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Kisspeptin is a key component of reproduction that directly stimulates GnRH neurons. However,
recent studies indicate that kisspeptin can indirectly stimulate GnRH neurons through unidentified
afferent networks. Neuropeptide Y (NPY) is another key reproductive hormone that is an afferent
stimulator of GnRH neurons. Herein, we report kisspeptin receptor Kiss1r mRNA expression in
native NPY neurons FAC-sorted from NPY-GFP transgenic mice. Thus, we hypothesized that
kisspeptin indirectly stimulates GnRH neurons through direct regulation of NPY neurons. Using
hypothalamic NPY-secreting cell lines, we determined that kisspeptin stimulates NPY mRNA ex-
pression and secretion in the mHypoE-38 cells, but not the mHypoE-42 cells, using quantitative
RT-PCR and enzyme immunoassays. Furthermore, agouti-related peptide, ghrelin, neurotensin, or
Kiss1r mRNA expression was not changed upon exposure to kisspeptin in either cell line. These
results concur with our previous work identifying the mHypoE-38 cell line as a putative reproduc-
tive NPY neuron and the mHypoE-42 cell line as a potential feeding-related NPY neuron. In the
mHypoE-38 cells, kisspeptin activated the ERK1/2 and p38 MAPK kinases as shown by Western blot
analysis. Moreover, inhibiting the ERK1/2 and p38 pathways with U0126 and SB239063, respec-
tively, prevented kisspeptin induction of NPY mRNA expression and secretion. Altogether, we find
that kisspeptin directly regulates NPY synthesis and secretion via the ERK1/2 and p38 MAPK path-
ways in a NPY-secreting cell line, and we propose NPY neurons as an afferent network by which
kisspeptin indirectly stimulates GnRH secretion. (Endocrinology 151: 5038–5047, 2010)

Kisspeptin is now widely acknowledged as a key neu-
ropeptide hormone involved in initiating puberty and

maintaining reproductive function. Originally discovered
to suppress metastasis, the role of kisspeptin in reproduc-
tion was first identified with the finding that mutations in
the kisspeptin receptor, Kiss1r, were associated with id-
iopathic hypogonadotropic hypogonadism in human pa-
tients (1, 2). Kiss1r and Kiss1 knockout mice were found
to have the same reproductively impaired phenotype, with
delayed pubertal development, infertility, and reduced
sexual behavior (2–4). A series of studies into the precise
mechanisms of kisspeptin action subsequently revealed

that kisspeptin increases gonadotropin secretion through
direct stimulation of GnRH neurons. Specifically, studies
have demonstrated that kisspeptin neurons project to
GnRH neurons in the preoptic area and median eminence
(5, 6), and approximately 70% of GnRH neurons express
Kiss1r (7). Kisspeptin has also been found to induce
GnRH, LH, and FSH release (8–12); increase GnRH neu-
ronal firing (13, 14); and stimulate GnRH mRNA expres-
sion and secretion in GnRH-secreting neuronal cell lines
(15). Collectively, these studies provide strong evidence
that kisspeptin exerts its control of the reproductive axis
through the direct regulation of GnRH neurons.
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To date, studies have largely focused on the direct regu-
lation of kisspeptin on GnRH neurons. Although this mech-
anism has been unequivocally demonstrated (5–15), the pos-
sibility that kisspeptin indirectly stimulates GnRH neurons
through afferent neuronal networks has not been excluded.
In fact, Kiss1r is expressed in other regions of the hypothal-
amus not associated with GnRH (7, 16). One study found
that blockade of fast synaptic transmission significantly re-
duced, but did not completely abrogate, the response to
kisspeptin in GnRH neurons. In addition, kisspeptin was
found to increase the firing rate of non-GnRH neurons in the
medial preoptic area (17). These findings indicate that the
effects of kisspeptin on GnRH are both direct and indirect,
and therefore, kisspeptin may regulate GnRH indirectly
through an as yet unidentified afferent network.

