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The KissI gene codes for kisspeptin, which binds to GPR54, a G-protein-coupled receptor. Kisspeptin and GPR54 are expressed in discrete
regions of the forebrain, and they have been implicated in the neuroendocrine regulation of reproduction. KissI-expressing neurons are
thought to regulate the secretion of gonadotropin-releasing hormone (GnRH) and thus coordinate the estrous cycle in rodents; however,
the precise role of kisspeptin-GPR54 signaling in the regulation of gonadotropin secretion is unknown. In this study, we used female mice
with deletions in the GPR54 gene [GPR54 knock-outs (KOs)] to test the hypothesis that kisspeptin-GPR54 signaling provides the drive
necessary for tonic GnRH/luteinizing hormone (LH) release. We predicted that tonic GnRH/LH secretion would be disrupted in GPR54
KOs and that such animals would be incapable of showing a compensatory rise in LH secretion after ovariectomy. As predicted, we found
that GPR54 KO mice do not exhibit a postovariectomy rise in LH, suggesting that tonic GnRH secretion is disrupted in the absence of
kisspeptin—-GPR54 signaling. We also postulated that kisspeptin-GPR54 signaling is critical for the generation of the estradiol (E)-
induced GnRH/LH surge and thus E should be incapable of inducing an LH surge in the absence of GPR54. However, we found that E
induced Fos expression in GnRH neurons and produced a GnRH-dependent LH surge in GPR54 KOs. Thus, in mice, kisspeptin-GPR54
signaling is required for the tonic stimulation of GnRH/LH secretion but is not required for generating the E-induced GnRH/LH surge.

Key words: arcuate nucleus; kisspeptin; Kiss1; LH surge; AVPV; Kiss1R

Introduction

Gonadal steroids provide feedback signals to the brain that coor-
dinate the ovulatory cycle in mammals. These signals are relayed
to gonadotropin-releasing hormone (GnRH)-producing neu-
rons in the forebrain that control luteinizing hormone (LH) se-
cretion. In rodents, estradiol (E) exerts an inhibitory (negative
feedback) effect on GnRH/LH secretion throughout the estrous
cycle, except during the afternoon of proestrus, when a rising tide
of E initiates a surge of GnRH/LH release (positive feedback) that
causes ovulation (Freeman, 2006). Both negative and positive
feedback effects of E appear to be mediated by estrogen receptor
a (ERa) (Scully et al., 1997; Wintermantel et al., 2006), which is
not expressed in GnRH neurons (Hrabovszky et al., 2000). How-
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ever, ERa is expressed in the arcuate nucleus (Arc) and antero-
ventral periventricular nucleus (AVPV), which contain neurons
that project directly to GnRH neurons (Gu and Simerly, 1997;
Clarkson and Herbison, 2006). These unidentified cells in the
AVPV and Arc may be KissI neurons.

Neurons in both the Arc and AVPV express the KissI gene
(Gottsch et al., 2004). KissI codes for a family of RF-amide pro-
teins, collectively called kisspeptins, which bind to the G-protein-
coupled receptor GPR54 (Lee et al., 1999; Kotani et al., 2001;
Ohtaki et al., 2001). Mounting evidence suggests kisspeptin—
GPR54 signaling activates the neuroendocrine reproductive axis.
Humans and mice with disabling mutations in GPR54 remain
sexually infantile and are infertile as adults (de Roux et al., 2003;
Funes et al., 2003; Seminara et al., 2003). These animals have low
circulating levels of gonadotropins, reflecting diminished GnRH
secretion, which may be attributable to a lack of trophic activa-
tion from kisspeptin. Indeed, kisspeptin stimulates GnRH secre-
tion by a direct action on GnRH neurons, virtually all of which
express GPR54 (Gottsch et al., 2004; Dhillo et al., 2005; Irwig et
al., 2005; Messager et al., 2005; Navarro et al., 2005; Ramaswamy
et al., 2007). E exerts dramatic, but opposite, effects on KissI
mRNA expression in the AVPV and Arc (in the Arc, E inhibits the
expression of KissI, whereas in the AVPV, E induces the expres-
sion of Kissl) (Smith et al., 2005). Because KissI neurons in the
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Arc and AVPV express ERa (Smith et al., 2005), they represent a
possible conduit for mediating the bimodal actions of E on
GnRH secretion.

