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Abstract.  Metastin/kisspeptin, the KiSS-1 gene product, has been identified as an endogenous ligand
of GPR54 that reportedly regulates GnRH/LH surges and estrous cyclicity in female rats.  The aim of
the present study was to determine if metastin/kisspeptin neurons are a target of estrogen positive
feedback to induce GnRH/LH surges.  We demonstrated that preoptic area (POA) infusion of the anti-
rat metastin/kisspeptin monoclonal antibody blocked the estrogen-induced LH surge, indicating that
endogenous metastin/kisspeptin released around the POA mediates the estrogen positive feedback
effect on GnRH/LH release.  Metastin/kisspeptin neurons in the anteroventral periventricular
nucleus (AVPV) may be responsible for mediating the feedback effect because the percentage of c-Fos-
expressing KiSS-1 mRNA-positive cells to total KiSS-1 mRNA-positive cells was significantly higher
in the afternoon than in the morning in the anteroventral periventricular nucleus (AVPV) of high
estradiol (E2)-treated females.  The percentage of c-Fos-expressing metastin/kisspeptin neurons was
not different between the afternoon and morning in the arcuate nucleus (ARC).  Most of the KiSS-1
mRNA expressing cells contain ERα immunoreactivity in the AVPV and ARC.  In addition, AVPV
KiSS-1 mRNA expressions were highest in the proestrous afternoon and lowest in the diestrus 1 in
females and were increased by estrogen treatment in ovariectomized animals.  On the other hand, the
ARC KiSS-1 mRNA expressions were highest at diestrus 2 and lowest at proestrous afternoon and were
increased by ovariectomy and decreased by high estrogen treatment.  Males lacking the surge mode of
GnRH/LH release showed no obvious cluster of metastin/kisspeptin-immunoreactive neurons in the
AVPV when compared with high E2-treated females, which showed a much greater density of these
neurons.  Taken together, the present study demonstrates that the AVPV metastin/kisspeptin neurons
are a target of estrogen positive feedback to induce GnRH/LH surges in female rats.
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he surge mode of gonadotropin-releasing
hormone (GnRH)/luteinizing hormone (LH)

secretion is induced by the positive feedback action
of estrogen released from matured ovarian follicles
to stimulate ovulation in females.  Male rats cannot
produce an LH surge even if they are provided
with a high level of estrogen.  The site of estrogen
positive feedback has been intensively investigated
to clarify the brain mechanism inducing GnRH/LH
surges in rats.  The lack of estrogen receptor α
(ERα) expression in GnRH neurons indicates that
estrogen-receptive interneurons are necessary to
convey the estrogen signal to GnRH neurons [1].
Previous studies have shown that the preoptic area
(POA) is one of the sites for the positive feedback
action of estrogen on LH release because estrogen
microimplants in the POA induce LH surges in
ovariectomized (OVX) rats [2].  It has been
suggested that the region of the medial preoptic
area, which is equivalent to the anteroventral
p er i v e n t r i cu l a r  n u c l e u s  ( A V P V )  o f  t h e
hypothalamus, is a site for estrogen positive
feedback to induce LH surges because electrolytic
lesion of the region abolished preovulatory and
estrogen-induced LH surges [3].

Metastin/kisspeptin was first isolated from the
human placenta and identified as a natural ligand
for a G protein-coupled receptor, GPR54 [4–6].  The
missing link between estrogen and GnRH release
began to be unraveled by the discovery of
metast in/kisspeptin-GPR54 signal ing and
hypogonadotropic hypogonadism in humans and
rodents lacking this signaling [7–9].  Peripheral and
central injection of the peptide induces intense
stimulation of LH secretion in prepubertal and
adult rats [10, 11].  Immunoneutralization of local
endogenous metastin/kisspeptin in the POA
abolishes the proestrous LH surge in rats [12].
Smith et al. [13] first proposed that two populations
of metastin/kisspeptin neurons in the AVPV and
arcuate nucleus (ARC) are the targets for the
estrogen positive and negative feedback actions,
re sp e c t i v e l y ,  b e c a u se  t h e  K i S S - 1  m R N A
expressions in these nuclei are positively and
negatively regulated by estrogen.  Thus, the AVPV
metastin neurons are considered to mediate the
positive feedback effect of estrogen to induce
GnRH/LH surges during the periovulatory period,
and the ARC metastin neurons have drawn
attention as they may mediate the negative
feedback action of estrogen on tonic GnRH/LH

release.  However, a detailed study may still be
warranted in regard to the role of these two
populations of metastin neurons in controlling
GnRH/LH release.

