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Gonadotropin-inhibitory hormone (GnlH), a neuropeptide that inhibits gonadotropin synthesis
and release, was first identified in quail hypothalamus. GnlH acts on the pituitary and GnRH
neurons in the hypothalamus via GnlH receptor to inhibit gonadal development and maintenance.
In addition, GnIH neurons express melatonin receptor and melatonin induces GnlH expression in
the quail brain. Thus, it seems that melatonin is a key factor controlling GnlH neural function. In
the present study, we investigated the role of melatonin in the regulation of GnlH release and the
correlation of GnlH release with LH release in quail. Melatonin administration dose-dependently
increased GnlH release from hypothalamic explants in vitro. GnIH release was photoperiodically
controlled. A clear diurnal change in GnlH release was observed in quail, and this change was
negatively correlated with changes in plasma LH concentrations. GnlH release during the dark
period was greater than that during the light period in explants from quail exposed to long-day
photoperiods. Conversely, plasma LH concentrations decreased during the dark period. In contrast
to LD, GnlH release increased under short-day photoperiods, when the duration of nocturnal
secretion of melatonin increases. These results indicate that melatonin may play a role in stimu-
lating not only GnIH expression but also GnlH release, thus inhibiting plasma LH concentrations in
quail. This is the first report describing the effect of melatonin on neuropeptide release.

(Endocrinology 151: 271-280, 2010)

n vertebrates, gonadotropin secretion is stimulated by the

hypothalamic decapeptide GnRH (1-5). Until the discov-
ery of gonadotropin-inhibitory hormone (GnIH), it was not
known that gonadotropin secretion could be inhibited by a
hypothalamic neuropeptide (6). This discovery that GnIH
could inhibit pituitary LH release was the first known ex-
ample of a hypothalamic neuropeptide inhibiting the release
of pituitary gonadotropin in any vertebrate.

In birds, GnIH is located in neurons of the paraven-
tricular nucleus (PVN) (6 —8). These neurons project to the
median eminence (ME), and are thus able to control an-
terior pituitary function (6—8). We also cloned a cDNA
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encoding the GnIH precursor polypeptide in quail brain
(9). The GnIH precursor mRNA was expressed only in the
PVN (7-9). Subsequently we identified a cDNA encoding
GnIH in white-crowned sparrow (10) and European star-
ling brain (11) and determined that gonadotropin release
was inhibited /7 vivo by GnIH in both galliform and pas-
seriform birds (10, 12). Addition of GnIH to cultured
chicken pituitary also reduced gonadotropin synthesis and
release (13). To uncover the mode of action of GnIH, we
further identified a novel G protein-coupled receptor for
GnIH in quail (14). The identified GnIH receptor was
expressed in the anterior pituitary and specifically bound

Abbreviations: GnlH, Gonadotropin-inhibitory hormone; LD, long day; ME, median emi-
nence; PrRP, prolactin-releasing peptide; PVN, paraventricular nucleus; Px+Ex, pinealec-
tomy with orbital enucleation; RFRP, RFamide-related peptide; SD, short day.
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to GnIH in a concentration-dependent manner (14). In
starlings, GnIH neurons also project to GnRH-I and -II
neurons; it seems that GnIH probably acts on GnRH neu-
rons via GnlH receptor to inhibit GnRH release centrally
as well as to inhibit gonadotropin release at the anterior
pituitary (11). The inhibitory effects of GnIH on gonadal
development and maintenance have also been demon-
strated in quail after chronic treatment with GnIH (12).
Thus, it is considered that in birds GnIH acts on the an-
terior pituitary and GnRH neurons in the hypothalamus
via GnIH receptor to inhibit gonadal development and
maintenance by decreasing gonadotropin release and syn-
thesis (15). Previous studies on quail suggested that GnIH
acts on the anterior pituitary to inhibit gonadotropin re-
lease and synthesis during development and maturity (6,
12). Evidence from other bird species suggests that GnIH
regulates GnRH and thus inhibits gonadotropin release,
but there is as yet no published evidence that GnIH acts in this
way before maturity in species other than quail (11, 16).

The inhibitory action of GnIH on gonadotropin secre-
tion occurs in at least two orders of birds and thus may be
an evolutionarily conserved property. Furthermore, very
recently RFamide-related peptide (RFRP)-3 has been dem-
onstrated as a potent mammalian homolog of GnIH (17,
18). RFRP-3 inhibits gonadotropin release iz vitro and in
vivo in hamsters (17, 19) and rats (20, 21). RFRP-3 also
reduces GnRH-stimulated gonadotropin secretion in
sheep (18) and pulsatile gonadotropin secretion in cattle
(22). Thus, GnIH and RFRP-3, a mammalian GnIH ho-
molog, are considered to act as important inhibitory hy-
pothalamic neuropeptides to control reproduction in
birds and mammals, respectively.

To understand the functional significance of GnIH and
its physiological role as a key neuropeptide involved in the
regulation of gonadotropin release and synthesis, it is es-
sential to clarify the regulatory mechanism(s) that regu-
lates its expression and release. There are many avian and
mammalian species that are photoperiodic. In general, the
annual changes in pineal melatonin secretion drive the
reproductive responses of photoperiodic mammals (23).
However, it has been almost universally accepted that mel-
atonin is not responsible for changes in seasonal repro-
duction in birds (24, 25). Despite this general dogma, there
is information available on regulation of seasonal pro-
cesses by melatonin, including that of gonadal activity and
gonadotropin secretion (26-31). It is possible that the
avian hypothalamus can synthesize melatonin de novo
(32). These researchers demonstrated the presence of mel-
atonin in turkey hypothalamus along with tryptophan hy-
droxylase 1 and 5-hydroxytryptamine N-acetyl-trans-
ferase, key enzymes in melatonin biosynthesis. If this
finding is applicable to birds in general, then it could ex-
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plain the lack of effect of pinealectomy on the avian re-
productive system. Based on these reports and taking into
account the inhibitory effects of GnIH on gonadotropin
release and synthesis (6, 10, 12, 13), we manipulated mel-
atonin levels in quail by removing sources of melatonin
and investigating the action of melatonin on GnIH ex-
pression in the quail brain (33). The pineal gland and eyes
are the major sources of melatonin in quail (34). The ex-
pression of GnIH precursor mRNA and the mature GnIH
peptide in the diencephalon, including the PVN and ME,
were decreased by a manipulation that combined pinea-
lectomy with orbital enucleation (Px+Ex) (33). The ex-
pression of GnIH precursor mRNA and production of
mature peptide were dose-dependently increased by mel-
atonin administration to Px+Ex birds (33). The duration
of melatonin increases under the longer nights of short-
day (SD) photoperiods (35), and SD increased GnIH ex-
pression (33). Critically, Mel, ., a melatonin receptor sub-
type, was expressed in GnIH-immunoreactive neurons in
the PVN (33). It seems that GnIH expression is induced by
a direct action of melatonin on GnIH neurons via its re-
ceptor. Thus, GnIH is capable of detecting and transduc-
ing photoperiodic information via changes in the melato-
nin signal, thereby influencing the reproductive axis in
birds. However, until now there is no information in any
species whether melatonin is capable of causing GnIH se-
cretion. Although we know that melatonin can stimulate
GnIH mRNA expression in vivo (33), this does not nec-
essarily mean that the GnIH peptide is actually secreted
and secreted in quantities that can affect LH concentra-
tions. Therefore, it is very important to clarify the effect of
melatonin on GnlH secretion.

