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Abstract

Animals inhabiting temperate and boreal latitudes experience marked seasonal changes in the
quality of their environments and maximize reproductive success by phasing breeding activities
with the most favorable time of year. Whereas the specific mechanisms driving seasonal changes
in reproductive function vary across species, converging lines of evidence suggest gonadotropin-
inhibitory hormone (GnlH) serves as a key component of the neuroendocrine circuitry driving
seasonal changes in reproduction and sexual motivation in some species. In addition to
anticipating environmental change through transduction of photoperiodic information and
modifying reproductive state accordingly, GnlH is also positioned to regulate acute changes in
reproductive status should unpredictable conditions manifest throughout the year. The present
overview summarizes the role of GnlH in avian and mammalian seasonal breeding while
considering the similarities and disparities that have emerged from broad investigations across
reproductively photoperiodic species.
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[. Introduction

The environment varies considerably throughout the seasons, with minimal food availability
coinciding with maximal energetic demands during winter. Consequently, animals
inhabiting temperate and boreal latitudes restrict breeding and other energetically costly
activities to times of year when environmental conditions are optimal. Because day length
(photoperiod) is the most reliable predictor of changing seasons, organisms use this signal to
forecast local conditions and initiate adaptations well in advance of the appropriate time of
year [10,23,27,30]. This strategy is complementary to responses to more proximate factors
(e.g., temperature, calories, and more specific nutritional signals) [26,125], as it allows time
for development of seasonal adaptations.

Day length is transduced into a pineal melatonin signal that subsequently acts on neural
substrates controlling reproduction [15,30]. Long durations of nightly melatonin secretion
are associated with short, winter-like days, whereas short melatonin durations accompany
long, summer-like photoperiods. The final common pathway on which internal and external
reproductively relevant stimuli converge to control reproduction is the gonadotropin-
releasing hormone (GnRH) neuronal system [10]. GnRH neurons, in turn, stimulate pituitary
gonadotropin secretion to appropriately regulate gametogenesis and sex steroid secretion.

The effects of photoperiod on reproductive functioning have been well established and,
more recently, enormous progress has been made uncovering the neuroendocrine
mechanisms by which photoperiodic and other environmental signals drive these
reproductive changes [40,123,126]. Over the last several years, the RFamide (Arg-Phe-
NH2) peptide, gonadotropin-inhibitory hormone [GnlH; also known as RFamide-related
peptide (RFRP) in mammals] has emerged as an important component of the neural circuitry
guiding seasonal changes in reproduction across avian and mammalian species (reviewed in
[90,94,108,111]. Herein we review our current understanding of the role played by this
neuropeptide in birds and mammals in seasonal breeding and consider the disparities
observed among species.

Il. Discovery and Functional Significance of GnIH

In the 1920s, Ernst Scharrer proposed the concept of “neurosecretion”, speculating that
neurons transmit impulses as well as secrete chemical substances. Wolfgang Bargmann later
established this fact through his studies of supraoptic and paraventricular neuronal secretion.
The discovery of neurosecretion led to the creation of a new research field,
neuroendocrinology. The recent identification of novel neurohormones that regulate
reproductive physiology have broadened the horizons of the field, causing
neuroendocrinologists to question long-held beliefs about the neural mechanisms governing
reproductive function and incorporating these novel neuropetides into existing frameworks.

One such discovery was that of a hypothalamic neuropeptide, GnlH, in the avian brain,
resulting from a search for novel neuropeptides regulating the release of pituitary hormones
[105]. In quail, Tustui and colleagues found that GnlH acts directly on the pituitary to inhibit
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) release, providing the

Front Neuroendocrinol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kriegsfeld et al.

Page 3

first demonstration of a hypothalamic neuropeptide inhibiting gonadotropin release in any
vertebrate [105].

GnlH has a previously-unreported dodecapeptide structure, Ser-lle-Lys-Pro-Ser-Ala-Tyr-
Leu-Pro-Leu-Arg-Phe-NH, (SIKPSAYLPLRFamide) [105]. The C-terminus of GnlH is
identical to chicken LPLRFamide, the first reported RFamide peptide in vertebrates [25],
which is likely to be a degraded fragment of GnlIH (for reviews, see [102-104].
Subsequently, a cDNA encoding the precursor polypeptide for GnlH was identified in quail
[85] and other avian species (for reviews, see [102-104]. 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) motif at their C-termini in all avian species studied. GnlH was
further isolated as a mature peptide in starlings [114] and zebra finches [100] and GnlIH-
RP-2 was also identified in quail [85] (Table 1). Converging lines of evidence over the past
14 years established that GnlH regulates avian reproduction by decreasing gonadotropin
synthesis and release from gonadotropes in the anterior pituitary gland and/or acting on
GnRH neurons in the hypothalamus via the GnlH receptor (GnlH-R; GPR147, also called
Neuropeptide FF receptor 1 (NPFF1)) (reviewed in [102,104,108]).

