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Kisspeptin (Kiss) and G-protein-coupled receptor (Gpr)54 have emerged as key regulators of
reproduction. 17�-estradiol (E2)-mediated regulation of these neurons is nuclei specific, where
anteroventral periventricular (AVPV) Kiss neurons are positively regulated by E2, whereas arcuate
nucleus (ARC) neurons are inhibited. We have generated immortalized Kiss cell lines from male
and female adult-derived murine hypothalamic primary culture, as well as cell lines from micro-
dissected AVPV and ARC from female Kiss-green fluorescent protein (GFP) mice. All exhibit en-
dogenous Kiss-1 expression, estrogen receptors (ER)s (ER�, ER�, and Gpr30), as well as known
markers of AVPV Kiss neurons in the mHypoA-50 and mHypoA-Kiss/GFP-4, vs markers of ARC Kiss
neurons in the mHypoA-55 and the mHypoA-Kiss/GFP-3 lines. There was an increase in Kiss-1
mRNA expression at 24 hours in the AVPV lines and a repression of Kiss-1 mRNA at 4 hours in the
ARC lines. An E2-mediated decrease in ER� mRNA expression at 24 hours in the AVPV cell lines was
detected, and a significant decrease in Gpr30, ER�, and ER� mRNA levels at 4 hours in the ARC cell
lines was evident. ER agonists and antagonists determined the specific ERs responsible for medi-
ating changes in gene expression. In the AVPV, ER� is required but not ER� or GPR30, vs the ARC
Kiss-expressing cell lines that require GPR30, and either ER� and/or ER�. We determined cAMP
response element-binding protein 1 was necessary for the down-regulation of Kiss-1 mRNA ex-
pression using small interfering RNA knockdown in the ARC cell model. These studies elucidate
some of the molecular events involved in the differential E2-mediated regulation of unique and
specific Kiss neuronal models. (Molecular Endocrinology 30: 217–233, 2016)

It is well established that gonadal steroids, including es-
trogen, androgen and progesterone contribute to the

dynamic control of GnRH and gonadotrophin secretion
via feedback regulatory loops operating within the hypo-
thalamic-pituitary-gonadal (HPG) axis. Estrogens play a
prominent role in reproduction, sexual differentiation,
sexual behavior, sexually dimorphic brain development
and organization (1, 2), as well as nonreproductive
events, such as energy homeostasis, neuronal growth and
differentiation, mood and cognition (3, 4). Three estrogen
receptors (ERs) mediate the biological actions of estro-
gens: the 2 nuclear receptors ER� and ER� and the mem-
brane-based receptor, G-protein-coupled receptor 30

(GPR30, now often referred to as GPER) (5). It has been
demonstrated that estrogen is capable of activating both
nuclear and membrane bound receptors, where the acti-
vated receptors facilitate a multitude of biological effects
in many different cell types (5). Studies have demon-
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Abbreviations: AP-1, activator protein 1; ARC, arcuate nucleus; AVPV, anteroventral
periventricular; CREB, cAMP response element-binding protein; DPN, ER�-selective ago-
nist 2,3-bis(4-hydroxyphenyl)-propionitrile; DNase, deoxyribonuclease; DsiRNA, Dicer sub-
strate interfering RNA; Dyn, dynorphin; E2, 17�-estradiol; E2-BSA, 1,3,5(10)-estratrien-
3,17�-diol 17-hemisuccinate:BSA; ER, estrogen receptor; ERE, estrogen-responsive
element; FAC, fluorescence-activated cell; G-1, rel-1-[4-(6-bromo-1, 3-benzodioxol-5-yl)-
3aR, 4S, 5, 9bS-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone; G-15, (3aS*,4R*,
9bR*)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]quinolone; green
fluorescent protein (GFP); Gpr, G-protein-coupled receptor; HPG, hypothalamic pituitary
gonadal; ICI-182780, ER antagonist 7�,17�-[9-[(4,4,5,5,5-pentafluoropentyl)sulfinyl-
]nonyl]estra-1,3,5(10)-triene-3,17-diol; Kiss, kisspeptin; MPP dihydrochloride, ER� antag-
onist 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole
dihydrochloride; NKB, neurokinin B; PHTPP, ER� antagonist 4-[2-phenyl-5,7-
bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol; PPT, 4,4�,4�’-(4-propyl-[1H]-
pyrazole-1,3,5-triyl)trisphenol; ROX, 6-Carboxyl-X-Rhodamine reference dye; siRNA,
small interfering RNA; SP, substance P; TH, tyrosine hydroxylase.
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strated a bimodal effect of 17�-estradiol (E2) on the hy-
pothalamus, having both positive and negative feedback
mechanisms on GnRH neurons (6). Both in vivo and in
vitro studies reveal the negative feedback, which inhibits
GnRH synthesis and secretion throughout most the fe-
male cycle (7–11). Conversely, as E2 levels increase during
the late follicular phase, a stimulatory feedback system is
provoked, increasing the GnRH pulse frequency and se-
cretion to generate the GnRH surge (12–14).

The GnRH neuronal system acts as a central regulator
of reproductive function. Adequate pulsatile GnRH se-
cretion is necessary for the attainment and maintenance
of reproduction, where GnRH neurons dictate many of
the reproductive activities that cycle throughout repro-
ductive life (15–17). Although knowledge of the GnRH
neuronal system has advanced substantially over the past
few decades, the stimulatory neuronal systems upstream
of GnRH neurons remained rather ambiguous until the
discovery of kisspeptin (Kiss) and its receptor, Gpr54 (18,
19). Kiss and Gpr54 have been collectively recognized as
indispensable mediators for reproductive development
and function, ranging from neonatal sexual differentia-
tion, regulation of GnRH and gonadotropin secretion,
the metabolic gating of puberty, and adult fertility (20,
21). Kiss peptides are highly conserved and their expres-
sion has been identified in mammalian and nonmamma-
lian vertebrates. Kiss mRNA and protein has been iden-
tified centrally in the anterodorsal preoptic area, as well
as throughout the hypothalamus, with the 2 major pop-
ulations located in the arcuate nucleus (ARC) and the
anteroventral periventricular (AVPV) region (22–24).
Kiss-1 expression in the ARC is inhibited by E2, whereas
AVPV Kiss-1 expression is stimulated by E2 (25). In ro-
dents, sheep, and monkeys, ovariectomy and reduction in
gonadal steroids generates an increase in ARC Kiss-1
mRNA expression, reversible after E2 treatment (25–29).
On the other hand, early postnatal gonadectomy causes a
reduction in Kiss-1 expression in the AVPV by 70%–90%
at the time of puberty, which persists throughout adult-
hood (22). Although the regulatory effects of E2 on Kiss-1
expression have been explored in many species, the ERs
involved in the differential regulation of Kiss-1 in AVPV
and ARC hypothalamic neurons remains to be studied.

E2 regulates gene expression by either binding to nu-
clear ERs or the membrane-associated G protein-coupled
receptor, GPR30. The binding to intracellular ERs (ER�

and ER�) in the nucleus causes a conformational change
to the receptors, the release of chaperone proteins to al-
low them to become active and the dimerization and bind-
ing of receptors to specific estrogen-responsive elements
(EREs) in the promoter regions of target genes (30, 31). In
situations where estrogen-responsive genes do not con-

tain the classical ERE binding sites, ER� and ER� interact
with other DNA-bound transcription factors to regulate
gene expression by indirectly binding to the DNA (32).
These include the transcription factors specificity protein
1 and activator protein 1 (AP-1) complex (32). AP-1 is a
dimeric protein composed of proteins Fos and/or Jun
(31). The membrane initiated signaling of E2 accounts for
the acute changes in gene expression that cannot be
achieved by nuclear E2 signaling. GPR30 or GPER is as-
sociated with a G�s protein that leads to the rapid activa-
tion of adenylyl cyclase, production of cAMP and phos-
phorylation of cAMP response element-binding protein
(CREB) (33). E2 can also activate protein kinase C (PKC),
mitogen-activated protein kinase (MAPK), and phospha-
tidylinositol-3-kinase (PI3K) via GPR30 and induce the
transcription of the immediate early gene c-fos (34). E2

can elicit differential responses through these two path-
ways depending on the cell type and promoter context.

