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Abstract
Ghrelin acts on the growth hormone secretagogue receptor (GHSR) in the brain to elicit changes
in physiological functions. It is associated with the neural control of appetite and metabolism,
however central ghrelin also affects fertility. Central ghrelin injection in rats suppresses luteinizing
hormone (LH) concentrations and pulse frequency. Although ghrelin suppresses LH and regulates
kisspeptin mRNA in the anteroventral periventricular/periventricular nucleus (AVPV/PeN), there
is no neuroanatomical evidence linking GHSR neural circuits to kisspeptin neurons. In this study,
we first determined coexpression of GHSR and GnRH neurons using a GHSR-eGFP reporter
mouse line. Using dual-label immunohistochemistry, we saw no coexpression. GHSR-eGFP
expressing cells were present in the AVPV/PeN and over 90% of these expressed estrogen
receptor-α (ERα). Despite this, we observed no evidence of GHSR-eGFP/kisspeptin coexpressing
neurons in the AVPV/PeN. To further examine the phenotype of GHSR-eGFP cells in the AVPV/
PeN, we determined coexpression with tyrosine hydroxylase (TH) and showed virtually no
coexpression in the AVPV/PeN (<2%). We also observed no coexpression of GHSR-eGFP and
RFamide-related peptide-3 (RFRP3) neurons in the dorsomedial hypothalamic nucleus.
Importantly, we observed that approximately half of the GHSR-eGFP cells in the AVPV
coexpressed Ghsr mRNA (as determined by in situ hybridization) so these data should be
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interpreted accordingly. Although ghrelin influences the hypothalamic reproductive axis, our data
using a GHSR-eGFP reporter suggests ghrelin regulates neurons expressing ERα but does not
directly act on GnRH, kisspeptin, TH, or RFRP3 neurons, as little or no GHSR-eGFP
coexpression was observed.
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Introduction
Ghrelin is a stomach hormone commonly associated with the neural control of appetite and
metabolism [1, 8]. However, recent studies highlight that ghrelin targets the brain to regulate
a diverse range of physiological functions (for review see [2]) including chronic stress [12,
45], acute stress [71], reward [20, 36, 53, 64], learning and memory [17, 18] and
neuroprotection [3, 17, 48]. Central ghrelin also affects the reproductive system. For
example, icv ghrelin injection to ovariectomized rats or ovariectomized rats treated with
17β-estradiol suppressed luteinizing hormone (LH) concentration and pulse frequency [27,
49]. Similar inhibitory effects on LH secretion were observed throughout the estrus cycle
[23]. Here, the authors demonstrated that ghrelin significantly inhibited gonadotropin-
releasing hormone (GnRH) from hypothalamic explants and ghrelin suppressed GnRH-
induced LH release in vitro [23]. The central inhibitory effects of ghrelin on LH secretion
also occur in sheep [35]. These studies collectively demonstrate that central ghrelin
negatively influences the reproductive axis. Moreover, this is clinically relevant to human
health, as repeated intravenous ghrelin injections reduced LH concentrations and pulsatility
in males and females [39, 40].

The mechanisms through which central ghrelin inhibits the reproductive system remain
unresolved, although kisspeptin neurons in the hypothalamus may be a primary target.
Kisspeptin is a hypothalamic peptide that activates GnRH neurons and triggers puberty [29,
30, 61]. Kisspeptin neurons are found predominantly in the anteroventral periventricular/
periventricular nucleus (AVPV/PeN) and the arcuate nucleus (ARC) [29] and appear critical
for the feedback control of GnRH secretion [65, 66]. Moreover, kisspeptin stimulates GnRH
release directly from the ovine median eminence and is essential for the tonic release of LH
and the full LH preovulatory surge [16, 58, 69]. Previous studies highlight that ghrelin could
inhibit LH secretion by directly suppressing the effects of kisspeptin on the reproductive
axis. For example, ghrelin significantly reduced the duration of the LH secretory response to
kisspeptin-10 [46]. Because conditions of negative energy balance increase plasma ghrelin
concentrations and suppress the reproductive axis, it is tempting to speculate that ghrelin
feeds back to the hypothalamus and relays metabolic information pertinent to ongoing
reproductive function. In support of this notion, Forbes et al [25] demonstrated that fasting,
which elevates plasma ghrelin [9], exogenous ghrelin, or the combination of both,
suppressed kisspeptin gene (Kiss1 mRNA) in the medial preoptic area (mPOA, likely to
contain the AVPV/PeN), without affecting Kiss1 mRNA in the ARC, indicating that ghrelin
may target AVPV/PeN kisspeptin neurons to suppress LH secretion.