Following the discovery of GnlH in birds, GnlH peptides possessing the C-terminal
LPXRFamide (X = L or Q) motif have been further identified in a number of other
vertebrates including mammals (for reviews, see [106-108]. In mammals, cDNASs that
encode LPXRFamide peptides were initially investigated through a gene database search
[39]. The GnlH precursor cDNAs identified from mammalian brains encode three GnlHs
[also known as RFamide-related peptides (RFRPs)], RFRP-1, -2, and -3, in bovines and
humans (for reviews, see [102-104]. RFRP-1 and —3 are LPXRFamide peptides, but RFRP-2
is not an LPXRFamide peptide. In rodents, GnlH cDNAs encode two peptides, RFRP-1 and
-3 (for reviews, see [102-104]; rats [117], hamsters [113], bovines [28,128], monkeys [115]
and humans [116]) (Table 1). RFRP-3 inhibits gonadotropin synthesis and/or release across
all mammalian species investigated (e.g., [17,29,44,45,53,66,84,113]). In addition, RFRP-3
inhibits GnRH-stimulated gonadotropin synthesis in pituitary gonadotropes in mammals
[84], indicating the potential for actions at the level of the pituitary. Thus, as in birds, the
mammalian GnlHs, RFRP-1 and RFRP-3, appear to act as key neurohormones to inhibit
gonadotropin secretion in several mammalian species.

GnlH is part of a large family of RFamide peptides (Figure 1) that began with the discovery
of the cardioexcitatory neuropeptide containing the C-terminal Phe-Met-Arg—Phe-NH>
(FMRFamide) identified in the ganglia of the bi-valve mollusk, Macrocallista nimbosa [78].
This class of peptides has pronounced regulatory actions on a variety of physiological
processes such as food intake, pain perception and endocrine activity [102,103,108]. Most
related to the present overview, GnlH has emerged as a major regulator of the reproductive
axis and the seasonal control of reproductive function across vertebrates.
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lll. Seasonal reproduction and GnlH in birds

lll.a. Mechanisms driving seasonal changes in avian reproduction

The majority of temperate-zone passeriformes exhibit dynamic seasonal changes in their
reproductive activities. In most seasonally-breeding birds, the gonads rapidly develop in the
spring in response to increasing day lengths, a process called photostimulation. The breeding
season concludes when day lengths are still increasing, with birds becoming unresponsive,
or photorefractory, to long days. Exposure to short day lengths is required for many
passerine birds to regain photosensitivity whereby long day lengths can, again, act to
stimulate the reproductive system the following year [23,124] (Figure 2).

In some birds, such as the Japanese quail, exposure to increasing day lengths over 11.5
hours results in rapid gonadal development. After about 3 months, when day lengths
decrease below 14.5 hours, complete gonadal regression occurs in the wild [69]. However, if
day lengths are artificially increased, a full return to reproductive maturity occurs. This
phenomenon is called relative photorefractoriness because, even if the gonads have
regressed under long day lengths, a subsequent increase in day length will initiate
reproductive maturation without a short day length sensitization period [82].

Some species show characteristics of both absolute and relative photorefractoriness. Song
sparrows [122] and house sparrows [22], for example, become photorefractory during
exposure to long photoperiods, but the timing can vary widely among individuals. If the
length of the long day is decreased slightly, gonadal regression occurs sooner and is more
synchronous among individuals. Additionally, song sparrows can exhibit gonadal
recrudescence without exposure to short photoperiods, a process required in absolutely
photorefractory species [121].

lll.b. GnIH and avian seasonality

Early investigations into the potential role of GnlH in guiding seasonal changes in
reproduction in seasonally breeding birds explored whether or not predictable changes in
GnlH immunoreactivity are observed across the seasons. For example, in house sparrows
and song sparrows, GnlH-ir neurons are larger in birds at the termination of the breeding
season than at other time of year, consistent with an inhibitory role of this neuropeptide in
the regulation of seasonal breeding [6]. In contrast, in one study, differences in GnIH-ir cell
number and size, as well as the synthesis of GnlH mRNA, were not observed between wild
Australian zebra finches sampled during a breeding period in Southern Australia and a non-
breeding period in central Australia [73]. The disparity between findings observed in
sparrows and zebra finches might mirror differences in their reproductive strategy, with the
former having distinct breeding seasons and the latter adopting a more opportunistic
breeding strategy.