In the present study, we investigate the differential ef-
fects of E2 on gene expression in defined AVPV and ARC
hypothalamic Kiss neuronal cell models. Due to the het-
erogeneous nature and complexity of the hypothalamus,
the ability to dissect the molecular events in unique neu-
ronal cell populations is difficult. For this reason, we gen-
erated immortalized, clonal adult-derived mouse hypo-
thalamic cell lines. The generation of adult-derived clonal
cell lines have been described previously (35), and we
have identified 2 specific neuronal models, the mHy-
poA-50 and mHypoA-55, which exhibit endogenous Kiss
expression, among many other potential Kiss models. In
the present study, we also report novel adult-derived Kiss
cell models from microdissected AVPV and ARC primary
cultures of female Kiss-green fluorescent protein (GFP)
transgenic mouse hypothalamus (36). These cultures
were immortalized and fluorescence-activated cell (FAC)
sorted to generate cell models enriched in Kiss-expressing
neurons using a technique previously established in our
laboratory (37, 38). Specifically, the ARC and AVPV
were microdissected from the hypothalamus to generate 2
separate cell models, the mHypoA-Kiss/GFP-3 and mHy-
poA-Kiss/GFP-4. Here, we demonstrate that regulation of
the Kiss-1 transcript is differentially responsive to E2 in
the ARC vs AVPV neuronal models and also find differ-
ential E2-mediated regulation of ER�, ER�, and Gpr30.
We then used selective ER agonists and antagonists in
order to determine the receptor subtype responsible for
the transcriptional effects in the AVPV vs the ARC. The
role of the transcription factor CREB1 was then assessed
in the ARC line where GPR30 appeared to play an essen-
tial role. We found that the specific ER subtype used is
temporally regulated, and unique to the specific popula-
tion of the Kiss neurons. It is evident that the Kiss system
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is uniquely modulated by E2 in our selective ARC vs
AVPV models of hypothalamic Kiss neurons.

Materials and Methods

Cell culture generation and FAC sorting
The generation of adult-derived clonal cell lines have been

described previously (35). Female and male Kiss-GFP transgenic
mice generated by Dr Robert Steiner (University of Washington,
Seattle, WA) were obtained from The Jackson Laboratory
(Kiss-1tm1.1(cre/EGFP)Stei/J; strain (129S6/SvEvTac x C57BL/
6NCr)F1) (36, 39). Mice were housed under standard vivarium
procedures and were conducted in accordance with the regula-
tions of the Council of Animal Care and approved by the Uni-
versity of Toronto Animal Care Committee. Kiss/GFP trans-
genic mouse hypothalami were microdissected from 2-month
old female or male mice isolating the ARC and AVPV nuclei
individually for the female mice or using the entire hypothala-
mus for the male mice, and placed in Hanks’ balanced salt so-
lution. Cells were then immortalized and FAC sorted as previ-
ously described (38). Primary hypothalamic cultures were
treated with 10-ng/mL recombinant rat ciliary neurotrophic fac-
tor for 5–7 days and immortalized using fresh virus-containing
medium harvested from confluent culture of �2 cells (psitex
cells) harboring the intact cDNA sequence for simian virus
(SV40) large T-antigen and neomycin resistance gene, as previ-
ously described (35, 40). Cells were treated with geneticin
(G418) (100 �g/mL) for 3 weeks to select for cells with T-anti-
gen incorporation. Cells were then sorted on a BD FACSAria
cell sorter (Becton Dickinson) with a 100-�m nozzle tip and
sheath pressure at 20 � with a purity greater than 95%. mHy-
poA-Kiss/GFP-1 and mHypoA-Kiss/GFP-2 (both male) and
mHypoA-Kiss/GFP-3 and mHypoA-Kiss/GFP-4 (both female)
immortalized cells were sorted on GFP fluorescence after gating
to remove cell aggregates. All fluorescence-activated cell sorting
(FACS) was performed in the Faculty of Medicine Flow Cytom-
etry Facility, University of Toronto. These cells represent the
entire population of mHypoA-Kiss/GFP neurons from the ARC
and AVPV for the female and all Kiss neurons for the male and
have not been further subcloned. The mHypoA-50 and mHy-
poA-55 cell lines were generated as previously described (35,
40), and represent clonal, immortalized Kiss-expressing cell
lines originating from hypothalamic primary cultures derived
from 2-month-old female mice. Each line has been further char-
acterized as described below.

Cell culture and reagents
mHypoA-50, mHypoA-55, mHypoA-Kiss/GFP-1, mHy-

poA-Kiss/GFP-2, mHypoA-Kiss/GFP-3, and mHypoA-Kiss/
GFP-4 neurons were cultured in monolayer in DMEM 1-mg/mL
glucose, supplemented with 5% fetal bovine serum (Sigma-Al-
drich) and 1% penicillin/streptomycin (Gibco). Neurons were
maintained at 37°C with 5% CO2, a methodology previously
described (35, 40). Only the female cell lines were used for
further experimentation beyond basic characterization of mark-
ers and imaging. Cell lines were imaged using the EVOS cell
imaging station (Thermo Fisher Scientific, through Life Tech-
nologies, Inc). E2 (Tocris Bioscience) was dissolved in absolute
ethanol to a stock concentration of 10mM and stored at

�20°C before mRNA studies. During steroid treatment, cells
were cultured in phenol red-free DMEM, and treatments
were performed in phenol red-free medium (HyClone) supple-
mented with 5% charcoal-stripped fetal bovine serum (Gemini
Bio-products through Cedarlane, Inc) (38). ER�-selective ago-
nist 4,4�,4�-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT),
ER �-selective agonist 2,3-bis(4-hydroxyphenyl)-propionitrile (DPN),
ER� antagonist 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP
dihydrochloride), ER� antagonist 4-[2-phenyl-5,7-bis(trifluo-
romethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), ER antag-
onist 7�,17�-[9-[(4,4,5,5,5-pentafluoropentyl)sulfinyl]nonyl]estra-
1,3,5(10)-triene-3,17-diol (ICI-182780), and GPR30 antagonist
(3aS*,4R*,9bR*)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-
cyclopenta[c]quinolone (G-15) were obtained from Tocris Bio-
science. GPR30 agonist rel-1-[4-(6-bromo-1, 3-benzodioxol-5-
yl)-3aR, 4S, 5, 9bS-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-
ethanone (G-1) was obtained from Cayman Chemical. All
substances were dissolved in dimethyl sulfoxide (Sigma-Aldrich)
and stored at a stock concentration of 10�M and were subse-
quently dissolved in water to a final concentration of 10nM (for
the selective ER-agonist treatments) and a final concentration of
1�M (for the ER antagonist treatments), as described in previ-
ous publications (38, 41, 42). 1,3,5(10)-estratrien-3,17�-diol 17-
hemisuccinate:BSA (E2-BSA) was obtained from Steraloids and
dissolved in PBS to a stock concentration of 0.1�M and 1�M.
�-Actin antibody was purchased from Sigma-Aldrich, and
CREB antibody was purchased from Cell Signaling Technology
(via New England Biolabs). Both antibodies were diluted
1:1000 in 5% milk in Tris-buffered saline with 0.1% Tween 20.

