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Kiss1 Neurons in the Forebrain as Central Processors for
Generating the Preovulatory Luteinizing Hormone Surge
Jeremy T. Smith,1 Simina M. Popa,3 Donald K. Clifton,2 Gloria E. Hoffman,4 and Robert A. Steiner1,2
Departments of 1Physiology and Biophysics and 2Obstetrics and Gynecology and 3Undergraduate Program in Neurobiology, University of Washington,
Seattle, Washington 98195, and 4Department of Anatomy and Neurobiology, University of Maryland, School of Medicine, Baltimore, Maryland 21201

Kisspeptins are neuropeptides encoded by the Kiss1 gene, which have been implicated in the neuroendocrine regulation of gonadotropinreleasing hormone (GnRH) secretion. The goal of this study was to test the hypothesis that activation of Kiss1 neurons in the anteroventral
periventricular nucleus (AVPV) is linked to the induction of the preovulatory luteinizing hormone (LH) surge in the rat. First, we
determined that levels of Kiss1 mRNA in the AVPV peaked during the evening of proestrus, whereas Kiss1 mRNA in the arcuate nucleus
(Arc) was at its nadir. Second, we corroborated this observation by demonstrating that Kiss1 mRNA is increased in the AVPV at the time
of an estrogen (E)- and progesterone-induced LH surge in ovariectomized animals, whereas in the Arc, the expression of Kiss1 mRNA was
decreased. Third, we found that most Kiss1 neurons in the AVPV coexpress the immediate early gene Fos coincidently with the LH surge,
but virtually none coexpressed Fos on diestrus. In contrast, Kiss1 neurons in the Arc were Fos negative at the time of the LH surge as well
as on diestrus. Finally, we found that most Kiss1 neurons in the AVPV and Arc express estrogen receptor ␣ mRNA, suggesting that E acts
directly on these neurons. These results suggest that Kiss1 neurons in the AVPV play an active role in mediating the effects of E on the
generation of the preovulatory GnRH/LH surge on proestrus.
Key words: Kiss1 mRNA; kisspeptin; metastin; AVPV; arcuate; estrogen; progesterone

Introduction
Ovulation in mammals is triggered by a preovulatory surge of
luteinizing hormone (LH). The LH surge is generated by the
release of gonadotropin-releasing hormone (GnRH) from nerve
terminals in the median eminence, whose cell bodies reside in the
basal forebrain. Throughout most of the estrous cycle, GnRH
secretion is under tonic negative feedback control by gonadal
steroids. However, beginning on diestrus II and continuing into
proestrus, estradiol (E) acts on the brain to initiate a shift from
negative to positive feedback and generates the preovulatory
GnRH/LH surge. Although it is evident that E acts in the forebrain to produce the GnRH surge, neither the cellular targets nor
the molecular pathway that mediates this phenomenon have
been elucidated. GnRH neurons do not express either estrogen
receptor ␣ (ER␣) or the progesterone (P) receptor, and it is
widely thought that other steroid-sensitive neurons in the forebrain mediate the effects of sex steroids on GnRH secretion (Herbison, 1998; Petersen et al., 2003; Freeman, 2006).
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tides called kisspeptins, which bind to a G-protein-coupled receptor, GPR54 (Kotani et al., 2001; Ohtaki et al., 2001). This
receptor and its ligand(s) have been implicated in the neuroendocrine regulation of GnRH secretion (de Roux et al., 2003;
Funes et al., 2003; Seminara et al., 2003; Smith et al., 2006).
Kisspeptins stimulate GnRH and LH secretion in the rat, mouse,
monkey, and human (Gottsch et al., 2004; Irwig et al., 2004;
Matsui et al., 2004; Dhillo et al., 2005; Shahab et al., 2005). Kiss1
neurons are found in the anteroventral periventricular (AVPV)
and arcuate (Arc) nuclei (Gottsch et al., 2004; Smith et al.,
2005a,b), areas known to send projections to the preoptic area, in
which GnRH cell bodies reside (Canteras et al., 1994; Simonian et
al., 1999; Simerly, 2002).
The expression of Kiss1 in the brain is regulated by gonadal
steroids (Irwig et al., 2004; Navarro et al., 2004; Smith et al.,
2005a,b; Dungan et al., 2006; Roa et al., 2006), but the nature of
this regulation differs dramatically among nuclei (Smith et al.,
2005a,b). In the Arc, E inhibits the expression of Kiss1 mRNA,
whereas in the AVPV, E stimulates the expression of Kiss1. We
have suggested that the differential regulation of Kiss1 mRNA
between the Arc and AVPV mediates the “negative” and “positive” feedback effects of E on GnRH secretion, respectively
(Smith et al., 2005a,b, 2006). Circumstantial evidence supports
the inference that an unidentified group of neurons in the AVPV,
possibly Kiss1 neurons, triggers the preovulatory GnRH surge.
We postulated that, if activation of Kiss1 neurons in the AVPV
were involved in the generation of the GnRH/LH surge, then (1)
the expression of Kiss1 in the AVPV would be elevated during the
LH surge, (2) markers of transcriptional activation (e.g., Fos)
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would be induced in Kiss1 neurons concomitantly with the surge,
and (3) Kiss1 neurons would express E receptors.