Because photoperiod is transduced into a melatonin signal whose duration is inversely
proportional to day length, and melatonin administration inhibits reproductive activities in
quail [35,70] and chicken [83], Ubuka et al. (2005) explored whether or not changes in the
GnlH system of quail might be driven by melatonin. Removal of the pineal gland and eyes,
the major sites of melatonin production in quail [118], decreased the expression of GnlH
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precursor mMRNA and the content of GnlIH peptide in the hypothalamus. Conversely,
melatonin administration to these birds caused a dose-dependent increase in the expression
of GnlH precursor mRNA and the production of GnlH peptide. This effect occurs, at least in
part, through direct actions of melatonin on GnlH cells, with melatonin binding in the PVN
and Mellc, a melatonin receptor subtype, specifically expressed in GnlH-ir neurons [112].

Additional evidence for a direct action of melatonin on GnlIH cells comes from in vitro
studies demonstrating that GnlH administration dose-dependently increases GnlH release
from hypothalamic blocks [16]. This being the case, one would expect melatonin production
to exhibit a day-night pattern consistent with endogenous release rates. Indeed, GnlH release
during the dark period is greater than that during the light period in hypothalamic blocks
sampled from quail exposed to long-day photoperiods [16]. Consistent with this finding,
plasma LH concentrations are lower during the dark period. Finally, GnlIH release increases
under short-day photoperiods, a time when the duration of nocturnal melatonin secretion
increases. These results, combined with findings seen in quail, suggest that melatonin not
only stimulates GnlH mRNA expression but also GnlH release [16].

lll.c. Impact of social interactions on GnlIH

To examine whether or not nest competition can alter GnlH to modulate reproductive
functioning in the face of mating competition, Calisi et al. (2011) manipulated nesting
opportunities for pairs of European starlings and examined changes in the GnlH system in
successful and unsuccessful birds. Birds obtaining nest boxes had significantly fewer
numbers of GnlH-ir cells than those without nest boxes in the beginning of breeding season,
whereas the number of GnlH-ir cells were greater in birds with nest boxes than those
without nest boxes in the middle of the breeding season. GnRH-ir cells, plasma testosterone
and corticosterone did not vary with nest box ownership. These data suggest that GnlH may
serve as a modulator of reproductive behavior, without gross modification of HPG axis
functioning, in response to social environment [12].

More recently, Tobari et al. (2014) investigated the neurochemical means by which female
presence alters reproductive axis function in male Japanese quail. They first found that
norepinephrine (NE) release increases rapidly in the PVN of quail when viewing a female
conspecific. Likewise, GnlH precursor mRNA expression increases in the PVN, with
associated decreases in LH concentrations in plasma, when males viewed a female. The
authors then established a link between these two events by showing that NE application
stimulates GnlH release from diencephalic tissue blocks in vitro. Double-label
immunohistochemistry revealed that GnlH neurons are innervated by noradrenergic fibers
and immunohistochemistry combined with in situ hybridization demonstrated that GnlH
neurons expressed a2A-adrenergic receptor mMRNA. Together, these findings suggest that
female presence increases NE release in the PVN and stimulates GnlH release, resulting in
the suppression of LH release in this species [101].

lll.d. Interactions between the GnlH system and the stress axis

Given the unpredictability of local conditions during the breeding season, animals maintain
phenotypic plasticity and cease reproduction temporarily if local conditions are unfavorable
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[125]. Because adverse conditions activate the stress axis to transiently inhibit reproduction,
Calisi et al. (2008) examined whether or not GnlH might participate in stress-induced
reproductive suppression in house sparrows. Birds exposed to capture-handling stress
exhibited significantly more GnlIH-ir neurons in spring and increased GnlH cellular
activation in both spring and fall relative to control animals. These data suggest that the
GnlH participates in short-term changes in reproductive function when animals experience
unpredictable, stressful conditions [13]. These inhibitory effects are likely mediated through
direct actions in GnlH neurons via glucocorticoid receptors (GR); GR mRNA is expressed in
GnlH neurons in quail and 24 hours of treatment with corticosterone (CORT) increases
GnlH mRNA expression in quail diencephalon [97].

