of
gonadotropins (75,76). These results indicate that kisspeptin and its receptor may play an
important role in the regulation of the HPG axis.

To date, it appears that kisspeptin neurons located within the hypothalamus provide direct
excitatory inputs to GnRH neurons. Kisspeptin activates GnRH (77) and LH (78–80)
secretion in vivo, and GnRH neurons are surrounded by kisspeptin fibers (81), express
GPR54 mRNA (82), and are activated intensely by kisspeptin (83). Kisspeptin is unable to
stimulate LH secretion in GPR54 knockout mice (77), and kisspeptin knockout mice are
infertile (84). Thus, kisspeptin and GPR54 are essential for puberty and subsequent fertility
in mammals. The majority of research on kisspeptin to date has focused on mammals that
maintain relatively continuous reproductive function (e.g., laboratory mice and rats,
monkeys and humans). In addition, the kisspeptin system is likely critical for seasonal
changes in the reproductive axis of seasonally breeding hamsters (85,86) and sheep (65,87–
89).

As for a direct action of kisspeptin on gonadotropes, conflicting findings have been reported
in mammals (90–95), although GPR54 is expressed both in pituitary cells and GnRH
neurons (73,74,77,82). Several reports have indicated that kisspeptin stimulates
gonadotropin release in vitro from cultured rat, ovine and bovine primary pituitary cells,
suggesting that kisspeptin may act directly on gonadotropes to stimulate gonadotropin
secretion (71–73,75). In contrast, other studies have shown no apparent effect of kisspeptin
on in vitro gonadotropin secretion in cultured rat primary pituitary cells or pituitary
fragments (70,74). The reasons for these discrepant findings are unclear and might result
from technical variations across studies. It is known that kisspeptin-ir fibers appear to come
into close association with GnRH terminals in the ME of mammals (96–98), whereas several
reports show the absence of kisspeptin-ir fibers in the external zone of the ME of various
mammalian species (81,98,99). Thus, whether gonadotropes are targets for kisspeptin action
remains unresolved in mammals (for reviews, see 99,100). To draw a firm conclusion
regarding a hypophysiotropic action of kisspeptin, it would be critical to show the release of
kisspeptin into the hypophysial portal system as for GnIH.

Evolutionary origin and history of kisspeptin
The human KiSS-1 gene encodes a 145-amino acid precursor that is enzymatically cleaved
into peptides of 54, 14, 13, or 10 amino acids that share a common C-terminal sequence with
Phe-amidation (70). KiSS-1 genes have been identified in other mammalian species,
including rat and mouse (101,102) (Fig. 1). Kisspeptins in these species show a high
conservation of the C-terminal decapeptide sequence with Tyr-amidation (Table 3). Indeed,
this C-terminal decapeptide (kisspeptin-10, metastin 45–54) has been shown to be the
minimal sequence required for receptor activation (70). Recently, a few KiSS-1 genes have
been isolated in fish and amphibian species (103,104). It is noteworthy that the C-terminal
decapeptide of zebrafish and medaka KiSS-1 differs by only one amino acid at position 3
from those of rodents, while the decapeptides of fugu and tetraodon reveal three amino acid
substitutions at positions 1, 3, and 5 (103) (Table 3). This relatively high variation within
fish species proposed a possibility that KiSS-1s in fugu and tetraodon are isofroms of the
KiSS-1s in zebrafish, medaka and mammals. Later, a fugu- and tetraodon-like KiSS-1 was
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indentified in the African clawed frog (Xenopus laevis) and a synthetic Xenopus KiSS-1
dodecapeptide was found to be more potent than mammalian kisspeptin-10 in activating the
bullfrog kisspeptin receptor, bfGPR54, expressed in CV-1 cells (105).