One-step RT-PCR
Cells were grown to approximately 80%–85% cell conflu-

ence. Total RNA was isolated by the guanidium isothiocyanate
phenol chloroform extraction method, followed by quantifica-
tion using the NanoDrop 2000c spectrophotometer. Subse-
quently, RNA isolated by the guanidium isothiocynate phenol
chloroform extraction method was treated with Turbo deoxy-
ribonuclease (DNase) (Ambion) and amplified. Semiquantita-
tive RT-PCR was performed with the QIAGEN One-Step RT-
PCR kit, according to manufacturer’s protocol. Briefly, 200 ng
of template DNase-treated RNA was combined with 1� 1-step
RT-PCR buffer, 0.4mM deoxynucleotide triphosphates, 1-step
enzyme mix and 0.6mM both the reverse and forward gene-
specific primers. PCR products were separated and visualized
on a 2% agarose gel containing 0.5-�g/mL ethidium bromide,
and run alongside a 100-bp ladder (Fermentas). Primers were
designed using Integrated DNA Technologies PrimerQuest and
NCBI Primer-Blast.

Quantitative real-time RT-PCR
mHypoA-50, mHypoA-55, mHypoA-Kiss/GFP-3, and

mHypoA-Kiss/GFP-4 neurons were plated in 60-mm culture
plates to 80%–85% confluence. The next day, cells were treated
with vehicle or E2 and harvested over a 24-hour time course at
indicated time points. For the agonist and antagonist studies,
neurons were incubated with either dimethyl sulfoxide or indi-
cated treatments, and total RNA was isolated at 4- and 24-hour
time points. For E2-BSA experiments, mHypoA-55 neurons
were treated with vehicle or E2-BSA, and total RNA was iso-
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lated at 4 hours. Total RNA from treated and control cell cul-
ture plates were isolated using the guanidium isothiocyanate
phenol chloroform extraction method or was isolated with the
PureLink RNA kit with on column PureLink DNase (Ambion)
(to measure Kiss-1 and ER subtype mRNA expression, because
the Kiss-1 transcript appears to be less stable and inconsistent
using the standard RNA isolation method). Subsequently, RNA
concentration and purity were measured with the NanoDrop
2000c spectrophotometer. Reverse transcription was performed
with 2 �g of total RNA that was treated with Turbo DNase
(Ambion) before use of the High Capacity cDNA Reverse Tran-
scription kit, according to manufacturer’s protocol (Applied
Biosystems). A total of 100 ng of cDNA template was amplified
using SYBR green PCR master mix for real-time RT-PCR con-
taining, 0.3� SYBR green dye, 1� PCR buffer, 3mM MgCl2,
2mM deoxynucleotide triphosphates, 1� ROX, 6-Carboxyl-X-
Rhodamine reference dye, 0.3�M gene-specific primers, and 0.2
U of Platinum Taq DNA polymerase (Invitrogen). Samples were
run in triplicate on the Applied Biosystems Prism 7000 real-time
PCR machine. In brief, all genes were run on the real-time PCR
machine according to the next protocol conditions: 50°C for 2
minutes, 95°C for 10 minutes; 40 cycles for 15 seconds at 95°C,
60°C for 1 minute. When measuring Kiss-1 mRNA, SensiFAST
cDNA Synthesis kit purchased from Bioline was used according
to manufacturer’s protocol to make 1 �g of cDNA from total
RNA followed by the use of SensiFAST SYBR Hi-ROX kit pur-
chased from Bioline containing 1� SensiFAST SYBR Hi-ROX
Mix and 0.3�M gene-specific primers to amplify 12.5 ng of
cDNA template. Parameters for the real-time PCR machine
were as follows; 95°C for 2 minutes; 40 cycles for 5 seconds at
95°C, 60°C for 30 seconds, when amplifying Kiss-1 mRNA.
Kiss-1: forward TGCTGCTTCTCCTCTGT and reverse AC-
CGCGATTCCTTTTCC; PCR product length, 132 bp; ER�:
forward GAGTGCCAGGCTTTGGGGACTT and reverse
CCATGGAGCGCCAGACGAGA; PCR product length, 102
bp; ER�: forward ATCTGTCCAGCCACGAATCAGTGT and
reverse TCTCCTGGATCCACACTTGACCAT; PCR product
length, 114 bp; Gpr30: forward GTGGCCAAGCCTCAA-
CACTCAC and reverse GGTGGACAGGGTGTCTGAT-
GTCTG; PCR product length, 103 bp; and Creb1: forward
CCACCACCCTCAAGAAGTAATC and reverse GGTAACT-
GTCCCTAAGGCAATC; PCR product length, 166 bp.

In silico analysis
The web tool Alibaba 2.1 was used to predict transcription

factor binding sites for ERs, AP-1, and CREB 2000 base pairs
upstream of the 5� flanking regions of Kiss-1 gene. Alibaba 2.1
is a program that predicts transcription factor binding sites us-
ing the TRANSFAC 4.0 transcription factor database.

Knockdown of CREB1
Knockdown of CREB1 was achieved using the TriFECTa kit

(Integrated DNA Technologies) containing a negative control
Dicer substrate interfering RNA (DsiRNA) sense 5�-CGU UAA
UCG CGU AUA AUA CGC GUA T-3� and antisense 5�-AUA
CGC GUA UUA UAC GCG AUU AAC GAC-3�, and 3 DsiRNA
duplexes targeted to mouse Creb1: Creb1a sense 5�-GCA AGA
GAA UGU CGU AGA AAG AAG A-3� and antisense 5�-UCU
UCU UUC UAC GAC AUU CUC UUG CUG-3�; Creb1b sense
5�-GCC AAA GAA CUA AUA AGA UCC CUA T-3� and anti-

sense 5�-AUA GGG AUC UUA UUA GUU CUU UGG CAA-3�,
and Creb1c sense 5�-GCA AGU ACC AUA UUA GCA ACC
AUC A-3� and antisense 5�-UGA UGG UUG CUA AUA UGG
UAC UUG CUU-3�. mHypoA-55 neurons were cultured on
10-cm plates and transfected with 25nM DsiRNA complexed
with 25 �L/plate of DharmaFECT Transfection Reagent 3
(Thermo Scientific) for 24 hours. After transfection, the Mir-
Vana PARIS kit (Life Technologies) was used to isolate RNA
and protein from the same plate, and quantitative RT-PCR and
Western blotting were performed, respectively, to determine
mRNA and protein expression. The Creb1a DsiRNA duplex
was most effective in reducing CREB1 mRNA and protein levels
in our cell model and was thus used for all experiments.

Statistical analysis
Data are presented as the mean � SEM for the number of

independent experiments indicated. Data analyses were per-
formed using GraphPad Prism or SigmaStat (Systat Software,
Inc). Statistical significance analysis was established using by
one- or two-way ANOVA, as indicated, and Bonferroni’s post
hoc test or Student’s t test.

Results

mHypoA-50, mHypoA-55, mHypoA-Kiss/GFP-3, and
mHypoA-Kiss/GFP-4 neurons express Kiss-1, as
well as ERs, and other relevant peptides and
receptors

We have previously reported the generation of an array
of adult-derived, clonal hypothalamic neuronal cell lines,
which exhibit unique expression profiles of neuropep-
tides and receptors (35). In order to characterize cell mod-
els representative of Kiss-expressing neurons, screening
for relevant markers was performed to develop a more
thorough gene expression profile of the cell lines. Forty-
six adult male and female clonal cell lines were screened
for expression of Kiss-1 mRNA, and the Kiss-1 mRNA
was detected in a number of the cell lines (data not
shown). After initial screening for the Kiss-1 gene, several
cell lines with the strongest expression of Kiss-1 were
chosen for further investigation. We demonstrate that
mHypoA-50 and mHypoA-55 neurons have high expres-
sion of Kiss-1 mRNA (Table 1), as well as expression of
ER�, ER�, and Gpr30. Screening for specific Kiss ARC vs
AVPV hypothalamic markers was performed in order to
further define the cell lines. It has previously been re-
ported that Kiss neurons from the ARC nucleus coexpress
substance P (SP), neurokinin B (NKB), and dynorphin
(Dyn), whereas Kiss neurons from the AVPV often coex-
press tyrosine hydroxylase (TH). We found that SP, NKB,
and Dyn were expressed in the mHypoA-55 cell line (Ta-
ble 1), suggesting that it represents an ARC Kiss neuron.
The mHypoA-50 neurons expressed TH, but not SP,
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NKB, and Dyn, supporting their identity as a putative
AVPV Kiss neuron (Table 1).

