
Behavioral/Cognitive
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Reproductive function requires timely secretion of gonadotropin-releasing hormone, which is controlled by a complex excitatory/
inhibitory network influenced by sex steroids. Kiss1 neurons are fundamental players in this network, but it is currently unclear whether
different conditions of circulating sex steroids directly alter Kiss1 neuronal activity. Here, we show that Kiss1 neurons in the anteroven-
tral periventricular and anterior periventricular nuclei (AVPV/PeN) of males and females exhibit a bimodal resting membrane potential
(RMP) influenced by KATP channels, suggesting the presence of two neuronal populations defined as type I (irregular firing patterns) and
type II (quiescent). Kiss1 neurons in the arcuate nucleus (Arc) are also composed of firing and quiescent cells, but unlike AVPV/PeN
neurons, the range of RMPs did not follow a bimodal distribution. Moreover, Kiss1 neuronal activity in the AVPV/PeN, but not in the Arc,
is sexually dimorphic. In females, estradiol shifts the firing pattern of AVPV/PeN Kiss1 neurons and alters cell capacitance and sponta-
neous IPSCs amplitude of AVPV/PeN and Arc Kiss1 populations in an opposite manner. Notably, mice with selective deletion of estrogen
receptor � (ER�) from Kiss1 neurons show cellular activity similar to that observed in ovariectomized females, suggesting that estradiol-
induced changes in Kiss1 cellular properties require ER�. We also show that female prepubertal Kiss1 neurons are under higher inhib-
itory influence and all recorded AVPV/PeN Kiss1 neurons were spontaneously active. Collectively, our findings indicate that changes in
cellular activity may underlie Kiss1 action in pubertal initiation and female reproduction.

Introduction
Pubertal development and reproductive function require the
timely secretion of gonadotropin-releasing hormone (GnRH).
GnRH neurons are active during embryonic development and
early postnatal life until reaching a relatively quiescent state re-
ferred to as the “juvenile pause” (Styne, 1994; Plant and Barker-
Gibb, 2004; Sisk and Foster, 2004). Puberty is initiated with the
increased activity of GnRH neurons and resultant higher pulsa-
tile frequency of GnRH secretion. The factors involved in GnRH
reawakening remain unclear, but evidence suggests that during
the pubertal transition, a complex network of inhibitory and ex-
citatory inputs alters GnRH neuronal activity and morphology
(Brann and Mahesh, 1994; Sisk and Foster, 2004; Ojeda et al.,
2006; Cookson et al., 2012). These changes induce coordinated

secretion of gonadotropins, which, in females, culminates in the
first estrus and cyclicity (Apter et al., 1993; Wu et al., 1996; Plant,
2001). Gonadotropins stimulate synthesis and secretion of go-
nadal steroids, creating an estrogen-mediated negative feedback
loop that results in the inhibition of GnRH release. Rising levels
of estrogen in the afternoon of the proestrus day generate a pos-
itive feedback loop, required for the LH surge and ovulation
(Levine and Ramirez, 1982; Levine et al., 1982; Moenter et al.,
1992b, 2009; Herbison and Pape, 2001; Herbison et al., 2008).
The effects of estrogen are mediated by interneurons that im-
pinge on GnRH neurons modulating cell activity and patterns of
GnRH release (Petersen et al., 2003; Wintermantel et al., 2006;
Christian and Moenter, 2007).

The neuropeptide kisspeptin plays a fundamental role in this
complex network. Inactivating mutations of the KISS1/Kiss1
gene or of kisspeptin receptor (GPR54/Gpr54) gene cause lack of
sexual maturation and infertility (Funes et al., 2003; Seminara et
al., 2003; de Roux et al., 2003; Lapatto et al., 2007; d’Anglemont
de Tassigny et al., 2007; Topaloglu et al., 2012). Expression of
GPR54/Gpr54 and KISS1/Kiss1 genes increases across pubertal
transition and exogenous administration of kisspeptin advances
the onset of puberty (Navarro et al., 2004; Han et al., 2005;
Shahab et al., 2005). Moreover, GnRH neurons express Gpr54
mRNA, and kisspeptin is a potent activator of GnRH cell activity
and secretion (Irwig et al., 2004; Han et al., 2005; Pielecka-
Fortuna et al., 2008).

Estrogen differentially modulates Kiss1 gene expression in the
preoptic area and the arcuate nucleus (Smith et al., 2005b, 2007;
Gottsch et al., 2009). These effects are mediated by estrogen re-
ceptor � (ER�) as estrogen-induced changes in Kiss1 mRNA are
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disrupted in ER� knock-out mice (Smith et al., 2005a). Selective
deletion of ER� from Kiss1 neurons advanced the onset of pu-
berty, suggesting that estrogen signaling in Kiss1 neurons medi-
ates a “pubertal brake” in which the removal of estrogen signaling
disinhibits GnRH neurons (Mayer et al., 2010).

These studies have highlighted a role for Kiss1 neurons as
gatekeepers of GnRH secretion during the onset of puberty and in
the feedback actions of estrogen. However, it is unknown
whether the action of kisspeptin is the result of direct changes in
Kiss1 cellular activity. In the current study, we used patch-clamp
recordings to test the hypothesis that different conditions of cir-
culating sex steroids alter the biophysical and morphological
properties of Kiss1 neurons, which may underlie the role of kiss-
peptin in pubertal initiation and estrogen feedback actions on
GnRH secretion.

Materials and Methods
Subjects. Female (8 –10 weeks old) and male Kiss1-Cre/GFP (n � 15,
8 –10 weeks old) mice expressing enhanced green fluorescent protein
(eGFP) under the transcriptional control of Cre-recombinase were used
(Cravo et al., 2011). Kiss1-Cre/GFP females were divided into four
groups: diestrus (estrous cycle monitored by vaginal cytology, n � 26),
ovariectomized (OVX, 7–10 d before cell recordings, n � 13), ovariecto-
mized and simultaneously implanted with a SILASTIC capsule (Dow-
Corning) containing 1.0 �g of 17�-estradiol (Sigma) suspended in
sesame oil (OVX�E2, 3– 4 d before cell recordings, n � 6), and prepu-
bertal (18 –25 d old, showing no vaginal opening, n � 4). In addition,
Kiss1-Cre/GFP mice were crossed with ER�flox/flox mice (Feng et al., 2007;
Xu et al., 2011) to selectively delete ER� from Kiss1 neurons; and Kiss1
neurons from intact (n � 4) and OVX (n � 3, 7–10 d prior recordings)
postpubertal 35-day old Kiss1-Cre/GFP/ER�flox/flox mice were recorded.
All mice used in this study were housed in the University of Texas South-
western Medical Center Animal Resource Center, in a light (12 h on/12 h
off) and temperature (21–23°C) controlled environment. They were fed
standard chow diet (Harlan Teklad Global Diet, Harlan Laboratories)
and had ad libitum access to water. All experiments were carried out in
accordance with the guidelines established by the National Institute of
Health Guide for the Care and Use of Laboratory Animals, as well as with
those established by the University of Texas Institutional Animal Care
and Use Committee.