In this study, we investigated further the role of melatonin
in the regulation of GnIH release in quail. We first analyzed
the effects of melatonin on GnIH release and GnIH mRNA
expression by using an iz vitro model. Subsequently the re-
lease of GnIH was compared between the dark and light
periods in hypothalamic explants from quail exposed to
long-day (LD) photoperiods. Plasma LH concentrations
were also examined during the dark and light periods. Di-
urnal changes in the release of GnIH and the concentrations
of plasma LH and diencephalic and plasma melatonin were
also analyzed in quail exposed to LD photoperiods. Finally,
we examined the action of endogenous melatonin on the
release and expression of GnIH by using hypothalamic ex-
plants from quail exposed to SD and LD photoperiods, thus
varying the length of endogenous melatonin secretion by
varying the length of the night (melatonin is secreted at night)
(35, 36). Here we show that melatonin is a potent inducer of
GnlIH release as well as GnIH expression and that the dura-
tion of GnIH release parallels the duration of elevated mel-
atonin in vitro and in vivo.
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Materials and Methods

Animals

Adult male Japanese quail (Coturnix japonica) at 3 months of
age were housed in a temperature-controlled room (25 = 2 C)
under daily photoperiods of 16 h light and 8 h dark (LD; lights
on at 0700 h, off at 2300 h). All birds were isolated in individual
cages, and the experimental protocol was approved in accor-
dance with guidelines prepared by Waseda University (Tokyo, Ja-
pan). All efforts were made to minimize the number of animals used.

Experimental schedules

To determine the effect of melatonin on GnIH release, hypo-
thalamic explants including GnIH neurons in the PVN and their
terminals in the ME were collected from quail exposed to LD
photoperiods during the light period (1500 h). Explants were
collected into ice-cold Medium 199 (Life Technologies, Inc., In-
vitrogen, Carlsbad, CA) supplemented with 10 mm HEPES,
0.1% BSA, and 0.1 mMm phenylmethylsulfonyl fluoride and pre-
incubated for 90 min at 37 C in an atmosphere of 95% O,-5%
CO,. Each hypothalamic explant was then transferred to a 24-
well microplate, each well containing 1 ml medium supple-
mented with melatonin (Sigma-Aldrich, St. Louis, MO) at con-
centrations of 1077, 1078, or 10™7 M or vehicle only (n = 6 in
each group). After 120 min incubation, each medium was col-
lected and subjected to ELISA to quantify GnIH concentrations.
We incubated hypothalamic explants for 120 min because our
preliminary study showed that GnIH mRNA expression signif-
icantly increased by melatonin administration during 120 min
incubation (see Fig. 2). Each hypothalamic explant was also sub-
jected to competitive PCR analysis to quantify the expression of
GnlH precursor mRNA.

To investigate the effect of light and dark on the release of
GnlIH and the expression of GnIH precursor mRNA, hypotha-
lamic explants were collected in the same manner from quail
exposed to LD photoperiods during the light period (1500 h) and
the dark period (0300 h) (n = 6 in each group) and incubated in
the medium for 120 min. We incubated hypothalamic explants
under light or dark condition with respect to the ambient light
and dark conditions of each quail just before the animals were
killed. After incubation, each medium was collected and sub-
jected to ELISA to quantify GnIH concentrations. Each hypo-
thalamic explant was also subjected to competitive PCR analysis
to quantify the expression of GnIH precursor mRNA. Trunk
blood was collected into heparinized tubes and centrifuged at
1800 X g for 20 min at4 C. Plasma was stored at —20 C. Plasma
LH concentrations during the light and dark periods were quan-
tified using RIA.

Toinvestigate diurnal changes in GnIH release, hypothalamic
explants were collected from quail exposed to LD photoperiods
atintervals of 6 h during a 24-h period (n = 8 in each group) and
incubated in the medium for 120 min. After incubation, each
medium was collected and subjected to ELISA to quantify GnIH
concentrations. Each hypothalamic explant was used to deter-
mine its own melatonin concentration. Trunk blood was col-
lected into heparinized tubes and centrifuged at 1800 X g for 20
min at 4 C. Plasma was stored at —20 C. The concentrations of
plasma LH and diencephalic and plasma melatonin were quan-
tified using RIAs for LH and melatonin, respectively.

Finally, we manipulated endogenous melatonin to determine
its action on GnlIH release. Birds were exposed to SD (8 h light
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and 16 h dark; lights on at 0900 h, offat 1700 h) or LD (16 h light
and 8 h dark; lights on at 0700 h, off at 2300 h) photoperiods.
Melatonin is secreted during dark; thus, the duration of endog-
enous melatonin secretion was increased by SD treatment (35,
36). After 3 wk of exposure to SD or LD, birds (n = 6 in each
group) were terminated at 1500 h, and the release of GnIH and
the expression of GnIH precursor mRNA from hypothalamic
explants were measured as before. Plasma LH concentrations
were also analyzed.

ELISA of GnlH

To determine the release of GnIH in the medium, each me-
dium was collected and subjected to complete evaporation fol-
lowed by dilution with buffer [0.1% BSA in 10 mm PBS (pH
7.5)]. Then the adjusted sample was subjected to competitive
ELISA by using rabbit antiquail GnIH antiserum (6) to quantify
GnlH concentrations in the medium. Quail GnIH (SIKPSAYLPLRF-
amide) was synthesized and used as the standard (6, 8, 33). In
brief, different concentrations of GnIH (1-1000 pmol/ml) and
adjusted sample were added with the antiserum against
GnIH (1:1000 dilution) to each antigen-coated well of a 96-well
microplate (multiwell plate for ELISA, H-Type; Sumitomo
Bakelite, Tokyo, Japan) and incubated for 1 h at 37 C. After the
reaction with alkaline phosphatase-labeled goat antirabbit IgG,
immunoreactive products were obtained in a substrate solution
of p-nitrophenylphosphate, and the absorbance was measured at
415 nm on a microtiter plate reader (MTP-120; Corona Electric,
Ibaraki, Japan).