Neuropeptide Y (NPY) is another key hormone that is
well established as a major regulator of the reproductive
axis; therefore, we considered the possibility that kisspep-
tin indirectly regulates GnRH through direct activation of
NPY neurons. NPY neurons in the arcuate nucleus of the
hypothalamus have been found to project to GnRH neu-
rons (18, 19), and morphological evidence indicates co-
localization of NPY receptors and GnRH neurons (18).
Both in vivo and in vitro studies have demonstrated that
NPY stimulates GnRH secretion (20–26), because NPY
infusion into the third ventricle of ewes significantly ele-
vated GnRH levels in the median eminence (23), and ex-
posure of NPY to GT1-7 cells significantly increases
GnRH secretion (24). Although the stimulatory effect of
NPY on GnRH neurons has been well-documented, NPY
can also have an inhibitory action on GnRH release, which
is associated with changes in steroidal environment, stage
of development, and species (27–32). For instance, intra-
hypothalamic perfusion of NPY decreased mean GnRH
levels in ovariectomized rats, whereas the same NPY per-
fusion stimulated mean GnRH levels in intact rabbits (32).
Altogether, NPY is a potent regulator of the reproductive
axis, with both positive and negative regulation demon-
strated depending on the experimental conditions.

Our goal was to determine whether kisspeptin can di-
rectly regulate NPY synthesis and secretion, potentially
resulting in GnRH regulation. It is not yet known whether
NPY neurons in situ express the kisspeptin receptor
Kiss1r, and thus we used fluorescence-activated cell
(FAC)-sorted NPY-green fluorescent protein (GFP) neu-
rons from transgenic mice to explore this possibility. Due
to the inherent cellularheterogeneityof thehypothalamus,
we employed clonal, hypothalamic NPY-secreting cell
lines, mHypoE-38 and mHypoE-42, to further study the
potential mechanisms involved in this process. These
clonal, murine cell lines were immortalized via the retro-
viral transfer of the simian virus 40 T-antigen (33). Both

lines have been previously characterized (33, 34), and the
secretory and expression profiles were further evaluated
herein. We found that kisspeptin has direct effects on NPY
mRNA expression and secretion in the hypothalamic
mHypoE-38 cell line, but not the mHypoE-42 cell line. We
further investigated the intracellular signaling pathways
activated by kisspeptin. Our findings represent the first
line of evidence that kisspeptin directly regulates NPY syn-
thesis and secretion, providing a putative mechanism
whereby kisspeptin indirectly activates GnRH neurons.

Materials and Methods

Cell culture and reagents
mHypoE-38 and -42 cells were cultured in a monolayer in

DMEM (Invitrogen Life Technologies, Burlington, Ontario,
Canada), supplemented with 5% fetal bovine serum (Hyclone
Laboratories Inc., Logan, UT) and 1% penicillin/streptomycin
(Invitrogen Life Technologies) and maintained at 37 C in 5%
CO2, as previously described (33). The mHypoE-42 cell line was
generated using the same technique to generate the mHypoE-38
cell line, but subcloned after the initial report of the cell lines (33).
Phenotypic profiles of these lines can be found on the website
http://cellutionsbiosystems.com or from previous manuscripts
(33, 34). Before peptide treatments, cell culture media was re-
placed with 1% fetal bovine serum and 1% penicillin/strepto-
mycin for a minimum of 3 h. Kiss-10 peptide was purchased from
Phoenix Pharmaceuticals (Burlingame, CA) and dissolved in wa-
ter (10 nM final concentration). The MAPK kinase (MEK)1/2
inhibitor U0126 and the phosphatidylinositol-3-kinase (PI3K)
inhibitor LY294002 were obtained from Cell Signaling Tech-
nology Inc. (Danvers, MA). The p38 inhibitor SB239063 was
obtained from Tocris Bioscience (Ellisville, MO). All inhibitors
were dissolved in dimethylsulfoxide (DMSO) (Sigma-Aldrich,
Oakville, Ontario, Canada) at a final concentration of 25 �M

(U0126 and LY294002) or 10 �M (SB239063), and applied to
neurons 1 h before kiss-10 treatment. The G protein � (G�) and
phopho-p38 antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA), and the phospho-ERK1/2 and phospho-
Aktantibodieswerepurchased fromCellSignalingTechnology Inc.

FAC sorting (FACS)
The NPY-GFP mice [strain B6.FVB-Tg(Npy-hrGFP)1Lowl/J],

generated by Dr. Bradford Lowell (Beth Israel Deaconess Medical
Center, Boston, MA) and available through The Jackson Labora-
tory (BarHarbor,ME),werehousedunder standardviviariumcon-
ditions ina12-h light,12-hdarkcyclewithfoodandwateravailable
ad libitum. All procedures were conducted in accordance with the
regulations of the Canadian Council on Animal Care and approved
by the University of Toronto Animal Care Committee. NPY-GFP
transgenic mouse hypothalami from 10- to 20-wk-old mice were
dissected individually and stored in Hank’s balanced salt solution
supplemented with 0.5 mM EDTA and 1% BSA. Cells were dis-
persedbytriturationthrougha21-gaugeneedleandpassedthrough
40-�M filter tubes. Cells were sorted on a BD FACSAria cell sorter
(Becton Dickinson, Franklin Lakes, NJ) with a 100-�m nozzle tip
and sheath pressure at 20 � with a purity greater than 95%. NPY-
GFP cells were sorted on GFP fluorescence after gating to remove

Endocrinology, October 2010, 151(10):5038–5047 endo.endojournals.org 5039

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/151/10/5038/2456463 by guest on 19 April 2024

http://cellutionsbiosystems.com


cell aggregates. All FACS was performed in the Faculty of Medicine
Flow Cytometry Facility, University of Toronto.