Ghrelin acts on the growth hormone secretagogue receptor (GHSR) in the brain to elicit
changes in physiological functions. Indeed, the effects of ghrelin on hypothalamic
neuropeptide Y levels, appetite and adiposity are absent in Ghsr knockout mice [4, 79].
Although ghrelin suppresses LH secretion and regulates Kiss1 mRNA, there is no
neuroanatomical evidence linking GHSR neural circuits to reproductive neural circuits. In
the current study, we first examined direct coexpression of the GHSR and GnRH neurons
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using a GHSR-eGFP reporter mouse line, which is currently the best model available to
visualize GHSR expressing neurons. Estrogen receptive neurons in the AVPV/PeN are key
components of the neuroendocrine machinery that govern GnRH neurons [74] and hence
reproduction. For these reasons we further proposed that ghrelin responsive neurons would
also be estrogen responsive. We next determined if kisspeptin neurons in the AVPV/PeN
express GHSR-eGFP and/or if GHSR-eGFP expressing neurons are dopaminergic
(coexpress tyrosine hydroxylase, TH) as these neurons represent an estrogen responsive
population relatively distinct from kisspeptin neurons (56% of TH cells in the AVPV/PeN
and only 36% in the PeN coexpress Kiss1 mRNA)[15, 37, 60]. Finally, we examined if any
GHSR-eGFP neurons in the dorsomedial hypothalamic nucleus (DMH) express RF-amide
related peptide-3 (RFRP3), a hypothalamic neuropeptide though to inhibit gonadotropin
secretion [14, 54]. Our results clearly illustrate that GnRH neurons or AVPV/PeN
kisspeptin, TH, and RFRP3 neurons do not express GHSR-eGFP, although the majority of
GHSR-eGFP neurons are estrogen responsive based on coexpression with estrogen receptor
alpha (ERα).

Materials and Methods
Animals

Experiments were conducted in accordance with the National Health and Medical Research
Council Australia Code of Practice for the Care of Experimental Animals and were
approved by the Monash University School of Biomedical Sciences Animal Ethics
Committee. GHSR-eGFP mice were obtained from the Mouse Mutant Regional Resource
Center at University of California at Davis. This mouse was generated by the GENSAT
project at Rockefeller University and contains a modified BAC in which a GFP reporter is
inserted immediately upstream of the coding sequence for the Ghsr gene (http://
www.mmrrc.org/catalog/sds.php?mmrrc_id=30942). The GHSR-eGFP mouse model is on a
C57BL/J6 background and GHSR cells were previously confirmed in the pituitary gland
[56]. Additionally, GHSR-eGFP expression in the reporter mouse was confirmed using
GHSR-eGFP and Ghsr mRNA dual label immunohistochemistry/in situ hybridization (see
below). Mice were maintained at 22 °C on a 12 h light/dark cycle (0700 – 1900 h) with
pelleted mouse chow and water available ad libitum. All experiments were conducted using
adult GHSR-eGFP mice at 8–10 wks age.

GHSR-eGFP and Ghsr mRNA dual label immunohistochemistry/in situ hybridization
Animal experiments were approved by University of Texas Southwestern Medical Center
Institutional Animal Care and Use Committee. Mice were housed under 12 h dark- 12 h
light under standard environmentally controlled conditions. Male GHSR-eGFP mice (12–16
weeks of age) were subjected to 60% calorie restriction for 2 weeks as described previously
[77]. In brief, the mice were individually housed and daily food intake of standard chow
(Teklad Global Diet #2016 Madison, WI) was monitored for a week. During calorie
restriction, the mice were provided with 40% of their average daily food intake during the
week of acclimatization. The mice were then deeply anesthetized with intraperitoneal
injection of chloral hydrate (500 mg/kg for mice) and transcardially perfused with
diethylpyrocarbonate (DEPC)-treated 0.9% phosphate-buffered saline (PBS) followed by
10% neutral buffered formalin. Brains were removed immediately and stored in the same
fixative for 4–6 hours at 4°C, immersed in 20% sucrose in DEPC-treated PBS, pH 7.0 at
4°C overnight, and sectioned coronally into five equal series at a thickness of 25 μm on a
sliding microtome. The sections were stored at −20°C in an antifreeze solution [63] until
further processing.
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Free-floating sections of mouse brains were subjected sequentially to
immunohistochemistry/in situ hybridization using procedures reported previously [21, 78].
The Ghsr cRNA probes were generated as previously described [12, 13, 52]. Sectioned
series of three different mouse brains were first rinsed in DEPC-treated PBS, pH 7.0, and
were pretreated with 0.1% sodium borohydride (Sigma, St. Louis, MO) in DEPC-treated
PBS for 15 minutes at room temperature. After thorough washing in DEPC-treated PBS the
sections were rinsed in 0.1 M triethanolamine (TEA, pH 8.0), incubated in 0.25% acetic
anhydride in 0.1 M TEA for 10 minutes, then washed again in 2× saline-sodium citrate
buffer (SSC). The sections were then incubated at 50°C for 16 hours with 33P-labelled
mouse Ghsr riboprobe diluted to 106 cpm/mL in hybridization solution [78]. Subsequently,
sections were rinsed in 4× SSC and incubated in 0.002% RNase A (Roche Molecular
Biochemicals, Indianapolis, IN) solution for 30 minutes at 37°C. Sections were then rinsed
in 2×SSC and submitted to sequential stringency washes with 2X SSC and 0.2X SSC for
one hour each at 55°C.