The aima of the present study was to determine
the role of AVPV metastin/kisspeptin neurons in
the positive feedback action of estrogen on GnRH/
LH secretion in female rats.  Our approach was to
determine the effect of central infusion of anti-
metastin/kisspeptin antibody on estrogen-induced
LH surges.  Then, c-Fos expression was determined
in KiSS-1 mRNA-expressing cells in the AVPV and
ARC during E2-induced GnRH/LH surges.
Metastin/kisspeptin expressions were also
determined in the AVPV and ARC of males and
females at various stages of the estrous cycle with
var ious  s tero idal  mi l ieus  us ing  immuno-
histochemistry, quantitative RT-PCR and in situ
hybridization to confirm different regulation of
metastin/kisspeptin expression by steroids in the
AVPV and ARC at the protein and mRNA levels.

Materials and Methods

Animals and treatments
Adult female and male Wistar-Imamichi strain

ra t s  were  mainta ined  under  a  contro l l ed
environment (14 h light and 10 h darkness, lights on
at 0500 h; 23 ± 3 C) and allowed free access to
standard laboratory rat chow (CE2; Clea, Tokyo,
Japan) and water ad libitum.  Vaginal smears of the
females were checked daily to determine estrous
cyc l i c i ty ,  and  females  having  shown two
consecutive estrous cycles were used.  Some of the
females were bilaterally ovariectomized 2 weeks
before the experiment to serve as the OVX group.
Some of the OVX animals immediately received
subcutaneous Silastic tubing (i.d. 1.0 mm, o.d. 1.5
mm, 20 mm in length) containing crystalline
estradiol (E2; Sigma Chemicals, St. Louis, MO,
USA) immediately after ovariectomy to produce
high plasma E2 levels (514.1 pg/ml) [14].  The other
OVX animals received Silastic E2 implants (i.d. 1.57
mm, o.d. 3.18 mm, 25 mm in length) filled with
estradiol dissolved in peanut oil at 20 µg/ml to
produce low plasma E2 levels (35.8 pg/ml) [15].
The low E2 level has previously been reported to
produce a negative feedback effect on LH pulses
but not to induce LH surges [15].  The high E2 level
has been confirmed to induce LH surges in OVX
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rats [14].  Some of the males were bilaterally
castrated (CAST) 2 weeks before the experiment.
Some CAST animals immediately received
testosterone (T; Sigma) implants (i.d. 1.5 mm, o.d.
3.0 mm, 40 mm in length; Silastic tubing filled with
crystalline testosterone) to simulate a T level
comparable to intact males.  The T implant had the
same surface area as the one previously reported
(i.d. 2.6, o.d. 4.9, 24 mm in length) [16].  The other
CAST animals received the same estradiol implants
as the ones implanted in the females to produce a
high E2 level.  Blood samples were collected
through an indwelling atrial cannula that was
attached to the animals on the day before blood
sampling.  Blood samples were collected every 1 h
from 1300–2000 h to detect LH surges.  All surgical
procedures were performed under ketamine
(Sankyo, Tokyo, Japan)-xylazine (Bayer, Tokyo,
Japan) anesthesia and aseptic conditions. Animals
were injected with antibiotics (Mycillin Sol; Meiji
Seika, Tokyo, Japan) after any surgery.  All the
above-mentioned animal experiments were
a p p ro v e d  b y  t he  C o m m i t t ee  o n  A ni m a l
E x p e r i m en t s  o f  t he  G r a d u a t e  S ch o o l  o f
Bioagricultural Sciences, Nagoya University.

For morphological analyses, animals were kept
under controlled conditions (12 h light and 12 h
darkness, lights on at 0800 h; temperature, 21–24 C;
humidity, 60%), and some of the males or females
were bilaterally gonadectomized 2 weeks before
sampling.  The other OVX females received an E2

implant (Silastic tubing; i.d., 1.58 mm; o.d., 2.41
mm; 20 mm in length) containing E2 (Sigma)
immediately after ovariectomy.  Some of the CAST
males received an E2 or T implant (Silastic tubing,
i.d., 1.58 mm; o.d., 2.41 mm; 20 mm in length).  The
above-mentioned morphological studies were
conducted at Saitama University in accordance
with its institutional guidelines for animal care.