Reverse transcription PCR (RT-PCR)
Each cell line was analyzed for the expression of specific

markers by RT-PCR. Total RNA was isolated from mHypoE-38
and -42 cells and mouse hypothalamus using the guanidinium
thiocyanate phenol chloroform extraction method and assessed
for purity and concentration using spectrophotometric analysis
(Ultraspec3000; Amersham Pharmacia Biotech, Piscataway,
NJ). RNA samples were amplified using a one-step RT-PCR Kit
(QIAGEN, Mississauga, Ontario, Canada) according to the
manufacturer’s instructions. PCR was conducted according to
the following: 95 C for 30 sec, 60 C for 30 sec, and 72 C for 1 min
(40 cycles). A total of 200 ng of RNA template from each cell line
was used for each reaction. All PCR-amplified products were
visualized on 2% agarose gels containing ethidium bromide (fi-
nal concentration, 0.05 mg/ml) under UV light. A 50-bp DNA
Ladder (Fermentas Life Science, Burlington, Ontario, Canada)
was used to determine product size. Refer to Ref. 33 for neuron-
specific enolase (NSE), T-antigen, glial fibrillary acidic protein
(GFAP), NPY, agouti-related peptide (AgRP), proopiomelano-
cortin (POMC), neurotensin (NT), and ghrelin primer sequences
and Ref. 34 for estrogen receptor (ER)� and ER� primer se-
quences. Kiss1r primer sequences are as follows: sense, 5�-tgg ttc
ccc tgt ttt tcg cta-3�; antisense, 5�-cag cgg gaa cac agt cac ata-3�.

Quantitative RT-PCR
Total cellular RNA was isolated from the mHypoE-38 and

-42 cells by the guanidinium isothiocyanate phenol chloroform
extraction method. cDNA was made using the Applied Biosys-
tems (Foster City, CA) High Capacity cDNA Reverse Transcrip-
tase Kit. Analysis of NPY, POMC, AgRP, Kiss1r, NT, and ghrelin
mRNA expression was completed using real-time RT-PCR. Real-
time RT-PCR was performed using a SYBR green mix containing
0.3� Sybr green dye, 1� ROX (a passive reference dye), 1�
buffer, 3 mM MgCl2, 0.2 mM deoxynucleotide triphosphate, and
0.5 U Platinum Taq (all from Invitrogen Life Technologies) with
approximately 100 ng template and run on the Applied Biosys-
tems Prism 7000 real-time PCR machine. NPY primer sequences
are as follows: SYBR sense, 5�-aat cag tgt ctc agg gct gga t-3�;
SYBR antisense, 5�-ccg ctc tgc gac act aca tc-3�. POMC primer
sequences are as follows: SYBR sense, 5�-aag agc agt gac taa gag
agg cca-3�; SYBR antisense, 5�-aca tct atg gag gtc tga agc agg-3�.
AgRP primer sequences are as follows: SYBR sense, 5�-cgg agg
tgc tag atc cac aga; SYBR antisense, 5�-agg act cgt gca gcc tta
cac-3�. Kiss1r sequences are as follows: SYBR sense, 5�-cac atg
cag aca gtt acc aac ttc t-3�; SYBR antisense, 5�-cac gca gca cag tag
gaa agt g-3�. Preproghrelin sequences are as follows: SYBR sense,
5�-gga gga gct gga gat cag gtt; SYBR antisense, 5�-ggc ccg gcc atg
ctg ct-3�. Histone sequences are as follows: SYBR sense, 5�-cgc ttc
cag agt gca gct att-3�; SYBR antisense, 5�-atc ttc aaa aag gcc aac
cag at-3�. Gene-specific TaqMan primers and probe for NT were
purchased from Applied Biosystems. Real-time RT-PCR values
were normalized to histone at the corresponding time points.