To generate adult-derived immortalized murine Kiss
cell models specifically from the ARC and AVPV, hypo-
thalami were microdissected from female Kiss-GFP trans-
genic mice (36, 39). The primary cell cultures were treated
with ciliary neurotrophic factor to stimulate cell prolifer-
ation to allow the infection with a retrovirus containing
the SV40 T-antigen, as previously described (37, 38). The
male mHypoA-Kiss/GFP-1 and mHypoA-Kiss/GFP-2 cell
models were generated by the same method, however,
from the entire hypothalami, because there are minimal
Kiss neurons in the AVPV in males. The mHypoA-Kiss-
GFP-3 and mHypoA-Kiss/GFP-4 cell lines exhibit neuro-
nal marker expression and Kiss-1 mRNA expression (Ta-
ble 2), as determined by quantitative real time reverse
transcriptase PCR (qRT-PCR). Both models also express
the 3 ERs, ER�, ER�, and Gpr30 (Table 2). To confirm
that the mHypoA-Kiss/GFP-3 and mHypoA-Kiss/GFP-4
cell models were representative of the ARC and AVPV,
respectively, screening for Kiss-specific hypothalamic

markers was performed. The mHypoA-Kiss/GFP-3 cell
model expressed the ARC markers SP and NKB, whereas
the mHypoA-Kiss/GFP-4 cell model expressed the AVPV
marker TH (Table 2). The expression of Kiss-1 and the
ERs indicate that these 4 cell lines are appropriate models
for the study of E2 regulatory mechanisms in divergent
Kiss ARC vs AVPV neuronal populations. The cell lines
exhibit neuronal morphology and unique characteristics
in culture (Supplemental Figure 1).

Comparing male and female Kiss cell models,
there is sexual dimorphism between Kiss-1, ER�,
ER�, and GPR30 mRNA expression

Because there is sexual dimorphism between the male
and female hypothalami (43), we compared the levels of
Kiss-1 and ER receptor expression between the sexes of
the Kiss cell models. Because Kiss appears to play a crucial
role in the female preovulatory surge, higher levels of
Kiss-1 mRNA expression have been reported in females
(43–45). The levels of Kiss-1 mRNA expression, were
higher in the female Kiss cell models compared with the
male lines (Table 3 and Supplemental Figure 2). There
also appears to be higher levels of ER� in the female cell
models compared with the male lines. Interestingly,
overall the male lines express higher levels of both ER�

and GPR30 than the females (Table 4 and Supplemen-
tal Figure 2).

E2 positively regulates Kiss-1 gene expression in
mHypoA-50 and Kiss/GFP-4 neuronal models and
negatively regulates Kiss-1 mRNA levels in
mHypoA-55 and Kiss/GFP-3 neuronal models

We investigated whether E2-mediated regulation of
Kiss expression in the cell models was consistent with in
vivo findings. Kiss cell models were treated over a 24-
hour time course (1, 2, 4, 8, and 24 h) to determine po-
tential regulation of Kiss-1 expression (Supplemental Fig-
ure 3). We detected regulation of Kiss-1 mRNA levels at 4
or 24 hours with E2 and then performed a dose study at
these times in the 4 cell lines (10nM and 100nM), fol-
lowed by quantitative RT-PCR to determine levels of
Kiss-1 gene expression. In the AVPV Kiss cell model
mHypoA-50, 100nM E2 exposure induced Kiss-1 gene
expression at 24 hours (vehicle 1.00 � 0.87 vs 10nM E2,
1.383 � 0.161 vs 100nM 1.763 � 0.253; P � .01) (Figure
1A). There was a significant increase in in Kiss-1 mRNA
expression with 10nM E2 at 24 hours in the mHypoA-
Kiss/GFP-4 cell model (vehicle, 1.00 � 0.054 vs 10nM E2,
1.513 � 0.073; P � .001) (Figure 1B).

In the ARC Kiss cell model mHypoA-55, there was a
repression of Kiss-1 gene expression at 4 hours with

Table 1. Characterization of Gene Expression Profiles
for the mHypoA-50 and mHypoA-55 Clonal Cell Lines

Gene mHypoA-50 mHypoA-55
(AVPV) (ARC)

Kiss-1 � �
ER� � �
ER� � �
GPR30 � �
NKB (Tac 2) � �
Dyn � �
SP � �
TH � �
Met-enkephalin � �

Quantitative RT-PCR results of relevant reproductive neuropeptides and
receptors in the cell lines indicated. �, presence of the gene; �,
absence or weak expression of a gene.

Table 2. Characterization of Gene Expression Profiles
for the mHypoA-Kiss/GFP-3 and mHypoA-Kiss/GFP-4 Cell
Lines

Gene mHypoA-Kiss/GFP-4 mHypoA-Kiss/GFP-3
(AVPV) (ARC)

Kiss-1 � �
ER� � �
ER� � �
GPR30 � �
NKB (Tac 2) � �
Dyn � �
SP � �
TH � �
Met-enkephalin � �

Quantitative RT-PCR results of relevant reproductive neuropeptides and
receptors in the cell lines indicated. �, presence of the gene; �,
absence or weak expression of a gene.
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100nM E2 (vehicle, 1.00 � 0.132 vs 10nM E2, 0.749 �
0.072 vs 100nM E2, 0.656 � 0.044; P � .05) (Figure 1C).
Similarly, treatment of the mHypoA-Kiss/GFP-3 neurons
with E2 resulted in a down-regulation of Kiss-1 gene ex-
pression with 10nM at 4 hours (vehicle, 1.00 � 0.90 vs
10nM E2, 0.665 � 0.069 vs 100nM E2 0.829 � 0.056;

P � .05) (Figure 1D). These results illustrate that Kiss
gene expression in the 2 divergent neuronal cell models
are differentially regulated by E2, and thus we decided to
use these models to study the involvement of ERs in the
cellular regulation of Kiss-1 mRNA expression in the
AVPV compared with the ARC.

Table 3. Ct Levels for Kiss-1 mRNA and ER Receptors Between Female and Male Kiss Lines

Histone Kiss-1 ER� ER� GPR30
FEMALE

mHypoA-50 18.3 25.6 26.3 29.4 31.5
mHypoA-55 18.3 25.8 26.4 29.5 30.9
mHypoA-Kiss/GFP-3 18.4 25.8 28.4 30.6 31.1
mHypoA-Kiss/GFP-4 18.2 27.4 25.7 28.5 28.1

MALE
mHypoA-2/22 18.2 32.1 24.9 31.6 27.8
mHypoA-2/24 18.3 30.4 25.3 30.9 28.1
mHypoA-Kiss/GFP-1 18 27.5 25.4 30.5 29.3
mHypoA-Kiss/GFP-2 18.1 27 25.2 28.2 29

Values represent Ct levels for the corresponding gene. Ct, cycle threshold.

