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Ovulation is caused by a sequence of neuroendocrine events:
GnRH and LH surges that are induced by positive feedback
action of estrogen secreted by the mature ovarian follicles.
The central mechanism of positive feedback action of estro-
gen on GnRH/LH secretion, however, is not fully understood
yet. The present study examined whether metastin, the prod-
uct of metastasis suppressor gene KiSS-1, is a central neu-
ropeptide regulating GnRH/LH surge and then estrous cyclic-
ity in the female rat. Metastin had a profound stimulation on
LH secretion by acting on the preoptic area (POA), where most
GnRH neurons projecting to the median eminence are lo-
cated, because injection of metastin into the third ventricle or
POA increased plasma LH concentrations in estrogen-primed
ovariectomized rats. Metastin neurons were immunohisto-

chemically found in the arcuate nucleus (ARC) to be colocal-
ized with estrogen receptors with some fibers in the preoptic
area (POA) in close apposition with GnRH neuronal cell bod-
ies or fibers. Quantitative RT-PCR has revealed that KiSS-1
and GPR54 mRNAs were expressed in the ARC and POA, re-
spectively. The blockade of local metastin action in the POA
with a specific monoclonal antibody to rat metastin com-
pletely abolished proestrous LH surge and inhibited estrous
cyclicity. Metastin-immunoreactive cell bodies in the ARC
showed a marked increase and c-Fos expression in the early
proestrus afternoon compared with the day of diestrus. Thus,
metastin released in the POA is involved in inducing the pre-
ovulatory LH surge and regulating estrous cyclicity. (Endo-
crinology 146: 4431–4436, 2005)

OVULATION IS CAUSED by a sequence of neuroendo-
crine events: GnRH and LH surges that are induced

by positive feedback action of estrogen secreted by the ovar-
ian mature follicles. The preoptic area (POA) has been con-
sidered to be a center for GnRH/LH surges because local
implants of estrogen into the area induce LH surge in female
rats (1). Estrogen receptor � is found in the POA but not
colocalized in GnRH neurons (2). The mediobasal hypothal-
amus is another candidate for the site of positive feedback
action of estrogen to induce GnRH/LH surge (3). The arcuate
nucleus (ARC) has been suspected to be one of the sites for
the estrogen-positive feedback effect on GnRH/LH release in
rats (4, 5) and ewes (6). Thus, the central site of positive
feedback action of estrogen on GnRH/LH secretion still re-
mains to be determined.

Metastin was first isolated from human placenta and pro-
posed to be the natural ligand for a G protein-coupled re-
ceptor, GPR54, also known as AXOR12 and hOT7T175 (7). It
was recently reported that peripheral (8) or intracerebroven-

tricular (icv) (9) injection of the peptide induces a profound
stimulation of LH secretion in prepubertal rats, and that a
genetic alteration leading to homozygous loss of function of
GPR54 impairs pubertal development in mice (10). In adult
males, icv (9) or peripheral (11) administration of metastin
has been reported to stimulate LH secretion. In addition,
metastin injection exerts no stimulation on LH release in
GPR54 knockout mice, and central administration of metas-
tin stimulates GnRH release in sheep (12). Thus, GPR54 and
metastin may play a role in regulating the activity of the
reproductive axis.

The present study sought to determine whether metastin
plays a physiological role in inducing ovulation through
stimulating the surge mode of GnRH/LH secretion to control
estrous cyclicity in the female rat.

Materials and Methods
Animals and treatments

Adult Wistar-Imamichi strain female rats (230–280 g) were housed
under controlled temperature and light conditions (lights on 0500–1900)
and were provided with food and water ad libitum. Animals having
shown at least two consecutive 4-d estrous cycles were used. Some
animals were ovariectomized (OVX) for 2 wk before blood sampling.
Other OVX animals immediately received sc estradiol (E2) implants to
produce low (35.8 pg/ml) (13) or high (514.1 pg/ml) (14) E2 levels. The
low level of E2 was previously confirmed to produce a negative feedback
effect on LH pulses but not to induce LH surges in OVX rats (13). The
high E2 level was reported to induce LH surges in OVX rats (14). Blood
samples were collected through an indwelling atrial cannula that had
been attached to the animals on the day before the blood sampling. Blood
samples were collected every 6 min for 3 h to determine the acute effect
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of metastin and every 1 h from 1300–2000 h to detect LH surges. All
surgeries were conducted under ether anesthesia and aseptic conditions.