Materials and Methods
Animals
Adult female Sprague Dawley rats were used for all experiments. For
experiments 1, 2, and 4, animals (weighing 300 –320 g) were obtained
from Charles River Laboratories (Wilmington, MA). For experiment 3,
rats were obtained from Zivic Miller (Zeonople, PA). For experiments 1,
2, and 4, animals were maintained on a 12 h light/dark cycle, with lights
on at 6:00 A.M.; for experiment 3, 12 h light/dark cycles were also used,
but lights were turned on at 3:00 A.M. All animals had access to standard
rodent chow and water ad libitum. All procedures used for experiments 1,
2, and 4 were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Washington, and those used in
experiment 3 were approved by the IACUC at the University of Maryland, in accordance with the National Institutes of Health Guide for Care
and Use of Laboratory Animals.

Experimental design
Experiment 1: regulation of Kiss1 mRNA during the estrous cycle
Objective. The purpose of this experiment was to examine the regulation
of Kiss1 mRNA throughout the estrous cycle in the rat.
Animal and tissue preparation. Daily vaginal cytology was examined to
determine the stage of estrous cycle of each animal. Rats were observed
for two complete cycles and then killed at 8:00 A.M. (2 h after lights on)
at estrus, diestrus II, or proestrus (n ⫽ 8 per group). An additional group
was killed at 5:00 P.M. (1 h before lights off) on the afternoon of proestrus
(n ⫽ 8), the approximate time of the LH surge. At the time the animals
were killed, they were weighed, anesthetized with isoflurane, and then
killed by decapitation. Trunk blood was collected for measurement of
serum LH and E by radioimmunoassay. In preparation for single-labeled
in situ hybridization (ISH) for Kiss1 mRNA, brains were quickly removed
from the skull, frozen on dry ice, and then stored at ⫺80°C until sectioned. Five sets of sections were cut at 20 m in the coronal plane from
the diagonal band of Broca to the mammillary bodies, thaw mounted
onto slides (SuperFrost Plus; VWR Scientific, West Chester, PA), and
stored at ⫺80°C. One set was used for ISH (at 100 m intervals).
Radiolabeled Kiss1 cRNA riboprobe. Antisense and sense mouse Kiss1
probes were generated as described previously (Gottsch et al., 2004). The
Kiss1-specific sequence spanned bases 76 – 486 of the mouse cDNA sequence (GenBank accession number AF472576). The Kiss1 riboprobe
was generated against the mouse Kiss1 mRNA. There is 90% homology
between mouse and rat in the cloned region, and we demonstrated previously that this probe can be used successfully in the rat (Irwig et al.,
2004).
Single-labeled ISH. ISH with a radiolabeled probe ( 33P) was performed
as described previously (Cunningham et al., 2002). The Kiss1 cRNA
probe (0.03 pmol/ml) was denatured, dissolved in hybridization solution
with tRNA (2 mg/ml), and applied to brain sections. After hybridization
(55°C for 16 h), slides were treated with RNase, washed, and dehydrated.
Slides were dipped in NTB liquid emulsion (Eastman Kodak, Rochester,
NY), protected from light, and stored at 4°C. Slides were developed 2–3 d
later.
Quantification and analysis of Kiss1 mRNA. All slides were assigned a
random three-letter code and read (unilaterally) under dark-field illumination. Custom-designed software was used to count the number of cells
and the number of grains over each cell (a semiquantitative index of Kiss1
mRNA content per cell) (Cunningham et al., 2002). Cells were counted
as Kiss1 mRNA positive when the number of silver grains in a cluster
exceeded that of background by threefold.

Experiment 2: regulation of Kiss1 mRNA during the E/P-induced
LH surge
Objective. Having observed in experiment 1 that the expression of Kiss1
mRNA in the AVPV peaked on the afternoon of proestrus, the purpose of
this experiment was to adduce additional evidence that the induction of
Kiss1 expression in the AVPV is temporally linked to the occurrence of
the LH surge under a different experimental paradigm.
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Animal and tissue preparation. Female rats were initially divided into
three experimental groups (n ⫽ 4): ovary intact (at diestrus II), ovariectomized (OVX), and OVX plus E replacement. Ovaries were removed
under ketamine (100 mg/ml)/xylazine (20 mg/ml)/acepromazine (10
mg/ml) anesthesia (5.0:2.5:1.0 ratio). Immediately after surgery, animals
in the E-replacement group received an E-filled SILASTIC implant (inner diameter, 1.57 mm; outer diameter, 3.18 mm; Dow Corning, Midland, MI) whereas the other half received an empty (sham) implant.
Tubing (4 mm lengths) was filled with crystalline E (or was empty),
sealed at each end with silicone cement, and implanted (subcutaneously)
through a small incision at the base of the neck.
On either diestrus II (intact animals) or 7 d after ovariectomy, the
intact and the sham-treated OVX animals were anesthetized with isoflurane and quickly decapitated (2 h after lights on). Tissue collection and
preparation for measuring Kiss1 mRNA by ISH was performed as described in experiment 1. OVX animals that had previously received E
were given injections of P (5 mg in safflower oil, subcutaneously; n ⫽ 4)
6 h after lights on this seventh day after the initial surgery. Five hours later
(1 h before lights off), the OVX/E/P-treated animals were anesthetized
with isoflurane and rapidly decapitated, and tissues were collected and
prepared for Kiss1 ISH as described above.