Western blot analysis
mHypoE-38 and -42 cells were grown to 90% confluence,

serum-starved for 4 h, and then treated with kisspeptin (10 nM)
or vehicle. The cells were washed with ice-cold PBS and harvested
at 5, 15, 30, and 60 min using a 1� lysis buffer (Cell Signaling

Technology Inc.) supplemented with 1 mM phenylmethylsulfo-
nylfluoride and phosphatase inhibitor cocktail 2 (Sigma-Aldrich).
Cell lysates were centrifuged at 14,000 rpm for 10 min at 4 C, and
the supernatant was stored at �80 C. Concentration of the pro-
tein was measured using a bicinchoninic acid protein assay kit
(Pierce Biotechnology, Rockford, IL). A total of 30 �g of protein
was resolved on an 8% sodium dodecyl sulfate-polyacrylamide
gel and blotted overnight onto immunoblot polyvinylidene di-
fluoride membrane (Bio-Rad Laboratories, Hercules, CA). The
blots were blocked with 5% BSA (Sigma-Aldrich) in Tris-buff-
ered saline with 0.1% Tween (TBS-T) for 30–60 min, washed
three times with TBS-T, and incubated overnight at 4 C with
primary antibodies phospho-ERK1/2 (1:1000), phospho-p38
(1:1000), phospho-Akt (1:1000), and G� (1:5000). Blots were
then washed three times with TBS-T and incubated with
horseradish peroxidase-labeled secondary goat antirabbit
antisera (1:5000; Cell Signaling Technology Inc.) or sheep
antimouse (1:5000; Cell Signaling Technology Inc.) for 1–2 h
at room temperature. Membranes were visualized with enhanced
chemiluminescence (ECL kit; GE Healthcare, Chalfont St.
Giles, UK).

Enzyme immunoassay (EIA)
mHypoE-38 and -42 cells were grown to 90% confluence,

and cell culture medium was replaced with serum-free DMEM
containing 1% penicillin/streptomycin for a minimum of 4 h
before treatment with 10 nM kisspeptin, 60 mM KCl, or vehicle
alone. Media was collected after 15 min (KCl) or 1 h (kisspeptin),
and the concentration of NPY was analyzed using an NPY-spe-
cific EIA kit (Phoenix Pharmaceuticals Inc., Burlingame, CA)
according to the manufacturer’s protocol.

Statistical analysis
Data are presented as the mean � SEM and analyzed using

SigmaStat software (Systat Software, San Jose, CA). Statistical
significance was determined using a Student’s t test (secretion
studies, KCl and kisspeptin treatment), one-way ANOVA fol-
lowed by a post hoc Student Newman-Keuls test (inhibitor stud-
ies), or two-way ANOVA followed by a post hoc Bonferroni test
(mRNA expression studies, kisspeptin treatment; protein phos-
phorylation studies). Experiments were performed on three to
eight separate occasions. Data were considered statistically sig-
nificant when P � 0.05.

Results

Expression of Kiss1r mRNA in flow
cytometry-isolated NPY-GFP neurons

Kiss1r is expressednotonly in theGnRHneuron,butalso
in other regions of the hypothalamus (7, 16). The function of
Kiss1r in these regions is currently unknown. We isolated
native NPY-GFP neurons from the hypothalamus of the
transgenic mouse using FACS and found expression of
Kiss1r mRNA as shown by RT-PCR (Fig. 1). Total RNA
from mouse hypothalamus was used as a positive control,
and reactions containing no RNA template were used as a
negative control for one-step RT-PCRs. These results indi-
cate that native NPY neurons in the mouse hypothalamus
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express the kisspeptin receptor Kiss1r and may therefore re-
spond to kisspeptin in a physiological setting.

Expression of Kiss1r mRNA and hypothalamic
markers in NPY-secreting hypothalamic cell lines

Studying the direct regulation of specific neurons in the
hypothalamus is difficult due to the inherent cellular het-
erogeneity and complexity of neuronal circuits within.
Thus, to optimally study the direct regulation of NPY neu-
rons by kisspeptin, we employed clonal, immortalized,
hypothalamic cell lines, mHypoE-38 and -42, derived
from the embryonic mouse. The generation (33) and char-
acterization (33, 34) of these cells has been previously
reported. Briefly, cells were immortalized through the ret-
roviral transfer of the simian virus 40 T-antigen oncogene
and subcloned until a homogeneous cell population was
obtained. Each cell line displays neuronal morphology
and has a distinct phenotypic profile (Fig. 2A). Using RT-
PCR, both lines were confirmed for the presence of NSE
and T-antigen and the absence of GFAP. Further screening
for hypothalamic neuropeptides and receptors determined
that both cell lines express mRNA for NPY, AgRP, ghre-
lin, ER�, and ER�, but not POMC. NT mRNA expression
was found in the mHypoE-42 but not the mHypoE-38 cell
line. Importantly, both cell lines express Kiss1r mRNA,
predicting that these lines are responsive to kisspeptin and
are therefore suitable models to investigate the direct reg-
ulation of NPY mRNA expression and secretion by
kisspeptin (Fig. 2B). These cell lines also secrete NPY ba-
sally and in response to KCl-induced depolarization, as
shown by an NPY-specific EIA (Fig. 2C).