Brain injection of anti-rat metastin/kisspeptin
A guide cannula (26G, Plastics One; Roanoke,

VA, USA) was stereotaxically implanted into the
POA (–0.3 mm posterior and 8.4 mm ventral to
bregma and 0.4 mm lateral from the midline), as
described previously [12], at least 1 week before
anti-metastin/kisspeptin antibody injection.

To block endogenous metastin/kisspeptin
action, anti-rat metastin/kisspeptin mouse
monoclonal antibody (No. 156, 3.75 mg/ml) was
continuously infused into the POA of the high E2-

treated rats through an internal cannula at 0.0116
µl/h with a microinfusion pump from 1000–1800 h
3 days after high E2 implantation.  Normal mouse
IgG (3.5 mg/ml) was administered in a similar
manner in the corresponding control groups.  The
specificity of the antibody has been reported
previously [12].

At the end of the experiments, the animals were
injected with 3% brilliant blue through the internal
cannula to verify cannula placement.  The animals
were perfused with formalin, and 50 µm coronal
sections were obtained using a cryostat.  The
sections were stained with buffered thionin and
cannula placement was verified microscopically.

LH assay
Plasma LH concentrations were measured using

a rat LH radioimmunoassay (RIA) kit provided by
the National Hormone and Pituitary Program.  The
concentrations were expressed in terms of the
NIDDK rat LH RP-3.  The least detectable LH
concentration was 0.16 ng/ml for 50 µl of plasma,
and the intra- and inter-assay coefficients of
variation were 8.4% at 0.2 ng/ml and 6.5% at 2.1
ng/ml for 50 µl of plasma, respectively (n=5
assays).

Quantitative RT-PCR for discrete brain areas
Animals were decapitated and their brains were

immediately removed from the skulls.  The ARC-
median eminence (ME) was then dissected out of
the brain with a micro-knife, and the AVPV was
punched out using 18-gauge stainlesssteel tubing.

Expression of KiSS-1 and GPR54 mRNA was
determined by quantitative RT-PCR in the ARC-
ME and AVPV regions.  Real-time RT-PCR analysis
(TaqMan; Applied Biosystems, Foster City, CA,
USA) was performed using ABI PRISM 7900HT (PE
Applied Biosystems) as described previously [12].
Briefly, DNA-free total RNA was purified from the
brain tissues consisting of ARC-ME or AVPV using
R N e a sy  M i n i  k i t  a n d  r i b o n u c l e a se - f r e e
deoxyribonuclease set (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions.  The
cDNA from each RNA sample was synthesized
with oligo (deoxythymidine) primer at 50 C using
the SuperScript III First-Strand Synthesis System
for RT-PCR (Invitrogen, Carlsbad, CA, USA).  The
forward primer, reverse primer, and TaqMan probe
for rKiSS-1, rGPR54 and β-actin are described
elsewhere [12, 17].  The copy numbers of the rKiSS-
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1 and rGPR54 transcripts were normalized to the
ratio to the copy number of β-actin transcript for
each sample.

Tissue preparations for immunohistochemistry and in 
situ hybridization

For immunohistochemistry, each animal was
given an intracerebroventricular injection (–0.8 mm
posterior and 3.5 mm ventral to the bregma and 1.3
mm lateral from the midline) of colchicine at 75 µg/
15 µl 2 days before sacrifice.  The animals were
deeply anesthetized with sodium pentobarbital and
perfused with 5% acrolein (Tokyo Kasei Kogyo,
Tokyo, Japan) in 0.07 M phosphate buffer (pH 7.4)
for immunohistochemistry or 4% paraformaldehyde
in 0.07 M phosphate buffer (pH 7.4) for in situ
hybridization.  The brains were immediately
removed, postfixed in the same fixative overnight at
4 C, and then immersed in PBS containing 30%
sucrose for at least 2 days at 4 C.  Frozen frontal
sections (50 µm) were prepared with a freezing
microtome. 