Based on these observations, we have proposed a model
whereby Kiss] neurons in the Arc relay the negative feedback
effects of E on GnRH secretion and KissI neurons in the AVPV,
when stimulated by E, generate the preovulatory GnRH/LH
surge. If this model were valid, we would expect both the tonic
and surge release of GanRH/LH to depend on an intact kisspept-
in—GPR54 signaling pathway. To test the hypothesis that GPR54
is necessary for tonic GnRH/LH secretion, we evaluated the abil-
ity of mice lacking GPR54 to maintain high levels of GnRH/LH
secretion after ovariectomy. Likewise, to test the hypothesis that
GPR54 plays an essential role in E-positive feedback, we investi-
gated the ability of E to induce a GnRH/LH surge in female mice
lacking GPR54.

Materials and Methods

Generation of the GPR54 knock-out strain and animal care

GPR54 knock-out (KO) mice were generated by Omeros Corporation via
retroviral mutagenesis as described previously (Krasnow et al., 2004).
Briefly, an embryonic stem (ES) cell library was constructed by infecting
129/Sv ES cells with a retroviral vector containing a transcription termi-
nation site [Gatanaris GA (2001) U.S. Patent US6228639B1]. Mutations
in the GPR54 gene were found in the library by PCR analysis of genomic
DNA by using vector-specific and gene-specific primers. Mutant clones
isolated from the library were used for animal production, with the use of
standard injection methods. Chimeric mice were bred with 129S1/SvIim]
mice to generate heterozygotes on an inbred background. The resulting
progeny were genotyped by PCR of tail DNA to identify pups containing
a disruption in the GPR54 gene. For phenotypic studies, heterozygous
males in 12951/SvIm] inbred background were bred with C57BL/6] fe-
males to obtain 129/B6 F1 hybrid heterozygous mice, which were then
bred with each other to obtain homozygous GPR54 KO mice and wild-
type (WT) control littermates in 129/B6 F2 hybrid background.

All animals were housed in groups of two or three with ad libitum to
water and standard rodent chow. The light cycle was set for 14/10 h
light/dark, with lights on at 4:00 A.M. and lights off at 6:00 P.M. All
animal care and techniques were conducted in accordance with the Na-
tional Institutes of Health animal care and use guidelines and with the
approval of the Animal Care Committee of the University of
Washington.

Experimental design

Experiment 1: confirmation and behavioral characterization of GPR54 KO
strain. The purpose of this experiment was to confirm that GPR54 KO
mice do not express GPR54 mRNA in GnRH neurons and to examine the
LH response of GPR54 KO mice to kisspeptin treatment. For the former,
brains were collected from castrated male WT and GPR54 KO mice (n =
5 per group) and subjected to double in situ hybridization (ISH) for
GnRH and GPR54 as described above. For the latter, adult female WT
and GPR54 KO mice (1 = 5 per group) were primed with two intraperi-
toneal injections of GnRH given 7 and 3 d before kisspeptin challenge.
After GnRH priming, mice received intraperitoneal injections of either
the vehicle alone (100 ul of sterile 0.9% saline) or 0.1 nmol of
kisspeptin-54 (Phoenix Pharmaceuticals, Phoenix, AZ) suspended in ve-
hicle. Serum was collected 30 min after injection and assayed for LH as
described below.

Behavioral tests were performed on intact adult female GPR54 KO
mice and WT littermates. These tests, including the hot-plate test, light/
dark box test, tail suspension test, and contextual fear conditioning test,
were performed as described in the supplemental Methods (available at
www.jneurosci.org as supplemental material).

Experiment 2: LH response to ovariectomy and E treatment. The purpose
of this experiment was to test whether GPR54 signaling is necessary for
maintaining tonic GnRH/LH secretion. To accomplish this, we elimi-
nated negative feedback by removing the ovaries and examined serum
LH levels 7 d later, when serum levels of LH would normally become
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elevated. Female WT and GPR54 KO mice were ovariectomized (OVX)
and implanted with empty (sham) or E-filled capsules to induce supra-
physiological serum E levels as described previously (Smith et al., 2005)
(n = 4-5per group). After 7 d, blood was collected from the orbital sinus
in the morning (8:00-10:00 A.M.), while keeping the animals anesthe-
tized under inhaled isoflurane anesthesia; subsequently, the mice were
killed by cervical dislocation. Brains were immediately collected, frozen,
and prepared for ISH to measure Kiss] mRNA. Serum was assayed for LH
by radioimmunoassay (RIA), as described below.

Experiment 3: E-induced LH surge. The purpose of this experiment was
to test the model that GPR54 signaling mediates the positive feedback
effects of E on LH secretion. To accomplish this, we used a protocol that
was previously shown to induce a daily, evening LH surge in mice (Chris-
tian etal., 2005). Adult female WT and GPR54 KO mice were subjected to
the LH surge protocol as described below. WT mice were divided into
two groups for blood collection at the A.M. or P.M. time point (A.M.,
n = 8; P.M., n = 7). KO mice were likewise divided into two groups for
blood collection in the A.M. or P.M. (A.M., n = 7; P.M., n = 6). Brains
were also collected and processed for ISH as described below.