Experiment 3: double-labeled in situ hybridization for Kiss1
mRNA and immunohistochemistry for Fos
Objective. The purpose of this study was to determine whether Fos expression is induced in Kiss1 neurons coincidently with the LH surge and
confirm that Fos is induced in GnRH neurons at the time of the surge.
Animals and tissue preparation. Adult female rats displaying four consecutive estrous cycles, as determined by vaginal lavage and cytology,
were selected on either the afternoon of proestrus or diestrus II (n ⫽ 4 for
both groups killed 30 min after lights off). The animals were anesthetized
with 100 mg/kg pentobarbital, and each rat was perfused transcardially
with saline containing 2.5% sodium nitrite, followed by ⬃100 ml of a
solution of 4% buffered paraformaldehyde, pH 6.8 (Sigma, St. Louis,
MO) and 2.5% acrolein (EM grade; Polysciences, Warrington, PA). After
perfusion, the brain was removed from the skull, submersed in 30%
aqueous sucrose solution, and serially sectioned at 30 m on a freezing
microtome. Sections were transferred to cryoprotectant antifreeze solution and were stored at ⫺20°C, until they were processed for ISH and
immunohistochemistry (IHC).
Double-labeled ISH for Kiss1 mRNA and IHC for nuclear Fos. The
general strategy involved ISH with a biotinylated riboprobe, followed by
immunohistochemical detection of fluorescence-tagged secondary antibodies (Berghorn et al., 1994, 2001; Koban et al., 2006). Briefly, the same
442 bp mouse Kiss1 probe described above was subcloned, linearized,
and biotinylated. For the in vitro transcription reaction, a 20 l mixture
contained 0.65 mM biotin-16-UTP (Roche, Indianapolis, IN), 1 g of
linearized Kiss1, 20 U of the RNAase inhibitor Protector (Roche), 40 U of
T7 or SP6 RNA polymerase (Roche), 0.35 mM UTP, and 1.0 mM each
of ATP, GTP, and CTP. The transcription reaction was developed at 37°C
for 120 min and stopped by the addition of 1 l of EDTA.
Hybridization and detection. On the first day, under RNase-free conditions, free-floating 25 m tissue sections from a 1-in-6 series comprising all of the AVPV and Arc were removed from the antifreeze solution.
These sections were rinsed in KPBS (potassium phosphate buffered saline, 0.05 M, pH 7.4) made with 0.1% DEPC H20, incubated in 1% sodium borohydride/KPBS plus DEPC H2O for 15 min, and rinsed. Tissue
was rinsed twice in 0.1 M triethanolamine (TEA) buffer, pH 8.0, placed in
0.25% acetic anhydride in 0.1 M TEA buffer for 10 min, and rinsed in 2⫻
SSC for 10 min at room temperature (RT). The sections were hybridized
with the biotinylated Kiss1 probe (denatured with torula yeast RNA)
adjusted to a concentration of 800 ng 䡠 kb ⫺1 䡠 ml ⫺1 and processed overnight at 50°C.
On the second day, the tissue was rinsed with 4⫻ SSC, rinsed once with
RNase buffer (10 mM Tris, pH 8.0, 500 mM NaCl, and 0.75 mM EDTA, pH
8.0) heated to 37°C, followed by a 30 min incubation of RNase (20
g/ml) in RNase buffer at 37°C. Sections were rinsed with RNase buffer
at 37°C and rinsed multiple times in 2⫻ SSC and in 0.1⫻ SSC (heated to
55°C) for 60 min. Tissue was rinsed three times with 0.1⫻ SSC at RT,
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followed by 1 h of rinsing with KPBS (at RT). Sections were then incubated in goat anti-biotin (Vector Laboratories, Burlingame, CA) at a
concentration of 1:70,000 in KPBS plus 0.4% Triton X-100 at 4°C for
48 h.
On the fourth day, tyramide amplification of the biotin signal was
performed according to Berghorn et al. (1994) using a modified ABC
protocol. After development of deposited biotin with a streptavidin cyanine 2 (Cy2) solution (5 l/ml; Invitrogen, Carlsbad, CA) for 3 h at 37°C,
tissue was rinsed and placed into rabbit anti-Fos [Oncogene Sciences
(Uniondale, NY) antibody 4191 at 1:20,000 in KPBS plus 0.4% Triton
X-100] for 48 h at 4°C. The sections were rinsed and processed with a
Cy3-tagged secondary antibody [Cy3-labeled donkey anti-rabbit IgG
heavy and light chains (Jackson ImmunoResearch, West Grove, PA),
1:300, 3 h at 37°C], rinsed in KPBS, transferred into normal saline, and
mounted onto gelatin-subbed slides. After drying overnight, the sections
were dehydrated rapidly in an ascending alcohol gradient, cleared in
xylene, and coverslipped with Krystalon (Harleco, Voigt Global Distribution, Kansas City, MO).
Sections were visualized with a Nikon (Tokyo, Japan) Eclipse 800 microscope and appropriate cubes for each fluorophore (Chroma Technology, Rockingham, VT). Sections from the AVPV and Arc were captured
with a Retiga EX cooled CCD camera and digitized with IP Spectrum
Software (Biovision Technologies, Exton, PA). Adjustments for color
and brightness/contrast were made in Photoshop (Adobe Systems, San
Jose, CA). Counts were made with the use of a dual red/green filter
cassette. For AVPV and Arc, all cells bearing Kiss1 mRNA were counted
within a series of sections (for explanation of tissue sectioning, see above)
and scored for double labeling with Fos. All counts were made by an
individual blind to the condition of the animal. In addition, the total
number of Fos-positive cells that did not show Kiss1 mRNA coexpression
within the 100 m distance from the ventricular wall in the posterior
two-thirds of the AVPV and within the borders of the Arc nucleus was
determined. Data are expressed as the percentage of Kiss1-expressing
cells that were Fos positive and the percentage of Fos-positive cells that
expressed Kiss1 mRNA.
Fos/GnRH double labeling. A series of sections adjacent to those used
for the Kiss1 ISH/Fos IHC were labeled sequentially for GnRH and Fos,
by using NiDAB detection for Fos and DAB detection for GnRH as
described previously (Hoffman et al., 2005). All identifiable GnRH neurons with a visible nucleus were scored for the presence or absence of Fos.
All counts were made by an individual blind to the condition of the
animal. Data are expressed as the percentage of GnRH neurons that
coexpressed Fos.