To investigate the specificity of GnIH antiserum used in this
study, we conducted a competitive ELISA using GnIH, RFRP-3,
a homologous peptide of GnIH, and other RFamide peptides
having a different C-terminal structure from GnIH. GnIH has a
C-terminal LPLRFamide motif (6). RFRP-3, a mammalian ho-
mologous peptide of GnIH, has a C-terminal LPQRFamide motif
(15). GnIH and RFRP-3 possess the same C-terminal LPXRF
(X = L or Q) motif. Chicken pentapeptide, LPLRFa, is consid-
ered to be a fragment of GnIH (15, 37, 38). Neuropeptide FF
(NPFF) and prolactin-releasing peptide (PrRP) are other RF-
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FIG. 1. Competition binding of quail GnIH to the antiserum raised
against quail GnlH with various RFamide peptides as measured by
competitive ELISA.
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amide peptides, which have a different C-terminal structure from
GnIH and RFRP-3. As shown is Fig. 1, GnIH antiserum highly
cross-reacted only with GnIH and RFRP-3, a mammalian ho-
mologous peptide of GnIH, unlike other RFamide peptides (hu-
man NPFF and human PrRP). The ICs, values in the competitive
ELISA were estimated as follows: 3.6 num for quail GnIH (SIKP-
SAYLPLRF-amide), 7.8 nMm for rat RFRP-3 (ANMEAGTMSH-
FPSLPQRF-amide), 254.1 n™m for chicken LPLRFa, and more
than 10,000 nM for other RFamide peptides, e.g. human NPFF
(FLFQPQRF-amide) and human PrRP (TPDINPAWYASRGIR-
PVGRF-amide). Thus, the antiserum of GnIH showed a high
specificity for binding with GnIH and its homologous peptide
compared with its binding with other RFamide peptides.

Competitive PCR analysis of GnlH precursor mRNA

To quantify GnIH precursor mRNA in hypothalamic ex-
plants, we performed competitive PCR analysis as described pre-
viously (8, 33). Briefly, hypothalamic explants were removed
and snap frozen immediately in liquid nitrogen. Total RNA (in-
cluding rRNA and mRNA) was isolated by the Sepasol ex-
traction method (Sepasol-RNA 1 Super; Nacalai Tesque,
Kyoto, Japan) from each hypothalamic explant and reverse
transcribed by using oligo(deoxythymidine),,_, 4 primer (Am-
ersham Pharmacia Biotech, Piscataway, NJ) and reverse tran-
scriptase (Moloney murine leukemia virus reverse transcrip-
tase; Promega, Madison, WI).

For competitive PCR analysis of GnIH precursor, competitor
DNA was produced by PCR, using cDNA generated from the
cerebrum and the following primers: sense primer, 5'GAGCT-
TCCTAACTGAGCTTCAGCTATGTTGGTGATGAAGC-
3’, and antisense primer, 5'-CACGGTGCATCTTTTCTGGG-
GGTGAAGCTGTAGCCTCTCT-3'. By using these primers, a
native B-actin gene of a 450-bp fragment (nucleotides 91-540;
GenBank accession no. AF199488) with additional 20-bp
fragments of GnIH precursor where primers for competitive
PCR anneal (designated by underlining) (9). The PCR was
conducted at 94 C for 3 min and then 30 cycles at 94 C for 1
min, 60 C for 1 min, and 72 C for 1 min, with an additional
incubation at 72 C for 3 min. Quantification of the PCR pro-
duction was performed spectrometrically, and aliquots were
used as standards for competitive PCR analysis. For compet-
itive PCR, an aliquot of the cDNA solution corresponding to
1 ug of initial total RNA of each sample and competitor stan-
dard (1-100 amol per tube) were used as templates.

Oligonucleotides used as competitive PCR primers based on
nucleotide sequences of quail GnIH precursor (9) were as
follows: sense primer, 5'-GAGCTTCCTAACTGAGCTTC-3’
[identical with nucleotides 10-29 in Satake et al. (9)], and an-
tisense primer, 5'-CACGGTGCATCTTTTCTGGG-3" [com-
plementary to nucleotides 615-634 in the report by Satake ez al.
(9)]. A native 625-bp fragment was amplified by the sense and
antisense primers of the GnIH precursor gene and the primers
coamplified competitor standard (490 bp) diluted in the reaction
mixture. The PCR was conducted at 94 C for 3 min and then 35
cyclesat 94 C for 1 min, 54 C for 1 min, and 72 C for 1 min, with
an additional incubation at 72 C for 10 min.

PCR products were quantified by fluorescence of ethidium
bromide ona 3UV transilluminator (UVP, Upland, CA) followed
by two-dimensional analysis of the gel image with an IMAGE
software package (National Institutes of Health, Bethesda, MD).
Derived intensity data were subjected to quantitative analysis to
calculate the GnIH precursor mRNA concentration. For com-
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petitive PCR analysis of B-actin, competitor DNA was also pro-
duced by PCR, using cDNA generated from the cerebrum and
following primers: sense primer, 5'-ATCATGTTCGAGACCT-
TCAAACTGTGCCCATCTATGAAGG-3', and antisense primer,
5'-GACAGAGTATTTGCGCTCGG-3'. By using these primers,
a 100-bp fragment of B-actin gene (nucleotides 321-420; Gen-
Bank accession no. AF199488) was detected from the native
654-bp fragment of B-actin gene (nucleotides 301-954; Gen-
Bank accession no. AF199488). The underlined sequence is
the part in which annealing occurs in sense primer for com-
petitor PCR. The antisense primer was also used for B-actin
competitive PCR.

For competitive PCR, an aliquot of the cDNA solution cor-
responding to 1 pg of initial total RNA of each sample and
competitor standard (10-1000 amol per tube) were used as tem-
plates. Oligonucleotides used as competitive PCR primers based
on nucleotide sequences of quail B-actin were as follows: sense
primer, 5'-ATCATGTTCGAGACCTTCAA-3’ (identical with
nucleotides 301-320; GenBank accession no. AF199488), and
antisense primer, 5'-GACAGAGTATTTGCGCTCGG-3' (com-
plementary to nucleotides 935-954; GenBank accession no.
AF199488). A native 654-bp fragment was amplified by the
sense and antisense primers of the B-actin gene, and the primers
coamplified competitor standard (554 bp) diluted in the reaction
mixture. PCR products were then quantified and the B-actin
mRNA concentration was calculated. GnIH precursor mRNA
level was normalized with the expression of the housekeeping
gene B-actin and expressed as a ratio of GnIH precursor mRNA
concentration to B-actin mRNA concentration in the corre-
sponding total RNA derived from each hypothalamic explant.