Whole-cell recording. Whole-cell patch-clamp recordings were per-
formed in Kiss1 neurons expressed in the anteroventral periventricular
and anterior periventricular nuclei (AVPV/PeN) and the arcuate nucleus
(Arc). During the recordings, neurons were maintained in hypothalamic
slice preparations and data analyses were performed as previously de-
scribed (Hill et al., 2008; Williams et al., 2010). Before perfusion, blood
samples were collected directly from the heart. Hormone assays were
performed by The University of Virginia Center for Research in Repro-
duction Ligand Assay and Analysis Core. Mice were decapitated and the
entire brain was removed. After removal, brains were immediately sub-
merged in ice-cold, carbogen-saturated (95% O2 and 5% CO2) ACSF
(126 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.25 mM

NaH2PO4, 26 mM NaHCO3, and 5 mM glucose). Coronal sections from a
hypothalamic block (250 �M) were cut with a Leica VT1000S Vibratome
and then incubated in oxygenated ACSF at room temperature for at least
1 h before recording. Slices were transferred to the recording chamber
and allowed to equilibrate for 10 –20 min before recording. The slices
were bathed in oxygenated ACSF (32°C–34°C) at a flow rate of � 2
ml/min. The pipette solution for whole-cell recording was modified to
include an intracellular dye (Alexa Fluor 594) for whole-cell recording:
120 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM

CaCl2, 1 mM MgCl2, 2 mM (Mg)-ATP, and 0.03 mM Alexa Fluor 594
hydrazide dye, pH 7.3. Most of the experiments assessing the resting
membrane potential and spontaneous action potentials were obtained in
the absence of glutamatergic and GABAergic antagonists. Epifluores-
cence was briefly used to target fluorescent cells, at which time the light
source was switched to infrared differential interference contrast imaging

to obtain the whole-cell recording (Nikon Eclipse FN1 equipped with a
fixed stage and a QuantEM:512SC electron-multiplying charge-coupled
device camera). Electrophysiological signals were recorded using an Axo-
patch 700B amplifier (Molecular Devices), low-pass filtered at 2–5 kHz,
digitized at 88 kHz (Neuro-corder; Cygnus Technology), and analyzed
offline on a PC with pCLAMP programs (Molecular Devices) or Mini-
analysis (Synaptosoft). Recording electrodes had resistances of 2.5–5 M�
when filled with the K-gluconate internal solution. Input resistance was
assessed by measuring voltage deflection at the end of the response to a
hyperpolarizing rectangular current pulse (500 ms of �10 to �50 pA).
For some experiments measuring voltage, the K-gluconate was replaced
by equimolar Cs-gluconate. Membrane potential values were compen-
sated to account for junction potential (�8 mV). After characterizing
membrane potential, neurons were tested in voltage-clamp mode with a
holding potential of �50 mV. CNQX (10 �M), AP5 (50 �M) and picro-
toxin (50 –100 �M) were added to the ACSF for 5–10 min. Solutions
containing estradiol were typically perfused for 15 min.

Drugs. Estradiol, picrotoxin, CNQX, AP-5, and tolbutamide were ob-
tained from Sigma. TTX and diazoxide were obtained from Tocris Bio-
science. All solutions were made according to manufacturer’s
specifications. Stock solutions of diazoxide were made by dissolution in
DMSO (Sigma). The concentration of DMSO in the external solution
was �0.1%.

Immunohistochemistry. To assess Kiss1 neuron morphology, Kiss1-
Cre/GFP female mice were perfused with 10% buffered formalin and
hypothalamic sections were processed for GFP immunohistochemistry,
as previously described (Cravo et al., 2011). Sections were coverslipped
with mounting medium containing the nuclear dye 4,6-diamino-2-
phenylindole dihydrochloride (DAPI, Vector Laboratories). The puta-
tive Kiss1 neurons (Kiss1/Cre-GFP) from OVX and OVX�E2 mice in
which the nucleus was evident were selected for area measurement using
Axion vision software (Zeiss). Numbers of Kiss1 neurons were deter-
mined by quantification of total number of neurons expressing GFP
immunoreactivity (20� magnification) in two levels and one side of the
AVPV and of the Arc from females on diestrus and Kiss1-Cre/GFP/
ER�flox/flox female mice.

In situ hybridization. To assess Kiss1 and Slc17a6 (vGluT2) gene ex-
pression in OVX, OVX�E2, and Kiss1-Cre/GFP/ER�flox/flox mice, single-
label in situ hybridization histochemistry was performed in one series of
hypothalamic sections (n � 3/group). Brain sections were mounted onto
SuperFrost plus slides (Fisher Scientific), pretreated in 0.1 M citric acid,
pH 6.0, under microwave for 10 min and hybridized using 35S- or 33P-
labeled riboprobes, as described previously (Zigman et al., 2006; Scott et
al., 2009; Cravo et al., 2011).

Statistical analyses. Statistical data are expressed as mean � SEM,
where n represents number of cells. Tests to assess possible differences in
variances were performed in all comparisons. Comparison between two
groups was carried out using the unpaired two-tailed Student’s t test.
One-way ANOVA followed by the pairwise Tukey test were used to com-
pare three or more groups simultaneously. Non-parametric (Mann–
Whitney or Kruskal–Wallis) tests were applied in comparisons that did
not show equal variances. Statistical analysis was performed using
GraphPad Prism software. p value of 0.05 was considered significant in all
analyses. Degrees of freedom (DF) for t statistics are marked as t � (DF).

Results
AVPV Kiss1 neurons in male and female mice exhibit
heterogeneous biophysical properties
To identify Kiss1 neurons in the preoptic area (AVPV and PeN)
and in the arcuate nucleus (Arc), mice that express Cre-
recombinase via Kiss1 regulatory elements (Cravo et al., 2011)
were crossed to reporter mice that express eGFP under R26-GFP
promoter (Strain name: B6;129-Gt(ROSA)26Sortm2Sho/J; stock
number: 004077). Cre-activity results in the irreversible excision
of the DNA segment between two loxP sites (Gavériaux-Ruff and
Kieffer, 2007), resulting in GFP fluorescence that can be used to
identify Kiss1-expressing neurons in varying physiological con-
ditions and across development. Kiss1-Cre/GFP neurons in the
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preoptic area and in the Arc were targeted using epifluorescence
and Nomarski (i.e., IR-DIC) illumination (Fig. 1A,B). Kiss1-Cre
neurons were identified by eGFP signal under a fluorescent mi-
croscope (Fig. 1C). AlexaFluor 594 hydrazide was added to the
intracellular pipette solution for real-time confirmation that
eGFP-positive neurons were targeted for recording (Fig. 1D,E)
and for post hoc identification of the neuroanatomical distribu-
tion of the recorded cells. To monitor membrane potential and
neuronal excitability, whole-cell recordings were performed in
Kiss1-Cre/GFP neurons confined to the AVPV, PeN, and Arc in
females (in diestrus) and males. Importantly, all biophysical
properties examined were statistically similar between popula-
tions of AVPV and PeN Kiss1 neurons (data not shown). Thus,
unless otherwise indicated, the data from AVPV and PeN Kiss1
neurons will be reported together (AVPV/PeN) for the remain-
der of this manuscript.

In current-clamp mode, Kiss1-Cre/GFP neurons were re-
corded under zero current injection (I � 0) in whole-cell patch-
clamp configuration. The average resting membrane potential
(RMP) of all AVPV/PeN Kiss1 neurons recorded from females in
diestrus was 62.2 � 1.8 mV (range �43 mV to �81 mV, n � 38
cells from 20 mice). Notably, we observed two populations of
AVPV/PeN Kiss1 neurons from female mice as defined by cellu-
lar activity. Type I AVPV/PeN Kiss1 neurons exhibited over-
shooting action potentials (APs) with an irregular firing pattern
(30% of total recorded cells; 1.9 � 0.3 Hz, n � 11), while type II
AVPV/PeN Kiss1 neurons were quiescent (70% of total recorded
cells). Interestingly, the average RMP of AVPV/PeN Kiss 1 neu-
rons from females exhibited a bimodal distribution such that the
RMP of type I AVPV/PeN Kiss1 neurons was �49.7 � 1.7 mV
(range: �43 mV to �65 mV, n � 11, Fig. 1F), which was signif-
icantly more depolarized than type II AVPV/PeN Kiss1 neurons