Experiment 4: acyline blockade of E-induced LH surge. The purpose of
this experiment was to determine whether the P.M. rise in LH observed
in GPR54 KO mice in experiment 3 is mediated either by GnRH or
through a direct action of E on the pituitary gonadotropes. Adult female
WT and GPR54 KO mice were subjected to the LH surge protocol de-
scribed below. Both WT and KO mice were divided into three groups.
The first group was collected at the A.M. time point, with no additional
treatments (A.M.: WT, n = 8; KO, n = 7). The second group received two
subcutaneous injections of 50 ug of the GnRH antagonist acyline (Rivier
etal,, 1995; Herbst et al., 2002) dissolved in 100 ul of water, one injection
26 h before and one injection 1 h before the mice were killed (P.M. plus
acyline: WT, n = 5; KO, n = 8). Acyline was provided as a gift from Dr.
W. Bremner (University of Washington, Seattle, WA). The third group
received injections of 100 ul of water (P.M. plus vehicle: WT, n = 9; KO,
n = 10). Brains were collected and processed for double-label immuno-
histochemistry (IHC) in experiment 5. All injections were given while
maintaining the animals under brief isofluorane anesthesia.

Experiment 5: Fos expression in GnRH neurons during the E-induced LH
surge. The purpose of this experiment was to determine whether GnRH
neurons coexpress Fos at the time of the E-induced LH surge. If the
E-induced LH surge we had observed in experiment 3 is dependent on
GnRH secretion, then we would expect to see more GnRH neurons co-
expressing Fos in the P.M. than in the A.M. in both genotypes. The brains
collected in experiment 4 were subjected to double IHC for GnRH and
Fos protein as described below.

RIAs

Serum levels of E and LH were measured at the University of Virginia
Center for Research in Reproduction Ligand Assay and Analysis core
(Charlottesville, VA). E was measured with a double-antibody kit (Diag-
nostics Systems Laboratories, Webster, TX), which had a sensitivity of 10
pg/ml, an intraassay coefficient of variation of 5.7%, and an interassay
coefficient of variation of 11.6%. LH was measured using modified two-
site sandwich immunoassay using two monoclonal antibodies against
bovine and human LH. The sensitivity of the LH assay was 0.04 ng/ml,
the intraassay coefficient of variation was 3.6%, and the interassay coef-
ficient of variation was 9.2%. LH values in experiments 3 and 4 were
measured in separate assays.

Induction of daily LH surge

We used the protocol devised by Christian et al. (2005) to induce a
predictably timed LH surge in adult female mice. Briefly, on the morning
of day 0, mice were anesthetized by inhaled isofluorane, and the ovaries
were removed through bilateral incisions. A SILASTIC (Dow-Corning,
Midland, MI) capsule containing 0.652 ug of E suspended in sesame seed
oil was immediately implanted under the skin in the mid-scapular region
(1.5 cm, 1.0 mm inner diameter X 2.2 mm outer diameter). Each animal
was given an intramuscular injection of 0.05 ng of ketoprofen, a long-
acting analgesic (Ketofen; Fort Dodge Animal Health, Fort Dodge, IA),
and was allowed to recover for several hours in a warmed cage, under
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supervision, before being returned to central animal housing. Animals
were assigned to a morning (A.M.) or evening (P.M.) group. For animals
in the A.M. group, on the morning of day 3, between 7:00 and 8:00 A.M.,
blood was collected from the orbital sinus, while the animals were anes-
thetized under isofluorane anesthesia. All animals in the P.M. group were
anesthetized with isofluorane between 6:30 and 7:30 P.M. (30—90 min
after lights out) on the evening of day 3, and blood was collected from the
orbital sinus. Immediately after blood collection, all animals were killed
by cervical dislocation, and brains were collected. All animal procedures
were done in accordance with the National Institutes of Health animal
care and use guidelines and with the approval of the Institutional Animal
Care and Use Committee of the University of Washington.