Immunohistochemistry
Free-f loat ing sect ions were subjected to

immunohistochemistry with anti-rat metastin
mouse  monoclonal  ant ibody as  descr ibed
previously (No. 254).  Briefly, the sections were
washed with PBS and then immersed sequentially
in the following solutions: 1) 0.5% sodium
metaperiodate in PBS for 20 min; 2) 1% sodium
borohydride in PBS for 20 min; 3) 1% normal fetal
bovine serum and 0.4% Triton X-100 in PBS (TNBS)
for 1 h; 4) anti-rat metastin/kisspeptin mouse
monoclonal antibody (No. 254, 0.49µg/ml) in TNBS
for 24 h; 5) biotin-conjugated anti-mouse IgG (1:300;
Vector Laboratories, Temecula, CA, USA) in TNBS
for 2 h; 6) avidin-biotinylated HRP complex (ABC
Elite; Vector Laboratories) in TNBS for 30 min; and
7) 0.02% 3,3-diaminobenzidine-tetrachloride (DAB)
mixed with 0.006% hydrogen peroxide in 0.05 M
Tris-HCl (pH 7.6) for 3–4 min.  The sections were
then mounted, dehydrated and observed by light
microscopy.

In situ hybridization
To detect KiSS-1 mRNA, we made a KiSS-1-

specific digoxigenin (DIG)-labeled probe and
performed non-radioactive free-floating in situ
hybridization.  Briefly, the sections were washed
with PBS and treated with 1 µg/ml Protease K for

15 min at 37 C.  They were then incubated with
0.25% acetic anhydride in 0.1 M triethanolamine for
10 min.  Finally, the sections were hybridized with
1 µg/µl DIG-labeled anti-sense cRNA probes
(position 33–348; GenBank accession no. AY196983)
synthesized from the rat hypothalamus using a
labeling kit (Boehringer Mannheim, Mannheim,
Germany) overnight at 60 C.  A sense RNA probe
w a s  u se d  a s  a  n eg a t iv e  c o nt ro l .   A f t e r
hybridization, the sections were washed with 2 ×
SSC containing 50% formamide for 15 min at 60 C
twice.  The sections were then treated with 20 µg/
ml RNase A for 30 min at 37 C and then immersed
sequentially in 2 × SSC, 0.5 × SSC and DIG-1 buffer
[100 mM Tris-HCl (pH 7.5), 150 mM NaCl and
0.01% Tween 20] for 15 min, twice each.  Following
this, the sections were immersed in 1.5% blocking
reagent (Boehringer Mannheim) in DIG-1 buffer for
1 h at 37 C and incubated with an alkaline
phosphatase-conjugated anti-DIG antibody
(1:1,000; Roche Diagnostics, Indianapolis, IN, USA)
for 2 h at 37 C.  Then, the sections were washed
with DIG-1 buffer, and treated with DIG-3 buffer
[100 mM Tris-HCl (pH 9.5), 100 mM NaCl and 50
mM MgCl2].  Following this, the sections were
treated with a chromagen solution (337 µg/ml 4-
nitroblue tetrazolium chloride and 175 µg/ml 5-
bromo-4-chloro-3-indolyl-phosphate in DIG-3
buffer) until a visible signal was detected.  The
reaction was stopped by adding a reaction stop
solution [10 mM Tris-HCl (pH 7.6) and 1 mM
EDTA (pH 8.0)].  After processing, the sections
w er e  m o u n t e d  a n d  e x a m i n e d  b y  a  l i g h t
microscopy.

Double staining for in situ hybridization and 
immunohistochemistry

 To examine whether KiSS-1 mRNA-positive cells
possess estrogen receptor α (ERα) or c-Fos, we
performed double staining for in situ hybridization
and immunohistochemistry without an i.c.v
injection of colchicine.  After KiSS-1 mRNA were
detected by in situ hybridization without Protease
K, the free-floating sections were washed with PBS.
The sections were then treated with 0.5% sodium
metaperiodate in PBS for 20 min and incubated
with 1% normal fetal bovine serum (FBS) and 0.1%
Triton X-100 in PBS for 1 h.  After incubation with
rabbit anti-ERα (Santa Cruz Biotechnology, Santa
Cruz, CA, USA; 1:1,000) or rabbit anti-c-Fos (Santa
Cruz; 1:2,000) in 1% FBS for 24 h, the sections were
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treated with biotin-conjugated goat antirabbit IgG
(1:300; Vector Laboratories) in 1% FBS for 2 h and
then avidin-biotinylated HRP complex (ABC Elite;
Vector Laboratories) in 1% FBS for 30 min.  Finally,
the sections were visualized with 0.02% DAB
mixed with 0.006% hydrogen peroxide in 0.05 M
Tris-HCl, pH 7.6, for 3–4 min.  The sections were
then mounted and observed by light microscopy.