RIA of LH

A highly purified chicken LH (USDA-cLH-I-3) (39) was ra-
dioiodinated by our previous method (40, 41). The RIA was
performed as described previously (12, 42, 43), using rabbit an-
tichicken LH serum (USDA-AcLH-5) (39) supplied by the U.S.
Department of Agriculture-Agricultural Research Service (ARS),
Biotechnology and Germplasm Laboratory (Beltsville, MD). The
antiserum cross-reacted with quail LH. Chicken LH preparation
(USDA-cLH-K-3) was used as the standard (39), and LH con-
centrations were expressed in nanograms of chicken LH (USDA-
cLH-K-3) per milliliter of plasma. The purity of USDA-cLH-K-3
was approximately a third of the most purified chicken LH fraction
(USDA-cLH-I-3) (39).

RIA of melatonin

Melatonin was extracted from each hypothalamic explant by
using chloroform, as described previously (34). Plasma melato-
nin was measured directly without performing extraction. The
RIA was performed as described previously (33) by using rabbit
antimelatonin serum supplied by the Institute for Molecular and
Cellular Regulation (Gunma University, Maebashi, Japan).

Statistical analysis

Results of the PCR, ELISA, RIA, and testicular weight were
expressed as the mean = sEM and analyzed for significance by
one-way ANOVA. When the F value of ANOVA for multiple
comparisons was significant, then Duncan’s multiple range test
was subsequently conducted. Correlation coefficients of the in-
teractions of time courses of incubation and GnIH mRNA ex-
pression, melatonin concentrations, and GnIH release as well as
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melatonin concentrations and GnlH mRNA expression were
calculated. We also conducted Student’s ¢ test to analyze for
significance if the experiment consisted of only two groups.

Results

Effects of melatonin administration on the release
and expression of GnlH

To measure the release of GnIH, we conducted com-
petitive ELISA by using an antiserum raised against quail
GnIH. The binding of GnIH to the antiquail GnIH anti-
serum used in this study was completely inhibited by GnIH
and RFRP-3, a mammalian GnIH homologous peptide,
but not by other RFamide peptides (NPFF and PrRP) hav-
ing a different C-terminal structure from GnIH and
RFRP-3, indicating a high specificity of the antiserum (Fig.
1). As shown in Fig. 2, 120 min of melatonin administra-
tion significantly stimulated the release of GnIH from hy-
pothalamic explants. This effect of melatonin on GnIH
release was dose-dependent (P < 0.05, vehicle vs. 10~7 M
melatonin; 10 ’vs. 10”7 M melatonin), and the minimum
effective concentration ranged between 10~° and 107
(Fig. 3A). Our preliminary study showed a significant in-
crease of GnIH mRNA expression as result of melatonin
administration during 120 min incubation (Fig. 2). Thus,
we administered melatonin at different doses in the me-
dium for 120 min. Melatonin administered in this way
increased the expression of GnIH precursor mRNA in the
hypothalamic explant in a dose-dependent manner (P <
0.05, vehicle vs. 10”7 M melatonin; 10 ?vs. 10”7 M mel-
atonin; 10~ ® vs. 10”7 M melatonin; Fig. 3B). The interac-
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FIG. 2. GnlH precursor mRNA expression caused by melatonin
administration after different periods of incubation. Birds were housed
under LD photoperiods (16 h light and 8 h dark; lights on at 0700 h,
off at 2300 h). Hypothalamic explants were collected at 1500 h and
incubated for 0, 30, 60, and 120 min in medium containing 10~/ ™
melatonin for the determination of the appropriate time to incubate
hypothalamic explants with melatonin in the main study. Each column
and the vertical line represent the mean =+ sem (n = 6 samples; one
sample from one bird). Groups with different letters are significantly
different (P < 0.05) by one-way ANOVA (F value = 3.2, P < 0.05),
followed by Duncan’s multiple range test.
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FIG. 3. Effects of melatonin administration on the release and
expression of GnlH. A, Effects of melatonin administration on the
release of GnlH from hypothalamic explants. B, Effects of melatonin
administration on the expression of GnlH precursor mRNA in
hypothalamic explants. Birds were housed under LD photoperiods (16
h light and 8 h dark; lights on at 0700 h, off at 2300 h). Hypothalamic
explants were collected at 1500 h and incubated for 120 min in
medium containing various concentrations of melatonin. Each column
and the vertical line represent the mean =+ sem (n = 6 samples; one
sample from one bird). Groups with different letters are significantly
different (P < 0.05) by one-way ANOVA (F value = 4.0, P < 0.05 for
GnlH release by different doses of melatonin; F value = 7.0, P < 0.01
for GnlH expression by different doses of melatonin), followed by
Duncan’s multiple range test.

tions of time courses of incubation and GnIH mRNA ex-
pression (r = 0.97; Fig. 2), melatonin concentrations and
GnlIH release (r = 0.85; Fig. 3A) as well as melatonin
concentrations and GnlH mRNA expression (r = 0.93;
Fig. 3B) were positively correlated.

Effects of light and dark on the release and
expression of GnlH

As shown in Fig. 4A, the release of GnIH from hypo-
thalamic explants into the incubation medium during the
middle of the dark period (0300 h) was significantly higher
than that during middle of the light period (1500 h) (P <
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FIG. 4. Effects of the light and dark perlods on the release of GnIH
from hypothalamic explants (A), the expression of GnlIH precursor
mRNA in hypothalamic explants (B), and plasma LH concentrations (C).
Birds were housed under LD photoperiods (16 h light and 8 h dark;
lights on at 0700 h, off at 2300 h). Hypothalamic explants were
collected at 1500 h (light period) and 0300 h (dark period) and
incubated in the medium for 120 min. Each column and the vertical
line represent the mean = sem (n = 6 samples; one sample from one
bird). *, P < 0.05 vs. light period by Student's t test.

0.05, dark period ws. light period). The expression of
GnlIH precursor mRNA in the hypothalamic explant was
also significantly higher during the middle of the dark
period (0300 h) than during the middle of the light period
(1500 h) (P < 0.05, dark period vs. light period; Fig. 4B).
Conversely, plasma LH concentrations during the middle
of the dark period were significantly lower than during the
middle of the light period (1500 h) (P < 0.05, dark period
vs. light period; Fig. 4C).