lll.e. Implications for Gonadal GnlH in seasonal reproductive function

In addition to acting on GnIH cells in the brain to guide seasonal changes in reproduction,
melatonin also appears to act directly on the gonads to regulate local GnIH activity.
European starling testes express mRNA for GnlH, GnlH-R and the melatonin receptors,
Mellb and Mellc [64]. GnlH and GnlH-R expression levels in the testes are relatively low
during the breeding season and melatonin administration significantly increases GnlH
mRNA. Additionally, melatonin and GnlH administration decrease testosterone release from
gonadotropin-stimulated testes in vitro. Together, these results suggest that local inhibition
of sex steroid secretion is regulated seasonally in starling testis by melatonin-induced
alterations in gonadal GnlH [64].

As indicated previously, stress acts, at least in part, through direct actions of CORT on GnlH
cells in the brain. More recent findings suggest that CORT may also act directly at the level
of the gonads to alter reproductive function via changes in gonadal GnlH. In European
starlings, CORT and metabolic stress decrease testosterone and estradiol secretion from
gonadotropin-stimulated testes and ovaries in culture [65]. This effect is season specific;
prior to the breeding season, the testes and ovaries respond to CORT and metabolic stress by
significantly decreasing gonadal steroid release. During the breeding season, however, the
testes do not respond to these stressors, whereas the ovaries respond to CORT with
reductions in gonadal steroid production. Interestingly, whereas CORT, but not metabolic
stress, up-regulates GnlH in the testes, metabolic stress, but not CORT, up-regulates GnlH
in the ovaries [65], suggesting sex differences in the regulation of gonadal GnlH and the
mechanisms by which different stressors impact gonadal functioning.

IV. Seasonal reproduction and GnIH in mammals

IV.a. Mechanisms driving seasonal changes in mammalian reproduction

To synchronize breeding and other aspects of their physiology and behavior with the annual
geophysical cycle, mammals use one of two mechanisms (Figure 3; reviewed in
[30,52,72]). The first mechanism, typically observed in large long-lived mammals, employs
an endogenous circannual clock with a period of approximately a year, even in organisms
deprived of annual time cues. When animals are exposed to the natural environment,
circannual rhythms adopt the period of the sidereal year through entrainment to the annual
photoperiodic cycle [46,54,127,130]. The second type of rhythm, typically employed by
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small short-lived mammals, is similar to that described previously in birds, incorporating
alternating periods of photosensitivity and photorefractoriness. In contrast to birds, however,
photoperiodic mammals inhibit reproduction when day lengths fall below a species-specific
minimum in the fall. A few months after reproductive cessation, as spring approaches,
animals become refractory to short day lengths and restore reproductive functioning. To
break refractoriness, these mammals require exposure to long day lengths.

IV.b. GnlH and mammalian seasonality

As in birds, the striking seasonal changes in gonadal activity ultimately result from reduced
stimulation of the pituitary by GnRH leading to low concentrations of circulating gonadal
steroid hormones. One might expect that the reduction in circulating gonadal steroids relax
feedback inhibition on the HPG axis. However, such a homeostatic mechanism of control
would not allow the maintenance of reproductive quiescence, necessitating appropriate
seasonal changes in the potency of negative feedback regulation. Such a mechanism ensures
that gonadotropins maintain the ability to stimulate gametogenesis during the breeding
season, even in the face of high levels of gonadal steroid hormone secretion, whereas, during
the non-breeding season, even low concentrations of gonadal steroids are sufficient to
suppress gonadotropin secretion, ensuring that reproductive capacity is held in check
[55,99,110].

Because increased negative feedback of gonadal steroids is required for seasonal
reproductive quiescence, initial studies searched for neural loci in which melatonin signaling
might alter sex steroid receptor numbers or affinity. In Syrian hamsters, the DMH emerged
as an important target as it expressed both sex steroid and melatonin receptors and was
essential for SD- or melatonin-induced reproductive regression [4,58,62,63]. These findings
pointed to the possibility that melatonin signaling is decoded in the DMH, possibly through
GnlH neurons, to alter negative feedback across the seasons. However, despite being
necessary for reproductive regression in Syrian hamsters, the DMH is not essential for
enhanced gonadal steroid negative feedback following SD exposure [43]. Although these
findings do not rule out a role for the DMH as a component of the circuitry guiding seasonal
changes in reproductive function, they do indicate that melatonin acts upstream of the DMH,
a circuit described further below.