Immunohistochemistry was performed after first washing the in situ processed-processed
sections in PBS. Sections were pretreated with 0.3% hydrogen peroxide in PBS, pH 7.4, for
30 minutes at room temperature and then were incubated in 3% normal donkey serum
(Jackson ImmunoResearch Laboratories, West Grove, PA) with 0.3% Triton X-100 in PBS
(PBT) for 2 hours at room temperature. The sections were then incubated overnight at room
temperature in chicken anti-GFP primary antibody (Aves laboratories, Tigard, OR; 1:5,000
in PBT). After washing with PBS, sections were incubated in biotin-conjugated donkey anti-
chicken IgG (Jackson ImmunoResearch Laboratories; 1:1,000) for 2 h at room temperature,
followed by incubation for 1 h in a solution of avidin-biotin complex (Vectastain Elite ABC
Kit, Vector Laboratories, Burlingame, CA; 1:500) diluted in PBS. The sections were next
washed in PBS and incubated in diaminobenzidine (DAB) using an enhanced DAB substrate
kit (Thermo Scientific, Pittsburg, PA). Sections were mounted onto SuperFrost slides and
then dehydrated in increasing concentrations of ethanol. Slides were air dried, and placed in
an X-ray cassette with BMR-2 film (Kodak, Rochester, NY) for 3 days. Slides were then
dipped in NTB2 photographic emulsion (Kodak) and stored in the dark at 4°C for 2 weeks.
The slides were then developed with D-19 developer (Kodak) to precipitate the silver
granules, dehydrated in graded ethanols, cleared with xylenes and cover-slipped with
permount mounting medium (Thermo Scientific, Pittsburg, PA).

The brain sections were viewed with a Zeiss Axioskop microscope using both brightfield
and darkfield optics. Photomicrographs were produced with a Zeiss digital camera attached
to the microscope and a desktop computer. Criteria used to determine co-localization of
eGFP and Ghsr mRNA included both 1) brightfield visualization of silver granules
overlying the DAB-stained cell at ≥ 3x the background density of silver granule deposition
and 2) conformation of the overlying silver granules to the shape of the DAB-stained cell.
An image editing software program, Adobe Photo-Shop CS5.1 (San Jose, CA), was used to
adjust sharpness, contrast and brightness of the photomicrographs.

Dual label immunohistochemistry
All animals were deeply anaesthetized with isoflurane and perfused through the left
ventricle of the heart with 0.05 M phosphate buffered saline (PBS), followed by 0.05 M PBS
buffered 4% paraformaldehyde. The brain was post-fixed in 0.05 M PBS buffered 4%
paraformaldehyde overnight at 4 °C, then placed in 0.05 M PBS buffered 30% sucrose.
Brains were frozen on a bed of crushed dry ice, stored at −80 °C, and cut at 40 μm on a
cryostat. Serial sections from the front of the forebrain through the hypothalamus to the
brainstem were collected (grouped into 4 sets, adjacent sections 160 μm apart) and stored in
cryoprotectant at −20 °C.
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Experiment 1: GnRH and GHSR-eGFP coexpression in the mouse forebrain—
Double-label immunohistochemistry was performed for GnRH and eGFP to determine the
level of coexpression in the diagonal band of Brocca (DBB) and medial preoptic area
(mPOA). A set of coronal sections from brains of ovary-intact (diestrus) females and
colchicine treated intact male mice were used (n = 4 per group). Colchicine was used to
maximize the expression of kisspeptin in the male AVPV/PeN [50](see below) and was
diluted in aCSF to a final concentration of 5μg/1μl and 1.5μl was injected into the left
lateral ventricle (coordinates from bregma; −0.3 mm anterior/posterior, 1 mm lateral and
2.5mm deep) and mice were perfused 24 hours later. One set of sections through the DBB-
mPOA was examined in each animal and the immunohistochemistry procedure performed
sequentially. First, GnRH immuno-detection was performed as previously described [69].
Briefly, sections were incubated for 48 h at 4 °C in a mouse monoclonal antibody against
GnRH (1:1000; HU11B, Urbanski, Oregon Regional Primate Research, Beaverton, OR)
followed by a goat anti-mouse red fluorescent secondary antibody (dilution 1:500; Alexa
594, Molecular Probes, Inc., Eugene). Following Tris-buffered saline washes, a second
round of immunohistochemistry was performed. A polyclonal chicken anti-GFP antiserum
(dilution 1:1000; cat. number ab13970, Abcam, Sapphire Biosciences, NSW Australia) was
applied and followed by a goat anti-chicken green fluorescent secondary antibody (1:400;
cat. number A-11039, Invitrogen, Victoria, Australia). Negative controls included primary
or secondary antibody omission and no staining was observed.