A B

C D

Figure 1. Effect of E2 treatment on Kiss-1 mRNA expression in the (A) mHypoA-50, (B) mHypoA-Kiss/GFP-4, (C) mHypoA-55, and (D) mHypoA-
Kiss/GFP-3 cell lines. Cells were treated with vehicle or 10nM or 100nM E2. RNA was harvested at 4 and 24 hours, and changes in Kiss-1 mRNA
levels were measured using quantitative RT-PCR. mRNA levels were normalized to control, histone 3a. Data are expressed as mean � SEM (n 	
4–12 independent experiments); *, P � .05; **, P � .01; and ***, P � .001. Statistical significance was determined by two-way ANOVA with
Bonferroni’s post hoc test.
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E2 down-regulates specific ER subtype mRNA
levels in the ARC vs AVPV Kiss neuronal models

There is some evidence that E2 can regulate the expres-
sion of its own receptors. We studied the regulation of the
3 ER subtypes, ER�, ER�, and Gpr30, in the 4 cell mod-
els. Expression of specific ER subtypes was differentially
regulated by E2 in the 2 ARC vs AVPV neuronal models.
Neurons were treated with 10nM and 100nM E2 or ve-
hicle control over a 24-hour time course, followed by
measurement of ER�, ER�, and Gpr30 mRNA levels.
Initial studies demonstrated regulation of the ERs at 4h in
the ARC cell models and 24 hours in the AVPV cell mod-
els. In the AVPV, mHypoA-50 and mHypoA-Kiss/GFP-4
neurons, E2 repressed the expression of ER� at 24 hours

(mHypoA-50; vehicle 1.00 � 0.043 vs 10nM E2 0.822 �
0.034, P � .01 vs 100nM E2 0.767 � 0.021; P � .001
[Figure 2A], mHypoA-Kiss/GFP-4; vehicle 1.00 � 0.044
vs 10nM E2 0.818 � 0.028, P � .05 and 100nM E2

0.837 � 0.036; P � .05 [Figure 2B]), but not ER� or
Gpr30 mRNA levels (Figure 2, C–F). In the ARC mHy-
poA-55 cell line, ER�, ER�, and Gpr30 mRNA levels are
down-regulated at 4 hours after 100nM E2 treatment;
mHypoA-55: ER� (vehicle 1.00 � 0.022 vs 10nM E2

0.903 � 0.036 vs 100nM E2 0.890 � 0.031; P � .05)
(Figure 3A), ER� (vehicle 1.00 � 0.022 vs 10nM E2

0.894 � 0.035 vs 100nM E2 0.844 � 0.043; P � .05)
(Figure 3C), and Gpr30 (vehicle 1.00 � 0.037 vs 10nM
E2 0.915 � 0.042 vs 100nM E2 0.802 � 0.048; P � .01)

(Figure 3E). Similarly, in the mHy-
poA-Kiss/GFP-3 line, ER� (vehicle
1.00 � 0.039 vs 10nM E2 0.872 �

0.018; P � .05 vs 100nM E2

0.763 � 0.027; P � .0001) (Figure
3B), ER� (vehicle 1.00 � 0.027 vs
10nM E2 0.903 � 0.019 vs 100nM
E2 0.788 � 0.042; P � .001) (Figure
3D), and Gpr30 (vehicle 1.00 �

0.029 vs 10nM E2 0.843 � 0.031;
P � .05 vs 100nM E2 0.798 �

0.053; P � .01) (Figure 3F) mRNA
expression are repressed at 4 hours.
These results demonstrate differ-
ential regulation of ER�, ER�, and
Gpr30, by E2 in the AVPV vs ARC
hypothalamic cell models (Table
4), which may relate to the diver-
gent regulation of Kiss-1 gene ex-
pression in the 2 regions of the
hypothalamus.

In the mHypoA-50 AVPV cell
line, induction of Kiss-1 mRNA
expression requires ER�

To determine which of the ERs
(ER�, ER�, or GPR30) is required
to mediate the regulation of Kiss-1
mRNA expression by E2 observed in
the cell models, several selective ER
agonists and antagonists were em-
ployed. Briefly, neurons were pre-
treated for 1 hour with vehicle or
1�M 1 of 4 antagonists: ER� antag-
onist (MPP dihydrochloride), ER�

antagonist (PHTPP), ER antagonist
(ICI-182780), and GPR30 antago-

A B

C D

E F

Figure 2. Effect of E2 treatment on ER�, ER�, and Gpr30 mRNA expression in the mHypoA-50
and mHypoA-Kiss/GFP-4 AVPV cell lines. Cells were treated with vehicle or 10nM or 100nM E2.
RNA was harvested at 24 hours, and changes in mRNA levels were measured using quantitative
RT-PCR. mRNA levels were normalized to control, histone 3a. Data are expressed as mean � SEM
(n 	 4–10 independent experiments); *, P � .05; **, P � .01; and ***, P � .001. Statistical
significance was determined by one-way ANOVA with Bonferroni’s post hoc test.

doi: 10.1210/me.2015-1189 press.endocrine.org/journal/mend 223

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 06 May 2016. at 08:07 For personal use only. No other uses without permission. . All rights reserved.



nist (G-15). Neurons were then treated with either vehicle
or E2 (100nM). Additionally, cell lines were also treated
with an ER�-selective agonist (PPT), ER�-selective ago-
nist (DPN), or GPR30 agonist (G-1) to distinguish which
receptor was responsible for the changes in gene tran-
scription. RNA was harvested at 24 hours after E2 treat-
ment, the specific time corresponding to the significant
changes in gene expression previously observed. The
mHypoA-Kiss/GFP-4 cell model did not respond well to
the inhibitors and therefore were not used for this
experiment.

In the mHypoA-50 cell line, we
report that at 24 hours after estro-
gen treatment, ER� is required for
the up-regulation of Kiss-1 mRNA
expression. The ER� antagonist,
MPP and ER antagonist ICI-182780
both abolished the increase in Kiss-1
mRNA expression (MPP: vehicle
1.00 � 0.069 vs E2 0.711 � 0.073,
P 
 .05; ICI-182780: vehicle 1.00 �
0.111 vs E2 1.171 � 0.084, P 
 .05)
(Figure 4, A and E); however, ER�

and GPR30 antagonists, PHTPP
and G-15, respectively, did not
(PHTPP: vehicle 1.00 � 0.117 vs E2

1.554 � 0.086, P � .05; G-15: vehi-
cle 1.00 � 0.120 vs E2 1.604 �
0.096, P � .01) (Figure 4, C and F).
The ER� agonist, PPT, also induced
Kiss-1 mRNA expression (vehicle
1.00 � 0.142 vs PPT 1.385 � 0.294;
P � .05) (Figure 4B); however, the
ER� agonist, DPN, and the GPR30
agonist G-1 did not (DPN: vehicle
1.00 � 0.113 vs DPN 1.306 �
0.147, P 
 .05; G-1: vehicle 1.00 �
1.46 vs G-1 1.332 � 0.0943, P 

.05) (Figure 4, D and G). This dem-
onstrates that for the induction of
Kiss-1 mRNA expression in the
mHypoA-50 cell line, ER� is neces-
sary, whereas ER� and GPR30 are
not required.

In the mHypoA-55 ARC cell line,
repression of Kiss-1 mRNA
expression requires GPR30 and
potentially either ER� or ER�

In the mHypoA-55 cell line, re-
sults demonstrate that at 4 hours,
GPR30 and either ER� or ER� are
necessary for the repression of

Kiss-1 mRNA expression. The GPR30 antagonist, G-15
and ER antagonist, ICI-182780 both abolished the re-
pression of Kiss-1 mRNA by E2 (G-15: vehicle 1.00 �
0.073 vs 1.009 � 0.121, P 
 .05; ICI-182780: vehicle
1.00 � 0.164 vs E2 1.315 � 0.174, P 
 .05) (Figure 5, E
and F), whereas the ER� and ER� antagonists did not
prevent the repression (MPP: vehicle 1.00 � 0.070 vs
0.590 � 0.113, P � .05; PHTPP: vehicle 1.00 � 0.083 vs
E2 0.598 � 0.098, P � .05) (Figure 5, A and C). The
GPR30 agonist, G-1 repressed Kiss-1 mRNA expression

A B

C D

E F

Figure 3. Effect of E2 treatment on ER�, ER�, and Gpr30 mRNA expression in the mHypoA-55
and mHypoA-Kiss/GFP-3 ARC cell lines. Cells were treated with vehicle or 10nM or 100nM E2.
RNA was harvested at 4 hours, and changes in mRNA levels were measured using quantitative
RT-PCR. mRNA levels were normalized to control, histone 3a. Data are expressed as mean � SEM
(n 	 4–10 independent experiments); *, P � .05; **, P � .01; ***, P � .001; and ****, P �
.0001. Statistical significance was determined by one-way ANOVA with Bonferroni’s post hoc test.
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(vehicle 1.00 � 0.081 vs G-1 0.660 � 0.062 P � .05)
(Figure 5G). However, neither the ER� agonist, PPT (ve-
hicle 1.00 � 0.169 vs PPT 0.876 � 0.128; P 
 .05) (Fig-
ure 5B) nor the ER� agonist, DPN (vehicle 1.00 � 0.169
vs DPN 0.965 � 0.057; P 
 .05) (Figure 5D) repressed
Kiss-1 mRNA expression. These findings suggest that es-
tradiol decreases Kiss-1 mRNA expression, via activation
of GPR30 and an ER. Furthermore, although the nuclear
ER is required to induce gene expression over a longer
period of time, the membrane-bound receptor mediates
the earlier and more rapid effects on gene transcription.