Following these reports, cDNAs for the KiSS-1 isoform, KiSS-2, have been further identified
in many vertebrate species including lamprey, elephant shark, zebrafish, medaka, see bass,
goldfish, western clawed frog (Xenopus (or Silurana) tropicalis), anole lizard, and platypus,
a mammalian monotreme species (106–109) (Fig. 1 and Table 3). In addition, another
isoform, KiSS-1b, was isolated in X. tropicalis (106). Thus, many vertebrates possess two or
three kisspeptin genes (Table 3). The KiSS-1 cDNAs encode kisspeptin decapeptides in
which Tyr or Phe residue at the C-terminal end are α-amidated (Table 3). The KiSS-1
decapeptides show variation at position 3 (Leu for fish species, Val for X. tropicalis
KiSS-1b, and Trp for other species, including X. tropicalis KiSS-1a) (106,107). It is of
interest to note that fish KiSS-1 and X. tropicalis KiSS-1b precursors have a conserved
dibasic site followed by conserved Gln five amino acids upstream of the decapeptide, which
allows us to predict production of a mature peptide of 15 amino acids with N-terminal
pyroglutamylation (Table 3). Indeed, these pentadecapeptides are more potent than
decapeptides in activation of fish and X. tropicalis GPR54-1 (105). The family of the
KiSS-2 decapeptide shows difference in three amino acids at positions 1, 3, and 5 compared
to those of the KiSS-1 decapeptide (Table 3). Further, the presence of a basic amino acid,
Arg, three amino acids upstream of the decapeptide suggests production of a mature peptide
with 12 amino acids from the KiSS-2 gene (106) (Table 3). The presence of the KiSS-2
dodecapeptide has been demonstrated in the X. laevis brain using immunoaffinity
purification (106).

The KiSS-1 and KiSS-2 genes reside at different chromosomes but chromosomal regions
having the KiSS-1 and KiSS-2 genes share some paralogous genes such as GOLT1A/
GOLT1B, PLEKHA5/PLEKHA6, PIK3C2B/PIK3CG, and ETNK1/ETNK2, indicating that
the KiSS-1 and KiSS-2 genes have been driven by duplication of ancestral chromosome/
paralogon (109). Genome synteny analysis data, together with BLAST search results,
reveals that some vertebrate species, such as anole lizard (reptilian), chicken (avian), zebra
finch (avian), and stickleback (fish) do not contain the KiSS-1 gene, while its neighboring
genes such as PLEKHA6, GOLT1A, and REN are present (110). The absence of the KiSS-1
gene in some fish, avian and reptilian species, is likely due to gene loss during evolution.
The KiSS-1b gene is only found in X. tropicalis. This gene is located in genome fragments
containing ALDH16A1, PIH1D1, PTH2, KRAS and TEAD2. However, it is unable to find
any of GOLT1A/GOLT1B, PLEKHA5/PLEKHA6, PIK3C2B/PIK3CG, and ETNK1/ETNK2
near the KiSS-1b gene. Thus, it is difficult to propose the origin of the KiSS-1b gene. The
KiSS-2 genes are localized in a genome region containing GOLT1B, C12orf39, GYS2, and
LDHB in fish and anole lizards. While these neighboring genes are well conserved for
mammalian and avian species, the KiSS-2 gene is not found in this genomic region of these
species (110). Thus, in avian species, both the KiSS-1 and the KiSS-2 genes are absent.