Early studies exploring the effects of photoperiod on GnlH expression in Syrian and
Siberian hamsters first explored whether or not GnlH might exhibit changes predictably
associated with lay length or melatonin administration. Contrary to expectation, extended
exposure to inhibitory day lengths leads to suppression of GnlH immunostaining and
mMRNA [59,81] as well as decreased fiber density and projections to GnRH cells [59,113].
Similar results are seen following several weeks of melatonin administration to long-day
animals and pinealectomy prevents the suppression of GnlH in short days [81,113].
Analogous seasonal patterns of GnlH expression have been observed in European [90] and
Turkish [74] hamsters as well as the semi-desert rodent, Jerboa [42]. In male hamsters, the
short-day-induced reduction in GnlH is not the result of low circulating gonadal steroid
concentrations; castration of long-day hamsters or providing testosterone implants to short-
day hamsters does not alter the pattern of GnlH protein or mRNA [59,81,113].
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Because the pars tuberalis (PT) of the anterior pituitary has the highest density of melatonin
receptors across species [7,61,93,119,120] and has been importantly implicated in the
control of seasonal breeding [21,36,67,68], more recent research has focused on this critical
site and the possibility that GnlH is altered secondary to the actions of melatonin on this
neural locus. In hamsters, melatonin acts on the pars tuberalis to inhibit thyroid-stimulating
hormone (TSH) synthesis which, in turn, acts on tanycytes in the hypothalamic ependymal
layer to alter deiodinase activity and, consequently, the conversion of local thyroxine (T4) to
triiodothyronine (T3) [5,36,80,98]. As spring approaches and melatonin duration is
decreased, increased T3 acts on downstream circuitry to guide the transition from the winter
to summer breeding phenotype. If GnlH is downstream of this mechanism, then exposure of
photoinhibited hamsters to TSH or T3 should lead to increased GnlH expression. Indeed,
chronic central administration of TSH or T3 to SD hamsters for several weeks restores the
LD pattern of GnlH, implicating GnlH as part of this established melatonin-mediated
neurochemical circuit [38,50].

Despite these findings being consistent with a role for GnlH in seasonal breeding, they are at
odds with a simple model of control in which GnlH is low during breeding and elevated
during reproductive quiescence. One possibility is that hamsters require enhanced GnlH
expression to suppress GnRH during the initial period of regression, whereas this level of
inhibition is not necessary in hamsters with a fully regressed reproductive axis and low
testosterone concentrations. Another possibility is that sex and timing of administration can
impact the response of the reproductive axis to GnlH [1,113]. For example, whereas GnlH
suppresses gonadotropin secretion in ovariectomized female hamsters treated in late
afternoon [53], GnlH stimulates GnRH and gonadotropin secretion in male Syrian hamsters
[1]. Additionally, reproductive function can be restored in short-day-housed male Syrian
hamsters by infusion of GnlH [1]. In male Siberian hamsters, GnlH suppresses HPG axis
function in long-day, reproductive-competent animals but stimulates gonadotropin secretion
in short-day reproductively-quiescent animals [113]. Thus, future studies examining the
pattern of GnlH expression throughout the development of reproductive quiescence across a
number of species and in both sexes, in addition to molecular approaches that directly target
GnlH function/expression are necessary to fully understand the complex role of this peptide
in seasonal breeding.

In sheep and goats, GnlH neurons are prominent in the premammillary hypothalamus
[41,94,96]. In sheep, GnIH mMRNA and protein, and GnlH projections upon GnRH neurons,
are increased in the hypothalamus at the time of reproductive quiescence during long-days
relative to animals in non-breeding condition held in short days [20,96]. In goats, GnIH cell
numbers are higher in the follicle phase of the ovulatory cycle during breeding season
relative to short-day, anestrus females [41]. As in hamsters, photoperiodic changes in GnlH
are not a result of altered sex steroids in sheep [96]. In another long-day breeder, the
brushtail possum, GnlH cell numbers were increased during the summer, non-breeding
season relative the breeding season in females [37]. Thus, in long (i.e., hamsters) and short
(i.e., sheep, possum) day breeders, the photoperiodic regulation of GnlH is highly conserved
and the downstream targets of the GnlH system diverged to accommodate long and short-
day breeding strategies.
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IV.c. Implications for Gonadal GnIH in seasonal reproductive function