ISH

Brain tissue was prepared for ISH by freezing on dry ice immediately after
collection and storage at —80°C. Single-label ISH for KissI was per-
formed as described previously (Gottsch et al., 2004). Briefly, radiola-
beled (**P) antisense KissI riboprobe was denatured, diluted in hybrid-
ization buffer at a concentration of 0.03 pmol/ml along with tRNA (2
mg/ml), and applied to slides (100 wl per slide). After hybridization,
slides were treated with RNase (29 pg/ml), washed, and dehydrated as
reported previously (Cunningham et al., 2002). Slides were then dipped
in liquid emulsion type NTB (Eastman Kodak, Rochester, NY) and
stored at 4°C. Slides were developed 4 d later. After developing, slides
were dehydrated with a series of ethanol washes, followed by two 10 min
washes in Citrisolv (Fisher Scientific, Baltimore, MD) and coverslipping
with Permaslip mounting medium (Alban Scientific, St. Louis, MO).
Slides were coded and randomized to obscure group identification and
examined with dark-field microscopy.

Double-label ISH for GnRH and GPR54 mRNA was performed as
described previously (Irwig et al., 2005). Radiolabeled antisense GPR54
(0.1 pmol/ml) and digoxigenin (DIG)-labeled GnRH riboprobes (con-
centration determined empirically) were denatured, dissolved in the
same hybridization buffer along with tRNA (2 mg/ml), and applied to
slides. Slides were allowed to hybridize overnight. After hybridization,
slides were treated with RNase (29 ug/ml), washed in conditions of in-
creasing stringency, and transferred to blocking buffer. Slides were then
washed in Tris buffer containing anti-DIG fragments conjugated to al-
kaline phosphatase (diluted 1:300; Roche, Indianapolis, IN). Vector Red
substrate (SK-5100; Vector Laboratories, Burlingame, CA) was used to
visualize DIG-containing cells, following the directions of the manufac-
turer. Slides were dipped in 70% ethanol, air dried, and dipped in NTB
liquid emulsion (Eastman Kodak). Slides were developed 10 d later.

GnRH mRNA-containing cells were identified under fluorescent illu-
mination, and silver grains (corresponding to radiolabeled GPR54
mRNA over each cell) were quantified. The number of grains over each
labeled GnRH cell was counted and averaged for each animal. The grains
per cell for each animal were then averaged across the group.

Double-label IHC for Fos and GnRH
Fresh whole-brain tissue was prepared for IHC with a series of three
washes in 10% phosphate-buffered formalin (Fisher Scientific). Brains
were immersed in formalin in sterile glass vials immediately after collec-
tion and shaken for 30 min. Then, brains were blocked by slicing off the
olfactory bulbs and the brainstem and returned to a fresh formalin wash.
Brains from the A.M. groups were then shaken in formalin for 2 h, placed
into fresh formalin for another 2 h, and immersed overnight in
phosphate-buffered 10% formalin/10% sucrose overnight at 4°C. The
next day, brains that were collected in the A.M. were immersed in
phosphate-buffered 20% sucrose until the tissue sunk to the bottom,
then they were frozen on dry ice and stored at —80°C. Brains from the
P.M. groups were treated the same as A.M. brains but were left in the
second formalin wash overnight. The next day, brains were shaken in
fresh formalin for 2 h and immersed in 10% formalin/10% sucrose at 4°C
for up to 4 h. They were then immersed in 20% sucrose overnight and
frozen the next day. Four parallel series of 35-um-thick coronal sections
were cut on a cryostat and stored in 0.9% PBS with 0.5% sodium azide at
4°C until processed.

Double THC for Fos and GnRH protein was performed as described
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previously (Suzuki and Handa, 2005). Briefly, tissue was washed three
times in PBS with 0.1% Triton X-100 (PBST) and blocked for 15 min in
0.3% H,0,. Tissue was then washed twice more in PBST and blocked for
2 hin 6% normal horse serum (NHS). Tissue was shaken at 4°C for 48 h
in a solution of PBST with 2% NHS and primary Fos antibody SC-52G
(Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of
1:5000. After primary antibody incubation, tissue was washed three times
in PBST and shaken at room temperature for 2 h in a solution of PBST,
with 2% NHS and secondary antibody, at a concentration of 1:500 (bio-
tinylated horse anti-goat; Vector Laboratories). After incubation with a
secondary antibody, tissue was washed three times in PBST, incubated in
avidin/biotin complex (ABC) reagent, and developed with nickel-
intensified diaminobenzidine (DAB), according to the manufacturer’s
instructions (Vectastain ABC kit and DAB kit; Vector Laboratories).

Subsequently, tissue was processed for IHC for GnRH by using the
same protocol as above with modifications. The tissue was incubated
overnight at 4°C in PBST with GnRH antiserum (1:5000; Affinity Biore-
agents, Golden CO). Normal goat serum was used as a blocking agent,
and at the DAB staining step, nickel was excluded from reaction. After
staining, tissue sections were mounted onto SuperFrost Plus glass slides
(VWR, Westchester, PA) and coverslipped. All slides were scored blindly,
and immunoreactive cells in the medial septum and diagonal band of
Broca (MS/DBB) and the medial preoptic area (MPA) were counted and
analyzed separately. Cells stained in brown were counted as GnRH-
expressing cells, and brown-stained cells with gray/black stained nuclei
were scored as cells coexpressing GnRH and Fos. Any cells that were
ambiguous in staining were excluded from analysis. Data are expressed as
the percentage of GnRH neurons that also express Fos.