Experiment 2: Estrogen receptor α and GHSR-eGFP coexpression in the
mouse forebrain—To examine if GHSR is present on estrogen receptor positive cells in
the AVPV/PeN we examined ERα and GHSR-eGFP coexpression in the AVPV/PeN of
intact (diestrus), ovariectomized (OVX) and OVX plus estradiol (E2) replaced (OVX+E2)
female and colchicine treated intact male mice. OVX and steroid replacement procedures
were performed as previously described [68] with subcutaneous E2 implants designed to
increase E2 within the physiological limit. A set of 4 coronal sections through the AVPV/
PeN (n = 4 per group) was incubated with a rabbit anti-ERα antiserum (1:20,000; C1355,
Millipore, Australia). ERα-positive cells were visualized with appropriate fluorescent
secondary antibodies (1:400, donkey anti-rabbit red fluorescent secondary antibody, Alexa
594, Molecular Probes, Inc.). Immunodetection of GHSR-eGFP was performed as above.

Experiment 3: Kisspeptin and GHSR-eGFP coexpression in the mouse
forebrain—Double-label immunohistochemistry was performed for kisspeptin and eGFP
to determine the level of coexpression in the AVPV/PeN. A set of coronal sections from
brains of ovary-intact (diestrus), OVX+E2 mice and colchicine treated intact male mice
were used (n = 4 per group). Intact and OVX+E2 mice were used to examine coexpression
in the AVPV/PeN because these treatments allow for optimal visualization of kisspeptin
protein. One set of 4 sections through the AVPV/PeN was examined in each animal and the
immunohistochemistry procedure performed as above. First, kisspeptin immuno-detection
was performed as previously described [70]. Sections were incubated for 48 h at 4 °C in the
polyclonal rabbit anti-kisspeptin-10 antiserum (dilution 1:2000; #566; a gift from A. Caraty,
Universite’ Tours, Nouzilly, France). Kisspeptin-positive cells were visualized with
appropriate fluorescent secondary antibodies (1:400, goat anti-rabbit red fluorescent
secondary antibody, Alexa 594, Molecular Probes, Inc.). Immunodetection of GHSR-eGFP
was performed as above.

Experiment 4: TH and GHSR-eGFP coexpression in the mouse forebrain—
Because dopaminergic neurons represent an estrogen responsive population relatively
distinct from kisspeptin neurons [15, 37, 60], we next sought to determine if GHSR-eGFP
cells coexpressed TH. A set of 4 coronal sections from brains of ovary-intact, OVX and
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OVX +E2 female mice and colchicine treated intact male mice were used (as above, n = 4
per group). For TH immunohistochemistry, sections were incubated for 48 h at 4 °C with a
mouse monoclonal antibody against TH (1:1000; cat. number NCL-TH, Novocastra, Leica
Microsystems Pty Ltd, Wetzlar, Germany) followed by a donkey goat anti-mouse red
fluorescent secondary antibody (dilution 1:400, Alexa 594, Molecular Probes, Inc.).
Immunodetection of GHSR-eGFP was performed as above.