Conclusion
The discovery of GnIH in the avian brain has enhanced our understanding of vertebrate
reproductive neurobiology. GnIH acts on GPR147 and inhibits gonadal development and
maintenance through a decrease in gonadotropin release and synthesis in birds. GnIH
orthologs have also been identified in the hypothalamus of a variety of other vertebrate
species from fish to mammals, including humans. As in birds, mammalian and fish GnIH
orthologs inhibit gonadotropin release, indicating that the inhibitory action of GnIH in the
control of the HPG axis has been largely conserved during evolution. Following the
discovery of GnIH, kisspeptin, encoded by the KiSS-1 gene, was discovered in mammals. In
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contrast to GnIH, kisspeptin has a stimulatory effect on GnRH neurons via GPR54 and up-
regulates HPG axis activity. Both GnIH and kisspeptin are members of the RFamide peptide
family. The distinct opposing roles of these two relatively newly discovered RFamide
peptides suggest that GnIH and kisspeptin act as key neuropeptides controlling reproductive
activity. Up until now, the KiSS-1 gene has been identified in amphibians and fish as well as
in mammals. In addition, a second isoform of KiSS-1, designated KiSS-2, has been found in
various vertebrates, but not in birds, rodents and primates. These findings underscore an
important role for these novel RFamide peptides in the control of the HPG axis and point to
exciting opportunities for further exploration.
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Fig. 1.
Phylogenetic tree of the RFamide peptide family. Extensive studies over the past decade
have demonstrated that vertebrate brains produce a variety of RFamide peptides. To date,
five groups of the RFamide peptide family have been documented as follows: (1) NPFF
group, (2) PRL-releasing peptide (PrRP) group, (3) GnIH group, (4) kisspeptin group, (5)
pyroglutamylated RFamide peptide (QRFP)/26RFamide group. GnIH was discovered in the
quail hypothalamus. GnIH inhibits gonadotropin synthesis and release in birds. GnIH
orthologs sharing a common C-terminal LPXRFamide (X = L or Q) motif have been
identified in other vertebrates from fish to humans. As in birds, mammalian and fish GnIH
orthologs inhibit gonadotropin secretion. By contrast, the newly identified neuropeptide
kisspeptin, encoded by the KiSS-1 gene, acts to stimulate the reproductive axis. Mammalian
kisspeptin possesses a C-terminal RFamide or RYamide motif. The KiSS-1 gene has been
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identified in mammals, amphibians and fish. A second isoform of KiSS-1, designated
KiSS-2, has also been identified in various vertebrates, but not birds, rodents and primate.
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Table 1

Amino acid sequences of GnlH and its orthologs in vertebrates.

Animal Name Sequence Reference

Quail GnIH SIKPSAYLPLRFa Tsutsui et al. (8)

GnIH-RP-1* SLNFEEMKDWGSKNFMKVNTPTVNKVPNSVANLPLRFa Satake et al. (13)

GnIH-RP-2 SSIQSLLNLPQRFa Satake et al. (13)

Chicken GnIH* SIRPSAYLPLRFa Ikemoto et al. (111)

GnIH-RP-1* SLNFEEMKDWGSKNFLKVNTPTVNKVPNSVANLPLRFa Ikemoto et al. (111)

GnIH-RP-2* SSIQSLLNLPQRFa Ikemoto et al. (111)

Sparrow GnIH* SIKPFSNLPLRFa Osugi et al. (12)

GnIH-RP-1* SLNFEEMEDWGSKDIIKMNPFT ASKMPNSVANLPLRFa Osugi et al. (12)

GnIH-RP-2* SPLVKGSSQSLLNLPQRFa Osugi et al. (12)

Starling GnIH SIKPFANLPLRFa Ubuka et al. (21)

GnIH-RP-1* SLNFDEMEDWGSKDIIKMNPFTVSKMPNSVANLPLRFa Ubuka et al. (21)

GnIH-RP-2* GSSQSLLNLPQRFa Ubuka et al. (21)

Human RFRP-1 MPHSFANLPLRFa Ubuka et al. (53)

RFRP-3 VPNLPQRFa Ubuka et al. (53)

Monkey RFRP-3 SGRNMEVSLVRQVLNLPQRFa Ubuka et al. (52)

Rat RFRP-1* SVTFQELKDWGAKKDIKMSPAPANKVPHSAANLPLRFa Hinuma et al. (62)

RFRP-3 ANMEAGTMSHFPSLPQRFa Ukena et al. (54)

Hamster RFRP-1* SPAPANKVPHSAANLPLRFa Kriegsfeld et al. (31)

RFRP-3* TLSRVPSLPQRFa Kriegsfeld et al. (31)

Bovine RFRP-1 SLTFEEVKDWAPKIKMNKPVVNKMPPSAANLPLRFa Fukusumi et al. (51)

RFRP-3 AMAHLPLRLGKNREDSLSRWVPNLPQRFa Yoshida et al. (55)