Experiment 4: expression of ER␣ and ER␤ mRNA in
Kiss1 neurons
Objective. The purpose of this study was to determine whether Kiss1
neurons express either or both ER␣ and ER␤ mRNA in the rat.
Animal and tissue preparation. We performed double-labeled ISH on a
set of coronal sections from brains of OVX and OVX plus E/P rats (used
in experiment 2; n ⫽ 4). Sham-treated OVX rats were used to examine
coexpression of Kiss1 and ER␣ in the Arc, in which the expression of Kiss1
is amplified in the absence of sex steroids (Smith et al., 2005b). OVX
animals treated with E/P were used to evaluate coexpression of Kiss1 and
ER␣ in the AVPV, in which Kiss1 expression is induced in the presence of
E (Smith et al., 2005b). These treatments induced maximum expression
and visualization of Kiss1 mRNA in the Arc and AVPV, respectively.
Double-labeled ISH. The cDNA templates for ER␣ and ER␤ riboprobes
were generated by PCR as described previously (Smith et al., 2005b). The
ER␣ mRNA-specific sequence spanned bases 1163–1990 of the mouse
cDNA sequence (GenBank accession number NM_007956). We predicted the mouse riboprobe would hybridize to rat ER␣ mRNA because
there is 94% homology between mouse and rat ER␣ cDNAs in the cloned
region. The ER␤ mRNA-specific sequence, spanning bases 662–1424 of
the mouse cDNA (GenBank accession number NM_207707), was similarly 93% homologous to rat ER␤ cDNAs in the cloned region.
The cDNA template for the Kiss1 riboprobe was prepared as above for
single-labeled ISH. Digoxigenin (DIG)-labeled antisense cRNA was syn-
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thesized with T7 RNA polymerase and DIG labeling mix (Roche) according to the protocol of the manufacturer.
Slides were processed for ISH as described above with modifications.
Radiolabeled antisense ER␣ or ER␤ and DIG-labeled Kiss1 riboprobes
(concentration determined empirically) were denatured, dissolved in the
same hybridization buffer along with tRNA (2 mg/ml), and applied to the
slides. Slides were hybridized as above. Kiss1 mRNA-positive cells were
visualized by using anti-DIG fragments conjugated to alkaline phosphatase (diluted 1:300; Roche) and Vector Red substrate (SK-5100; Vector
Laboratories), following the directions of the manufacturer. Slides were
dipped in 70% ethanol, air dried, and then dipped in NTB liquid emulsion (Eastman Kodak). Slides were developed 14 d later.
Kiss1 mRNA-containing cells were identified under fluorescent illumination, and software described above was used to quantify silver
grains, corresponding to radiolabeled ER␣ or ER␤ mRNA over each cell
(Smith et al., 2005b). Signal-to-background ratios (SBRs) for individual
cells were calculated, and a cell was considered to be double labeled if it
had an SBR of 3 or greater. For each animal, the amount of double
labeling was calculated as a percentage of the total number of Kiss1
mRNA-expressing cells and then averaged across animals to produce a
mean ⫾ SEM.