Experiment 5: RFRP3 and GHSR-eGFP coexpression in the mouse forebrain—
We sought to determine if GHSR was coexpressed in RFRP3 neurons, which are proposed
regulators of GnRH neurons. A set of 4 coronal sections through the DMH was examined
from brains of ovary-intact, OVX and OVX +E2 female mice and colchicine treated intact
male mice (n = 4 per group. For immunohistochemistry, sections were incubated for 48 h at
4 °C with a rabbit polyclonal anti-RFRP3 antiserum (dilution 1:1000; PAC 123a; GE
Bentley, University of California Berkley, Berkley, CA) followed by a goat anti-rabbit red
fluorescent secondary antibody (dilution 1:400; Alexa 594, Molecular Probes, Inc., Eugene).
Immunodetection of GHSR-eGFP was performed as above.

Data Analysis
Analysis of dual-labeled sections was performed with epifluorescence microscopy using a
Zeiss Apotome microscope (Carl Zeiss, Inc., North Ryde, Sydney, Australia) with
appropriate excitation for green and red fluorescence. A single observer then counted the
total number of immunopositive cell bodies, and the number of cells containing both GHSR-
eGFP and GnRH, ERα, kisspeptin, TH or RFRP3. For each the mean number of cells per
section was reported. Where appropriate, the total number of coexpressing cells in a single
animal was divided by the total number of cells to generate a percentage. This was then
averaged for each animal and a group mean (±SEM) was calculated. The percentage of
coexpression in intact, OVX and OVX+E2 animals was examined by one-way ANOVA
using the GraphPad Prism 5.00 for Mac OS X (GraphPad Software, San Diego CA). P<0.05
was considered statistically significant.

Results
Validation of GHSR-eGFP model in the AVPV/PeN

In order to validate the expected expression of eGFP within GHSR-containing neurons in
the AVPV/PeN region, we performed dual-label histochemistry experiments. Both signals
were visualized simultaneously in dual-label studies using 3 different brains from GHSR-
eGFP mice. In order to assess the degree of co-expression, we focused on the portion of the
AVPV/PeN located approximately 0.02 mm rostral to bregma, as in the Paxinos and
Franklin atlas [51]. Sections at this level contained 80 – 105 DAB-marked eGFP-
immunoreactive cells in the AVPV/PeN. Of those eGFP-expressing cells, 44 ± 7% were co-
labeled by the antisense Ghsr riboprobe, as indicated by overlying silver granules at 3× the
background density of silver granule deposition (Figure 1). We also examined eGFP
expression, Ghsr mRNA expression and their co-localization in the ARC. Despite strong
Ghsr mRNA signal, only scattered eGFP-expressing cells were observed in the ARC (10.7 ±
1.3 eGFP immunopositive cells in the ARC/section), and 91.67 ± 4.8% of the eGFP cells
demonstrated co-localized Ghsr mRNA expression (data not shown). Similarly, visualization
of kisspeptin cell bodies in the mouse ARC is difficult due to the extremely high and dense
kisspeptin fibers present [50]. For these reasons, data in the ARC were not examined in this
study. Very few eGFP-immunoreactive and GHSR-containing cells were seen in the DBB.
Similarly, very few eGFP-immunoreactive were present in the DMH and 20% showed co-
localization with Ghsr mRNA.
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GnRH and GHSR-eGFP coexpression in the mouse forebrain
We determined if GnRH neurons located the DBB and mPOA coexpress GHSR in intact
females and males. No coexpression was observed (Supplementary Figure 1). A mean of
6±2 GnRH neurons/section and 7±3 GHSR-eGFP cells/section were examined in females
and 10±1 GnRH neurons and 3±2 GHSR-eGFP cells examined in males (n=4 for each).

Estrogen receptor α and GHSR-eGFP coexpression in the mouse forebrain
Neuronal cell bodies expressing ERα and GHSR-eGFP were readily detected in the AVPV/
PeN of female and male mice (Figure 2A–C). In the female AVPV/PeN, over 90% of
GHSR-eGFP cells coexpressed ERα and this did not differ among E2 treatments (Intact
91.8±7.0%, OVX 95.2±1.8%, OVX+E2 97.9±0.9%; Figure 2D). Similarly, in males
89.3±2.0% of GHSR-eGFP cells in the AVPV/PeN coexpressed ERα (Figure 2D). No
significant difference was noted in the mean number of GHSR-eGFP neurons/section in the
AVPV/PeN in females following steroid manipulations or males (Female: Intact 120±6
cells, OVX 153±5, OVX+E2 152±17; Male: 115±8; n=4 per group).