Statistical analysis

Data are expressed at mean = SEM for each group. One-way ANOVA
was used to assess variation of LH levels and Kiss] mRNA among treat-
ment groups. When the F test for the ANOVA reached statistical signif-
icance ( p < 0.05), differences among means were assessed by least sig-
nificant difference tests. All analyses were performed with Statview 5.0.1
for Macintosh (SAS Institute, Cary, NC).

Results

Experiment 1: confirmation of GPR54 KO

Inspection of gross morphology revealed that both genders of
adult GPR54 KO mice have smaller gonads and accessory repro-
ductive organs than WT mice (A. S. Kauffman and our own
unpublished observations). In the first part of experiment 1, we
used double-label ISH to examine the expression of GPR54
mRNA in GnRH neurons. We found that GnRH neurons (iden-
tified by red staining) in WT mice have an average of 33.7 = 10.8
silver grains (denoting GPR54 mRNA) over them (Fig. 1A,B).
However, no silver grains are detectable over GnRH neurons in
GPR54 KO mice ( p < 0.01). We detected no difference between
the number of GnRH neurons observed in WT compared with
GPR54 KO mice; we counted an average of 29 neurons in GPR54
KO mice and an average of 35 neurons in WT mice.

In the second part of experiment 1, we found that kisspeptin
treatment significantly increased serum LH concentrations in
GnRH-primed WT mice compared with vehicle treatment ( p <
0.05). However, in GPR54 KO mice, treatment had no effect on
serum LH levels, which were at the bottom range of detectability
(Fig. 1C). Behavioral tests revealed no significant differences be-
tween genotypes in indices of learning, anxiety, and nociception
(supplemental Figs. 1-4, available at www.jneurosci.org as sup-
plemental material).

Experiment 2: Kiss1 mRNA expression and LH response

to OVX

In this experiment, we examined tonic LH secretion in GPR54KO
and WT mice after OVX and E replacement. Mice were OVX and
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Figure 1. A, Photomicrographs of double-label ISH in WT (n = 5) and GPR54 KO (n = 5)
brains. White arrows indicate GnRH neurons; black arrows with white outline indicate GnRH
cells coexpressing GPR54 mRNA. Scale bars, 50 wm. B, Quantification of silver grains (GPR54
mRNA) on GnRH neurons. €, Serum LH levels in female WT and GPR54 KO mice after treatment
with vehicle or kisspeptin (n = 4 -5 per group). Double asterisks indicate significant difference
atp << 0.01. Error bars indicate SEM.

implanted with either an oil-filled capsule as a sham control or an
E-filled capsule to replace circulating E. In the Arc, OVX and
sham replacement (OVX plus sham) resulted in a dramatic in-
crease in the number of Kiss] mRNA-expressing cells of both
genotypes compared with mice given E implants (OVX plus E)
(Fig. 2A, B). The difference was significant by treatment (p <
0.05) but not by genotype. In the AVPV, E replacement increased
the number of Kiss1 cells compared with sham replacement for
both genotypes ( p < 0.05). Curiously, we found that, regardless
of treatment, GPR54 KO mice had fewer KissI cells than WT mice
(p < 0.05 by genotype) (Fig. 2A,C). Mice of both genotypes in
the OVX plus E group had low levels of LH. OVX plus sham WT
mice had high serum levels of LH. In contrast, OVX plus sham
GPR54 KO mice had significantly lower LH levels (p < 0.01)
(Fig. 3).

Experiment 3: E-induced LH surge

In this experiment, we used a paradigm of ovariectomy and E
replacement to induce daily LH surges in female mice. We com-
pared LH levels of WT and GPR54 KO mice in the morning and
evening of day 3 after the surgeries. As expected, all mice sampled
on the morning of day 3 (A.M.) had low levels of LH (0.19 * 0.1
ng/ml). We used a value of the A.M. mean for both groups of
mice plus two times the SD as a threshold for identifying a surge
of LH (0.99 ng/ml). All WT mice sampled at the P.M. time point
(seven of seven) had serum LH levels above the threshold. The
mean LH level for the P.M. WT group was significantly higher
than the A.M. LH levels ( p < 0.01) (Fig. 4). Among the GPR54
KO mice sampled in the P.M., four of six had serum LH levels
above the threshold, and the mean for all six of those animals was
significantly higher than the A.M. mean (p < 0.01). Serum E
levels were within the physiological range (15.5 = 1.3 pg/ml).