Radioimmunoassays
Serum levels of E and LH were measured at Northwestern University
(Evanston, IL). E was measured with a double-antibody kit (Diagnostics
Production, Los Angeles, CA), which had a sensitivity of 2 pg/ml and
intraassay coefficient of variation of 6%. The LH antiserum was antirLH-S11 and the standard was rLH-RP3. The sensitivity of the LH assay
was 0.2 ng/ml, and the intraassay coefficient of variation was 4%.

Statistical analysis
All data are expressed as the mean ⫾ SEM for each group. One-way
ANOVAs were used to assess variation in Kiss1 mRNA expression across
the estrous cycle in experiment 1 and among experimental groups in
experiment 2. When the F test for the ANOVA reached statistical significance ( p ⬍ 0.05), differences among means were assessed by least significant difference tests. All analyses were performed with Statview 5.0.1
or JMP 5.1 for Macintosh (SAS Institute, Cary, NC).

Results
Experiment 1: regulation of Kiss1 mRNA expression across
the estrous cycle
In the AVPV, on the afternoon of proestrus, the number of identifiable Kiss1-expressing cells was significantly higher than that
observed on the morning of the same day (2.3-fold greater; p ⬍
0.005) (Fig. 1). The number of Kiss1-expressing cells was significantly lower on estrus compared with the afternoon of proestrus
( p ⬍ 0.05), and the number of Kiss1 cells was at its nadir in the
cycle on diestrus II. No difference in the content of Kiss1 mRNA
per cell (as reflected by grains per cell) was detectable in the AVPV
during different stages of the estrous cycle.
In the Arc, both the number of identifiable Kiss1 neurons and
the content of Kiss1 mRNA per cell were highest on diestrus II
and lowest on estrus (Fig. 1). No difference was observed in Kiss1
expression in the Arc between the morning and afternoon of
proestrus.
Serum levels of E were within the normal physiological range,
with concentrations elevated at proestrus compared with diestrus
II and estrus ( p ⬍ 0.05) (Table 1). Levels of LH were also as
expected. During estrus, diestrus II, and the morning of
proestrus, levels of LH were all below 1 ng/ml; however, on the
afternoon of proestrus, the concentration of LH was increased
⬃16-fold compared with all other groups ( p ⬍ 0.0001) (Table 1).
A small population of Kiss1-expressing neurons was also observed in the periventricular nucleus. The expression of Kiss1
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Figure 1. The number of identifiable Kiss1 mRNA-positive cells and grains per cell in the
AVPV and Arc of the female rat during the estrous cycle. Values without common notations (a,
b, c) differ significantly ( p ⬍ 0.05). Values are the mean ⫾ SEM. DII, Diestrus; Pro am,
proestrus 2 h after lights on; Pro pm, proestrus 1 h before lights off; Est, estrus.
Table 1. Serum concentrations of E and LH over the estrous cycle
Proestrus
Diestrus
Estradiol (pg/ml)
LH (ng/ml)

AM

16 ⫾ 4
0.9 ⫾ 0.3a
a

PM

55 ⫾ 9
0.9 ⫾ 0.2a
b

Estrus

57 ⫾ 9
16.2 ⫾ 1.1b
b

23 ⫾ 8a
0.8 ⫾ 0.1a

Data are presented as the mean ⫾ SEM. Serum levels of E were elevated during the morning 关2 hr after lights on
(AM)兴 and evening 关1 hr before lights off (PM)兴 of proestrus compared with diestrus II and estrus (all p ⬍ 0.05).
Levels of serum LH were elevated only during the evening of proestrus (p ⬍ 0.0001 compared with all other groups).