Diurnal changes in the release of GnlH and plasma
LH concentrations

To understand the functional significance of melatonin
action in the regulation of GnlH release, diurnal changes
in the release of GnIH alongside changes in the plasma LH
concentration and the diencephalic and plasma melatonin
concentrations were analyzed. Hypothalamic explants
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were collected in the middle of the light phase (1500 h),
early night (2100 h), middle of the dark period (0300 h),
morning (0900 h), and again at the middle of the light
period (1500 h) of the next day and incubated in the me-
dium for 120 min to measure the release of GnlH. The
concentrations of plasma LH and diencephalic and
plasma melatonin were also measured at the above-de-
scribed times. As shown in Fig. 5A, the GnIH concentra-
tion in the medium during the middle of the dark period
(0300 h) was significantly higher than those during the
middle of the light period (1500 h), early night (2100 h),
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FIG. 5. Diurnal changes in the release of GnlH from hypothalamic
explants (A), plasma LH concentrations (B), and diencephalic and
plasma melatonin concentrations (C and D). Birds were housed under
LD photoperiods (16 h light and 8 h dark; lights on at 0700 h, off at
2300 h). Hypothalamic explants were collected in the day at 1500 h,
early night (2100 h), middle of the night (0300 h), morning (0900 h)
and again at 1500 h the next day and incubated in the medium for
120 min. Each column and the vertical line represent the mean = sem
(n = 8 samples; one sample from one bird). Groups with different
letters are significantly different (P < 0.05 or P < 0.01 in case of the
plasma melatonin concentration at 0300 h) by one-way ANOVA (F
value = 8.5, P < 0.01 for GnlH release; F value = 4.9, P < 0.01 for
LH concentration; F value = 7.1, P < 0.01 for diencephalic melatonin
concentration; F value = 140.0, P < 0.01 for plasma melatonin
concentration), followed by Duncan’s multiple range test.
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morning (0900 h), and middle of the light period (1500 h)
of the next day (P < 0.05, 0300 vs. 0900, 1500, 2100, and
1500 h of the next day). Conversely, plasma LH concen-
trations during the middle of the dark period (0300 h)
were significantly lower than those during the light peri-
ods at different times (P < 0.05, 0300 vs. 1500, 2100, and
1500 h of the next day; Fig. 5B). The diurnal changes of
diencephalic and plasma melatonin concentrations (Fig. 5,
Cand D) showed a positive correlation with the release of
GnlIH (Fig. 5A) and a negative correlation with plasma LH
concentrations (Fig. 5B).

Effects of photoperiodic manipulation on the
release and expression of GnlH

GnIH was released into the medium at significantly
higher concentration from hypothalamic explants of birds
previously exposed to SD photoperiods than from ex-
plants of birds previously exposed to LD photoperiods
(P < 0.05, SD vs. LD; Fig. 6A). The expression of GnIH
precursor mRNA in the hypothalamic explants was also
significantly higher in birds previously exposed to SD
photoperiods than in those from LD photoperiods (P <
0.05, SD ws. LD; Fig. 6B). Importantly, plasma LH con-
centration and testicular weight also decreased signifi-
cantly in birds exposed to SD (P < 0.05, SD vs. LD; Fig.
6, C and D).
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FIG. 6. Effects of photoperiodic manipulation on the release of GnIH
from hypothalamic explants (A), the expression of GnlH precursor
mRNA in the hypothalamic explants (B), plasma LH concentrations (C).
and combined testicular weight (D). Birds were exposed to either LD
(16 h light and 8 h dark; lights on at 0700 h, off at 2300 h) or SD (8 h
light and 16 h dark; lights on at 0900 h, off at 1700 h) photoperiods
for 3 wk. Hypothalamic explants of LD and SD birds were collected at
1500 h and incubated in the medium for 120 min. Each column and
the vertical line represent the mean = sem (n = 6 samples; one sample
from one bird). *, P < 0.05 vs. LD by Student’s t test.
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Discussion

The purpose of the present study was to clarify whether
melatonin could regulate GnIH release in quail. Melato-
nin is involved in the regulation of GnIH expression. Con-
sidering GnIH’s inhibitory effects on gonadotropin secre-
tion (6, 10, 12, 13) and the role of photoperiod in avian
reproduction, we hypothesized that melatonin may also be
involved in the regulation of GnIH release, thus influenc-
ing gonadal activity. The present study investigated the
effects of melatonin on the release of GnIH by using an in
vitro model. Melatonin dose-dependently increased the
release of GnIH from hypothalamic explants iz vitro. No-
tably, the concentration of melatonin used to induce
changes in GnIH release was within the physiological
range. Measured concentrations of melatonin are 0.2-0.6
pg melatonin per milligram diencephalon (8 X 10~ to
2.6 X 10~% M per milligram diencephalon) (Fig. SC) and
the used doses of melatonin were 10~7 to 10~7 m. If we
calculate this figure, then the available concentration of
melatonin in a hypothalamic explant (average 100 mg)
will be around 8 X 1078 t0 2.6 X 10~ 7 m. Thus, our used
doses of melatonin (107 to 10~7 m) did not exceed the
physiological range. In a further experiment, GnIH release
during the dark period was greater than that during the
light period in quail exposed to LD in vivo. Conversely,
plasma LH concentrations decreased during the dark pe-
riod when GnIH release increased iz vivo. Furthermore,
marked diurnal changes in GnIH release were observed in
quail exposed to LD, and these changes were negatively
correlated with changes in plasma LH concentration. In
addition, the release of GnIH from hypothalamic explants
and the expression of GnIlH precursor mRNA in hypo-
thalamic explants increased under SD photoperiods in
vivo. Thus, melatonin stimulates not only GnIH expres-
sion but also GnIH release in quail. This is the first report
describing an effect of melatonin on neuropeptide release
and a negative correlation of GnIH release with LH
release.

Melatonin secretion in quail is dependent on the length
of the night, just as in other vertebrates (35), and melato-
nin secretion starts soon after lights are turned off (36).
Therefore, the increase of GnIH release under SD is pre-
sumably due to the increase in the duration of endogenous
melatonin secretion. Accordingly, GnIH is capable of
transducing photoperiodic information via changes in the
melatonin signal. This is a mechanism by which changes in
day length can influence the reproductive axis in birds. In
addition to birds, it has been reported that the expression
of RFRP, a mammalian GnIH homologous peptide is also
regulated by melatonin in hamsters (44) and sheep (45,
46). However, the regulatory mechanism governing RFRP
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release is still unclear in mammals. Future study is needed
to clarify whether melatonin also regulates the release of
RFRP in mammals just as the present study has shown in
birds. Furthermore, additional research is required to elu-
cidate how the interactions of daily rhythms of melatonin,
GnlIH, and LH affect seasonal reproduction in birds and
mammals. Although we have provided evidence for a
novel physiological mechanism of GnIH release by mela-
tonin in quail, future studies are also needed to clarify
the molecular mechanisms underlying melatonin’s regu-
lation of GnIH release. For example, data are required on
melatonin receptor specificity, its mode of action (direct
vs. indirect effects), and second-messenger activity and
whether melatonin acts at the promoter level or affects
RNA stability during the process of GnIH expression and
release.