Although not specifically investigated in a seasonal context in mammals, it is likely that
GnlH acts locally in the gonads to drive seasonal changes in gonadal functioning. In Syrian
hamsters and mice, for example, the gonads express GnlH and GPR147 [2,91,129]. In
hamster testis, GnlH is expressed in spermatocytes and in round to early elongated
spermatids whereas GPR147 protein is seen in myoid cells in all stages of spermatogenesis,
pachytene spermatocytes, maturation division spermatocytes, and in round and late
elongated spermatids. In mice, testicular GnlH synthesis is increased during reproductive
senescence and may contribute to the decline in testicular GnRH activity seen at this time
[2]. Finally, in mice, GnlH and GPR147 are present in ovarian granulosa cells of healthy
and antral follicles during proestrus and estrus and in the luteal cells during diestrus [91],
suggesting participation in follicular development and atresia.

IV.d. Interactions between the GnlIH system and the stress axis

As in birds, stress has pronounced inhibitory actions on the HPG axis of mammals and
likely contributes to short-term inhibition of reproduction when conditions become
temporarily unfavorable. To explore whether or not stress suppresses reproductive
functioning through stimulation of the GnlH system, Kirby et al. (2009) investigated the
impact of acute immobilization stress on GnlH mRNA and protein levels in adult male rats.
Following this stressor, GnIH mRNA and protein levels increased rapidly following stress,
returning to baseline 24 hours later [48]. As seen in birds, glucocorticoids appears to act
directly on GnlH cells expressing GR, pointing to an evolutionarily conserved mechanism of
control in rodents and birds. However, the role of the GnlH system in suppressing
reproduction during times of stress may not be common across all species as stress does not
affect GnlH peptide or mMRNA expression in sheep [71].

More recently, Son et al. (2014) used a GnlH-expressing neuronal cell line, rHypoE-23 cells
derived from rat hypothalamus to further explore the impact of glucocorticoids on the GnlH
system [97]. rHypoE-23 cells express GR mRNA and increase GhlH mRNA expression in
response to corticosterone treatment. To determine the specific means by which
corticosterone acts to increase GnlH expression, the authors characterized the promoter
activity of the rat GnlH gene. DNA deletion analysis revealed a CORT-responsive region
upstream of the GnlH precursor coding region that included two GC response elements
(GREs). Mutation of one these GREs abolished CORT responsiveness. These results
provide a putative molecular basis for transcriptional activation of GnlH under stress by
CORT and GR [97].

V. GnlIH as a Fuel Detector

In environments where energy availability fluctuates, animals use photoperiod to phase
breeding with anticipated times of maximal food availability [10]. Should food become
scarce during the breeding season, reproduction is temporarily inhibited [9,87]. Food
deprivation and other metabolic challenges inhibit reproductive axis functioning and sexual
motivation [8,11,86,89,92]. Several lines of evidence suggest that GnlH might act to relay
metabolic information to the HPG axis and neural circuits guiding sexual motivation. First,
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GnlH injections stimulate food intake across most species, including mice, rats and non-
human primates [19,44], although one recent report indicates that direct amygdalar
injections decrease food intake in mice [51]. Additionally, GnIH neurons are activated by
food restriction in hamsters and infusion of GnlH inhibits sexual motivation in this species
[49,75]. In male and female Obese (Ob) mice, GnIH mRNA levels are lower than wild-type
animals with normal body compositions, suggesting reduced stimulation of feeding circuits
when energy storage is maximized [77]. Finally, the inhibition of LH normally
accompanying food restriction is reduced in mice lacking GPR147 [57]. Together, these
findings suggest that GnlH might participate in fine-tuning the precise timing of seasonal
breeding by relaying metabolic state to reproductive and motivational circuits when energy
availability is uncertain.

VI. Regulation of Seasonal Reproduction by Kisspeptin

Although not the focus of this review, another neuropeptide in the RFamide family,
kisspeptin, deserves brief consideration as several lines of evidence suggest that kisspeptin
works in conjunction with GnlH to guide seasonal changes in reproduction across species
(reviewed in [90]). Kisspeptin received substantial attention by reproductive biologists
following the discovery that a loss-of-function mutations in the kisspeptin receptor, GRP54,
gene are associated with a failure to attain puberty and infertility in rodents and humans
[24,47,76,88]. Given the pronounced stimulatory role of kisspeptin in puberty and adult
reproductive status, this peptide represented an attractive candidate system responsible for
controlling seasonal changes in reproduction.