mRNA in this region did not appear to change as a function of the
estrous cycle (data not shown).
Experiment 2: regulation of Kiss1 mRNA during the E/Pinduced LH surge
In the AVPV, the number of identifiable Kiss1-expressing cells
and the cellular content of Kiss1 mRNA (reflected by grains per
cell) were both approximately twofold higher in OVX/E/Ptreated animals compared with intact controls at diestrus II
(number of cells, diestrus II, 51 ⫾ 10; OVX/E/P, 120 ⫾ 5; grains
per cell, diestrus II, 66 ⫾ 6; OVX/E/P, 125 ⫾ 6; p ⬍ 0.001 for
both). The number of Kiss1-expressing cells in the AVPV of OVX
animals (26 ⫾ 4) was reduced by ⬃50% compared with animals
at diestrus II ( p ⬍ 0.05), whereas the per cell content of Kiss1
mRNA (58 ⫾ 4) was indistinguishable between these two groups
(Fig. 2).
In the Arc, sham-treated OVX animals had significantly more
identifiable Kiss1 neurons (1.5-fold) and a higher cellular content
of Kiss1 mRNA (twofold) compared with animals on diestrus II
(number of cells, diestrus II, 502 ⫾ 27; OVX, 763 ⫾ 34; grains per
cell, diestrus II, 60 ⫾ 4; OVX, 123 ⫾ 5; both p ⬍ 0.0001). OVX
animals treated with E/P had fewer Kiss1 cells (78 ⫾ 14) and
reduced cellular content of Kiss1 mRNA (36 ⫾ 2) in the Arc
compared with intact, OVX controls at diestrus II ( p ⬍ 0.0001
for both) (Fig. 2). Photomicrographs from these data are shown
in Figure 3.

Figure 2. Kiss1 mRNA expression in the AVPV and Arc of the female rat during the E/Pinduced LH surge. Values without common notations (a, b, c) differ significantly ( p ⬍ 0.05).
Values are the mean ⫾ SEM. DII, Diestrus.

Serum LH was increased approximately sixfold after OVX
(7.3 ⫾ 0.2 ng/ml) compared with diestrus II (1.3 ⫾ 0.5 ng/ml; p ⬍
0.01). LH was further increased with OVX plus E/P treatment
(11.5 ⫾ 1.9 ng/ml; 8.8-fold, p ⬍ 0.001 compared with diestrus;
1.6-fold, p ⬍ 0.05 compared with OVX).
Experiment 3: coexpression of Fos in Kiss1 and
GnRH neurons
On the afternoon of diestrus II, only an occasional Kiss1 neuron
in the AVPV showed Fos expression (Figs. 4, 5); however, on the
afternoon of proestrus, Fos appeared in ⬃60% of Kiss1 neurons
(coincident with the LH surge) (Figs. 4, 5). In the AVPV on
proestrus, Kiss1 neurons that expressed Fos represented ⬎80% of
the total number of Fos-activated neurons in this nucleus (data
not shown). In the Arc, there were very few detectable Fospositive nuclei on either diestrus II or the afternoon of proestrus,
and ⬍5% of the Kiss1 cells showed Fos labeling on either day
(Fig. 6).
In sections adjacent to those examined for Fos activation in
Kiss1 neurons, we monitored the patterns of Fos in GnRH neurons. On the afternoon of diestrus II, virtually no GnRH neurons
coexpressed Fos, whereas on the afternoon of proestrus, ⬎60% of
GnRH neurons were Fos positive (Figs. 4, 5).
Experiment 4: Kiss1 mRNA coexpression with ER␣ and ER␤
mRNAs
The majority of Kiss1 neurons in the Arc and AVPV expressed
ER␣ mRNA (Fig. 7A). Quantitative analysis (with a criterion for
double labeling of signal three times greater than background)
indicated that 62 ⫾ 3% of Kiss1 neurons in the AVPV and 70 ⫾
4% of Kiss1 neurons in the Arc expressed ER␣ mRNA. A much
smaller fraction of Kiss1 neurons in the Arc (11 ⫾ 2%) and AVPV
(21 ⫾ 3%) expressed ER␤ mRNA (Fig. 7B).