Seasonally breeding birds and mammals provide excel-
lent models to understand the roles of GnIH and RFRP in
regulating changes in reproductive status. The expression
of RFRP is also regulated by changing photoperiod in sea-
sonally breeding mammals. In Syrian and Siberian ham-
sters, the expression of RFRP mRNA and the number of
RFRP-immunoreactive cell bodies were decreased in sex-
ually quiescent animals on SD compared with sexually
active animals maintained under LD (44). Furthermore,
photoperiodic modulation of RFRP was prevented by pi-
nealectomy, and melatonin injections reduced RFRP ex-
pression in hamsters. Thus, in these hamster species, the
RFRP neurons appear to be modulated via melatonin sig-
naling. In contrast to hamsters, sheep are SD breeders. In
Blackface sheep, the number of RFRP neurons decreased
during SD (45). In Soay sheep, the expression of RFRP is
also increased overall with exposure to LD, and increased
markedly in the ependymal cells surrounding the base of
the third ventricle (46). In LD breeding birds, the expres-
sion of GnlH was increased under SD, and melatonin ad-
ministration caused a dose-dependent increase in the ex-
pression of GnIH mRNA and the production of mature
peptide (33). Further studies are needed to clarify the func-
tional significance of the species difference in the direction
of regulation of RFRP in mammals. Notwithstanding
these differences, there is consistency in quail and mam-
mals in terms of the regulation of GnIH and RFRP by
changing photoperiod and melatonin.

It is very important to gather knowledge on the distri-
bution of melatonin receptors in relation to GnIH neurons
to understand the mode of melatonin action on GnlIH re-
lease and synthesis. It has been reported that there are
three avian melatonin receptor subtypes, Mel,,, Mel,,,
and Mel, ., which comprise a specific subfamily within the
G protein-coupled receptor superfamily. In our previous
study, we cloned quail Mel,. cDNA (33) because it was
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reported that Mel,;. mRNA was differentially expressed in
the chicken hypothalamus (47). We then conducted iz situ
hybridization of Mel,, combined with GnIH immunocy-
tochemistry (33). Colocalization of GnIH immunoreac-
tive cells and Mel,. mRNA provide strong evidence that
GnIH neurons express Mel, . in the quail (33). Melatonin
receptor autoradiography further revealed specific bind-
ing of melatonin in the PVN (33). Based on these findings,
we consider that melatonin acts directly on GnIH neurons
through Mel, -mediated mechanisms to stimulate GnIH
release and synthesis. However, there is expression of mel-
atonin receptors in cells of the PVN in quail, which did not
contain GnIH. Thus, it could be deduced that there may
exist an indirect effect of melatonin on GnIH neurons via
synaptic connections (33). This possibility requires further
study as does the possibility that melatonin receptor sub-
types other than Mel,. are also involved in regulating
GnlH release and synthesis. It will also be important to
examine the expression of melatonin receptor protein in
addition to mRNA. Studies on the clock gene expression
in GnIH neurons and their involvement in the photoperi-
odic regulation of GnIH release will also be of great
interest.

We previously studied developmental changes in GnIH
expression in the hypothalamo-hypophysial system in the
quail (8). Because GnIH begins its function around the
time of hatching, it is thought that during this time it starts
to act as a hypothalamic factor to regulate gonadotropin
release in quail. Furthermore, melatonin synthesis and se-
cretion begin during late-embryonic life in chickens (48—
51). Based on these findings, we suspect that melatonin
action on GnIH release and synthesis begins around the
time of hatching and remains throughout development
and adulthood. In the present study, GnIH release from
hypothalamic explants of mature quail increased in re-
sponse to changes in melatonin. We propose that most of
the melatonin concentration that we detected in the hy-
pothalamic explants originated from the pineal gland and
eyes because in our previous study, we measured melato-
nin concentration in the diencephalon of Px+Ex quail and
found it to be much lower than in sham operated quail,
suggesting that the majority of melatonin comes from
sources outside the brain (33). We consider that this mel-
atonin exerts its effect on GnIH neurons through melato-
nin receptor to stimulate GnIH release in mature quail.

It is considered that GnRH-I controls reproductive
function in birds (52). However, there is no association
between gonadal regression due to decreased photoperiod
with a decrease in hypothalamic GnRH-Tin quail (53, 54).
In this study, we are the first to show that the release of
GnlIH from hypothalamic explants was increased in quail
previously exposed to SD, and was associated with a de-
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crease in plasma LH levels and gonadal regression. GnIH
inhibits gonadotropin synthesis and release in quail (12).
Therefore, it could be assumed that the stimulatory action
of melatonin on the release and synthesis of GnIH may be
one of the main causes for decreasing plasma LH and
thereby gonadal regression in birds under SD photoperi-
ods. If this hypothesis is correct, spontaneous gonadal de-
velopment could be induced by the inhibition of GnIH
release on SD photoperiods. Further experimentation,
such as immunoneutralization of GnIH by intracerebro-
ventricular administration of GnIH antiserum or GnIH
gene silencing by administration of an inhibitory small
interfering RNA would be a logical next step from the
present study. Overall, our data imply an important role
for melatonin in photoperiodic regulation of the repro-
ductive axis via changes in GnIH synthesis and release.

Acknowledgments

We thank Dr. John A. Proudman (USDA-ARS, Biotechnology
and Germplasm Laboratory Beltsville, MD) for providing LH
RIA materials.

Address all correspondence and requests for reprints to:
Kazuyoshi Tsutsui, Ph.D., Professor, Laboratory of Integrative
Brain Sciences, Department of Biology, Waseda University, Cen-
ter for Medical Life Science of Waseda University, 2-2 Waka-
matsu-cho, Shinjuku-ku, Tokyo 162-8480, Japan. E-mail:
k-tsutsui@waseda.jp.

This work was supported in part by Grants-in-Aid for Sci-
entific Research 16086206 and 18107002 from the Ministry of
Education, Science, and Culture, Japan (to K.T.).

Present address for T.U.: Department of Integrative Biology
and Helen Wills Neuroscience Institute, University of California
at Berkeley, Berkeley, California 94720-3140.

Disclosure Summary: The authors have nothing to declare.