Kisspeptin and GHSR-eGFP coexpression in the mouse forebrain
Kisspeptin neuronal cell bodies were readily detected in the AVPV/PeN of intact and OVX
+E2 mice (Figure 3A, B). We were unable to detect any kisspeptin-immunoreactive cells in
the AVPV/PeN of OVX mice (data not shown). GHSR-eGFP was also detected in the
AVPV/PeN (Figure 3A, B). We saw no examples of co-localization between AVPV/PeN
kisspeptin neurons and GHSR-eGFP cells. We examined a mean of 42±12 kisspeptin
neurons/section in intact mice and 56±3 kisspeptin neurons/section in OVX+E mice. For
GHSR-eGFP cells, 39±14 and 77±10 cells/section were examined in the AVPV/PeN of
intact and OVX+E mice respectively (n=4 per group).

To confirm the lack of coexpression of kisspeptin in GHSR-eGFP cells, we repeated the
above experiments in colchicine treated male mice. Few kisspeptin immunoreactive cell
bodies were observed in the AVPV/PeN (not to the extent of that seen in females; Figure
3C). Again, we saw no examples of co-localization between AVPV/PeN kisspeptin neurons
and GHSR-eGFP cells. Sporadic kisspeptin immunoreactive cells were also seen in the
medial amygdala (Supplementary Figure 2), as shown with mRNA expression [38], and
these did not co-localize with GHSR-eGFP although GHSR-eGFP expression was observed
in this region. On average, we examined 6±3 kisspeptin neurons/section and 79±15 GHSR-
eGFP cells/section in the AVPV/PeN from colchicine-treated mice (n=4).

TH and GHSR-eGFP coexpression in the mouse forebrain
Because we saw no coexpression between kisspeptin and GHSR-eGFP, yet a high degree of
coexpression between GHSR-eGFP and ERα, we sought to determine if GHSR-eGFP was
expressed on hypothalamic neurons expressing TH, which express ERα. TH
immunoreactive cell bodies were observed in the AVPV/PeN of intact (Figure 4A–B), OVX
and OVX+E2 mice. Very few TH neurons coexpressed GHSR-eGFP in the AVPV/PeN
(Intact 2.3±1.6%, OVX 2.1±0.9%, OVX+E2 2.1±0.7%). No significant difference was noted
in the number of TH neurons in the AVPV/PeN following steroid manipulations (Intact
73±24 cells/section, OVX 98±9, OVX+E2 56±5; n=4 per group). The mean number of
detectable GHSR-eGFP cells was also similar in the AVPV/PeN after steroid manipulations
(Intact 151±26 cells/section, OVX 102±32, OVX+E2 54±21; n=4 per group).

TH immunoreactive cell bodies were also observed in the AVPV/PeN of male mice (Figure
4C). Again, very few TH neurons coexpressed GHSR-eGFP in the AVPV/PeN (1.6±1.1%).
A mean of 34±12 TH neurons and 59±33 GHSR cells/section were observed in the male
AVPV/PeN (n=4).
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RFRP3 and GHSR-eGFP coexpression in the mouse forebrain
GHSR expression was examined in RFRP3 neurons in the DMH. We saw no evidence for
co-localization between RFRP3 neurons and GHSR-eGFP cells (Figure 5A, B). In females,
a mean of 7±1 RFRP3 cells/section and 2±1 GHSR-eGFP cells/section were examined
(n=4). In males, a mean of 9±2 RFRP3 cells/section and 3±1 GHSR-eGFP cells/section
were examined (n=4).

Discussion
Although central ghrelin suppresses gonadotropin secretion from the anterior pituitary gland,
the neural mechanisms responsible remain unknown. This is due, in part, to the lack of
reliable and specific GHSR antibodies to identify GHSR-expressing cells in the
hypothalamus. To circumvent this issue, we have used a novel GHSR-eGFP mouse model to
examine whether or not key reproductive neural elements directly express GHSR-eGFP. We
saw that no GnRH neurons express GHSR-eGFP, however, greater than 90% of GHSR-
eGFP expressing neurons in the AVPV/PeN express ERα. Intriguingly, we describe for the
first time that kisspeptin neurons in the AVPV/PeN do not express GHSR-eGFP. Similarly,
virtually all TH neurons in the AVPV/PeN also do not express GHSR-eGFP. If the GFP
signal observed in the GHSR-GFP mouse model faithfully reports on the expression of
GHSR, then these data suggest that central ghrelin does not inhibit the reproductive axis by
directly suppressing kisspeptin neuronal activity in the AVPV/PeN. Previous studies show
that ghrelin reduces kiss1 mRNA in the mPOA (likely to represent the AVPV/PeN) [25] and
based on our studies we postulate that ghrelin acts indirectly via unknown circuitry to inhibit
these kisspeptin neurons. The ability of the GHSR neurons to respond to estrogen may
indirectly influence kisspeptin and GnRH expression and neuronal activity.