Discussion
The brain triggers the preovulatory release of GnRH and LH
during the estrous cycle of the rat (Freeman, 2006); however; the
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in the AVPV and are activated by a circadian signal from the suprachiasmatic nucleus (SCN) (Gu and Simerly, 1997; de la
Iglesia and Schwartz, 2006). Lesions of the
AVPV block spontaneous and steroidinduced LH surges (Wiegand et al., 1978,
1980; Terasawa et al., 1980; Wiegand and
Terasawa, 1982; Ronnekleiv and Kelly,
1986; Ronnekleiv and Kelly, 1988; Le et al.,
1999). Third, the AVPV is sexually differentiated, with females having greater
numbers of cells than males (Simerly,
1998), and the surge mechanism is only
present in the female rodents (Pfeiffer,
1936; Barraclough, 1961; Gogan et al.,
1980; Corbier, 1985; Hoffman et al., 2005).
Fourth, the expression of Kiss1 is also sexually differentiated in the AVPV, again
Figure 3. Dark-field photomicrographs showing Kiss1 mRNA-expressing cells (as reflected by the presence of white clusters of with females showing greater numbers of
silver grains) in representative sections of the AVPV and Arc from diestrus (DII), OVX, and OVX/E/P-treated female rats. 3V, Third Kiss1 neurons and higher expression of
ventricle. Scale bars, 100 m.
Kiss1 mRNA than males (Smith et al.,
2005a,b; Tena-Sempere et al., 2006). Fifth,
ER␣ mediates the effects of E on the GnRH/LH surge mechanism,
as well as the effects of E on Kiss1 expression (Petersen et al., 2003;
Smith et al., 2005a,b), and we have demonstrated here that most
Kiss1 neurons express ER␣. Finally, we have shown that the expression of Kiss1 mRNA increases as a function of the LH surge,
with highest levels of Kiss1 expression occurring in temporal association with the LH surge and coincidently with the coexpression of the transcription factor Fos. Together, these observations
suggest that Kiss1 neurons in the AVPV are targets for transcriptional activation by E and that increased activity of these cells,
gated by circadian afferents from the SCN, is the proximate cue
Figure 4. Quantitative analysis showing the percentage of Kiss1 neurons that coexpress Fos
30 min after lights off on diestrus II (DII) and proestrus (Pro) in the AVPV (left) and Arc (middle)
for the preovulatory GnRH/LH surge (Fig. 8).
and the percentage of GnRH neurons that coexpress Fos on diestrus II and proestrus (right
These observations on the effects of sex steroids on Kiss1 expanel). Values without common notations (a, b) differ significantly ( p ⬍ 0.05). Values are the
pression in the rat are consistent with our previous studies in the
mean ⫾ SEM.
mouse, which demonstrated that the expression of Kiss1 in the
AVPV is increased by chronic exposure to gonadal steroids such
neuronal circuitry and molecular mechanisms that mediate this
as E (Smith et al., 2005a,b). However, during the estrous cycle,
event have yet to be fully elucidated. On diestrus II, the rising tide
there are unique features that add complexity to understanding
of E in the plasma, produced by the maturing ovarian follicles,
Kiss1 regulation. The transition between the morning and
acts on E-sensitive neurons in the forebrain to stimulate GnRH
evening of proestrus is associated with relatively steady-state levsecretion on the late afternoon of proestrus. GnRH neurons
els of circulating E, yet the expression of Kiss1 in the AVPV inthemselves are not the direct targets for the action of E. Instead,
creases during this interval. It is plausible that the increase in
another population of neurons in the forebrain acts indirectly to
Kiss1 mRNA that occurs during the afternoon of proestrus rerelay the E signal through ER␣-dependent mechanisms to GnRH
flects a phase lag in the responsiveness of the Kiss1 gene to the
neurons (Petersen et al., 2003). Although the phenotypic identity
action of E. Alternatively, this induction of Kiss1 may reflect adof these E-sensitive neurons remains uncertain, they appear to be
ditional afferent input to Kiss1 neurons from other circuits that
located in the AVPV (Simerly, 1998; Le et al., 1999).
become
activated as a prelude to the preovulatory GnRH/LH
Here, we report that Kiss1 neurons in the AVPV are direct
surge. For example, circadian projections from the SCN to the
targets for E and that these cells become transcriptionally actiAVPV constrain the timing of the GnRH/LH surge to the evening
vated as a function of the LH surge in the female rat. Based on
of proestrus (Gu and Simerly, 1997; Barbacka-Surowiak et al.,
these and other observations, a strong circumstantial case can be
2003; de la Iglesia and Schwartz, 2006), and Kiss1 neurons may be
made that Kiss1 neurons in the AVPV drive the E-induced
the targets for these afferents. It is conceivable that projections
GnRH/LH surge. First, kisspeptin is a potent secretagogue for
from the SCN to the AVPV stimulate (or amplify beyond E alone)
GnRH. Kisspeptin administered into the brain stimulates GnRH
the expression of Kiss1 (and Fos) at the time of the GnRH/LH
and LH secretion through a direct action on GnRH neurons,
surge. This is consonant with our previous observation in the
most of which express the kisspeptin receptor GPR54 (Gottsch et
mouse that increased expression of Kiss1 mRNA in the AVPV
al., 2004; Irwig et al., 2004; Matsui et al., 2004; Navarro et al.,
alone is insufficient to generate an LH surge (Smith et al.,
2004). Moreover, antiserum to kisspeptin administered into the
2005a,b). Another possibility is that progesterone, which peaks
brain blocks the preovulatory LH surge in the rat (Kinoshita et al.,
on the afternoon of proestrus (Smith et al., 1975), augments the
2005). Second, there is compelling evidence that the GnRH/LH
expression of Kiss1 and the expression of Fos in Kiss1 neurons, as
surge is generated by E-sensitive neurons whose cell bodies reside
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Figure 7. Representative photomicrographs showing coexpression of Kiss1 mRNA with ER␣
(A) and ER␤ (B) in the anteroventral periventricular nucleus. Kiss1 mRNA-expressing cells were
visualized with Vector Red substrate, and ER␣ (A) or ER␤ (B) were marked by the presence of
clusters of silver grains. Arrows indicate Kiss1 neurons that coexpress either ER␣ or ER␤. Scale
bars, 20 m.