In the mHypoA-55 ARC cell line, E2-BSA is able to
elicit the repression of Kiss-1 mRNA expression,
suggesting a membrane initiated mechanism

Because the repression of the Kiss-1 mRNA expression
in the mHypoA-55 ARC cell model required the mem-
brane bound receptor, GPR30, a membrane impermeable
E2 (E2-BSA) was used to further support these observa-
tions. Cells were treated for 4 hours with 10nM and
100nM E2-BSA, and then RNA was harvested and Kiss-1
mRNA expression measured. Both 10nM (BSA 1.00 �
0.0537 vs 10nM E2-BSA 0.649 � 0.0796; P � .05) and
100nM (BSA 1.00 � 0.0537 vs 100nM E2-BSA 0.598 �
0.0965; P � .05) E2-BSA repressed Kiss-1 mRNA after 4
hours in the mHypoA-55 cell model (Figure 5H). This
indicates that estrogen is signaling via receptors from the
cell membrane.

The Kiss-1 promoter contains ER, AP-1, and CRE
binding sites

Next, we assessed the 5� flanking region of the Kiss-1
gene in Mus musculus using a transcription factor binding
site analysis program to determine which transcription
factors may be binding to the promoter. E2 can change
gene expression by ER binding to ERE sites, ER tethering
to AP-1 and binding indirectly to AP-1 sites or phosphor-
ylated CREB signaling through CREB binding sites.
Therefore, we looked for ERE, AP-1, and CREB binding
sites in the 5� promoter region of the Kiss-1 gene and

determined that there were binding sites for all (Figure 6).
Therefore, Kiss-1 may be regulated by the induction of
either ER�, ER�, or Gpr30.

In the mHypoA-55 ARC cell line, knockdown of
CREB1 attenuates the negative regulatory effects
of E2 on Kiss-1 mRNA

Because GPR30 appeared to be involved in the down-
regulation of Kiss-1 mRNA expression, we wanted to
determine which second messengers may be involved. Us-
ing the transcription factor binding program, a CRE bind-
ing site was found in the 5� promoter region of the Kiss-1
gene, suggesting that CREB1 may be involved in the reg-
ulation of Kiss-1 mRNA expression by GPR30. We ex-
amined whether down-regulation of the CREB1 protein
would affect the regulation of Kiss-1 mRNA expression
by E2 in the ARC cells. The small interfering RNA
(siRNA) method was used to reduce the endogenous lev-
els of CREB1 in the mHypoA-55 cell model. Cells were
transfected with negative control or CREB1 siRNA for 24
hours, and then quantitative RT-PCR and Western blot-
ting were used to measure CREB1 mRNA and protein
levels. CREB1 siRNA reduced CREB1 mRNA expression
by 58% (vehicle siRNA, 1.00 � 0.076 vs CREB1 siRNA,
0.425 � 0.045; P � .0001) (Figure 6Ai) and CREB1
protein expression by 49% (vehicle siRNA, 1.00 � 0.120
vs CREB1 siRNA, 0.508 � 0.051; P � .01) (Figure 6Aii)
both after 24 hours. Reduction of the endogenous levels
of CREB1 allowed us to assess the role of this transcrip-
tion factor in mediating the effects of E2 on Kiss-1 mRNA
expression. The knockdown of CREB1 prevented the E2-
mediated down-regulation of Kiss-1 in the mHypoA-55
cell model (CREB1 siRNA, vehicle 1.00 � 0.242 vs
100nM E2 1.025 � 0.346; P 
 .05) (Figure 6B). From this
siRNA analysis, it appears that CREB1 is necessary for
the E2-mediated down-regulation of Kiss-1 mRNA ex-
pression in the mHypoA-55 ARC cell model.

Discussion

Several years after its initial discovery as a tumor suppres-
sor gene, Kiss has gained recognition as an important
regulator of the HPG axis and reproduction through its
potent stimulation of GnRH secretion (27, 43, 46, 47). In
vivo animal studies have been essential in developing our
current knowledge of Kiss-1 regulation and Kiss secretion
by central and peripheral factors during prepubertal, pu-
bertal and adult stages of development. Despite knowl-
edge of Kiss and its significant role in reproduction, stud-
ies that focus on regulation of Kiss gene expression are
limited. This can be attributed to the lack of a suitable

Table 4. Summary of the E2-Mediated Regulation of
ER�, ER�, and Gpr30 mRNA Expression in the AVPV vs
ARC Kiss Cell Models

ER� ER� Gpr30
AVPV

mHypoA-50 ✔ x x
mHypoA- Kiss/GFP-4 ✔ x x

ARC
mHypoA-55 ✔ ✔ ✔
mHypoA- Kiss/GFP-3 ✔ ✔ ✔

✔, regulation of the gene by E2; x, absence of regulation of the gene
by E2.
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Figure 4. Effects of ER agonists and antagonists on estradiol-mediated induction of Kiss-1 mRNA expression in mHypoA-50 (AVPV) cell line at 24
hours. Cells were pretreated for 1 hour in the presence of 1 specific ER antagonist (1�M) or vehicle control followed by treatment with estradiol
(100nM), or specific ER agonist (10nM), or vehicle control over a 24-hour time course. Specifically the (A) ER� antagonist MPP, (C) ER� antagonist
PHTPP, (E) ER antagonist ICI-182780, and (F) GPR30 antagonist G-15 were used as pretreatments. The (B) ER� agonist PPT, (D) ER� agonist DPN,
and (G) GPR30 agonist G-1 were used as specific ER agonists. Kiss-1 mRNA expression was determined by quantitative RT-PCR, and levels were
normalized to the internal control, histone 3a. Data are expressed as mean � SEM (n 	 4–5 independent experiments); *, P � .05; **, P � .01
Statistical analysis was calculated by two-way ANOVA followed by Bonferroni post hoc test or Student’s t test.
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Figure 5. Effects of ER agonists and antagonists on estradiol-mediated induction of Kiss-1 mRNA expression in mHypoA-55 (ARC) cell line at 4
hours. Cells were pretreated for 1 hour in the presence of 1 specific ER antagonist (1�M) or vehicle control followed by treatment with estradiol
(100nM), or specific ER agonist (10nM), E2-BSA (10nM and 100nM), or vehicle control over a 24-hour time course. Specifically the (A) ER�
antagonist MPP, (C) ER� antagonist PHTPP, (E) ER antagonist ICI-182780, and (F) GPR30 antagonist G-15 were used as pretreatments. The (B) ER�
agonist PPT, (D) ER� agonist DPN, and (G) GPR30 agonist G-1 were used as specific ER agonists. H, 10nM and 100nM E2-BSA were used as a
membrane impermeable form of estradiol. Kiss-1 mRNA expression was determined by quantitative RT-PCR, and levels were normalized to the
internal control, histone 3a. Data are expressed as mean � SEM (n 	 3–4 independent experiments); *, P � .05 Statistical analysis was calculated
by two-way ANOVA followed by Bonferroni post hoc test or Student’s t test.
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model for in vitro studies. For this reason, we sought to
establish adult-derived Kiss-expressing cell models from
the mouse hypothalamus.