References

1. Matsuo H, Baba Y, Nair RM, Arimura A, Schally AV 1971 Structure
of the porcine LH- and FSH-releasing hormone. 1. The proposed
amino acid sequence. Biochem Biophys Res Commun 43:1334-
1339

2. Burgus R, Butcher M, Amoss M, Ling N, Monahan M, Rivier ],
Fellows R, Blackwell R, Vale W, Guillemin R 1972 Primary struc-
ture of the ovine hypothalamic luteinizing hormone-releasing factor
(LRF) (LH-hypothalamus-LRF-gas chromatography-mass spec-
trometry-decapeptide-Edman degradation). Proc Natl Acad Sci USA
69:278-282

3. King JA, Millar RP 1982 Structure of chicken hypothalamic lutein-
izing hormone-releasing hormone. II. Isolation and characteriza-
tion. J Biol Chem 257:10729-10732

4. Miyamoto K, Hasegawa Y, Minegishi T, Nomura M, Takahashi Y,
Igarashi M, Kangawa K, Matsuo H 1982 Isolation and character-
ization of chicken hypothalamic luteinizing hormone-releasing hor-
mone. Biochem Biophys Res Commun 107:820-827

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

endo.endojournals.org 279

. Miyamoto K, Hasegawa Y, Nomura M, Igarashi M, Kangawa K,

Matsuo H 1984 Identification of the second gonadotropin-releasing
hormones in chicken hypothalamus: evidence that gonadotropin
secretion is probably controlled by two distinct gonadotropin-re-
leasing hormones in avian species. Proc Natl Acad Sci USA 81:3874 -
3878

. Tsutsui K, Saigoh E, Ukena K, Teranishi H, Fujisawa Y, Kikuchi M,

Ishii S, Sharp PJ 2000 A novel avian hypothalamic peptide inhibiting
gonadotropin release. Biochem Biophys Res Commun 275:661-
667

. Ukena K, Ubuka T, Tsutsui K 2003 Distribution of a novel avian

gonadotropin-inhibitory hormone in the quail brain. Cell Tissue Res
312:73-79

. Ubuka T, Ueno M, Ukena K, Tsutsui K 2003 Developmental

changes in gonadotropin-inhibitory hormone in the Japanese quail
(Coturnix japonica) hypothalamo-hypophysial system. ] Endocri-
nol 178:311-318

. Satake H, Hisada M, Kawada T, Minakata H, Ukena K, Tsutsui K

2001 Characterization of a cDNA encoding a novel avian hypotha-
lamic neuropeptide exerting an inhibitory effect on gonadotropin
release. Biochem ] 354:379-385

Osugi T, Ukena K, Bentley GE, O’Brien S, Moore IT, Wingfield JC,
Tsutsui K 2004 Gonadotropin-inhibitory hormone in Gambel’s
white-crowned sparrow (Zonotrichia leucophrys gambelii): cDNA
identification, transcript localization and functional effects in lab-
oratory and field experiments. ] Endocrinol 182:33-42

Ubuka T, Kim S, Huang YC, Reid J, Jiang J, Osugi T, Chowdhury
VS, Tsutsui K, Bentley GE 2008 Gonadotropin-inhibitory hormone
neurons interact directly with gonadotropin-releasing hormone-I
and -II neurons in European starling brain. Endocrinology 149:
268-278

Ubuka T, Ukena K, Sharp PJ, Bentley GE, Tsutsui K 2006 Gona-
dotropin-inhibitory hormone inhibits gonadal development and
maintenance by decreasing gonadotropin synthesis and release in
male quail. Endocrinology 147:1187-1194

Ciccone NA, Dunn IC, Boswell T, Tsutsui K, Ubuka T, Ukena K,
Sharp PJ 2004 Gonadotropin inhibitory hormone depresses gona-
dotrophin a and follicle-stimulating hormone B subunit expression
in the pituitary of the domestic chicken. J Neuroendocrinol 16:999 -
1006

Yin H, Ukena K, Ubuka T, Tsutsui K 2005 A novel G protein-
coupled receptor for gonadotropin-inhibitory hormone in the Jap-
anese quail (Coturnix japonica): identification, expression and bind-
ing activity. ] Endocrinol 184:257-266

Tsutsui K 2009 Review: a new key neurohormone controlling re-
production, gonadotropin-inhibitory hormone (GnIH): biosynthe-
sis, mode of action and functional significance. Prog Neurobiol 88:
76-88

Bentley GE, Perfito N, Ukena K, Tsutsui K, Wingfield JC 2003
Gonadotropin-inhibitory peptide in song sparrows (Melospiza
melodia) in different reproductive conditions, and in house spar-
rows (Passer domesticus) relative to chicken gonadotropin-releasing
hormone. J Neuroendocrinol 15:794-802

Kriegsfeld L], Mei DF, Bentley GE, Ubuka T, Mason AO, Inoue K,
Ukena K, Tsutsui K, Silver R 2006 Identification and characteriza-
tion of a gonadotropin-inhibitory system in the brains of mammals.
Proc Natl Acad Sci USA 103:2410-2415

Clarke IJ, Sari IP, Qi Y, Smith JT, Parkington HC, Ubuka T, Igbal
J, Li Q, Tilbrook A, Morgan K, Pawson AJ, Tsutsui K, Millar RP,
Bentley GE 2008 Potent action of RFRP-3 on pituitary gonado-
tropes indicative of an hypophysiotropic role in the negative regu-
lation of gonadotropin secretion. Endocrinology 149:5811-5821
Gibson EM, Humber SA, Jain S, Williams 3rd WP, Zhao S, Bentley
GE, Tsutsui K, Kriegsfeld L] 2008 Alterations in RFamide-related
peptide expression are coordinated with the preovulatory luteiniz-
ing hormone surge. Endocrinology 149:4958-4969

Johnson MA, Tsutsui K, Fraley GS 2007 Rat RFamide-related pep-
tide-3 stimulates GH secretion, inhibits LH secretion, and has vari-

20 Iudy 0z U0 1senB AQ ¥€1L9G12/LL2/L/1.G L /I0IIe/0pUS W00 dNo dlWspeoe)/:SdjY Wolj paPeojumMoq



280

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chowdhury et al. Melatonin Stimulates GnlIH Release

able effects on sex behavior in the adult male rat. Horm Behav
51:171-180

Murakami M, Matsuzaki T, Iwasa T, Yasui T, Irahara M, Osugi T,
Tsutsui K 2008 Hypophysiotropic role of RFamide-related pep-
tide-3 in the inhibition of LH secretion in female rats. ] Endocrinol
199:105-112

Kadokawa H, Shibata M, Tanaka Y, Kojima T, Matsumoto K,
Oshima K, Yamamoto N 2009 Bovine C-terminal octapeptide of
RFamide-related peptide-3 suppresses luteinizing hormone (LH) se-
cretion from the pituitary as well as pulsatile LH secretion in bo-
vines. Domest Anim Endocrinol 36:219-224

Bronson FH 1989 Mammalian reproductive biology. Chicago: Uni-
versity of Chicago Press; 325

Wilson FE 1991 Neither retinal nor pineal photoreceptors mediate
photoperiodic control of seasonal reproduction in American tree
sparrows (Spizella arborea). ] Exp Zool 259:117-127

Juss TS, Meddle SL, Servant RS, King VM 1993 Melatonin and
photoperiodic time measurement in Japanese quail (Coturnix cotur-
nix japonica). Proc Biol Sci 254:21-28