Figure 8. Simplified model of the role of Kiss1 neurons in the generation of the GnRH/LH
surge. According to this model, Kiss1 neurons in the AVPV receive circadian signals from the SCN
and sense circulating E levels via estrogen receptors (ER), which are expressed within these
neurons. When E levels and the circadian signal are both high, Kiss1 neurons become activated,
causing kisspeptin to be released at synapses on GnRH neurons. Kisspeptin activates those GnRH
neurons, driving the release of GnRH into the portal circulation. mPOA, Medial preoptic area.

Figure 5. A, B, Photomicrographs showing Kiss1 neurons (green) in the AVPV on diestrus II
(A) and proestrus (B), with the induction of Fos (red) in Kiss1 neurons on the afternoon of
proestrus (compare A, B). Scale bars, 25 m. C, D, Photomicrographs showing GnRH neurons
(brown) and Fos (black) on diestrus II (C) and their coexpression on the afternoon of proestrus
(D). Scale bars, 10 m.

Figure 6. Photomicrographs showing Kiss1 neurons (green) and nuclear Fos (red) in the
arcuate nucleus on diestrus II (left) and the afternoon of proestrus (right), revealing no evidence
for colocalization of Kiss1 mRNA and Fos on either day. Scale bars, 100 m.

is the case in GnRH neurons (Lee et al., 1990). These possibilities
remain to be explored.
Here, we have shown that the expression of Kiss1 in the Arc is
regulated in precisely the opposite manner as that in the AVPV,

with Kiss1 mRNA in the Arc reaching its peak on diestrus II and
its nadir on proestrus and estrus. These results corroborate our
previous findings in mice that sex steroids inhibit the expression
of Kiss1 in the Arc, in contrast to their stimulatory effects on Kiss1
in the AVPV (Smith et al., 2005a,b). We argued that Kiss1 neurons in the Arc, in both the male and female, provide a tonic and
direct stimulatory drive to GnRH neurons. In this model, when
circulating levels of sex steroids gradually decline, the activity of
Kiss1 neurons in the Arc becomes amplified. This increases the
facilitatory drive to GnRH neurons (and gonadotropes), which
then reverses the decline in sex steroids. Likewise, when circulating levels of sex steroids rise in the face of high circulating levels of
LH, the activity of Kiss1 neurons in the Arc declines. This reduces
the drive to GnRH neurons (and gonadotropes), which in turn
diminishes the secretion of sex steroids. The Arc plays a critical
role in the negative feedback regulation of gonadotropin secretion (Greeley et al., 1978; Dyer et al., 1981; Inkster and Whitehead, 1987), and we suggest that Kiss1 neurons in the Arc provide
the cellular conduit for mediating this process. This is in contrast
to Kiss1 neurons in the AVPV, which we postulate play a role in
E-mediated positive feedback, but with physiological relevance
here only in the female.
It is notable that two previous reports concerning the effects of
gonadal steroids on Kiss1 expression might appear to be at variance with the results reported here (Navarro et al., 2004; Kinoshita et al., 2005). However, neither of these previous reports
had anatomical resolution beyond the total hypothalamus, because measurements of Kiss1 mRNA were performed by reverse
transcription-PCR on grossly dissected segments of the medial
forebrain. The report by Kinoshita et al. (2005) testifying to the
appearance of Fos labeling of kisspeptin neurons in the Arc is
more difficult to reconcile with our own findings (i.e., no Fos
labeling of Kiss1 neurons in the Arc on either diestrus or the
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evening of proestrus). There are several possible explanations for
this discrepancy. First, there was a difference in the time of day
the animals were killed. In the study by Kinoshita et al., animals
were killed in the early afternoon, whereas in our study, they were
killed in the evening. Second, the methods used to identify Kiss1/
kisspeptin neurons were different between the two studies. We
used ISH to visualize Kiss1 mRNA-positive neurons, whereas the
Kinoshita group used IHC to detect kisspeptin-positive cells. We
note that the antibody that was used by Kinoshita et al. to detect
kisspeptin-containing cells by IHC has not been rigorously validated for possible cross-reactivity with other RFamide peptides
(such as gonadotropin inhibitory hormone). There are also unresolved discrepancies between the distribution of Kiss1 mRNApositive neurons (visualized by ISH) and “kisspeptin (metastin)positive” neurons by IHC (Irwig et al., 2004; Brailoiu et al., 2005;
Kinoshita et al., 2005), which may contribute to the discrepancy
in Kiss1/Fos and kisspeptin/Fos coexpression between the two
reports.
In summary, we have shown that Kiss1 neurons in the AVPV
and Arc are direct targets for the action of E (through ER␣) and
that Kiss1 mRNA and Fos are induced in Kiss1 neurons in the
AVPV in temporal association with the LH surge in the female
rat. We suggest that Kiss1 neurons in the AVPV, whose activity is
induced by E, play a role in generating the preovulatory
GnRH/LH surge, whereas Kiss1 neurons in the Arc, whose activity is inhibited by E, provide tonic stimulatory drive to GnRH
neurons and mediate the negative feedback effects of sex steroids
on GnRH/LH secretion.
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