Figure 1. Kiss1 neurons in the AVPV exhibit irregular and quiescent firing patterns. A–E, Identification of Kiss1-Cre/GFP cells for whole-cell patch-clamp recordings. A–E, Low
magnification for anatomical reference (A); brightfield illumination showing a targeted neuron (B); the same neuron under fluorescent (FITC) illumination (C); complete dialysis of
AlexaFluor 594 from the intracellular pipette at the end of the recording (D); colocalization of Alexa Fluor 594 and GFP (E). F–G, Type I and type II AVPV/PeN Kiss1 neurons in current-clamp
mode. Dashed lines indicate the RMP. H–I, Type I AVPV/PeN Kiss1 neurons of males exhibited higher frequency of action potential ( fAPs) compared with females. J, Current-clamp
recording demonstrates that tolbutamide (200 �M) depolarizes Kiss1 neurons of the preoptic area (AVPV/PeN). K, Current–voltage relationships were examined in the same cell in J,
before (control) and after application of tolbutamide, by applying voltage ramps (�120 to 50 mV in 1 s, 100 mV/s). The tolbutamide-induced inward current had a reversal potential of
�90 mV, which is close to the predicted EK

�. Scale bars: A, 100 �m; B–E, 10 �m.
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(�67.2 � 1.7 mV, range: �48 mV to �81
mV; n � 27; t(36) � 5.7; p � 0.0005; Fig.
1G). Type II AVPV/PeN Kiss1 neurons
from female mice showed a diminished
input resistance, which was indicative of a
higher basal conductance that may con-
tribute to the hyperpolarized state of this
cell type (type I neurons: 1.7 � 0.2 G�,
n � 11; type II neurons: 0.9 � 0.1 G�, n �
26, t(35) � 3.4; p � 0.05). Also, type I
AVPV/PeN Kiss1 neurons from female
mice exhibited a decreased steady-state
capacitance compared with type II neu-
rons suggestive of an altered cell size be-
tween type I and type II AVPV/PeN Kiss1
neurons (type I neurons: 9.6 � 0.5 pF; n �
11; type II neurons: 12.1 � 0.6 pF, n � 27,
t(36) � 2.4; p � 0.05).

In males, the average RMP of all
AVPV/PeN Kiss1 neurons was �56.0 �
2.9 mV (range: �42 mV to �74 mV, n �
12 cells from 5 mice). Type I and type II
AVPV/PeN Kiss1 neurons (as defined by
cellular activity) were also identified in in-
tact males. As observed in females, male
type I AVPV/PeN Kiss1 neurons exhibited
overshooting APs with an irregular spike
frequency (range: 3.4 � 0.7 Hz, n � 6).
Similar to that observed in females, the
average RMP of AVPV/PeN Kiss1 neu-
rons from males exhibited a bimodal dis-
tribution such that the RMP of type I
neurons was �48.5 � 1.8 mV (range �42
mV to �54 mV, n � 6, Fig. 1H), while the
average RMP of type II neurons was
�63.7 � 3.5 mV (range: �54 mV to �74
mV, n � 6, Fig. 1 I). However, the AP fre-
quency of spontaneously active AVPV/
PeN Kiss1 neurons was higher in males
compared with females (t(15) � 2.1; p �
0.05). Moreover, unlike that observed in females, the percentage
of type I and type II AVPV/PeN Kiss1 neurons was equally dis-
tributed in males. Also, no changes in steady-state capacitance
(type I � 10.5 � 0.7 pF, n � 6; type II � 10.1 � 0.5 pF, n � 6) or
input resistance (type I � 1.3 � 0.2 G�, n � 6; type II � 1.1 � 0.2
G�, n � 6) were observed between male type I and type II AVPV/
PeN Kiss1 neurons. Together, these data support a differential
regulation of AVPV/PeN Kiss1 activity and morphology between
male and female mice.

KATP channels modulate AVPV/PeN Kiss1 neuronal activity
In the current study we observed that type II AVPV/PeN Kiss1
neurons are more hyperpolarized and exhibit a decreased input
resistance compared with type I AVPV/PeN Kiss1 neurons. No-
tably, prior work demonstrated that the inhibition of KATP chan-
nels depolarizes GnRH neurons, indicating that tonic KATP

channel activity is critical for maintaining GnRH neurons in a
hyperpolarized state (Zhang et al., 2007). Therefore, we asked
whether KATP channels contribute to the hyperpolarized nature
of type II AVPV/PeN Kiss1 neurons. Tolbutamide (200 �M) de-
polarized type II AVPV/PeN Kiss1 neurons by 20.3 � 0.6 mV,
supporting the involvement of tonic KATP channel activity at rest
in this subpopulation of Kiss1 neurons (n � 6 from 4 female

mice, RMP after tolbutamide: �50.7 � 1.2 mV; Fig. 1J, K).
Moreover, in the presence of tolbutamide, type II AVPV/PeN
Kiss1 neurons had an input resistance of 1.6 � 0.2 M� (n � 6),
which is statistically similar to that of type I AVPV/PeN Kiss1
neurons, suggesting that the basal activity of KATP channels con-
tributes to the lower input resistance of type II AVPV/PeN Kiss1
neurons.

Male AVPV/PeN Kiss1 neurons showed higher
EPSCs frequency
Synaptic currents (glutamatergic and GABAergic) are important
regulators of cellular activity. To investigate spontaneous gluta-
matergic currents, Kiss1 neurons were recorded in voltage-clamp
mode at a holding potential of �65 mV. Inward currents from
female AVPV/PeN (n � 11 cells from 6 mice) Kiss1 neurons were
blocked by application of the ionotropic glutamate receptor an-
tagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20
�M) and 2-amino-5-phosphonovalerate (AP-5, 50 �M; Fig. 2A)
and therefore were considered as spontaneous EPSCs (sEPSCs).
To investigate spontaneous GABAergic currents, Kiss1 neurons
were recorded at a holding potential of �10 mV. Outward syn-
aptic currents from AVPV/PeN (n � 16 cells from 11 mice) Kiss1
neurons were blocked by picrotoxin (50 �M) and therefore were

Figure 2. Specific synaptic blockers prevent spontaneous synaptic inputs to Kiss1 neurons. A, C, Voltage-clamp recording of
membrane currents at a holding potential of �65 mV. Inward currents of preoptic area Kiss1 neurons (AVPV/PeN) and Arc nuclei
were blocked by the application of ionotropic glutamate receptor antagonist, CNQX (10 �M) and AP-5 (50 �M). B, D,Voltage-clamp
recording of membrane currents at a holding potential of �10 mV. Outward synaptic currents from AVPV/PeN and Arc Kiss1
neurons were blocked by the application of picrotoxin (50 �M).
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identified as IPSCs (Fig. 2B). In a subset of control experiments,
cesium was used as the primary cation carrier in the recording
solution to block voltage-dependent and leak K conductance,
which consequently improved detection of synaptic currents, es-
pecially at depolarized potentials (Hestrin et al., 1990). Unless
otherwise indicated, all experiments were performed using potas-
sium as the primary cation.

The sEPSC frequency of AVPV/PeN Kiss1 neurons from fe-
male mice was 0.9 � 0.1 Hz with a mean amplitude of 21.6 � 1.1
pA (n � 30 cells from 20 mice). The spontaneous IPSC (sIPSC)
frequency of AVPV/PeN Kiss1 neurons from female mice was
0.3 � 0.1 Hz with a mean amplitude of 31.4 � 2.6 pA (n � 24 cells
from 13 mice). No differences in synaptic activity were observed

between female type I and type II AVPV/PeN Kiss1 neurons (p �
0.05; Table 1).

Male AVPV/PeN Kiss1 neurons showed a significantly higher
sEPSC frequency (1.5 � 0.2 Hz, n � 10 cells from 5 mice; t(38) �
2.4; p � 0.05, Table 2), while the amplitude was statistically sim-
ilar to that of females (17.7 � 1.2 pA, n � 10; t(37) � 1.6; p � 0.05,
Table 2). No differences in mean sIPSC frequency or amplitude
were apparent between males and females (Table 2).