Statistics
Statistical differences in plasma LH levels

between POA anti-metastin- and normal IgG-
injected animals were determined by Student’s t-
test at each time point.  Cell numbers and mRNA
levels were compared between groups by one-way
ANOVA followed by Bonferroni test.

Results

Effect of POA injection of anti-rat metastin/
kisspeptin on E2-induced LH surge

 Infusion of a specific monoclonal antibody into
the POA from 1000–1800 h blocked the E2-induced
LH surge in OVX rats as compared with the
apparent surge-like increase in plasma LH levels
induced by high E2 treatment in the afternoon in
normal mouse IgG-treated control animals (Fig. 1).
The plasma LH concentrations were significantly
(P<0.05, Student’s t-test) reduced in the anti-
metastin-injected animals (n=5) compared with the
control group (n=5).

c-Fos expression in KiSS-1 mRNA-positive cells
KiSS-1 mRNA-containing neuronal cell bodies

showed c-Fos immunoreactivity in the AVPV of
high E2-treated OVX females at 1400 h (Fig. 2A).  On
the other hand, c-Fos immunoreactivity was less
pronounced in the AVPV KiSS-1 mRNA-positive
neuronal cell bodies at 0900 h in the high E2-treated
females (Fig. 2B) and at 1400 h in the low E2-treated
animals (Fig. 2C).  In the ARC, the high E2-treated
animals showed few KiSS-1 mRNA-positive cells
that expressed c-Fos immunoreactivity in the
morning and afternoon (Figs. 2D and 2E).  A large
number of KiSS-1 mRNA-positive neurons were
found in the ARC of the low E2-treated females at
1400 h (Fig. 2F).

The percentage of AVPV KiSS-1 mRNA-positive
neurons with c-Fos immunoreactivity was
significantly (P<0.05) higher in the high E2-treated

animals at 1400 h than in those at 0900 h (ANOVA
followed by Bonferoni test) (Fig. 2G), although
there was no difference in the number of KiSS-1
mRNA-positive cells between the groups (P>0.05).
In the ARC, there was no difference in the
percentage of KiSS-1 mRNA-positive cells with c-
Fos immunoreactivity between groups (P>0.05; Fig.
2H), but the total number of KiSS-1 mRNA-positive
cells was significantly (P<0.05) higher in the low E2-
treated animals at 1400 h than in the other groups.

ERα expression in KiSS-1 mRNA-positive cells
Figures 3A and 3B show that KiSS-1 mRNA-

positive cells in both the AVPV and ARC contained
ERα-immunoreactivity in the low E2-treated OVX
rats (n=2).  Most of the KiSS-1 mRNA-positive cells
showed ERα immunoreactivity in the AVPV
(90.4%, n=2) and ARC (91.7%, n=2), respectively.
The numbers of KiSS-1 mRNA-positive cells
counted were 294 in the AVPV and 1133 in the
ARC.

KiSS-1 or GPR54 mRNA expression in the AVPV 
and ARC

KiSS-1 mRNA levels fluctuated throughout the
estrous cycle in the AVPV and ARC of the females

Fig. 1. Effect of immunoneutralization of endogenous local
metastin/kisspeptin release in the POA on E2-
induced LH surge.  Normal mouse IgG or anti-rat
metastin monoclonal antibody was continuously
infused into the POA at 1000–1800 h.  Blood samples
were collected every hour from 1300–2000 h through
an indwelling atrial cannula.  Values are means ±
SEM.  *, P<0.05 vs. normal mouse IgG-injected
controls (Student’s t-test).
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(Figs. 4A and B).  The AVPV KiSS-1 mRNA level
was highest at 1500 h during proestrus and lowest
at diestrus 1 (Fig. 4A).  On the other hand, the ARC

KiSS-1 mRNA level was highest at diestrus 2 and
lowest at proestrus in the females (Fig. 4B).  Intact
males showed low AVPV and ARC KiSS-1 mRNA
levels compared to those of the females during the
estrous cycle (Figs. 4A and B).