Ohta M, Kadota C, Konishi H 1989 A role of melatonin in the initial
stage of photoperiodism in the Japanese quail. Biol Reprod 40:935-
941

Bentley GE, Van’t Hof TJ, Ball GF 1999 Seasonal neuroplasticity
in the songbird telencephalon: a role for melatonin. Proc Natl
Acad Sci USA 96:4674-4679

Bentley GE, Ball GF 2000 Photoperiod-dependent and -independent
regulation of melatonin receptors in the forebrain of songbirds.
J Neuroendocrinol 12:745-752

Bentley GE 2001 Unraveling the enigma: the role of melatonin in
seasonal processes in birds. Microsc Res Tech 53:63-71
Guyomarc’h C, Lumineau S, Vivien-Roels B, Richard ], Deregnaucourt S
2001 Effect of melatonin supplementation on the sexual develop-
ment in European quail (Coturnix coturnix). Behav Processes 53:
121-130

Rozenboim I, Aharony T, Yahav S 2002 The effect of melatonin
administration on circulating plasma luteinizing hormone concen-
tration in castrated White Leghorn roosters. Poult Sci 81:1354-
1359

Kang SW, Thayananuphat A, Bakken T, El Halawani ME 2007
Dopamine-melatonin neurons in the avian hypothalamus control-
ling seasonal reproduction. Neurosci 150:223-233

Ubuka T, Bentley GE, Ukena K, Wingfield JC, Tsutsui K 2005
Melatonin induces the expression of gonadotropin-inhibitory hor-
mone in the avian brain. Proc Natl Acad Sci USA 102:3052-3057
Underwood H, Binkley S, Siopes T, Mosher K 1984 Melatonin
rhythms in the eyes, pineal bodies, and blood of Japanese quail
(Coturnix coturnix japonica). Gen Comp Endocrinol 56:70-81
Cockrem JF, Follett BK 1985 Circadian rhythm of melatonin in the
pineal gland of the Japanese quail (Coturnix coturnix japonica).
J Endocrinol 107:317-324

Kumar V, Follett BK 1993 The circadian nature of melatonin se-
cretion in Japanese quail (Coturnix coturnix japonica). ] Pineal Res
14:192-200

Ukena K, Tsutsui K 2005 Review: a new member of the hypotha-
lamic RF-amide peptide family, LPXRF-amide peptides: structure,
localization, and function. Mass Spectrom Rev 24:469-486
Tsutsui K, Ukena K 2006 Review: hypothalamic LPXRF-amide
peptides in vertebrates: identification, localization and hypophys-
iotropic activity. Peptides 27:1121-1129

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Endocrinology, January 2010, 151(1):271-280

Krishnan KA, Proudman JA, Bahr JM 1994 Purification and partial
characterization of isoforms of luteinizing hormone from the
chicken pituitary gland. Comp Biochem Physiol Biochem Mol Biol
108:253-264

Tsutsui K, Ishii S 1978 Effects of follicle-stimulating hormone and
testosterone on receptors of follicle-stimulating hormone in the tes-
tis of the immature Japanese quail. Gen Comp Endocrinol 36:297-
305

Tsutsui K, Ishii S 1980 Hormonal regulations of follicle-stimulating
hormone receptors in the tests of Japanese quail. J Endocrinol 85:
511-518

Tsutsui K 1991 Pituitary and gonadal hormone-dependent and -in-
dependentinduction of follicle-stimulating hormone receptors in the
developing testis. Endocrinology 128:477-487

Tsutsui K, Kawashima S, Saxena RN, Ishii S 1992 Annual changes
in the binding of follicle-stimulating hormone to gonads and plasma
gonadotropin concentrations in Indian weaver birds inhabiting the
subtropical zone. Gen Comp Endocrinol 88:444—-453

Revel FG, Saboureau M, Pévet P, Simonneaux V, Mikkelsen JD
2008 RFamide-related peptide gene is a melatonin-driven photope-
riodic gene. Endocrinology 149:902-912

Smith JT, Coolen LM, Kriegsfeld L], Sari IP, Jaafarzadehshirazi
MR, Maltby M, Bateman K, Goodman RL, Tilbrook AJ, Ubuka T,
Bentley GE, Clarke IJ, Lehman MN 2008 Variation in kisspeptin
and RFamide-related peptide (RFRP) expression and terminal con-
nections to gonadotropin-releasing hormone neurons in the brain: a
novel medium for seasonal breeding in the sheep. Endocrinology
149:5770-5782

Dardente H, Birnie M, Lincoln GA, Hazlerigg DG 2008 RFamide-
related peptide and its cognate receptor in the sheep: cDNA cloning,
mRNA distribution in the hypothalamus and the effect of photo-
period. ] Neuroendocrinol 20:1252-1259

Reppert SM, Weaver DR, Cassone VM, Godson C, Kolakowski Jr
LF 1995 Melatonin receptors are for the birds: molecular analysis of
two receptor subtypes differentially expressed in chick brain. Neu-
ron 15:1003-1015

Liu F, Yuan H, Sugamori KS, Hamadanizadeh A, Lee FJ, Pang SF,
Brown GM, Pristupa ZB, Niznik HB 1995 Molecular and func-
tional characterization of a partial cDNA encoding a novel chicken
brain melatonin receptor. FEBS Lett 374:273-278

Zeman M, Illnerova H 1990 Ontogeny of N-acetyltransferase ac-
tivity rhythm in pineal gland of chick embryo. Comp Biochem
Physiol A Comp Physiol 97:175-178

Zeman M, Gwinner E, Somogyiova E 1992 Development of mela-
tonin rhythm in the pineal gland and eyes of chick embryo. Expe-
rientia 48:765-768

Zeman M, Gwinner E, Herichova I, Lamosova D, Kost’al L 1999
Perinatal development of circadian melatonin production in domes-
tic chicks. J Pineal Res 26:28-34

Sharp PJ, Talbot RT, Main GM, Dunn IC, Fraser HM, Huskisson
NS 1990 Physiological roles of chicken LHRH-I and -II in the con-
trol of gonadotrophin release in the domestic chicken. J Endocrinol
124:291-299

Foster RG, Panzica GC, Parry DM, Viglietti-Panzica C 1988 Im-
munocytochemical studies on the LHRH system of the Japanese
quail: influence by photoperiod and aspects of sexual differentia-
tion. Cell Tissue Res 253:327-335

Dawson A, King VM, Bentley GE, Ball GF 2001 Photoperiodic
control of seasonality in birds. ] Biol Rhythms 16:365-380

20 Iudy 0z U0 1senB AQ ¥€1L9G12/LL2/L/1.G L /I0IIe/0pUS W00 dNo dlWspeoe)/:SdjY Wolj paPeojumMoq