Experiment 4: acyline-induced blockade of the LH surge
To determine whether GnRH signaling was required to mediate
the LH surge, we repeated the surge-inducing paradigm of ovari-
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ectomy and E replacement and added groups that received injec-
tions of the GnRH antagonist acyline. As in the previous experi-
ment, LH levels of the A.M. groups were low (0.16 = 0.05 ng/ml).
Again, we used the A.M. mean plus two times the SD to deter-
mine a threshold for an LH surge (0.53 ng/ml). The mean LH
levels in vehicle-treated animals sampled in the P.M. were signif-
icantly higher than animals sampled in the A.M., regardless of
genotype ( p < 0.05) (Fig. 5). In the P.M., 5 of 9 WT and 3 of 10
KO mice treated with vehicle had LH levels above the threshold.
Among the acyline-treated mice sampled in the P.M., 0 of 5 WT
and 0 of 8 KO animals had LH levels above the surge threshold,
with means at the bottom limit of detection (Fig. 5). Serum levels
of E were in the physiological range (13.5 * 2.8 pg/ml).

Experiment 5: Activation of GnRH neurons at the time of

the surge

In this experiment, we used the brains collected in experiment 4
for GnRH/Fos double-label IHC assay. Because no significant
difference in the percentage of GnRH neurons expressing Fos was
found between the acyline and vehicle-treated groups (data not
shown), tissue from the P.M. groups treated with acyline and
vehicle were analyzed together. As with LH, we used the A.M.
mean plus two times the SD of the percentage of GnRH neurons
expressing Fos (47%) as a threshold to determine whether each
individual exhibited a significant activation of Fos in its GnRH
neurons. By this criterion, Fos was activated in 6 of 14 WT and 6
of 18 KO mice. Likewise, the mean percentage of GnRH neurons
coexpressing Fos was higher in the P.M. than in the A.M., regard-
less of genotype (p < 0.01) (Fig. 6). Analysis of the data by
hypothalamic region revealed a nonsignificant trend of increased
coexpression in the MPA compared with the MS/DBB of the P.M.
groups but not the A.M. groups (data not shown).

Discussion
The results presented here confirm previous observations that
deletions of the GPR54 gene produce hypogonadotropic hypogo-
nadism, without any other obvious phenotypic abnormalities (de
Roux et al., 2003; Funes et al., 2003; Seminara et al., 2003). Our
GPR54 KO mice were hypogonadal but demonstrated no abnor-
malities in indices of pain, anxiety, or memory compared with
WT littermates. These GPR54 KO mice retain the ability to ex-
hibit positive feedback effects of E on GnRH secretion but lack
the ability to show an appropriate response to ovariectomy.
These observations suggest that the primary defect in the GPR54
KOs is attributable to the loss of tonic support of gonadotropin
secretion and hence ovarian function. However, the ability of E to
act on the brain and evoke a GnRH/LH surge remains intact,
despite the complete loss of kisspeptin-GPR54 signaling.
During the first part of the female reproductive cycle, the
negative feedback effects of E keep gonadotropin secretion within
the physiological range necessary to support folliculogenesis
(Freeman, 2006). Ovariectomy reduces circulating levels of E,
which decreases the negative feedback inhibition of GnRH secre-
tion and thus causes serum LH to rise. Because animals lacking a
functional GPR54 gene are “hypogonadotropic,” it might be ex-
pected that they would be incapable of displaying a postovariec-
tomy rise in LH. However, alternative mechanisms could explain
low gonadotropin secretion in GPR54-deficient animals. For ex-
ample, GPR54 KOs could be hypersensitive to the negative feed-
back effects of gonadal steroids, such that even small quantities of
sex steroids produced by their immature gonads would lead to
chronic low levels of gonadotropins, as has been suggested to be
the case in normal prepubertal rodents (Ojeda et al., 1983). Nev-
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ertheless, our results indicate that evenin =~ A
the absence of any gonadal hormones, LH
levels in the GPR54 KO remain low. This
finding highlights the importance of
kisspeptin—-GPR54 input to GnRH neu-

rons for providing tonic stimulation of
GnRH/LH.