The AVPV KiSS-1 mRNA showed a very low
level in OVX rats and was increased by estrogen
replacement at both high and low doses (Fig. 4A).
The mRNA levels of the castrated males were
similar to the levels of the OVX females regardless
of the steroidal milieu.  In contrast, ARC KiSS-1
mRNA expression was increased by ovariectomy
and was restored by estrogen replacement at the
high but not low dose.  In males, the ARC KiSS-1
mRNA level was increased by castration and
reduced by testosterone or high E2 treatment.

There were no fluctuations in the AVPV GPR54
mRNA levels during the estrous cycle, and the
levels were unaffected by both gonadectomy and
steroidal treatment in both sexes, except for a
significant increase in expression when males were
treated with high E2 (P<0.05, Fig. 4A).  The ARC
GPR54 mRNA levels were significantly lower on
the day of estrus compared with the other stages in
the intact females and males and were significantly
lower in the high E2-treated OVX animals
compared with the OVX and CAST animals with or
without testosterone.

Metastin/kisspeptin-immunoreactivity and KiSS-1 
mRNA expression in the AVPV and ARC

A small  number of  metastin/kisspeptin-
immunoreactive (ir) cells were found in the AVPV
of the OVX females (Fig. 5A), but the number of cell
bodies and fibers was markedly increased by E2

treatment (Figs. 5B and C).  Similarly, few KiSS-1
mRNA-positive cells were observed in the OVX
rats (Fig. 5D), while high E2 treatment caused a
large increase in the KiSS-1 message levels (Figs. 5E

Fig. 3. ERα immunoreactivity (arrows, brown) in KiSS-1
mRNA-positive cells (arrowheads, blue) in the AVPV
(A) and ARC (B).  Scale bars: 25 µm.

Fig. 2. A–F, c-Fos expression in KiSS-1 mRNA-positive cells
with dual staining for in situ hybridization and
immunohistochemistry in the AVPV (A–C) and ARC
(D–F).  KiSS-1 mRNA-positive cells (arrowheads,
blue) and c-Fos immunoreactivities (arrow, brown) in
the AVPV and ARC were determined in the OVX rats
with high-dose E2 treatment at 1400 h (A and D) or
0900 h (B and E) and in those with low-dose E2

treatment at 1400 h (C and F).  Lower panels show the
percentage of AVPV KiSS-1 mRNA-positive neurons
with c-Fos immunoreactivities and number of KiSS-1
mRNA-expressing cells in the AVPV (G) and ARC
(H) in OVX rats treated with high E2 (1400 and 0900
h) or low E2 (1400 h).  Scale bars: 50 µm (25 µm in
insets).
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Fig. 4. KiSS-1 and GPR54 mRNA expressions in the AVPV (A) and ARC (B) as determined by quantitative RT-PCR.  The
AVPV and ARC were punched out from intact male rats and cycling female rats at 0900 (P9), 1200 (P12), and 1500 h
(P15) of proestrus, 1400 h of estrus (E), and diestrus 1 (D1) and 2 (D2).  Tissues were also collected at 1400 h from the
OVX rats with low E2 (OVX+L), or high E2 (OVX+H) E2, or without E2 treatment (OVX) and from CAST rats with
testosterone (CAST+T), or high E2 (CAST+H), or without steroid treatement (CAST).  The numbers in or on the
columns indicate the numbers of animals used.  Values with common letters are not significantly different (one-way
ANOVA followed by Bonferroni test).
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and F).
There were few metastin/kisspeptin-ir cells in

the AVPV of the castrated males (Fig. 5G), and the
E2 and T treatments sl ightly increased the
immunoreactivity (Figs. 5H and I).  No KiSS-1
mRNA was detected in the AVPV of any male
group regardless of the steroidal milieu (Figs. 5J, K
and L).

There were obvious sex differences in metastin/
kisspeptin-ir neurons in terms of their density and
distribution in the AVPV in the presence of E2 (Figs.

5B and H).  There was also a greater density of
metastin/kisspeptin-ir neurons in females than in
males.  AVPV metastin/kisspeptin-ir neurons were
located close to the third ventricle in the medial
portion of the AVPV in females (Fig. 5B), but were
scattered laterally from the third ventricle in males
(Fig. 5H).  The most obvious sex difference was in
the AVPV KiSS-1 mRNA expression (Figs. 5E and
K).