All the animal experiments were approved by the Committee on
Animal Experiments of the Graduate School of Bioagricultural Sciences,
Nagoya University.

Real-time RT-PCR

Expression of GPR54 (a) and KiSS-1 mRNA (b) was determined by
quantitative RT-PCR in the POA, ARC-ME (median eminence) region
and anterior pituitary obtained from cycling female rats at 0900, 1200,
and 1500 h of proestrus or at 1400 h of estrus or diestrus d 1 and 2. The
tissues were also collected from OVX rats with sc E2 implants to keep
a low or high plasma level or without steroid treatment at 14:00 h.
Real-time RT-PCR analysis (TaqMan) was performed using ABI PRISM
7900HT (PE Applied Biosystems, Foster City, CA). Briefly, DNA-free
total RNA was purified from the punched-out hypothalamic tissues
using RNeasy Mini kit and ribonuclease-free deoxyribonuclease Set
(QIAGEN, Valencia, CA) following the manufacturer’s instructions.
cDNA from each RNA sample was synthesized with oligo (deoxythy-
midine) primer at 50 C using SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen, Carlsbad, CA). Forward primer, reverse
primer, and TaqMan probe for rKiSS-1 were 5�-ATGATCTCGCTGGC-
TTCTTGG-3�, 5�-GGTTCACCACAGGTGCCATTTT-3�, and 5�-(FAM,
6-carboxy-fluorescein)-TGCTTCTCCTCTGTGTGGCCTCTTTTGG-
(TAMRA, 6-carboxytetramethyl-rhodamine)-3�, respectively. Those for
�-Actin were 5�-ATGAGCTGCCTGACGGTCAG-3�, 5�-GGAAGGCTG-
GAAGAGAGCCT-3�, and 5�-(FAM)-TTCCGATGCCCTGAGGCTCTT-
TTCCA-(TAMRA)-3�, respectively. Those for rGPR54 were described
elsewhere (15). The copy number of rKiSS-1 and rGPR54 transcript was
normalized to the ratio to the copy number of the �-actin transcript for
each sample.

Preparation of monoclonal antibodies

Rat metastin(1–52) comprising 52-amino acid residues with a disul-
fide bonding between Cys4 and Cys18 and an amidated C terminus (15)
was chemically synthesized using a solid-phase peptide synthesizer. For
immunogens, keyhole limpet hemocyanin (10 nmol) was maleimidated
with N-(�-maleimidobutyryloxy) succinimide and then conjugated with
[Cys36]rat metastin(36–52) (CEKDMSAYNWNSFGLRY-NH2) (570
nmol). The immunogen (40 �g/mouse) together with complete or in-
complete Freund’s adjuvant was sc injected into BALB/c mice (female,
8 wk old) at 3-wk intervals. Four days after iv injection of immunogen
(50 �g), spleen cells were fused with mouse myeloma cells P3-
X63Ag8-U1 as described previously (16). The antirat rMet-3Ca mono-
clonal antibody (nos. 156 and 254) was then purified from ascites fluid
with a protein A-immobilized column (IPA-300; Repligen, Cambridge,
MA).

The antibody reactivity (No. 156) was investigated in the same man-
ner described previously (17) using horseradish peroxidase-labeled
[Cys36] rat metastin (36–52) (15) in competitive enzyme immunoassy
with rat metastin and human metastin. Because we found several hy-
bridoma clones producing antibodies specific to the carboxyl-terminal
RY-NH2 structure, the reactivity was tested for the following peptides
as well: neuropeptide Y (NPY) with RY-amide, adrenomedullin (AM)
with GY-NH2, atrial natriuretic peptide (ANP) with RY-OH, or melanin-
concentrating hormone (MCH) without related structure as negative
control.