Although the present study does not di-
rectly test the idea that Kissl neurons in
the Arc mediate negative feedback by E,
our results are consistent with this hypoth-
esis. The negative feedback effects of E on
GnRH/LH secretion depend on ERe (He-
witt and Korach, 2003), which GnRH neu-
rons do not appear to express (Hrabovszky
etal., 2000). Thus, E is thought to exert its
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press ERa. Third, the expression of KissI & 0 =z 0-

mRNA in the Arc is negatively regulated by OVX+E OVX+Sham OVX+E OVX+Sham
E (Smith etal,, 2005). Flnally, in the sheep, Figure 2. A, Representative photomicrographs of ISH for Kiss7 mRNA in the Arc and AVPV of OVX sham (OVX + Sham) and

GnRH neurons receive direct synaptic in-
put from dynorphin-containing fibers
(Goodman et al., 2004), and recent evi-
dence (again in the sheep) reveals that vir-
tually all kisspeptin neurons in the Arc co-
express dynorphin (Goodman et al., 2007). However, it remains
to be determined whether the dynorphin fibers that innervate
GnRH neurons in the sheep originate from kisspeptin neurons in
the Arc and whether this is the case in other species. Thus, despite
compelling circumstantial evidence, additional work with careful
retrograde and anterograde tract tracing will be required to es-
tablish unequivocally that KissI neurons in the Arc connect di-
rectly to GnRH neurons.

In addition to the Arc, KissI neurons also reside in the AVPV.
These two populations of KissI neurons represent phenotypically
distinct cell groups, with only the population in the AVPV coex-
pressing tyrosine hydroxylase (in the mouse) (Lee et al., 2005).
Furthermore, E inhibits the expression of KissI in the Arc, but in
the AVPV, E stimulates Kissl expression (Smith et al., 2005).
Thus, although both groups of neurons express Kiss1, it is likely
that they serve different physiological functions. The AVPV is
thought to contain neural circuits involved in generating
GnRH/LH surges (Wiegand et al., 1978; Simerly, 1998). KissI
neurons in the AVPV express ERa, and at the time of the preovu-
latory LH surge (in the rat), those same neurons express Fos and
increase their synthesis of KissI mRNA (Smith et al., 2006; Adachi
et al., 2007). Together, these observations implicate Kiss! neu-
rons in the AVPV for an important role in the positive feedback
regulation of GnRH/LH secretion.

Despite strong evidence that kisspeptin normally plays an im-
portant role in E positive feedback, we have shown that LH surges
can occur in the absence of GPR54. We also demonstrated that
Fosisinduced in GnRH neurons in temporal association with the

E-replaced (OVX + E) mice. Scale bars, 100 wm. B, Quantification of Kiss7-expressing cells in the Arc. Different letters represent
significant difference ( p << 0.05). €, Quantification of Kiss7-expressing cells in the AVPV. Different letters represent significant
difference ( p < 0.05 EWT,n = 5,EKO,n =

5;sham WT, n = 5; sham KO, n = 4). Error bars indicate SEM.
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Figure 3.  Serum LH levels in OVX E and sham-replaced WT and GPR54 KO mice. Double

asterisks indicate significant difference ( p << 0.01; EWT,n = 5;EKO,n =
sham KO, n = 4). Error bars indicate SEM.

5;shamWT,n =5;

E-induced LH surge (even in GPR54 KOs) and that the LH surge
in GPR54 KOs can be blocked by the administration of a GnRH
antagonist. These experiments demonstrate that the LH surge
requires the activation GnRH neurons but does not require
kisspeptin-GPR54 signaling. In the Fos experiment, some ani-
mals of both genotypes failed to exhibit a robust increase in LH,



Dungan et al. ® Kisspeptin—GPR54 Signaling in Feedback Control of GnRH Secretion

b

N
o
]

3 B Wildtype

& gl [JGPrs54KO

(=]

& 6
3

4 b

£

5 o

o a
) 0 a - i

AM PM

Figure 4.  Serum LH levels in WT and GPR54 KO mice in the A.M. and P.M.. Different letters

indicatesignificant difference ( p <<0.05;A.M.WT,n = 8;A.M.KO,n = 7;P.M.WT,n =7;P.M.
KO, n = 6). Error bars indicate SEM.

2.01 B Wildtype b
:EI [1GPR54 KO
1.5 b
S
&
T 1.0
£
- 0.5
o U.o7
w a a
I -
0.0- e
AM PM + Veh. PM + Acyline
Figure5.  SerumLH levelsin WT and GPR54 KO mice in the A.M. and P.M. All mice in the P.M.

groups were treated with either vehicle or acyline. Different letters indicate significant differ-
ence( p<<0.05;A.M.WT,n=7;A.M.KO,n =7;P.M.WT + Veh.,n = 9;P.M.KO + Veh.,n =
10;P.M.WT + acyline,n = 5;P.M.KO + acyline, n = 8).Errorbarsindicate SEM. Veh., Vehicle.

and the overall amplitude of the surge appeared to be lower in
experiment 4 than experiment 3. The apparent attenuated re-
sponse in experiment 4 could simply reflect the normal variation
in the timing/amplitude of the LH surge, compounded by the fact
that we could only sample once to characterize the entire surge
event. It is also possible that a delay in the onset of the surge,
perhaps because of the stress of an additional injection, produced
lower LH values that were interpreted as a “failure” of the surge
event.