The ability to control reproduction and metabolism simultaneously ensures offspring are
born into an environment with sufficient energy supplies to maintain survival of both the
mother and offspring [22]. Ghrelin is a peripheral metabolic hormone that conveys negative
energy balance to the brain [8] and kisspeptin promotes puberty and reproductive function
[29, 30, 61, 65, 66]. Therefore, plasma ghrelin, which suppresses reproductive function [23,
27, 39, 40, 49], serves an important feedback signal to the brain to suppress reproduction. If
ghrelin does not directly inhibit kisspeptin neurons, what are the possible indirect
mechanisms? A recent study suggests that agouti-related peptide (AgRP) neurons are
involved in an important link between reproduction and metabolism [75]. AgRP neurons are
critical to initiate food intake [5, 6] and genetic ablation of AgRP neurons in adulthood
results in starvation [44]. In order to examine the mechanisms underpinning hyperphagia in
genetically obese and infertile ob/ob mice, Wu et al discovered that ablating AgRP neurons
in these mice caused a prolonged period of starvation and remarkably restored fertility in
both male and female ob/ob mice [75]. The majority of AgRP neurons in the ARC contain
GHSRs and leptin receptors [52, 73] and ghrelin promotes food intake by acting on GHSR
in AgRP neurons [1, 4, 11, 43]. Thus, ghrelin activation of AgRP neurons may modulate the
reproductive axis by suppressing kisspeptin neuronal activity. Of note, plasma ghrelin levels
are elevated during negative energy balance [9, 45, 55, 77] and intraperitoneal ghrelin
reduces Kiss1 mRNA in the AVPV/PeN [25]. Moreover, ob/ob mice have low Kiss1 mRNA
expression in the ARC [67] and high AgRP, NPY or GABA release from AgRP neurons
[59, 62, 72] and kisspeptin directly inhibits NPY neurons [26]. Collectively, these studies
suggest a reciprocal circuit linking metabolism and reproduction, a circuit that has been
anatomically demonstrated in sheep [7]. Under conditions of negative energy balance,
elevated NPY and AgRP would act to suppress kisspeptins and switch off reproduction in
order to conserve energy stores, whereas kisspeptin neurons release this reproductive brake
by decreasing AgRP neuronal firing.
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In addition to kisspeptin neurons, we show that TH, RFRP3 and GnRH neurons do not
coexpress GHSR-eGFP. Thus, the neuronal mechanism that enables ghrelin signaling to
inhibit reproduction remains unresolved. Alternatively, we cannot discount the existence of
unknown ghrelin receptors, other than GHSR. GABAergic neurons are the likely candidate
neurons expressing GHSR-eGFP in the mPOA and AVPV/PeN, where the ability of ghrelin
(or estrogen) to activate these neurons would in turn inhibit kisspeptin neuronal activity or
potentially GnRH neuronal activity. In support of this, studies have recently reported
GABAergic inhibition of kisspeptin neurons [19, 41] and GABA regulation of GnRH
neurons is well established [33]. Moreover, the vast majority of GABAergic neurons in the
AVPV/PeN respond to estradiol [42]. GABAergic neurons in the AVPV/PeN express ERα
[24, 34], and estradiol appears to exert a predominant stimulatory effect upon these neurons
[32, 47].

Our current data exclude the possibility that AVPV kisspeptin neurons express GHSR. We
realize that these findings are reliant on the validity of the GHSR-eGFP model. In our study,
we observed that approximately half of the GHSR-eGFP cells in the AVPV coexpressed
Ghsr mRNA (as determined by in situ hybridization). However, far fewer eGFP cells were
localized to the ARC than expected (data not shown). Given this we can make no claim to
the degree of GHSR-eGFP coexpression in kisspeptin neurons of the ARC. Moreover, we
remain cautious with the GHSR-eGFP mouse model and the interpretation of our data.
Importantly, although the moderate level of coexpression between eGFP and mRNA could
signify at least some degree of ectopic eGFP expression, it more likely reflects known
limitations of the in situ hybridization technique, especially when used in dual-label studies
such as in combination with immunohistochemistry. Reassuringly, the anatomical
distribution of GHSR-eGFP in the AVPR/PeN mirrors that of Ghsr mRNA, so we remain
confident that the mouse is an adequate model to examine ghrelin targets in this region of
the brain. We have also recently shown that gonadotropes in the anterior pituitary gland
express GHSR-eGFP in both males and females [56]. Furthermore, the majority of GHSR-
eGFP pituitary cells also express ERα [56]. Despite the modest level of coexpression
between GHSR-eGFP and gonadotropes (~20%), these findings confirm that ghrelin can
regulate the reproductive axis at both the hypothalamic and pituitary level.