To check the neutralizing activity of the antibody (No. 156), a stable
Chinese hamster ovary (CHO) cell line that expressed rat GPR54
(OT7T175) was constructed by transfection of pAKKO expression vector
harboring rat GPR54 to CHO dhfr� cells. Antirat prolactin-releasing
peptide monoclonal antibody (P2L-1T) and antihuman metastin mono-
clonal antibody (KIS-1N) were prepared as described previously (16, 18).
Rat metastin (at 30 nm) was preincubated with purified monoclonal
antibodies, rMet-3Ca, P2L-1T, or KIS-1N (at 30, 300, or 3000 nm) at room
temperature for 1 h. The mixture was then subjected to the fluorometric
imaging plate reader (FLIPR) assay (7) with GPR54-expressing CHO
cells at the final metastin concentration of 10 nm and antibody concen-
tration of 10–1000 nm. Briefly, the cells were inoculated at 30,000 cells/
well in 96-well black-walled plates, cultured overnight, and allowed to
incorporate a calcium sensing dye, Fluo 3-AM, for 1 h in HEPES-buffered

Hanks’ solution (H-HBSS) including Pluronic F-127, fetal bovine serum,
and Probenecid. After washing the cells with H-HBSS four times, the
cells were challenged by the metastin-antibody mixture in an FLIPR
device. The fluorescence intensity was monitored for 180 sec after metas-
tin challenge.

The other antibody (No. 254), which was used for immunocytochem-
istry, showed a similar cross-reactivity and neutralizing activity (data
not shown).

Immunocytochemistry

Ovariectomized or proestrous rats were perfused with 4% parafor-
maldehyde at 1400 h, and the brains were quickly removed. Frozen
frontal sections (50 �m) obtained with a cryomicrotome were incubated
with antirat metastin monoclonal antibody (No. 254) at 0.49 �g/ml for
24 h and then with Alexa488-conjugated goat antimouse IgG (Molecular
Probes, Inc., Eugene, OR). No immunoreactivity was found with antirat
metastin monoclonal antibody absorbed with 10�5 m synthetic C-ter-
minal (36–52) of rat metastin for 2 h at 37 C. Rabbit anti-ER (estrogen
receptor) � (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit
anti-c-Fos (Santa Cruz) and rabbit anti-LH-RH (Sanbio, Uden, The Neth-
erlands) polyclonal antibodies were used. We relied on the validation by
the commercial suppliers for the specificity of the anti-ER�, c-Fos, and
GnRH. For dual fluorescence immunocytochemistry of metastin and
either ER� or c-Fos, ER� or c-Fos was visualized with Alexa594-conju-
gated goat antirabbit IgG (Molecular Probes, Inc.) in red. For the double
immunostaining of metastin and GnRH, metastin and GnRH were vi-
sualized with diaminobenzidine in brown and 4-Cl-1-Naphthol in blue
after the avidin-biotin peroxidase complex method.

Brain injection of metastin or antirat metastin

A guide cannula (Plastics One, Roanoke, VA) was stereotaxically
implanted into the third ventricle (3V) (22G) or POA (26G) at least 1 wk
before the drug injection according to a rat brain atlas (19). The stereo-
taxic coordinates were as follows: 3V, �0.8 mm posterior and 7.5 mm
ventral to bregma at midline, POA; �0.3 mm posterior and 8.4 mm
ventral to bregma and 0.4 mm lateral from midline. Metastin dissolved
in ultra-pure water was injected through an internal cannula (28G for 3V
and 33G for the POA), which was inserted through the guide cannula.
Metastin solution was injected for 2 min with a microinfusion pump into
the 3V at 1 �l/min or into the POA at 0.25 �l/min. Control animals were
treated with PBS or nonimmunized mouse IgG in a similar manner.