Bullfrog fGRP SLKPAANLPLRFa Koda et al. (56)

fGRP-RP-1 SIPNLPQRFa Ukena et al. (58)

fGRP-RP-2 YLSGKTKVQSMANLPQRFa Ukena et al. (58)

fGRP-RP-3 AQYTNHFVHSLDTLPLRFa Ukena et al. (58)

Goldfish goldfish LPXRFa-1* PTHLHANLPLRFa Sawada et al. (59)

goldfish LPXRFa-2* AKSNINLPQRFa Sawada et al. (59)

goldfish LPXRFa-3 SGTGLSATLPQRFa Sawada et al. (59)

*
Putative peptides
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Table 2

Hypophysiotropic actions of GnIH and its orthologs in vertebrates.

Animal Name Function Reference

Quail GnIH Inhibition of GTH release Tsutsui et al. (8)

Inhibition of GTH synthesis and release Ubuka et al. (20)

Chicken GnIH Inhibition of GTH synthesis and release Ciccone et al. (11)

Sparrow GnIH Inhibition of GnRH-elicited GTH release Osugi et al. (12)

Inhibition of GTH release Osugi et al. (12)

Human RFRP-1* Stimulation of PRL release Hinuma et al. (62)

Ovine RFRP-3* Inhibition of GnRH-elicited GTH release Clarke et al. (28)

Inhibition of GnRH-elicited GTH synthesis Sari et al. (33)

Rat RFRP-3 Inhibition of GTH release Johson et al. (30)

Inhibition of GnRH-elicited GTH release Murakami et al. (32)

Hamster GnIH Inhibition of GTH release Kriegsfeld et al. (31)

Bullfrog fGRP Stimulation of GH release Koda et al. (56)

fGRP-RP-2 Stimulation of GH/PRL release Ukena et al. (58)

Goldfish goldfish LPXRFa-1* Stimulation of GTH and GH release Amano et al. (68)

goldfish LPXRFa-2* Stimulation of GTH and GH release Amano et al. (68)

goldfish LPXRFa-3 Stimulation of GTH and GH release Amano et al. (68)

zebrafish LPXRFa-3* Inhibition of GTH release Zhang et al. (34)

*
Putative peptides; GTH, gonadotropin; GH, growth hormone; PRL, prolactin
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Table 3

Potent kisspeptin forms in vertebrates.

Animal Gene Putative potent kisspeptin form Reference

Human KiSS-1 YNWNSFGLRFa Ohtaki et al. (70)

Mouse/Rat KiSS-1 YNWNSFGLRYa Stafford et al. (101)

Platypus KiSS-1 YNWNSFGLRYa Lee et al. (94), Um et al. (110)

KiSS-2 GQFNFNPFGLRFa Lee et al. (94), Um et al. (110)

Chicken Absent Um et al. (99)

Anole lizard KiSS-2 SKFNFNPFGLRFa Lee et al. (106), Um et al. (99)

Western clawed frog KiSS-1a pEAQVGYNVNSFGLRYa Lee et al. (106)

KiSS-1b DLSTYNWNSFGLRYa Lee et al. (106)

KiSS-2 SKFNFNPFGLRFa Lee et al. (106)

African clawed frog KiSS-1 DLSTYNWNSFGLRYa Lee et al. (106)

KiSS-2* SKFNFNPFGLRFa Lee et al. (106)

Zebrafish KiSS-1 pENVAYYNLNSFGLRYa van Aerle et al. (103), Lee et al. (106),
Kitahashi et al. (107)

KiSS-2 SKFNYNPFGLRFa Lee et al. (106), Kitahashi et al. (107)

Medaka KiSS-1 pENVAYYNLNSFGLRYa van Aerle et al. (103), Kanda et al. (104),
Lee et al. (106)

KiSS-2 SKFNYNPFGLRFa Lee et al. (106)

Putative kisspeptin forms are predicted based on the amino acid sequence analysis and/or functional activity at their own receptors (106). For fish
KiSS-1 and frog KiSS-1a, N-terminus Gln of the peptide is likely pyroglutamylated (pE).

*
African clawed frog KiSS-2 was identified as a mature peptide.
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