The gene for kisspeptin, KiSSL, has been identified in most vertebrates, including mammals,
amphibians, and fish — but not birds (reviewed in [104]). The role of kisspeptin in seasonal
breeding has principally been explored in Syrian and Siberian hamsters [3,33,34,60,79] and
sheep [14,18,31,32,56,95,96]. Across species, kisspeptin is generally elevated during the
breeding season and suppressed following exposure to inhibitory photoperiods or
appropriately timed melatonin administration. Likewise, infusion of kisspeptin can restore
reproductive function to reproductively quiescent hamsters and sheep [3,14]. Together with
the aforementioned overview of the participation of RFRP-3 in mammalian seasonality,
these findings point to an important role for kisspeptin in the regulation of seasonal
breeding.

VI. Conclusions and Considerations

The combined descriptive, correlational and empirical evidence presented herein suggests a
key role for GnlH in avian and mammalian seasonal breeding. In birds and mammals, GnIH
mRNA and peptide expression exhibit pronounced seasonal changes associated with
alterations in reproductive status. Additionally, in birds melatonin can act directly on GnlH
cells to alter GnlH expression in a manner consistent with a role in phasing seasonal
breeding. However, there is no clear evidence, as of yet, that GnlH is involved in the
downregulation of GnRH synthesis or release in birds refractory to long day lengths. It is
more likely that GnlH acts within the breeding season to modulate physiology and behavior
during substages of this critical component of the annual cycle. In mammals, melatonin-
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responsive systems upstream of GnlH cells (e.g., pars tuberalis) likely participate in seasonal
changes in GnlH expression. Whether GnlH, in turn, acts to alter reproductive axis activity
to guide changes in reproductive status associated with refractoriness to long or short days
requires direct empirical investigation. The observations that administration of GnlH hastens
changes in reproductive status in mammals provide indirect evidence for this possibility, but
whether GnlH participates in photorefractory transitions under unmanipulated conditions
requires further study.

In addition to acting on the hypothalamus to alter HPG axis functioning, GnlIH also operates
locally within gonadal tissues to appropriately modulate testicular and ovarian functioning.
Finally, the observations that GnlH expression is markedly impacted by stress and social
interactions places GnlIH in a position to further guide more transient changes in
reproductive functioning should unfavorable breeding conditions manifest, temporarily,
during the breeding season. A full understanding of the specific role of GnlH in seasonal
breeding requires more exacting approaches presently hampered by the limited availability
of experimental tools in seasonally-breeding species. By developing species-specific
molecular/genetic approaches, for example, that allow precise, systematic manipulation of
GnlH cells and their targets, further insight can be gained into the specific functional role of
this neuropeptide. In this regard, exciting opportunities exist for researchers interested in
understanding the neural circuits and neuroendocrine mechanisms driving vertebrate
seasonal breeding.
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Figure 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) GnlH group, (4) kisspeptin group, (5)
pyroglutamylated RFamide peptide (QRFP)/26RFamide group. GnlH was discovered in the
quail hypothalamus. GnIH inhibits gonadotropin synthesis and release in birds. GnlH
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
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.
Reviewed in [103,109].
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Figure 2.

Annual timekeeping mechanism in most avian species. Exposure to short day lengths of
winter sensitizes birds to the photostimulatory actions of increasing day lengths in spring.
As day lengths continue to increase during the summer, animals become photorefractory,

ignoring photoperiodic information and initiating a cascade of neuroendocrine events

driving involution of the HPG axis. Reproduction ceases during the short days of winter
while short days re-sensitize the reproductive axis to long day lengths the following spring.
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Figure 3.
Annual timekeeping mechanisms. (a) Interval timer of the Siberian hamster. (1) Decreasing

day lengths trigger the interval timer/induce the winter phenotype. (2) The timer runs to
completion. (3) Refractoriness/spontaneous reversion to the spring phenotype. (4) Prolonged
exposure to long day lengths breaks refractoriness/resets the interval timer. (b) Circannual
clock of the golden-mantled ground squirrel. Successive oscillations between the summer
and winter phenotypes are driven by an endogenous clock rather than exogenous factors.
(from [72] with permission).
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