In the present study, 4 Kiss-expressing cell models were
established: 2 from an array of immortalized, clonal, hy-
pothalamic cell lines from postpubertal female adult
mouse hypothalamus; and 2 FAC-sorted, immortalized
cell lines generated from microdissected ARC and AVPV

nuclei from a female Kiss-GFP
mouse. The clonal cell lines were
screened for expression of Kiss-1
mRNA, and a number of male and
female cell lines were found to ex-
press Kiss. We detected strong Kiss
expression in the mHypoA-50 and
the mHypoA-55 cell lines, which
were also found to express mRNA
of 3 subtypes of ERs. Of interest,
screening of our hypothalamic cell
lines derived from mouse embryonic
hypothalami had nondetectable lev-
els of Kiss-1 mRNA (data not
shown), and this expression analysis
correlates with in vivo reports
where prepubertal Kiss expression
is low in comparison with pubertal
and adult levels (24, 43). The mHy-
poA-Kiss/GFP-3 and mHypoA-Kiss/
GFP-4 cell models microdissected
from the ARC and AVPV regions of
the hypothalamus, respectively, also
showed expression of Kiss-1 mRNA
and ERs. The mHypoA-Kiss/GFP-1
and mHypoA-Kiss/GFP-2 male
FAC-sorted, immortalized cell lines
and 4 clonal male adult cell models
were also screened for Kiss-1 mRNA
and the 3 ERs. Overall the female
lines had higher expression of Kiss-1
mRNA then the male counterparts
which corroborates with previous
studies that have demonstrated
higher levels of Kiss-1 in females vs
males, because it is thought that
higher levels are important for the
preovulatory surge (43, 44, 45).

Kiss mRNA and protein have
been identified in a number of re-
gions from the rodent hypothala-
mus, including the ARC, AVPV, and
periventricular nucleus, with lower
expression levels in found in the an-

terodorsal preoptic area (22, 23, 25, 48). Two major pop-
ulations of Kiss neurons, in the AVPV and the ARC have
been thoroughly explored in vivo (23, 25, 48), and were
found to differ in their coexpression profiles with other
neuropeptides and neurotransmitters. Most Kiss neurons
in the ARC also express Dyn and NKB, thus leading to the
acronym KNDy, kisspeptin/neurokinin B/dynorphin, neu-
rons (49). Additionally, ARC Kiss neurons have been

Ai Aii

B

Figure 6. Knockdown of CREB1 expression impairs E2-mediated regulation of Kiss-1 mRNA
expression in the mHyopoA-55 ARC cell model. In silico promoter analysis of the 5� flanking
region of Kiss-1 M. musculus gene. The sequence for the 5� flanking region of the Kiss M.
musculus gene was obtained through Ensembl (�2000 bp), then subsequently analyzed by the
gene regulation program Alibaba 2.1 (http://www.gene-regulation.com/pub/programs/alibaba2/
index.html) for the presence of EREs, AP-1, and CREB binding sites (location of the sites are
indicated in the figure). A, The mHypoA-55 cell model was transfected with either 25nM
nontargeting negative control siRNA or CREB1 targeting siRNA for 24 hours, then CREB1 mRNA
expression was measured by quantitative real-time PCR and protein expression by Western
blotting. Ai, CREB1 mRNA expression was reduced by 58% with the CREB1 siRNA. Aii, CREB1
protein expression was reduced by 49% with CREB1 siRNA. B, The mHypoA-55 cell model was
treated with 100nM E2 for 4 hours after a 24-hour transfection with either negative control
nontargeting siRNA or CREB1 targeting siRNA. RNA was isolated, Kiss-1 mRNA expression was
measured using quantitative real-time PCR, and levels were normalized to the housekeeping
gene histone 3a. Results are expressed as mean � SEM (n 	 3–4 independent experiments).
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found to coexpress SP (50), a peptide belonging to the
tachykinin family. On the other hand, Kiss neurons in the
AVPV of mice have demonstrated coexpression with met-
enkephalin (51, 52), an endogenous opioid peptide, and
TH (52, 53), the rate-limiting enzyme necessary for do-
pamine synthesis. Screening revealed expression of Dyn,
NKB, and SP in the mHypoA-55 and mHypoA-Kiss/
GFP-3 cell lines, which suggests that they represent pop-
ulations of ARC Kiss neurons. The lack of NKB, Dyn, and
SP expression, and expression of met-enkephalin and TH
in the mHypoA-50 and mHypoA-Kiss/GFP-4 cell lines,
indicates that they are not representative of populations
of ARC Kiss neurons, but rather, that they may represent
AVPV Kiss neurons. Further screening revealed expres-
sion of ER� and ER� in all the cell lines, which coincides
with findings that reveal nearly all ARC and AVPV
(98%–99%) hypothalamic Kiss neurons express ER�

mRNA, and 25%–30% express ER� mRNA (48). The
cell models also express the membrane bound ER Gpr30.
A comparison of the relative levels of the ERs within the
cell models revealed a greater amount of ER� compared
with ER� in all the cell models. Interestingly, the male
lines expressed higher levels of ER� and Gpr30, whereas
the female lines expressed higher levels of ER�. Higher
levels of ER� in females have been previously reported in
rats (54). This demonstrates that the cell models exhibit
the sexual dimorphism of Kiss and ER expression that has
been previously reported in vivo.

After detection of ER mRNA in the Kiss neuronal
models, we were compelled to investigate the potential
responsiveness of our cell lines to E2. Initially, we detected
an increase in c-Fos mRNA expression with E2 treatment,
establishing that the cell lines are sensitive to E2 stimula-
tion (data not shown). We then found that E2 distinctly
regulated Kiss-1 mRNA expression in the AVPV models
compared with the ARC models, as has been previously
reported (22, 25–29, 48). E2 significantly increased Kiss-1
mRNA in the mHypoA-50 and mHypoA-Kiss/GFP-4
AVPV Kiss cell models while significantly repressing
Kiss-1 mRNA in the mHypoA-55 and mHypoA-Kiss/
GFP-3 Kiss ARC model. However, the temporal regula-
tion differs substantially between the ARC vs AVPV mod-
els, with down-regulation occurring at the 4-hour time
point, and the up-regulation occurring at 24 hours. This
indicates that there are likely different mechanisms in-
volved in the regulation of Kiss-1 gene expression.

To explore the differential E2-mediated regulation of
Kiss, we decided to study the regulation of ERs by E2

between the ARC and AVPV. Estrogens negatively mod-
ulate ER levels by the process of ligand-induced down-
regulation in certain tissue and cell types. This has been
demonstrated in MCF-7 breast cancer cells, rat uterine

cells, and the rat hypothalamus (55–60). This negative
feedback mechanism is important for limiting the dura-
tion of estrogen stimulation on the cell (57). A reduction
in the amount of ERs might indicate that the cell was
stimulated by E2 and subsequently down-regulated. We
measured the levels of ER�, ER�, and Gpr30 in all cell
lines we saw the regulation of Kiss-1 mRNA expression
and we found divergent regulation of the ERs by E2 itself
depending on whether they were in the AVPV or ARC. In
the AVPV cell models, we saw a reduction in ER� after
24-hour E2 treatment but not ER� or Gpr30, suggesting
that ER� may be the prime mediator in Kiss-1 mRNA
up-regulation. Meanwhile in the ARC cell models, there
was a significant down-regulation of all 3 ERs (ER�,
ER�, and Gpr30) after 4-hour E2 treatment, indicating
that all 3 receptors may be involved in the estrogen-me-
diated down-regulation of Kiss-1 mRNA expression in
ARC neurons.