Metastin/kisspeptin-ir cell bodies and fibers
were densely located throughout the whole ARC

Fig. 5. Metastin/kisspeptin immunoreactivity (A–C and G–I) and KiSS-1 mRNA expression (D–F and J–L) in the
AVPV.  The animals were treated without steroids (A, D, G and J), with high E2 (B, C, E, F, H and K), or
with testosterone (I and L).  Scale bars: 200 µm for A, B, D, E and G–L and 50 µm for C and F.
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region in the OVX rats (Figs. 6A and B).  In contrast,
high-density metastin/kisspeptin-ir fibers, but only
a few metastin/kisspeptin-ir cell bodies, were
found in the ARC of the high E2-treated OVX
animals (Fig. 6C).  The distribution of KiSS-1
mRNA-expressing cells was similar to that of the
metastin/kisspeptin-ir cell bodies in OVX rats
(Figs. 6D and E), and low mRNA expression was
detected in high E2-treated animals (Fig. 6F).  The
metastin/kisspeptin-ir cell staining in the ARC of

the castrated males (Fig. 6G) was similar to that of
the OVX females, with fewer cell bodies observed
in E2- and T-treated groups (Figs. 6H and I).  KiSS-1
mRNA-positive cells were found in the ARC of the
castrated males (Fig. 6J) but were greatly decreased
by the E2 and T treatments (Figs. 6K and L).  Thus,
no obvious sex differences were found in the
density or distribution of metastin/kisspeptin-ir or
KiSS-1 mRNA expression in the ARC.

Fig. 6. Metastin/kisspeptin immunoreactivity (A–C and G–I) and KiSS-1 mRNA expression (D–F and J–L) in the
ARC.  The animals were treated without steroids (A, B, D, E, G and J), with high E2 (C, F, H and K) or with
testosterone (I and L).  Scale bars: 200 µm for A and D and 100 µm for B, C, and E–L.



ADACHI et al.376

Discussion

The present results provide the first evidence
indicating that endogenous metastin/kisspeptin
released around the POA mediates the positive
feedback action of E2 on LH release, because
injection of a specific monoclonal antibody against
rat metastin/kisspeptin into the POA blocked the
E2-induced LH surge in female rats.  This is
consistent with our previous results showing that a
POA injection of anti-rat metastin/kisspeptin
antibody blocked spontaneous preovulatory LH
surges in intact females [12].  Expression of c-Fos in
the OVX rats increased in metastin/kisspeptin
neurons of the AVPV, but only in the afternoon
when the animals were treated with a high level of
E2; there was no increase in the ARC.  This
suggestis that the population of metastin/
kisspeptin neurons in the AVPV, but not that in the
ARC, is activated by a high level of circulating
estrogen in the afternoon to induce the LH surge.
This supports the hypothesis previously proposed
by Steiner and colleagues [18] that AVPV KiSS-1
mRNA-expressing neurons are associated with
cyclic LH release.  In addition, KiSS-1 mRNA
expression in the AVPV may be directly regulated
by estrogen, since KiSS-1 mRNA-positive neurons
colocalize ERα as demonstrated in the present and
a previous study [13].

The present results from immunohistochemistry,
in situ hybridization, and quantitative RT-PCR
suggest that estrogen enhances the KiSS-1 mRNA
and metastin/kisspeptin expressions in the AVPV
but not in the ARC of the females.  The AVPV
m et a s t in / ki ss p ep t i n  a n d  K i S S - 1  m R N A
expressions were decreased by ovariectomy and
increased by estrogen replacement, while the ARC
m et a s t in / ki ss p ep t i n  a n d  K i S S - 1  m R N A
expressions were increased by ovariectomy and
decreased by estrogen.  In the present study,
quantitative RT-PCR for punched-out brain
samples revealed that the KiSS-1 mRNA levels in
the AVPV and ARC fluctuate throughout the
estrous cycle.  The AVPV KiSS-1 mRNA level was
highest at 1500 h during proestrus and lowest at
diestrus 1, supporting the hypothesis that AVPV
metastin/kisspeptin neurons are positively
regulated by estrogen.  In contrast, ARC KiSS-1
mRNA expression was highest at diestrus 2 during
the estrous cycle.  These fluctuations are consistent
with previous results using in situ hybridization,