To determine the role of endogenous metastin in regulating LH
surges or estrous cyclicity, monoclonal antirat metastin antibody (No.
156) was infused into the POA through the internal cannula at 1 �l/h
with an osmotic mini-pump (Alzet, Cupertino, CA) for 1 wk to deter-
mine the effect on estrous cycle or with an microinfusion pump on the
proestrous day from 1000–1800 h to determine the effect on LH surge.
PBS was administered in a similar manner in the corresponding control
groups.

At the end of experiments, animals were injected with brilliant blue
through the internal cannula, and the cannula placement was verified
by the naked eye for 3V injection or histology for the POA injection.

RIA for LH

Plasma LH concentrations were determined with RIA using a rat LH
RIA kit obtained from the National Hormone and Pituitary Program and
are expressed in terms of NIADDK rat LH RP-3. The least detectable LH
concentration was 0.16 ng/ml for 50 �l plasma, and the intra- and
interassay coefficients of variation were 5.6% at 2.3 ng/ml and 6.4% at
1.4 ng/ml, respectively.

Statistics

The effect of metastin injection into the 3V or POA and effect of
antimetastin injection into the POA were analyzed by one-way ANOVA
with repeated measures. Significant differences in the numbers of cells
between diestrus and proestrus were determined by Student’s t test.
Statistical differences in the levels of mRNA expression of each brain
area between various treatments were determined by one-way ANOVA
followed by Bonferroni test.
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Results
Specificity and neutralizing activity of monoclonal antibody

The antibody reacted with rat and human metastin in the
same manner, but not with NPY, AM, ANP, and MCH (Fig.
1A). These results indicate that the antibody recognized the
specific region of rat metastin(43–51). As indicated in Fig. 1B,
the monoclonal antirat metastin antibody was found to have
a potent effect to neutralize the action of rat metastin on
GPR54-expressing CHO cells.

Effect of metastin injection in OVX or E2-treated OVX rats

The injection of metastin at 2 nmol into the 3V caused a
sustained surge-like LH secretion in low-level E2-primed

female rats but not in OVX animals (Fig. 2A). The stimulatory
effect of metastin on LH secretion was maintained for more
than 3 h in all E2-treated OVX animals. Local injection of
metastin (0.5 nmol) into the POA induced a sustained surge-
like increase in plasma LH level in E2-primed OVX rats (Fig.
2B).

KiSS-1 or GPR54 mRNA expression in hypothalamus

The quantitative RT-PCR analysis demonstrated that
GPR54 mRNA is highly expressed in the POA and ARC in
female rats without obvious changes throughout the estrous
cycle or between steroid treatments (Fig. 3A). The metastin
receptor mRNA expression was low in the pituitary in all
groups. KiSS-1 mRNA is highly expressed in the ARC, and
the expression varies during the estrous cycle and is mod-
ified by the steroidal milieu (Fig. 3B). The expression was
highest in diestrus 2 in the estrous cycle and was increased
by ovariectomy and suppressed by the high level of E2 im-
plants (one-way ANOVA followed by Bonferroni test).
KiSS-1 mRNA expression was low in the POA and pituitary.

Immunocytochemistry of metastin neurons in hypothalamus

Immunocytochemistry of metastin with a specific mono-
clonal antibody revealed metastin-immunopositive cell bod-
ies in the ARC region (Fig. 4A) but not in other hypothalamic
nuclei, such as the POA or amygdala (data not shown). No
staining was found with preabsorbed antibody (Fig. 4B).
Dual immunocytochemistry showed ER� immunoreactivi-
ties in most metastin neurons in the ARC (Fig. 4C). Metastin-
immunoreactive fibers were found in the POA in close ap-
position to GnRH neuronal cell bodies or fibers (Fig. 4D).
Metastin neurons also showed c-Fos immunoreactivities in
the early afternoon of proestrus (Fig. 4E) but not at diestrus
(Fig. 4F). Numbers of visualized metastin neurons and c-Fos-
immunoreactive metastin neurons were significantly (P �
0.05, Student’s t test) higher at proestrus compared with
diestrus (Fig. 4G).