Kisspeptin regulates NPY mRNA expression and
secretion in the mHypoE-38 cell line

Currently, functions of Kiss1r-expressing non-GnRH
neurons in the hypothalamus remain unclear. We have
located Kiss1r mRNA expression in FAC-sorted native
NPY-GFP cells and two NPY-secreting hypothalamic cell
lines. Thus, we tested the hypothesis that kisspeptin di-
rectly regulates NPY synthesis and secretion using the

NPY-secreting mHypoE-38 and -42 cell lines. Cells were
treated with the kiss-10 peptide (10 nM) and harvested after
4, 8, and 24 h. Using quantitative RT-PCR, we found that
NPY mRNA expression was significantly increased by
kiss-10 treatment at the 24-h timepoint in the mHypoE-38
cells (vehicle, 0.74 � 0.09, vs. kisspeptin, 1.29 � 0.12).
NPY mRNA expression was not significantly regulated by
kiss-10 at any timepoint in the mHypoE-42 cells (Fig. 3A).
Subsequently, we tested whether kisspeptin could rapidly
regulate NPY secretion. We found that kiss-10 treatment
(10 nM) for 1 h significantly stimulated NPY secretion in
the mHypoE-38 cells (vehicle, 1.00 � 0.05, vs. kisspeptin,
1.26 � 0.07), but not the mHypoE-42 cells, as determined
by an NPY-specific EIA (Fig. 3B). These findings suggest
that kisspeptin can act directly on the NPY neuron to
rapidly induce NPY secretion and increase NPY mRNA
over long-term exposure.
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FIG. 1. Expression of Kiss1r mRNA in NPY-GFP neurons isolated from
the hypothalamus of the transgenic mouse using FACS. RNA harvested
from NPY-GFP neurons was used as a template for one-step RT-PCR
with primers specifically designed to amplify Kiss1r. RNA from mouse
hypothalamus (Hypo) was used as a positive control, and a reaction
containing no RNA template (NTC) was used as a negative control for
one-step RT-PCRs. Amplicon size: Kiss1r, 314 bp.
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FIG. 2. A, Representative phase-contrast micrographs of clonal,
immortalized, murine, hypothalamic cell lines mHypoE-38 and
mHypoE-42. Each cell line displays neuronal morphology and has a
distinct phenotypic profile. B, Expression of neuronal markers,
neuropeptides, and receptors was analyzed in both cell lines using RT-
PCR. Positive controls using hypothalamus RNA and negative controls
containing no RNA template were performed and validated for each
gene. Listed in the table is the presence (�) or absence (�) of specific
genes. T-Ag, T-antigen. C, mHypoE-38 and mHypoE-42 cells were
treated with 60 mM KCl or water. Media was collected at 15 min after
treatment, and the concentration of NPY was analyzed using a NPY-
specific EIA. Data are shown as mean � SEM for three to six
independent experiments. *, P � 0.003.
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Kisspeptin does not regulate AgRP, ghrelin, NT,
or Kiss1r mRNA expression in the mHypoE-38
and mHypoE-42 cells

We investigated whether kisspeptin regulates other im-
portant hypothalamic neuropeptides and receptors in the
mHypoE-38 and -42 cell lines. Cells were treated with
kiss-10 over a 24-h time course, and it was found that
AgRP, ghrelin, NT, and Kiss1r mRNA expression were
not significantly regulated by kisspeptin in both the
mHypoE-38 and -42 cells (Fig. 4). Because treatment
with kisspeptin in the mHypoE-42 neurons did not pro-
duce a significant effect in any of the genes examined, we
sought to confirm the functionality of the kisspeptin re-
ceptor in this cell line. We treated the mHypoE-42 cells
with 10 nM kiss-10 and harvested protein at the 5, 15, 30,
and 60-min timepoints. Using Western blot analysis, we
found that ERK1/2 phosphorylation was significantly ac-
tivated after 5 min (vehicle, 1.00 � 0.02, vs. kisspeptin,
2.04 � 0.04), indicating that Kiss1r is indeed functional
in this cell line (Fig. 5).