Male and female Arc Kiss1 neurons exhibit similar
biophysical properties
Within the Arc, the average RMP of female Kiss1 neurons was
�52.5 � 1.9 mV (range �43 mV to �67 mV, n � 14 cells from 8
mice; females in diestrus). Most of the female Arc Kiss1 neurons
were quiescent (80%) while only a small percentage of the Kiss1
neurons (20%) exhibited irregular firing patterns with a relatively
low AP frequency at rest (0.5 � 0.2 Hz, n � 3 out of 14, Fig.
3A–G). Unlike AVPV/PeN Kiss1 neurons, the range of RMPs
from Arc Kiss1 neurons did not follow a bimodal distribution
between spontaneously active and quiescent Arc Kiss1 neurons
from female mice (�49.0 � 0.5 mV, n � 3 and �53.4 � 2.3, n �
11, respectively, t(12) � 0.9; p � 0.05).

In males, Arc Kiss1 neurons had an average RMP of �50.3 �
0.7 mV (range: �43 to �56 mV, n � 27 cells from 15 mice).
Similar to females in diestrus, most male Arc Kiss1 neurons were
quiescent (63%), while a slightly higher percentage of these neu-
rons (37%) exhibited irregular firing patterns with a relatively
low AP frequency at rest (0.5 � 0.2 Hz, n � 10 out of 27). In both
sexes, Arc Kiss1 neurons exhibited similar steady-state capaci-
tance (females: 8.8 � 0.4 pF, n � 14; males: 9.7 � 0.4 pF, n � 27)
and input resistance (females: 1.8 � 0.1 G�, n � 14; males: 1.9 �
0.1 G�, n � 27).

As observed in the AVPV/PeN, inward currents of Arc Kiss1
neurons were blocked by CNQX and AP-5 (n � 14 cells from 7
mice), while outward synaptic currents were blocked by picro-
toxin (n � 6 cells from 3 mice) (Fig. 2C,D). Arc Kiss1 neurons
from females in diestrus and males exhibited similar synaptic
properties (Table 2).

Figure 3. Biophysical properties of Arc nucleus Kiss1 neurons. A–E, Identification of recorded neuron within the Arc. A–E, Low magnification for anatomical reference (A); brightfield illumination
showing a targeted neuron (B); the same neuron under fluorescent (FITC) illumination (C); complete dialysis of AlexaFluor 594 from the intracellular pipette at the end of the recording (D);
colocalization of Alexa Fluor 594 and GFP (E). F, G, Current-clamp recording from Arc Kiss1 neurons. Scale bars: A, 100 �m; B–E, 10 �m.

Table 1. Synaptic properties of preoptic area (AVPV/PeN) Kiss1 neurons of females
on diestrus

AVPV/PeN Type I (Firing) Type II (Quiescent)

EPSC frequency (Hz) 1.0 � 0.3 (n � 10) 0.9 � 0.1 (n � 20)
EPSC amplitude (pA) 22.1 � 2.3 (n � 10) 21.3 � 1.2 (n � 20)
IPSC frequency (Hz) 0.2 � 0.1 (n � 7) 0.3 � 0.1 (n � 17)
IPSC amplitude (pA) 36.6 � 6.0 (n � 7) 29.3 � 2.7 (n � 17)

Mean � SE; n represents number of cells from 20 mice.

Table 2. Averaged fast synaptic inputs of Kiss1 neurons in the preoptic area (AVPV/
PeN) and Arc nucleus of males and females

Female Male

AVPV/PeN
EPSC frequency (Hz) 0.9 � 0.1 (n � 30) 1.5 � 0.2 (n � 10)*
EPSC amplitude (pA) 21.6 � 1.1 (n � 30) 17.7 � 1.4 (n � 10)
IPSC frequency (Hz) 0.3 � 0.1 (n � 24) 0.4 � 0.1 (n � 8)
IPSC amplitude (pA) 31.4 � 2.6 (n � 24) 24.7 � 1.4 (n � 8)

Arc
EPSC frequency (Hz) 0.9 � 0.2 (n � 18) 1.0 � 0.4 (n � 13)
EPSC amplitude (pA) 21.7 � 1.6 (n � 18) 20.6 � 1.5 (n � 13)
IPSC frequency (Hz) 0.1 � 0.02 (n � 13) 0.1 � 0.03 (n � 11)
IPSC amplitude (pA) 26.2 � 3.6 (n � 13) 38.9 � 7.0 (n � 11)

Mean � SE. *p � 0.05. To study synaptic activity of Kiss1 neurons from females on diestrus, 30 AVPV/PeN Kiss1
neurons from 20 mice, and 14 Arc Kiss1 neurons from 7 mice were recorded. To study synaptic activity of Kiss1
neurons from males 10 AVPV/PeN Kiss1 neurons from 3 mice and 13 Arc Kiss1 neurons from 11 mice were recorded.
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Changing levels of estrogen alters the
biophysical properties and morphology
of Kiss1 neurons
Kiss1 gene expression in the AVPV/PeN
and Arc neurons is differentially modu-
lated by estradiol (Smith et al., 2005b,
2007; Gottsch et al., 2009). To determine
whether changing levels of estradiol also
induces changes in the biophysical prop-
erties of Kiss1 neurons, AVPV/PeN and
Arc Kiss1 neurons were targeted from
both ovariectomized mice (OVX, n � 13
mice) and OVX mice treated with 17�-
estradiol (OVX�E2, n � 6 mice). As ex-
pected, OVX mice showed decreased
Kiss1 mRNA levels in the AVPV and in-
creased Kiss1 mRNA levels in the Arc,
whereas OVX�E2 mice displayed an op-
posite pattern to that observed in OVX
mice. Moreover, as previously reported
(Roper et al., 1999; Christian et al., 2005;
Bosch et al., 2009), uterine weights were
greatly increased in OVX�E2 mice com-
pared with OVX mice (OVX: 18.6 � 1.6
mg; OVX�E2: 161.5 � 10.5 mg, t(8) �
13.9; p � 0.05); LH levels were elevated in
OVX while suppressed in OVX�E2
(OVX: 2.2 � 0.5 ng/ml; OVX�E2: 0.2 �
0.1 ng/ml, t(17) � 4.7; p � 0.05). We also
confirmed that E2 levels were increased in
the OVX�E2 compared with OVX mice
(OVX: 9.9 � 1.0 pg/ml; OVX�E2: 15.6 �
2.0 pg/ml, t(27) � 2.6; p � 0.05).

In current-clamp mode, type I and
type II AVPV/PeN Kiss1 neurons were
observed from both OVX and OVX�E2
mice. Interestingly, most of the recorded
neurons from OVX mice were quiescent
(type II) (85%), whereas only half (50%)
of them were quiescent in OVX�E2
mice suggesting that E2 levels may influ-
ence the activity of Kiss1 neurons. No
differences in the RMPs of type I and
type II AVPV/PeN Kiss1 neurons in
OVX and OVX�E2 females were de-
tected (OVX: type I: �53.7 � 1.2 mV,
n � 3 cells; type II: �66.2 � 2.1, n � 16
cells; OVX�E2 type I: �51.7 � 1.0 mV,
n � 9 cells; type II: �64.5 � 3.7, n � 9
cells). Also, type I AVPV/PeN neurons
from both OVX and OVX�E2 mice showed similar AP fre-
quency (OVX: 0.2–2.2 Hz range, n � 3; OVX�E2: 0.2–3.0 Hz
range, n � 9, p � 0.05).