Effects of immunoneutralization of endogenous local
metastin release in POA on estrous cyclicity and proestrous
LH surge

Infusion of a specific monoclonal antibody (4.68 mg/ml)
at 1 �l/h with a microinfusion pump from 1000–1800 h
completely blocked the proestrous LH surge (Fig. 5A). Con-
trol animals with POA infusion of vehicle showed LH surges
in the late afternoon of proestrus with a peak at 1600–1700.

Estrous cycles were disrupted in female rats receiving
continuous POA infusion of monoclonal antirat metastin
with mini osmotic pump at 1 �l/h for 6 d starting at diestrous
d 1 (Fig. 5B). Some rats showed persistent estrus but others
exhibited diestrus. Vehicle- or nonimmunized mouse IgG-
treated controls showed normal estrous cyclicity of 4 or 5 d.

Discussion

The present study clearly demonstrated that metastin has
a potent effect on LH release in the presence of estrogen in
rats. One of the sites of metastin action on LH release is the
POA because local metastin injection induced a surge-like

FIG. 1. A, Reactivity of monoclonal antirat metastin antibodies with
metastin and other peptide. Monoclonal antibodies were examined for
reactivity with rat metastin (closed circle), human metastin (open
circle), NPY (closed square), AM (open square), ANP (closed triangle),
and MCH (open triangle). B, Neutralizing effect of antirat metastin
antibody. Response of rat GPR54-expressing CHO cells to 10 nM rat
metastin was determined using FLIPR assay in the absence (open
circle) and presence of rMet-3Ca antibody (closed circle, 1000 nM;
open triangle, 100 nM; closed square, 10 nM), 10 nM P2L-1T antibody
(open square), or 10 nM KIS-1N antibody (closed triangle).
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increase in plasma LH concentration. In the present study,
the RT-PCR analysis of GPR54, a gene encoding metastin
receptor (20), showed that GPR54 mRNA is highly expressed
in the POA. The previous (12) and present studies showed
that metastin-immunoreactive fibers are in close apposition
with GnRH cell bodies in the POA. In addition, GPR54
mRNA was recently found to be expressed in GnRH cell
bodies in the POA (21). These findings strongly suggest that
endogenous metastin is released in the POA to stimulate
GnRH secretion in female rats.

The present study is the first to demonstrate that endog-

enous metastin could play a critical role in regulating
GnRH/LH surge, ovulation and then estrous cycle, because
the POA infusion of a specific antimetastin antibody into the
POA to neutralize the locally released metastin in the POA,
served to block preovulatory LH surge and disrupted estrous
cyclicity. It is likely that metastin neurons located in the ARC
are associated with endogenous metastin release to induce
proestrous GnRH/LH release because the ARC metastin
neurons express c-Fos at proestrous afternoon. The brain
mechanism mediating estrogen-positive feedback action on
GnRH/LH has been a central but controversial issue in re-
productive physiology. Goodman (1) first reported that an E2
microimplant in the POA-induced LH surge in OVX rats and
suggested that the site of estrogen-positive feedback action
resides in the POA. On the other hand, there are several lines
of evidence indicating that the positive feedback action site
resides in the MBH in sheep (3) and monkeys (22).

Previous studies (2, 23) have revealed that GnRH neurons
in the POA do not contain ER�, and the positive feedback
action of estrogen on GnRH neurons has been suggested to
be conveyed by ER�-containing neurons other than GnRH
neurons (24). Taken together with the present results, the
proestrous increase in circulating estrogen may induce
metastin release in the POA to induce proestrous LH surge
and regulate estrous cyclicity. Thus, metastin neurons in the
ARC may be a target of estrogen feedback action during the
preovulatory period to induce metastin release in the POA
and then GnRH/LH surge in female rats. It still remains to
be determined whether the POA is the metastin action site to
induce preovulatory LH surge because the diffusion of
metastin or antimetastin injected into the POA was not as-
sessed in the present study.