Kisspeptin phosphorylates ERK1/2 and p38 in the
mHypoE-38 cell line

Next, we aimed to determine the signaling pathways
activated by kisspeptin in an endogenous Kiss1r-express-
ing cell line. The mHypoE-38 neurons were treated with
10 nM kiss-10 over a 60-min time course, and we found
that phosphorylation of the ERK1/2 and p38 signaling

kinases was significantly activated at
the 15- and 60-min timepoints, respec-
tively, as shown by Western blot anal-
ysis (ERK1/2, vehicle 1.00 � 0.12 vs.
kisspeptin 1.61 � 0.14; p38, vehicle
1.00 � 0.05 vs. kisspeptin 1.93 � 0.12).
Phosphorylation of Akt was also inves-
tigated, but was not significantly al-
tered by kiss-10 treatment (Fig. 6).

The ERK1/2 inhibitor U0126 and
p38 inhibitor SB239063 attenuate
kisspeptin-mediated induction
of NPY mRNA expression and
secretion

To determine whether the MEK-
ERK and p38 signaling pathways me-
diate the regulation of NPY by kisspep-
tin, we used the MEK-specific (U0126)
and p38-specific (SB239063) inhibi-
tors. The mHypoE-38 cells were pre-
treated with the inhibitors for 1 h, fol-
lowed by cotreatment with inhibitors
and 10 nM kiss-10 for 24 h. RNA was
then harvested and analyzed using

quantitative RT-PCR. We determined that both U0126
(vehicle, 0.63 � 0.27, vs. kisspeptin, 0.59 � 0.15) and
SB239063 (vehicle, 0.74 � 0.07, vs. kisspeptin, 0.78 �
0.17) significantly attenuated the kisspeptin-mediated in-
duction of NPY mRNA expression (vehicle, 0.74 � 0.09,
vs. kisspeptin, 1.29 � 0.12) (Fig. 7A). Next, we investi-
gated whether the MEK-ERK and p38 pathways are also
involved in the kisspeptin-mediated regulation of NPY
secretion. Similar to the gene expression studies, the
mHypoE-38 cells were pretreated with inhibitors for 1 h,
followed by cotreatment with inhibitors and 10 nM kiss-
10, and media from the cells was collected 1 h after kiss-10
treatment. Using an NPY-specific EIA, we found that both
U0126 (vehicle, 1.01 � 0.05, vs. kisspeptin, 0.98 � 0.04)
and SB239063 (vehicle, 1.17 � 0.02, vs. kisspeptin,
1.17 � 0.07) prevented the induction of NPY secretion by
kisspeptin (vehicle, 1.00 � 0.05, vs. kisspeptin, 1.26 �
0.07) (Fig. 7B). Altogether, these results indicate that the
MEK-ERK and p38 MAPK pathways are essential in the
regulation of NPY mRNA expression and secretion by
kisspeptin.

Discussion

Kisspeptin is an important reproductive neuropeptide that
positively regulates the hypothalamic-pituitary-gonadal
axis through activation of GnRH neurons (8–15). In this
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time course. NPY mRNA expression was determined using real-time RT-PCR, and levels were
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study, we investigated the indirect effect of kisspeptin on
the GnRH neuron, as evidenced by Pielecka-Fortuna et al.
(17). Specifically, we sought to identify the afferent neu-
ronal network that responds to kisspeptin and stimulates
GnRH secretion. NPY neurons are found to innervate
GnRH cell bodies and terminals (18, 19), and numerous
studies have confirmed that NPY stimulates the reproduc-
tive axis (21–24). For the first time, we detected Kiss1r
mRNA expression in native NPY-GFP neurons FAC-
sorted from the hypothalamus of the NPY-GFP transgenic
mouse, indicating that hypothalamic NPY neurons may
respond to kisspeptin in an in vivo setting. Thus, we hy-
pothesized that NPY neurons at least partially form the
afferent network through which kisspeptin indirectly
stimulates the reproductive axis. Taking an in vitro ap-
proach, we determined whether kisspeptin directly regulates
NPY mRNA expression and secretion in the mHypoE-38
and mHypoE-42 neurons.