Within the Arc of OVX females, 40% of Kiss1 neurons were
spontaneously active and showed a variable spike frequency
(1.3 � 0.4 Hz, n � 11 out 27 cells from 11 mice). Similar results
were observed in OVX�E2 mice, where 45% of neurons were
spontaneously active (spike frequency: 0.7 � 0.3 Hz, n � 5 out 11
cells from 6 mice). Moreover, a lack of gonadal hormones or E2
replacement failed to influence the average RMP of Kiss1 neurons
within the Arc (OVX: �55.6 � 1.4 mV, n � 27; OVX�E2
�51.1 � 1.4 mV, n � 11). Likewise, the whole-cell input resis-
tance of Arc Kiss1 neurons was statistically similar between OVX

and OVX�E2 females (OVX: 1.3 � 0.1 G�, n � 27; OVX�E2:
1.5 � 0.1 G�, n � 11).

As gonadal steroids have the potential to mediate changes in
neuronal morphology (Rometo et al., 2007; McCarthy et al.,
2008; Schwarz et al., 2008), we examined steady-state capaci-
tance, which is a measure of cell surface area, in Kiss1 neurons
from OVX and OVX�E2 mice. A significant increase in the
steady-state capacitance of AVPV/PeN Kiss1 neurons from
OVX�E2 mice was observed (Fig. 4A). Notably, E2 replacement
(OVX�E2) decreased the steady-state capacitance of Arc Kiss1
neurons compared with Kiss1 neurons from OVX females (Fig.
4B). These results suggest that changing levels of E2 may modu-
late the morphology of Kiss1 neurons in female mice.

Figure 4. Changing levels of estrogen alters the biophysical properties and morphology of Kiss1 neurons. A, B, Bar graphs of the
mean steady-state capacitance of Kiss1 neurons of the preoptic area (AVPV/PeN) and Arc nuclei. Chronic estradiol treatment
(OVX�E2) induces a significant increase in the mean steady-state capacitance of type I (firing) and type II (quiescent) AVPV/PeN
Kiss1 neurons compared with lack of gonadal hormones (OVX). Opposite effect was observed in the Arc, where OVX�E2
induced a decrease in the mean steady-state capacitance of Arc Kiss1 neurons. C, D, Bar graphs showing the mean area of
Kiss1 neurons of the AVPV/PeN (C) and Arc (D) from female mice at different estrogen milieu (ovariectomized/OVX and
OVX�E2). E, F, Fluorescent photomicrographs showing examples of Kiss1 neurons (GFP immunoreactivity) in the Arc. Arc
Kiss1 neurons from OVX mice exhibited increased neuronal area compared with OVX�E2. Data are presented as mean �
SEM, *p � 0.05. Scale bar, 10 �m.
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To determine whether changes in the steady-state capacitance
of Kiss1 neurons were due to changes in cell morphology, brain
sections of OVX and OVX�E2 mice were evaluated for changes
in Kiss1-Cre/GFP neuronal area. No differences in the neuronal
area of the AVPV/PeN Kiss1 neurons were observed between
groups (Fig. 4C), whereas E2 replacement induced a decrease in
the area of Arc Kiss1 neurons compared with OVX mice (Fig.
4D–F). Together, these data provide evidence that the changes in
Arc Kiss1 soma size in OVX mice are secondary to the loss of
ovarian estradiol.

Analyses of the spontaneous fast synaptic activity of AVPV/
PeN Kiss1 neurons in voltage-clamp mode showed increases in
sIPSC amplitude in OVX�E2 mice compared with OVX mice
(Table 3), while no changes in sIPSC frequency or excitatory
inputs were detected (Table 3). Interestingly, within the Arc, the
sIPSC amplitude was decreased in OVX�E2 compared with
OVX mice (Table 3), while the sIPSC frequency of Arc Kiss1
neurons was similar in both conditions. The frequency and am-
plitude of sEPSC of Arc Kiss1 neurons were not altered by
changes in the levels of gonadal steroids (Table 3).

Estrogen does not enhance KATP channel activity in
Kiss1 neurons
Recent reports have demonstrated that estrogen acutely enhances
KATP channel activity in GnRH neurons (Zhang et al., 2007;
Zhang et al., 2010). Notably, we demonstrate in the current study
that KATP channel activity contributes to the hyperpolarized state
of AVPV/PeN type II neurons. To determine whether E2 acutely
modulates KATP channel activity in Kiss1 neurons, we first exam-
ined the acute activation of KATP channels using the ATP-
sensitive K� channel activator, diazoxide. AVPV/PeN and Arc
Kiss1 neurons in OVX mice were voltage-clamped at a mem-
brane potential of �60 mV, and changes in whole-cell current in
response to bath application of 200 �M diazoxide were moni-
tored in the presence of 1 �M tetrodotoxin (TTX) and synaptic
blockers (20 �M CNQX, 50 �M Ap-5 and 50 �M picrotoxin). The
application of 200 �M diazoxide rapidly induced an outward cur-
rent of 17.2 � 3.8 pA in 70% of recorded AVPV/PeN Kiss1 neu-
rons in OVX mice (n � 5 out of 7 cells from 3 mice; Fig. 5A).

Interestingly, the diazoxide-induced outward current was not
observed in Arc Kiss1 neurons from OVX mice (n � 5; cells from
3 mice Fig. 5B). In another set of experiments, 100 nM E2 was
added to the bath in the presence of TTX and synaptic blockers
for 15 min, followed by the addition of 200 �M diazoxide (Zhang
et al., 2010). In the presence of TTX and synaptic blockers, E2
alone had no effect on the average membrane potential of AVPV/
PeN Kiss1 neurons from OVX mice. Furthermore, acute admin-
istration of E2 failed to enhance the amplitude of the outward
current induced by diazoxide in AVPV/PeN Kiss1 neurons
(23.9 � 7.9 pA, n � 3 out 5 cells from 2 mice, Fig. 5E,F). In
support of these data we also found that E2 (100 nM) failed to alter
the RMP of AVPV/PeN Kiss1 neurons from OVX female mice
independent of synaptic inputs (average RMP of all AVPV/PeN
Kiss1 neurons, OVX: �64.2 � 2.1 mV, n � 19 cells from 9 mice;
OVX �CNQX �AP5�Picrotoxin �TTX: �61.3 � 5.7 mV, n �
6 cells from 4 mice; OVX�CNQX �AP5�Picrotoxin
�TTX�E2: �64.0 � 2.5 mV, n � 6 cells from 4 mice). Together,
these data suggest that estradiol does not acutely modulate KATP

channel activity and that estrogen does not acutely modify the
cellular activity of AVPV/PeN Kiss1 neurons.

Estrogen-induced changes in the biophysical properties of
Kiss1 neurons require ER�
Estrogen effects on Kiss1 mRNA expression are disrupted in ER�
knock-out mice (Smith et al., 2005a). To determine whether the
E2-induced changes in the biophysical properties of Kiss1 neu-
rons were dependent on ER� we generated mice with deletion of
ER� selectively in Kiss1 neurons. Kiss1-Cre/GFP/ER�flox/flox mice
were generated by mating Kiss1-Cre/GFP mice with ER�flox/flox

mice (Feng et al., 2007; Xu et al., 2011). Similar to previous re-
ports (Mayer et al., 2010), we observed that Kiss1-Cre/GFP/
ER�flox/flox females showed advanced vaginal opening (16 � 2.5 d
of age in the present study; n � 8), but lack of proper sexual
maturation and infertility. Interestingly, males were fertile, and,
therefore, Kiss1-Cre/GFP/ER�flox/flox male mice were used as
breeders. We found that Kiss1-Cre/GFP/ER�flox/flox female mice
showed a decrease in the number of neurons expressing Kiss1
mRNA and Cre activity (visualized via GFP-ir) in the AVPV/PeN
(as reported) as well as in the Arc (Fig. 6). To assess whether these
findings reflect a decrease in number of Kiss1 neurons or lack of
expression of Kiss1 mRNA in a subpopulation of Arc neurons, we
evaluated changes in expression of the vesicular glutamate trans-
porter 2 (vGluT2, Slc17a6) gene, previously shown to be coex-
pressed in Kiss1 neurons of the Arc (Cravo et al., 2011). No
difference in vGluT2 mRNA expression in the Arc was detected
between OVX, OVX�E2, and Kiss1-Cre/GFP/ER�flox/flox

(ANOVA, p � 0.81, data not shown). This observation suggests
that Kiss1-Cre/GFP/ER�flox/flox 35-d-old female mice have de-
creased number of neurons expressing Kiss1 mRNA and Cre ac-
tivity in the Arc. However, in agreement with previous studies
(Mayer et al., 2010), the selective deletion of ER� from Kiss1
neurons induced an upregulation of Kiss1 mRNA in Arc neurons
that express the Kiss1 gene (Fig. 6C). Kiss1-Cre/GFP/ER�flox/flox fe-
males exhibited a pronounced enlargement of the uterus, high estra-
diol levels, and low LH levels at 35 d of age (Fig. 6F–I). To confirm
the lack of ER� in Kiss1-Cre/GFP neurons, we performed immuno-
histochemistry on hypothalamic sections. We observed a complete
lack of ER� immunoreactivity in Kiss1-Cre/GFP neurons in the
Kiss1-Cre/GFP/ER�flox/flox mouse model (Fig. 7A–D).