We show the majority of GHSR-eGFP neurons also express ERα in the AVPV/PeN. Thus,
it is possible that the central effects of estrogen on reproduction, including those on
kisspeptin neurons, may be mediated indirectly by ghrelin responsive neurons. Moreover, in
addition to their clear effects on reproduction, estrogens regulate energy homeostasis,
exerting anti-obesity effects. Menopause is characterized by the loss of estrogen production
and is also associated with obesity [10]. Ovariectomy in rodents causes obesity, increasing
food intake and decreasing energy expenditure [57] and E2 replacement prevents this effect
[28]. The effects of estrogen on energy balance are primarily mediated by neuronal ERα
signaling [31], particularly in hypothalamic steroidogenic factor-1 (SF1) and POMC neurons
[76]. Our data potentially extend the scope of these findings because the majority of GHSR-
eGFP neurons also express ERα. Thus, estrogen may regulate ghrelin signaling in these
neurons to alter energy intake and metabolism.

In conclusion, our studies highlight that neither kisspeptin nor TH neurons in the AVPV/
PeN express GHSR-eGFP. Furthermore, neither GnRH neurons in the DBB nor RFRP3
neurons in the DMH express GHSR-eGFP. We observed that the majority of GHSR-eGFP
neurons the AVPV/PeN express ERα. Taken together, our data suggest that ghrelin is able
to interact with the reproductive system via a number of afferent GHSR neuronal systems,
which are estrogen sensitive neuronal populations.
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• We have used a novel GHSR-eGFP mouse to colocalize GHSR-eGFP cells

• No coexpression of GHSR-eGFP with kisspeptin neurons in the AVPV

• No coexpression of GHSR-eGFP with kisspeptin neurons

• More than 90% of GHSR-eGFP neurons in the AVPV express estrogen receptor
alpha.

• Ghrelin regulates the reproductive axis via an indirect mechanism.
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Figure 1.
Co-expression of growth hormone secretagogue receptor (GHSR) mRNA and eGFP protein
in the anteroventral periventricular/periventricular nucleus. Photomicrographs of a
representative GHSR-eGFP mouse brain, sectioned coronally, at approximately 0.02 mm
rostral to Bregma. Cells with eGFP-immunoreactivity have been stained with DAB and
appear orange-brown in color (A–C). Those eGFP-immunoreactive cells that co-express
GHSR mRNA have overlying black silver granules, and are indicated by arrows.
Subsequent images on the right (B and C) are magnified images of the boxed areas in the
images on the left (A). 3V, Third ventricle. Scale: 250 μm (A), 50 μm (B and C).
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Figure 2.
Growth hormone secretagogue receptor (GHSR)-eGFP coexpression with ERα in the
anteroventral periventricular/periventricular nucleus (AVPV/PeN). Representative
photomicrographs of the AVPV/PeN from an intact female (A, B) and male (C) showing
GHSR-eGFP cells (green) and ERα expressing cells (red) and coexpression (indicated by
arrows in merged B, C). 3V, third ventricle. Scale bars = 200 μm. D, A high percentage of
GHSR-eGFP cells coexpressed ERα in the AVPV/PeN and this was similar in intact, OVX
and OVX+E2 females and males.
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Figure 3.
Kisspeptin and growth hormone secretagogue receptor (GHSR)-eGFP expression in the
anteroventral periventricular/periventricular nucleus (AVPV/PeN). Representative
photomicrographs of the AVPV/PeN from intact females (A, B) and males (C). Note the
absence of any coexpression of kisspeptin (red) and GHSR-eGFP (green). 3V, third
ventricle. Scale bars = 200 μm.
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Figure 4.
Tyrosine hydroxylase (TH) and growth hormone secretagogue receptor (GHSR)-eGFP
expression in the anteroventral periventricular/periventricular nucleus (AVPV/PeN).
Representative photomicrographs of the AVPV/PeN from intact females (A, B) and males
(C). Note the examples of coexpression of TH (red) and GHSR-eGFP (green)(white arrow).
3V, third ventricle. Scale bars = 200 μm.
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Figure 5.
RFamide-related peptide 3 (RFRP3) and growth hormone secretagogue receptor (GHSR)-
eGFP coexpression in the dorsomedial hypothalamic nucleus (DMH). Representative
photomicrographs of the DMH from intact females (A) and males (C). Note the absence of
any coexpression of RFRP3 (red, indicated by arrows) with GHSR-eGFP (green). 3V, third
ventricle. Scale bars = 100μm.
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