Previously, our lab has characterized
the murine-derived, embryonic, NPY-se-
creting cell lines mHypoE-38 and mHy-
poE-42 (34). These studies identified the
mHypoE-38 cells as a putative reproduc-
tive NPY neuron because long-term es-
trogen exposure resulted in a 4-fold in-
crease in NPY mRNA expression that is
postulated to be involved in the GnRH
reproductive hormone surge. In con-
trast, the mHypoE-42 cells were iden-
tified as a feeding-related NPY neuron
because treatment with estrogen steadily
repressed NPY mRNA expression to po-
tentially exert anorexigenic effects. A
subsequent study in our lab also found
that conditioned media containing NPY
synthesized from the mHypoE-38 cells
significantly stimulated GnRH mRNA
expression intheGT1-7cell line,aGnRH
neuronal model (35). We further charac-
terized the mHypoE-38 and mHypoE-42
cell lines in the present study. Impor-
tantly, both lines demonstrated the pres-
ence of Kiss1r mRNA and thus represent
natural targets of kisspeptin. We there-
fore examined the effect of kisspeptin on
NPY mRNA expression and secretion in
both cell lines. Treatment with kisspeptin
revealed an approximately 70% induc-
tioninNPYmRNAexpressionafter24h,
and an approximately 30% increase in
NPY secretion after 1 h in the mHy-
poE-38 neurons. Kisspeptin did not reg-
ulate NPY mRNA expression or secre-

tion in the mHypoE-42 neurons. This effect of kisspeptin in
the mHypoE-38 cells corroborates our previous character-
ization of the cell line as a reproductive NPY neuron. Inter-
estingly, our kisspeptin-mediated increase in NPY secretion
from the mHypoE-38 neurons secreted a comparable
amount of NPY (�1.1 ng/ml) that was previously demon-
strated to directly stimulate GnRH transcription in GT1-7
neurons (35). To our knowledge, these findings are the first
to indicate that kisspeptin can directly stimulate NPY neu-
rons, potentially resulting in NPY activation of GnRH
neurons.

In support of our findings, one recent study demon-
strated close apposition of kisspeptin fibers and NPY neu-
rons using double-label fluorescent immunohistochemis-
try (36). This study further showed that infusion of
kisspeptin into the third ventricle of ovariectomized ewes
results in an approximate 2-fold increase in NPY mRNA
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expression within the arcuate nucleus, in terms of both
level of expression per cell and number of cells detected.
These ewes were also found to have an associated increase
in LH levels. Although these findings in combination with
the present study are strongly supportive of a kisspeptin-
NPY pathway, the exact physiological implications of this
pathway on the gonadotropin axis remain to be deter-
mined. Current literature suggests that a substantial part
of the actions of kisspeptin on GnRH are conducted via
direct activation of GnRH neurons because the majority of
GnRH neurons (�70%) express Kiss1r (7) and kisspeptin
is the most potent stimulator of gonadotropin release
known to date (37). Likewise, NPY is less potent than
kisspeptin in stimulating LH release (21) and may have
inhibitory effects on the gonadotropic axis under certain
conditions (27–32). Therefore, we suggest that the pro-
posed indirect actions of kisspeptin on GnRH neurons via
afferent NPY neurons may play a more complementary
role to the direct stimulatory effect of kisspeptin on GnRH
release. Nonetheless, future studies examining the gonad-
otropin response to kisspeptin administration after block-
ing the NPY response (e.g. with a NPY antagonist) will be
highly important in establishing the physiological rele-
vance of this pathway.

Interestingly, a reciprocal action of NPY on Kiss1 gene
expression has been documented. Correlational studies
have shown that NPY knockout mice have significantly
reduced hypothalamic Kiss1 mRNA levels (38), whereas
fasting-induced increases in hypothalamic NPY mRNA
levels are associated with an estrogen-dependent decrease
in Kiss1 mRNA expression in the anteroventral periven-
tricular nucleus (39). To establish a direct effect of NPY on
kisspeptin synthesis, one study found that treatment of

NPY in a hypothalamic cell line resulted in an increase in
Kiss1 mRNA expression (38). Furthermore, NPY fibers
have been found in close contact with kisspeptin neurons
using double-label immunohistochemistry (36). Although
further studies examining the direct effect of NPY on
kisspeptin and kisspeptin on NPY are required, it seems
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likely that a reciprocal action exists between these two
reproductive neuropeptides, thus adding another layer of
control in the precise regulation of GnRH neurons.