The AVPV/PeN and Arc Kiss1 neurons from Kiss1-Cre/GFP/
ER�flox/flox female mice were targeted for patch-clamp record-
ings, and due to the high levels of estradiol present in Kiss1-

Table 3. Averaged fast synaptic inputs of preoptic area (AVPV/PeN) and Arc nucleus
Kiss1 neurons of OVX and OVX � E2 mice

OVX OVX � E2 ER�

AVPV/PeN
EPSC frequency

(Hz)
0.7 � 0.2 (n � 15) 1.1 � 0.2 (n � 18) 0.7 � 0.1 (n � 13)

EPSC amplitude
(pA)

19.6 � 1.1 (n � 15) 20.2 � 0.9 (n � 18) 20.8 � 1.6 (n � 13)

IPSC frequency
(Hz)

0.2 � 0.1 (n � 13) 0.3 � 0.1 (n � 15) 0.3 � 0.1 (n � 10)

IPSC amplitude
(pA)

24.4 � 1.5 (n � 13) 33.9 � 3.2 (n � 15)* 23.1 � 2.6 (n � 10)

ARC
EPSC frequency

(Hz)
2.3 � 0.4 (n � 24) 1.7 � 0.4 (n � 14) 2.6 � 0.9 (n � 8)

EPSC amplitude
(pA)

26.1 � 2.4 (n � 24) 22.7 � 2.0 (n � 14) 23.8 � 2.1 (n � 8)

IPSC frequency
(Hz)

0.3 � 0.1 (n � 18) 0.3 � 0.1 (n � 11) 1.4 � 0.5 (n � 8)**

IPSC amplitude
(pA)

60.0 � 7.8 (n � 18) 26.3 � 1.9 (n � 11)** 40.3 � 4.8 (n � 8)

Mean � SE, *p � 0.05, **p � 0.005. n represents number of cells. Total number of mice: OVX females, 6 for
AVPV/PeN and 9 for Arc; OVX � E2 females, 6 for AVPV/PeN and 6 Arc; female Kiss1-Cre/GFP/ER�flox/flox, 4 for
AVPV/PeN and 4 for Arc.
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Cre/GFP/ER�flox/flox female mice, the data
were compared with those from
OVX�E2 females (Kiss1-Cre/GFP). In
current-clamp mode, type I and type II
AVPV/PeN Kiss1 neurons were identified
in the Kiss1-Cre/GFP/ER�flox/flox female
mice. Most of the recorded neurons were
type II Kiss1 neurons (70%). Selective de-
letion of ER� failed to influence the RMPs
of AVPV/PeN and Arc Kiss1 neurons
(AVPV/PeN type I: �54.0 � 3.1 mV, n �
4 cells from 4 mice; type II: �63.7 � 2.2
mV, n � 10 cells from 4 mice and Arc
Kiss1: �51.6 � 3.2 mV, n � 8 cells from 4
mice). Notably, the steady-state capaci-
tance of female type II AVPV/PeN Kiss1
neurons of Kiss1-Cre/GFP/ER�flox/flox

mice was decreased (10.8 � 0.7 pF, n �
10, t(17) � 2.6; p � 0.05), while in the Arc,
steady capacitance was increased (11.4 �
0.6 pF, n � 8, t � (17)2.9; p � 0.005)
compared with OVX�E2 mice.

In voltage-clamp mode, AVPV/PeN Kiss1 neurons exhibited
decreased sIPSC amplitude compared with OVX�E2 (23.1 �
2.6, n � 10 cells from 4 mice, t(23) � 2.4; p � 0.05). No difference
in sIPSC frequency or sEPSC frequency and amplitude was ob-
served between Kiss1-Cre/GFP/ER�flox/flox female and OVX�E2
mice (Table 3). However, in the Arc, the sIPSC frequency of Kiss1
neurons from Kiss1-Cre/GFP/ER�flox/flox mice was significantly
higher compared with OVX�E2 (1.4 � 0.5 Hz, n � 8 cells from
4 mice, t(18) � 2.6; p � 0.005, Fig. 7E,F) and was followed by an
increase in sIPSC amplitude (40.3 � 4.8, n � 8). The frequency
and amplitude of sEPSC of Arc Kiss1 neurons were not altered by
lack of ER�. To assess whether the increase in sIPSC frequency in
Arc Kiss1 neurons of Kiss1-Cre/GFP/ER�flox/flox mice was due to
altered estradiol levels, we targeted Arc Kiss1 neurons from OVX
Kiss1-Cre/GFP/ER�flox/flox female mice (35 d old, 7–10 d post-
OVX). No differences were observed between intact and OVX
Kiss1-Cre/GFP/ER�flox/flox in any parameter evaluated, and
sIPSC remained elevated (sIPSC frequency 0,9 � 0.3 Hz, n � 9;
amplitude: 29.2 � 4.4 pA, n � 9 cells from 3 mice, Table 4)
compared with OVX and OVX�E2 mice.

Collectively, our findings demonstrate that estradiol-induced
changes in biophysical properties of Kiss1 neurons require intact
ER� expression. In addition, our data also show that selective dele-
tion of ER� from Kiss1 neurons induced an increase in the inhibi-
tory presynaptic tonus of Arc, but not AVPV/PeN, neurons.

Prepubertal Kiss1 neurons are under higher presynaptic
inhibitory tone
A role for kisspeptin signaling in the onset of puberty is well
defined (Herbison, 2008; Roa et al., 2008; Seminara and Crowley,
2008; Oakley et al., 2009). To determine whether the Kiss1 neu-
rons of prepubertal females showed distinguishable cell or syn-
aptic activity compared with adult mice, Kiss1-Cre/GFP neurons
from prepubertal female mice (18 –25 d of age) were evaluated.
Notably, all AVPV/PeN Kiss1 neurons recorded at the prepuber-
tal stage showed overshooting APs and a variable spike frequency
(2.3 � 0.4 Hz, n � 10 cells from 4 mice). No bimodal distribution
regarding the cell activity was observed in AVPV/PeN neurons
from prepubertal female mice. The average RMP of all AVPV
Kiss1 neurons from prepubertal female mice was �54.1 � 1.8
mV (n � 10, range �43 mV to �62 mV, Fig. 8A), which was

similar to the average RMP of type I (firing) AVPV/PeN Kiss1
neurons from adult females in diestrus.

Arc Kiss1 neurons from prepubertal female mice had an aver-
age RMP of �49.3 � 1.3 mV (range �44 mV to �53 mV, n � 6
cells from 4 animals, Fig. 8B). As reported for adult females in
diestrus, most Arc Kiss1 neurons from prepubertal females were
quiescent (70%). The remaining 30% of Arc Kiss1 neurons ex-
hibited overshooting APs in an irregular firing pattern and an AP
frequency significantly higher compared with that of Arc Kiss1
neurons recorded from adult females in diestrus (2.5 � 0.2 Hz,
t(3) � 4.2; p � 0.05, Fig. 8C). The whole-cell input resistance and
steady-state capacitance of AVPV/PeN and Arc Kiss1 neurons
from prepubertal females were similar to that of adult females
(data not shown).