c-fos and CREB could be involved in the regulation of
the Kiss-1 gene. The involvement of c-fos and particularly
CREB suggests there could be activation of GPR30 to
elicit changes in Kiss-1 mRNA expression. However, this
is not direct evidence for the role of these ERs and tran-
scription factors in the regulation of Kiss-1 mRNA ex-
pression. Therefore, we used selective ER agonists and
antagonists to determine the receptors involved in the
differential regulation of Kiss-1 mRNA in the AVPV com-
pared with the ARC. Our studies with selective ER ago-
nists and antagonists reveal that E2 mediates its effects on
Kiss-1 gene expression through different mechanisms,
which are temporally dependent, and contingent on the
neuronal population. It has been previously established
that the positive regulation of the GnRH/LH surge and
ovulation by E2 is dependent on classical ER� ERE-de-
pendent signaling mechanisms but not on ER� (43, 61,
62). A recent study by Dubois et al (63) demonstrated that
E2 could not induce Kiss-1 mRNA expression in Kiss
cell-specific ER� knockout mice, and this abolished the
GnRH/LH surge showing the necessity of ER� for the
induction of Kiss-1 mRNA by E2. Our results are congru-
ent with these findings in the mHypoA-50 cell line, where
E2-mediated up-regulation of Kiss-1 mRNA gene expres-
sion required ER�, because the ER� agonist PPT was able
to increase Kiss-1 mRNA. In contrast, the ER� antagonist
PHTPP and the ER antagonist ICI-182780 blocked the
E2-mediated increase in Kiss-1 mRNA. Together, it ap-
pears that in AVPV Kiss neurons, over a 24-hour period,
E2 diffuses into the cell and binds to ER� nuclear recep-
tors, ER� receptors dimerize and bind to ERE sites in the
Kiss-1 promoter, and Kiss-1 mRNA expression is up-reg-
ulated (Figure 7A).
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The mechanisms involved in the reproductive negative
feedback by E2 have not been as thoroughly explored as
those involved in the positive feedback. A study by Win-
termantel et al using ER� and ER� neuron-specific
knockout mice demonstrated that the negative feedback
by estrogen was still intact and sufficient to enable basal
gonadotropin secretion (61, 63). Other studies suggest
that ER� may be the predominant ER isoform mediating
the effects for estrogen negative feedback (64–66). Inter-
estingly, several studies suggest that the acute negative
regulation by E2 involves ERE-independent signaling
which could suggest the involvement of GPR30 (62, 67).
Previous reports have also demonstrated the importance
of GPR30 in the negative feedback of estrogen on GnRH
and LH pulsatility in primate and bovine neurons, respec-
tively (68, 69). As the negative feedback of estrogen on
GnRH neurons and the anterior pituitary is facilitated by
Kiss neurons, it is conceivable that GPR30 is also involved
in the negative regulation of Kiss-1 mRNA expression by
E2. In the mHypoA-55 cell line, at 4 hours, GPR30 and
either one of the nuclear receptors was required for the
repression of Kiss-1 mRNA expression. G-1, the GPR30
agonist, was also able to elicit the repression of Kiss-1
mRNA expression in the ARC. Membrane impermeable,
E2-BSA also elicited the same repression of Kiss-1 mRNA
expression as E2, suggesting that E2 acts at the membrane
of Kiss cells in the ARC as it would with GPR30. Inter-
estingly, only a few studies to date have focused on the
role of the membrane-bound receptor GPR30 in the reg-
ulation by E2 despite the high expression of Gpr30 in the
hypothalamus (70). The negative regulation of Kiss-1
mRNA expression by E2 occurred more rapidly than the
positive regulatory effects. This could be explained by

actions of E2 at the cell membrane,
including E2 activation of GPR30.
GPR30 is a G-protein-coupled re-
ceptor rapidly activated by estradiol
signaling and has been implicated in
the transcriptional regulation of
genes through a broad range of sig-
naling mechanisms. Activation of
GPR30 by E2 was first demonstrated
to cause the rapid phosphorylation
of MAPKs via transactivation of epi-
dermal growth factor receptors in
breast cancer cells (71, 72). It was
subsequently demonstrated that E2

stimulation of GPR30 up-regulated
nerve growth factor in macrophages
through the production of cAMP
and up-regulation of c-fos (73). It
was also determined that via

GPR30, E2 could increase cyclin D2 and B-cell
lymphoma-2 expression in keratinocytes by a cAMP-pro-
tein kinase A (PKA)-mediated mechanism, resulting in the
phosphorylation of CREB (74, 75). GPR30 can activate
several pathways including the cAMP-PKA-CREB cas-
cade and c-fos. We determined, there are sites for both
CREB and c-fos in the Kiss-1 promoter that could be
targets after GPR30 activation by E2. The discovery of the
GPR30 specific agonist G-1 demonstrated that Gpr30
transcriptional activity can also involve crosstalk with
ER� (76). Our results also demonstrated that one of the
ERs was necessary for Kiss-1 mRNA regulation in ARC
neurons. Knocking down CREB1 using siRNA prevented
the down-regulation of Kiss-1 mRNA expression in the
ARC cell model. This suggests that CREB1 is a necessary
transcription factor for the down-regulation of Kiss-1
mRNA expression. As GPR30 can cause the induction of
c-fos and phosphorylation of CREB1, we could
hypothesize that phosphorylated CREB1 and a ER dimer
bind to a CRE site in the Kiss-1 promoter to cause the
rapid down-regulation of Kiss-1. c-fos may also be in-
volved by binding to an AP-1 site nearby. Future studies
will be required to elaborate on the specific transcription
factors (ie, c-fos) and pathways involved in the GPR30
membrane initiated down-regulation of the Kiss-1 gene in
ARC hypothalamic Kiss neurons; however, it appears
that CREB1 and an ER are both essential components in
this pathway. From these studies we can conclude that in
ARC Kiss neurons, after 4-hour E2 exposure, GPR30 is
activated and causes the downstream down-regulation of
Kiss-1 mRNA expression. The downstream effectors in-
clude ER� and/or ER� and CREB1 (Figure 7B).

Figure 7. Diagram of the signaling mechanisms involved in the regulation of Kiss-1 mRNA
expression in (A) AVPV and (B) ARC Kiss cell models. A, In the AVPV, ER� is required for the E2-
mediated induction of Kiss-1 mRNA expression. B, In the ARC, GPR30 and either ER� or � are
required for the E2-mediated repression of Kiss-1 mRNA expression. CREB1, a transcription
factor, is also necessary for the down-regulation of Kiss-1 mRNA expression, possibly via binding
to the CRE site in the 5� promoter region of the Kiss-1 gene.
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The present study suggests that the mHypoA-50 and
mHypoA-Kiss/GFP-4 compared with the mHypoA-55
and mHypoA-Kiss/GFP-3 cell lines are representative of 2
different functional populations of Kiss-expressing hypo-
thalamic neurons. Furthermore, our work demonstrates
that estrogen down-regulates expression of ER�, ER�,
and Gpr30, all of which play a pivotal role regulating
fertility. We report involvement specific ER subtypes,
both temporally and nucleus specific, to mediate changes
in gene expression induced by E2. We established that
ER� was necessary for Kiss-1 induction in the AVPV pop-
ulation represented by the mHypoA-50 cells and mHy-
poA-Kiss/GFP-4 cell lines, whereas GPR30 with either
ER� or ER� and CREB1 was necessary for regulation of
Kiss-1 in the ARC mHypoA-55 and mHypoA-Kiss/GFP-3
Kiss neuronal models. We have demonstrated the effect of
E2 on hypothalamic Kiss-expressing neuronal models,
and overall the results suggest that the physiologic effects
of E2 on the function of the reproductive axis is mediated
in part by the modulation of Kiss-1, Gpr30, ER�, and
ER� expression. Because it is known that Kiss-1 expres-
sion is modulated by E2, our findings here may reveal an
additional mechanism by which estrogen regulates the
HPG axis via alterations in the sensitivity of Kiss neurons
to stimuli, subsequently altering their output; a mecha-
nism necessary to maintain GnRH pulsatility and repro-
ductive function.
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