Metastin production is negatively regulated by estrogen
because the expression of KiSS-1 mRNA in the ARC was
lowest at proestrous afternoon, highest at diestrus 2, and was
increased by ovariectomy and decreased by estrogen treat-
ment. This is consistent with a previous study showing that
the KiSS-1 mRNA level is lower at proestrus or estrus than
at diestrous d 1 during the rat estrous cycle (9). The change
in metastin mRNA expression seems inconsistent with the
change in the number of ARC metastin neurons or c-Fos

FIG. 2. Mean plasma LH levels in OVX or E2-primed OVX rats receiving 3V (A) or POA (B) injection of human metastin. OVX rats received
sc E2 implants to produce a negative feedback effect on LH pulse. Blood samples were taken every 6 min for 3 h from 1300 h. Values are means �
SEM; *, P � 0.05 vs. PBS-treated control (one-way ANOVA with repeated measures).

FIG. 3. Localization of GPR54 (A) and KiSS-1 mRNA (B) by quanti-
tative RT-PCR. The POA, ARC-ME, and anterior pituitary were ob-
tained from cycling female rats at 0900, 1200, and 1500 h of proestrus
or at 14:00 h of estrus or diestrus d 1 and 2. The tissues were also
collected from OVX rats with sc E2 implants to keep a low (35.8 pg/ml)
or high (514.1 pg/ml) plasma level or without steroid treatment at
1400 h. Values with same letters within each brain area are not
significantly different (one-way ANOVA followed by Bonferroni test).
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expression in the metastin neurons. One explanation is that
metastin is accumulated during the diestrus until the
proestrus and that the metastin neurons are activated by
estrogen to release metastin in proestrous afternoon to stim-
ulate GnRH in the POA because the neurons express c-Fos
in proestrous afternoon at 1400 h. The inhibitory action of
estrogen on metastin production could be important because
it might trigger a shut-down of LH release in the proestrous
afternoon. It is also possible that estrogen facilitates metastin-
metastin connections within the ARC for an excitation of the
metastin neurons during proestrus. In the present study, the
number of metastin neurons increased at proestrus with

many fibers in the ARC. Estrogen may cause a synaptic
remodeling of the ARC metastin neuronal network. Results
from the group of Naftolin (5) demonstrated that estrogen
causes synaptic remodeling in the ARC before the preovu-
latory LH surge. Further studies will be needed to clarify the
relationship between metastin mRNA and estrogen feedback
action on LH release.

In conclusion, the present study suggests that metastin
neurons located in the ARC and projecting to the POA are
one of the targets of estrogen-positive feedback action to
release metastin into the POA, stimulate GnRH/LH surge
during proestrus, and regulate estrous cycle in the female rat.
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FIG. 4. Immunocytochemistry of metastin in the ARC-ME and POA.
Metastin-immunopositive cells were found in the ARC (A; green). No
staining was found with preabsorbed antibody (B). ER� (C; red) was
localized in metastin-immunoreactive cells in the ARC. Metastin-
immunoreactive fibers were in close apposition with GnRH cell bodies
in the POA (D: brown, metastin; blue, GnRH). Expression of c-Fos was
found in metastin neurons in the ARC at proestrus (E) but not found
at diestrus (F). Numbers of metastin neurons and c-Fos-immunore-
active metastin neurons were significantly (*, P � 0.05; Student’s t
test) higher at proestrus compared with diestrus (G).

FIG. 5. Effect of POA infusion of antirat metastin monoclonal anti-
body on proestrous LH surge (A) or estrous cyclicity (B). A, PBS (n �
6) or antirat metastin monoclonal antibody (n � 5) was infused into
the POA at 1000–1800 h. Blood samples were collected every hour at
1300–2000 h through an indwelling atrial cannula. Values are
means � SEM; *, P � 0.05 vs. vehicle-treated control (one-way ANOVA
with repeated measures). B, Phase of the estrous cycle was deter-
mined by the major cell population in the vaginal smear. Shaded areas
represent the period of POA infusion of PBS, nonimmunized mouse
IgG (non-imm IgG) or antirat metastin monoclonal antibody. N, Nu-
cleated cells; C, cornified cells; L, leukocytes.
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