We assessed the biophysical properties of Kiss1 neurons in
voltage-clamp mode to determine whether changes in synaptic
activity could contribute to the excitability of those neurons in
the prepubertal stage. Interestingly, AVPV/PeN Kiss1 neurons
recorded from prepubertal female mice exhibited a higher sIPSC
frequency compared with adult females on diestrus (0.9 � 0.2
Hz, n � 8 cells from 4 animals, t(30) � 4.7; p � 0.0001, Fig. 8D),
while no changes in sIPSC amplitude (34.0 � 3.5 pA, n � 8) or
excitatory inputs (sEPSC frequency: 0.9 � 0.2 Hz; sEPSC ampli-
tude: 18.0 � 1.6 pA, n � 10) were detected. Likewise, Arc Kiss1
neurons recorded from prepubertal females exhibited a slight but
significant increase in sIPSC frequency (0.3 � 0.1 Hz, n � 6 cells
from 4 animals, t(17) � 2.3; p � 0.05, Fig. 8E) compared with
adult females, while no changes in sIPSC amplitude (22.6 � 2.2
pA, n � 6) or excitatory inputs were observed (sEPSC frequency:
0.9 � 0.2 Hz; sEPSC amplitude: 24.9 � 3.2 pA, n � 6). Our
findings indicate that in female mice, prepubertal Kiss1 neurons
in the AVPV/PeN and Arc are under higher inhibitory influence
compared with those of adults.

Discussion
In the present study, we used a Kiss1-Cre/GFP mouse model in
which most neurons (95%) that exhibited Cre-recombinase ac-
tivity in the AVPV, PeN, and Arc also coexpressed Kiss1 mRNA.
This model represents a unique tool to study the biophysical
properties of the entire Kiss1 neuronal population in the hypo-
thalamus under varying physiological/experimental conditions.

Figure 5. Estradiol did not enhance KATP channel activity of Kiss1 neurons in the preoptic area. A–C, Voltage-clamp recording of
membrane currents at a holding potential of �60 mV. A, In the presence of 1 �M TTX and synaptic blockers (10 �M CNQX, 50 �M

Ap-5, and 50 �M picrotoxin), 200 �M diazoxide rapidly induced an outward current in AVPV/PeN Kiss1 neurons. B, The diazoxide-
induced outward current was not observed in the Arc Kiss1 neurons. C, A representative voltage-clamp recording where diazoxide
was applied in the presence of 100 nM E2. D, Acute administration of E2 did not significantly enhance the amplitude of the outward
current induced by diazoxide in AVPV/PeN Kiss1 neurons. Data are presented as mean � SEM.
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We demonstrated that AVPV/PeN Kiss1 neurons of males and
females exhibit a bimodal RMP influenced by KATP channel ac-
tivity. Moreover, the activity profiles of AVPV/PeN Kiss1 neu-
rons suggested the presence of two neuronal populations type I
(firing) and type II (quiescent). Manipulation of E2 levels

changed the inhibitory tone and steady-
state capacitance of AVPV/PeN and Arc
Kiss1 neurons in an opposite manner.
Notably, selective deletion of ER� from
Kiss1 neurons recapitulated most of the
biophysical properties observed in OVX
mice. We also demonstrated that prepu-
bertal Kiss1 neurons are under higher in-
hibitory influence compared with adults.

Kiss1 neurons in the AVPV/PeN, but
not Arc, display sexually dimorphic
biophysical properties
In the AVPV/PeN, high estrogen levels
stimulate Kiss1 gene expression via ac-
tions on ER� (Smith et al., 2005b, 2007;
Gottsch et al., 2009). The AVPV is a sexu-
ally dimorphic site with a differential
distribution pattern of several neu-
rotransmitters and neuropeptides, in-
cluding kisspeptin (Ottem et al., 2004;
Hoffman et al., 2005; Simerly et al., 1985;
Clarkson and Herbison, 2006; Kauffman
et al., 2007). Interestingly, the AVPV/PeN
Kiss1 neurons also displayed sexually di-
morphic biophysical properties, such that
neurons of males exhibited higher activity
(i.e., higher APs frequency) and received
higher excitatory synaptic transmission
(i.e., higher sEPSC frequency). As the LH
surge is absent in males, our findings sug-
gest that, in addition to the sexually di-
morphic expression of Kiss1 mRNA,
differences in Kiss1 cellular activity may
underlie the striking difference in GnRH
secretion between sexes. Further studies
will be necessary to determine whether
firing and quiescent AVPV/PeN Kiss1
neurons exhibit distinct chemical identi-
ties and/or site-specific projection pat-
terns. Of note, previous studies, using
cell-attached (loose patch) electrical re-
cordings and post hoc identification of
recorded neurons, found only spontane-
ously firing Kiss1 neurons (Ducret et al.,
2010; de Croft et al., 2012). This apparent
inconsistency may result from different
experimental conditions employed in
both studies. Importantly, since we ob-
served type II neurons only in the AVPV/
PeN and not the Arc and we defined
KATP channels as being involved in this
effect, we feel these new data provide
an additional interesting complexity to
our current understanding of Kiss1
neurons.

Male and female Arc Kiss1 neurons
showed a heterogeneous pattern of cellu-

lar activity, but no bimodal distribution of RMPs. No evidence
for a sexually dimorphic pattern of Arc Kiss1 cellular activity was
noticed, which is in line with a lack of difference in the distribu-
tion of Kiss1 mRNA in the Arc between sexes (Kauffman et al.,
2007).

Figure 6. Selective deletion of ER� in Kiss1 neurons disrupts the hypothalamus-pituitary-gonadal axis. A–C, Darkfield photo-
micrographs of hypothalamic sections showing the distribution of Kiss1 mRNA in the AVPV and Arc nucleus. A, OVX mice showed
decreased Kiss1 mRNA in the AVPV and increased Kiss1 mRNA in the Arc. B, OVX estradiol treated (OVX�E2) mice showed
increased Kiss1 mRNA in the AVPV and decreased Kiss1 mRNA in the Arc. C, Selective deletion of ER� (Kiss1-Cre/GFP/ER�flox/flox)
induced an upregulation of Kiss1 mRNA expression in the Arc. D–F, Representative image showing the uterus of OVX, OVX�E2,
and Kiss1-Cre/GFP/ER�flox/flox mice. G, Bar graphs showing the mean uterine weight. Selective deletion of ER� induces a profound
enlargement of the uterus. H, Bar graphs demonstrate the LH serum levels from OVX, OVX�E2, and Kiss1-Cre/GFP/ER�flox/flox

females. LH levels are elevated in OVX females and are decreased following chronic E2 treatment. Kiss1-Cre/GFP/ER�flox/flox

females exhibited similar levels of LH compared with OVX�E2. I, Bar graphs demonstrate the E2 levels from OVX, OVX�E2, and
Kiss1-Cre/GFP/ER�flox/flox females. E2 serum levels were significantly higher in OVX�E2 compared with OVX. Kiss1-Cre/GFP/
ER�flox/flox females exhibited higher E2 levels compared with OVX or OVX�E2. J, Bar graphs of the average number of Kiss1-Cre/
GFP neurons. Kiss1-Cre/GFP/ER�flox/flox females showed a decreased number of AVPV/PeN and Arc Kiss1 neurons compared with
wild-type (WT) animals (Kiss1-Cre/GFP). Data are presented as mean � SEM and *p � 0.05. 3V, Third ventricle. Scale bars: A–C,
50 �m; D–F, 1 mm.
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Estradiol milieu modulates Kiss1 neuronal activity
The AVPV is a crucial site for the positive feedback action of
estrogen, and Kiss1 neurons are thought to mediate this effect
(Levine and Ramirez, 1982; Levine et al., 1982; Wiegand and
Terasawa, 1982; Moenter et al., 1992a; Caraty et al., 1995;
Herbison, 2008). We further assessed whether changing circulat-
ing levels of estrogen modulate Kiss1 cell activity. Kiss1 neurons
under lack of negative estrogen feedback action (i.e., OVX) and in
the presence of the negative estrogen feedback action (i.e.,
OVX�E2) were targeted for electrophysiological recording. In-
terestingly, E2 modulated the inhibitory tone of AVPV/PeN and
Arc Kiss1 neurons in an opposite manner. Whether these effects
are directly involved in the physiological actions of kisspeptin on