Molecular studies have reported that kisspeptin acti-
vates the G protein Gq/11, resulting in activation of phos-
pholipase C as well as the MAPK and PI3K/Akt pathways
(15, 40–47). However, these studies were completed in
either heterologous cell models transfected with Kiss1r
(42–47) or the GT1-7 and GN11 GnRH neuronal cell
models (15). Alternatively, we used the NPY-secreting
mHypoE-38 neurons that endogenously express Kiss1r to
examine the pathways activated by kisspeptin. Using
Western blot analysis, we found that kisspeptin treatment
significantly increased phosphorylation of ERK1/2 after
15 min and p38 after 1 h in the mHypoE-38 cells. Kisspep-
tin did not significantly change the phosphorylation of Akt
in these cells. These results are in agreement with those
initially reported for Kiss1/Kiss1r signaling using heterol-
ogous cell models. However, our data also highlight a
potential divergence of Kiss1/Kiss1r signaling in NPY and
GnRH neurons. Kisspeptin stimulates ERK1/2 and p38 in
both NPY and GnRH neurons; however, kisspeptin also
activates Akt specifically in GnRH neurons (15).

Additional studies further investigated the specific in-
tracellular signaling cascades responsible for the stimula-
tory effects of kisspeptin on GnRH neurons. Using phar-
macological inhibitors against key pathways involved in
Kiss/Kiss1r signaling, these studies have confirmed that
the MAPK, particularly ERK1/2 and p38, and PI3K/Akt
pathways mediate kisspeptin-stimulated GnRH release in
both in vitro GnRH cell models (15) and ex vivo hypo-
thalamic explants (48). In the present study, we alterna-
tively examined the signaling events involved in the reg-
ulation of NPY synthesis and secretion by kisspeptin. We

found that the 24-h kisspeptin-medi-
ated induction of NPY mRNA expres-
sion was significantly attenuated by the
MAPK inhibitor U0126 and the p38 in-
hibitor SB239063. We further assessed
the role of these pathways in kisspeptin-
stimulated NPY secretion. Similarly,
U0126 and SB239063 abolished the 1-h
kisspeptin-mediated increase in NPY se-
cretion. The PI3K inhibitor LY294002
did not significantly reduce kisspep-
tin-induction of NPY mRNA expres-
sion or secretion (data not shown).
Taken together, these results demon-
strate that the ERK1/2 and p38
MAPK pathways, but not the PI3K
pathway, are essential in the kisspep-
tin-mediated increase in NPY synthe-
sis and secretion, which is in contrast

to the pathways mediating kisspeptin stimulation of
GnRH. As a result, we postulate that kisspeptin can
regulate the reproductive axis both directly at the
GnRH neuron and indirectly at the NPY neuron
through integration of intrinsically different pathways.

The mHypoE-38 and -42 cells were found to express
AgRP, ghrelin, and NT, which are involved in the control
of both feeding and reproduction (49–54). We therefore
investigated the possibility that kisspeptin regulates the
expression of these neuropeptides in our putative feed-
ing-related NPY neuron, mHypoE-42, and reproductive
NPY neuron, mHypoE-38. We also studied the effect of
kisspeptin on Kiss1r mRNA expression to determine the
ability of kisspeptin to regulate its own receptor. Both cell
lines were treated with kisspeptin over a 24-h time course,
and it was found that kisspeptin did not alter AgRP, gh-
relin, NT, or Kiss1r mRNA expression in the mHypoE-42
cells, or AgRP, ghrelin, or Kiss1r mRNA expression in the
mHypoE-38 cells. Because kisspeptin was not found to
regulate any of these genes including NPY in the mHy-
poE-42 cells, we tested the functionality of the Kiss1r re-
ceptor in these cells. We found that phosphorylation of
ERK1/2 was significantly increased with kisspeptin expo-
sure, indicating that Kiss1r is indeed functional in this cell
line. The downstream effect of Kiss1r activation in this cell
line, however, has yet to be determined.

Several studies have reported expression of Kiss1r in
non-GnRH neurons of the hypothalamus (7, 16); how-
ever, neither the identity nor the function of these hypo-
thalamic Kiss1r-expressing neurons has been determined
as yet. We demonstrate that NPY neurons from the mouse
hypothalamus express Kiss1r, and kisspeptin directly in-
creases NPY mRNA expression and secretion in an NPY-
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secreting cell line via the ERK1/2 and p38 MAPK signaling
pathways. Thus, we provide evidence that kisspeptin di-
rectly regulates NPY neurons and suggest that the indirect
effects of kisspeptin on the GnRH neuron may occur at
least partially through activation of afferent NPY neu-
rons. Our study provides significant insight into the pre-
cise mechanisms underlying kisspeptin regulation of the
reproductive axis. Delineation of these mechanisms is im-
portant because kisspeptin is widely being considered as a
promising new treatment for infertility disorders (55).
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