which indicates that estrogen positively regulates
AVPV KiSS-1 mRNA expression but negatively
regulates ARC KiSS-1 expression [13].  Both our
present and previous study [12] showed no obvious
changes in the GPR54  mRNA levels  in the
hypothalamic nuclei examined, such as AVPV,
ARC and POA, except for a high expression in male
rats treated with high estrogen, suggesting that
KiSS-1-GPR54 signaling is not regulated by the
changes in GPR54 expressions in physiological
conditions, such as estrous cycle.  Thus, high levels
of estrogen may exert a positive feedback effect on
GnRH/LH secretion by regulating metastin/
kisspeptin expression but not its receptors in
female rats.

A  n u m b e r  o f  p re v i o u s  s t u d i e s  h a v e
demonstrated that AVPV neurons mediate
estrogen positive feedback action to induce a
GnRH/LH surge in rats.  Electrolytic lesion of the
nucleus abolished the proestrous or estrogen-
induced LH surge in rats [3].  In addition, the
AVPV neurons, which have been reported to
project to the POA and AVPV neuronal terminals,
are in close apposition to the GnRH neurons in
female rats [19].  Taken together with the present
results, it is likely that AVPV metastin/kisspeptin
neurons receive information regarding the
circulating estradiol levels and directly stimulate
GnRH neurons through GPR54 [20].  The GPR54
message has been found in GnRH neurons [20] but
the receptor site has yet to be located.  The AVPV
metastin/kisspeptin neurons may be a direct target
of estradiol, since the present study and a previous
one [13] have shown that AVPV metastin/
kisspeptin neurons contain ERα and the positive
estrogen effects on KiSS-1 gene expression are
absent in ERαKO mice [13].

The AVPV is known to be a sexually dimorphic
nucleus that is larger in female rats than in males
[21].  The present study showed an obvious sex
difference in the metastin/kisspeptin neurons of
the AVPV.  AVPV metastin/kisspeptin neurons are
much more densely localized in the medial portion
of the AVPV in females compared with males.  In
males, KiSS-1 mRNA levels were similar to the
lowest levels observed in females at diestrus 1 and
remained low with estradiol or testosterone
treatment.  It is well established that a high dose of
estrogen induces LH surges in female rats but
never in males, and c-Fos expression is increased by
ovarian steroids in the AVPV of females but not in
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those of male rats [22].   Thus,  the sexually
dimorphic pattern of cyclic LH release may be
mediated by the sexually-differentiated AVPV
metastin/kisspeptin neurons.

The physiological role of the ARC metastin
neurons in the regulation of GnRH/LH secretion is
still unclear.  Smith et al. [13] proposed that ARC
metastin/kisspeptin neurons are involved in
regulating tonic LH release.  This notion is
consistent with the present findings that the ARC
KiSS-1/metastin/kisspeptin expressions were
negatively regulated by a high level of estradiol or
testosterone in both sexes.  However, the negative
regulation of ARC KiSS-1 mRNA expression by
high estrogen levels might not necessarily be
related to the estrogen negative feedback effect on
GnRH/LH release because a low level of estrogen,
which causes a negative feedback effect on LH
secretion [15], did not affect the high mRNA
expression caused by ovariectomy in the present
study.  ARC metastin/kisspeptin neurons might be
implicated in control of the surge mode of GnRH/
LH release because ARC metastin/kisspeptin-
immunoreactive neurons containing c-Fos increase
in the afternoon of proestrus [12].  In fact, the ARC
has been reported to be involved in the induction of

GnRH/LH surges [23–25].  Future studies will be
required to identify the role of ARC metastin/
kisspeptin neurons in control of the pulse and/or
surge modes of GnRH/LH release.

In conclusion, AVPV metastin/kisspeptin
neurons may mediate the positive feedback action
of estradiol on GnRH/LH release in female rats.
AVPV metastin/kisspeptin neurons could be the
direct target for estradiol to induce the GnRH/LH
surge during the estrous cycle.  The absence in or
scarcity of AVPV metastin/kisspeptin neurons
could cause the lack of estrogen positive feedback
and cyclic GnRH/LH release in males.
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