Our observation that the surge mechanism remains unabated
in the GPR54 KO mouse appears to conflict with data from the rat
showing a blockade of the LH surge with kisspeptin antiserum
(Kinoshita et al., 2005; Adachi et al., 2007). There are several
possible explanations for this apparent discrepancy. First, it is
conceivable that kisspeptin can signal through another receptor
besides GPR54. This seems unlikely, because it has been reported
that kisspeptin cannot stimulate LH secretion in GPR54 KO mice
(Messager et al., 2005), and we have confirmed those observa-
tions in the present study. In addition, Kauffman et al. (2006)
have demonstrated that although kisspeptin can induce Fos in
GnRH neurons of WT mice, it does not do so in GPR54 KOs
(Kauffman et al., 2006). Thus, even if kisspeptin were to bind
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Figure 6. A, Representative photomicrographs of GnRH and Fos double-label [HC in the
rostral hypothalamus. Black arrows indicate Fos-stained nuclei. Red arrows indicate GnRH-
stained cytoplasm. Red arrows with black outlines indicate cells stained for both GnRH and Fos.
B, Percentage of GnRH neurons coexpressing Fos protein in the A.M. and P.M. Different letters
indicatessignificant difference ( p << 0.01;A.M.WT,n = 7; A.M.KO, n = 7;P.M. WT plus vehicle
oracyline, n = 14; P.M. KO vehicle or acyline, n = 18). Scale bars, 50 m. Error bars indicate
SEM.

another receptor (besides GPR54), it cannot directly activate Fos
in GnRH neurons. Second, the kisspeptin antiserum studies were
performed in rats, whereas our experiments were conducted in
mice. Perhaps the GnRH/LH surge mechanism in the mouse
contains additional parallel (or redundant) circuits that are not
present in the rat. Third, kisspeptin~-GPR54 signaling was acutely
blocked by antiserum in rats but is congenitally absent in GPR54
KOs. Thus, it remains possible that in the congenital absence of
GPR54, alternative pathways develop or become activated as a
mechanism of compensation. This appears to be the case for
other neurotransmitter systems thought to be involved in the
generation of GnRH/LH surges. For example, the pharmacolog-
ical blockade of norepinephrine has been shown to block the LH
surge in rats. However, transections that sever noradrenergic in-
put to the hypothalamus only temporarily block LH surges
(Clifton and Sawyer, 1979). Several weeks after such transections,
LH surges return and can no longer be blocked by anti-
noradrenergic agents (Clifton and Sawyer, 1980). Determining
which alternative pathway is active in the absence of GPR54 will
require further investigation.

Our investigation of Kiss] mRNA expression in the AVPV
revealed a difference in the number of KissI cells between OVX
WT and GPR54 KO mice. In both genotypes, E treatment in-
creased the number of KissI cells in the AVPV; however, even in
the presence of E, GPR54 KO mice had only about half as many
Kiss1 cells as WT mice. The mechanisms responsible for this phe-
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nomenon are unclear. Development of Kiss! cells in the AVPV is
thought to be determined by the steroid environment during the
neonatal critical period, with exposure to androgens during early
life causing KissI cells to disappear (Kauffman et al., 2007). How-
ever, it is unlikely that female GPR54 KOs had high androgen
levels during the critical period, because a lack of kisspeptin—
GPR54 signaling would be expected to diminish androgen pro-
duction. This suggests that another GPR54-dependent process
contributes to the development of KissI cells in the AVPV during
maturation. Alternatively, KissI neurons in GPR54 KO mice,
which have never been exposed to elevated E levels, require
longer than 7 d to respond to E treatment.

In summary, we report that GPR54 signaling is critical for the
maintenance of tonic LH secretion. In contrast, we also show that
GPR54 is not required for E to induce a GnRH/LH surge and that
alternative (or redundant) signaling pathways may compensate
for the loss of kisspeptin—-GPR54 signaling. Together, these re-
sults suggest that infertility in females lacking a functional GPR54
gene is not attributable to an inability to generate a preovulatory
LH surge. Instead, it reflects a lack of tonic gonadotropin secre-
tion that normally stimulates follicular development, leading to
the high levels of circulating E necessary for the production of a
GnRH/LH surge and subsequently ovulation.
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