Table 4. Electrophysiological properties of Arc nucleus Kiss1 neurons

ARC ER� ER� (OVX)

RMP (mV) �51.6 � 3.2 (n � 8) �51.6 � 1.6 (n � 10)
Input resistance (G�) 1.02 � 0.1 (n � 8) 1.03 � 0.2 (n � 10)
WCC (pF) 11.4 � 0.6 (n � 8) 14.4 � 1.6 (n � 8)
EPSC frequency (Hz) 2.6 � 0.9 (n � 8) 1.9 � 0.6 (n � 10)
EPSC amplitude (pA) 23.8 � 2.1 (n � 8) 19.5 � 1.8 (n � 10)
IPSC frequency (Hz) 1.4 � 0.5 (n � 8) 0.9 � 0.3 (n � 9)
IPSC amplitude (pA) 40.3 � 4.8 (n � 8) 29.2 � 4.4 (n � 9)

Mean � SE, n representes number of cells. Total number of mice: female Kiss1-Cre/GFP/ER�flox/flox, 4 mice for
AVPV/PeN and 4 for Arc; ovariectomized Kiss1-Cre/GFP/ER�flox/flox, 3 mice for AVPV/PeN and 3 for Arc.

Figure 7. Estrogen effects in Kiss1 neuronal activity requires ER�. A–D, Fluorescent photomicrographs showing the comparative distribution of Kiss1-Cre/GFP neurons (green) and ER� (red)
immunoreactivities. Note the lack of ER� immunoreactivity in Kiss1 (GFP) neurons of Kiss1-Cre/GFP/ER�flox/flox (A, B). E, F, Voltage-clamp recording of membrane currents at a holding potential of
�10 mV. The frequency of sIPSC of Arc Kiss1 neurons was significantly higher in the Kiss1-Cre/GFP/ER�flox/flox female compared with OVX�E2 mice.
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LH secretion still needs to be directly tested but our electro-
physiological data support the proposed distinct roles of both
neuronal populations in the positive (AVPV/PeN) and nega-
tive (Arc) feedback actions of estrogen in adult female mice
(Smith et al., 2005b; Dungan et al., 2006; Popa et al., 2008;
Gottsch et al., 2009).

Firing and quiescent Kiss1 neurons were detected in the
AVPV/PeN and Arc of females in different estrogen milieus. Sim-
ilar results were described for Arc Kiss1 neurons from OVX mice,
identified in a Kiss1-Cre/GFP knockin mouse model (Gottsch et

al., 2011). However, notably, while the
pattern of distribution of these two types
of neurons did not change in the Arc, the
distribution of firing and quiescent
AVPV/PeN Kiss1 neurons shifted from a
higher percentage of quiescent neurons in
the OVX group to an increase in the per-
centage of firing neurons in the OVX�E2
group. These findings indicate that estro-
gen levels dictate the activity of specific
subsets of Kiss1 neurons.

Changing levels of E2 also altered the
steady-state capacitance of AVPV/PeN
and Arc Kiss1 neurons in an opposite
manner. In the Arc we observed a rapid
change in Kiss1 soma size following E2
manipulation, and, therefore, our electro-
physiological data in mice corroborate
previous studies showing that lack of go-
nadal steroids induces a pronounced en-
largement of Kiss1 neurons in the Arc of
ovariectomized monkeys and of post-
menopausal women (Rometo et al.,
2007). Intriguingly, we were not able to
detect changes in AVPV/PeN Kiss1 soma
size as predicted by the steady-state capac-
itance. The reason for this apparent dis-
crepancy is not clear, but we speculate that
the difficulty in discriminating between
type I and type II neurons in histological
sections may account for the variance in
morphological assessments. In addition,
measurement of soma area may have un-
derestimated the total cell surface area in-
cluding the dendritic trees. Interestingly,
E2 treatment rapidly restored AVPV/PeN
and Arc cell steady-state capacitance and
Arc Kiss1 soma size of OVX females, indi-
cating the existence of a plastic neuronal
modulation across the estrous cycles.

Changes in Kiss1 neuronal activity
require ER�
Estrogen effects in Kiss1 mRNA expres-
sion are mediated by ER� (Smith et al.,
2005a). Thus, we further assessed the ER�
dependent actions of estradiol on Kiss1
neuronal activity. As previously de-
scribed, female mice with selective dele-
tion of ER� from Kiss1 neurons showed
advanced puberty, ovarian deficits, and a
decreased number of Kiss1 neurons in the
AVPV/PeN (Mayer et al., 2010). In addi-

tion, we observed that at 35 d of age, these mice displayed high
circulating levels of estradiol that likely explain the striking in-
crease in their uterus size. Moreover, the Cre-activity in our
mouse model combined to Kiss1 and vGluT2 mRNA allowed us
to detect differences in the number of Arc neurons expressing
Kiss1, suggesting that the full expression of Kiss1 in hypothalamic
neurons is compromised in this model. The selective deletion of
ER� from Kiss1 neurons induced an electrophysiological pattern
similar to that observed in OVX females. Because circulating lev-
els of estradiol were overtly increased in this mouse model, our

Figure 8. Prepubertal Kiss1 neurons are under higher presynaptic inhibitory tone. A, Representative current-clamp recording
from a Kiss1 neuron in the AVPV. All AVPV Kiss1 neurons recorded at prepubertal stage exhibited overshooting action potentials. B,
Bar graph summarizing the averaged RMP of Kiss1 neurons of the Arc nucleus. The RMP of Arc Kiss1 neurons from prepubertal
female mice were similar to adult females. C, The frequency of action potentials ( fAPs) of Arc Kiss1 neurons recorded from
prepubertal female mice was significantly higher compared with females on diestrus. D–E, Representative voltage-clamp record-
ings demonstrates that AVPV/PeN (D) and Arc Kiss1 neurons (E) recorded from prepubertal female mice exhibited higher frequency
of sIPSC compared with females on diestrus. Data are presented as mean � SEM, *p � 0.05.
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findings indicate a lack of sensing or responding to changing
levels of estradiol. In several neuronal populations, E2 activates
membrane-associated receptors and initiates intracellular signal-
ing pathways that culminate in relatively rapid, non-genomic
effects (Zhang et al., 2007, 2010; Malyala et al., 2008). However,
E2 did not exert acute action potential dependent effects on
the activity of AVPV/PeN Kiss1 neurons, suggesting that it
acts at the genomic level. Thus, ER� may drive expression of
genes involved in the modulation of cell activity. One example
is the KATP channel, which is expressed in hypothalamic neu-
rons implicated in the regulation of GnRH secretion (Dunn-
Meynell et al., 1998). Interestingly, in a chronic sex steroid
treatment paradigm, the expression of the KATP channel sub-
unit Kir6.2 was increased in the preoptic area, but not in the
mediobasal hypothalamus, and tolbutamide enhanced the fre-
quency of pulsatile LH secretion (Huang et al., 2008). In agree-
ment, KATP channels specifically modulated AVPV/PeN, but
not Arc, Kiss1 neuronal activity.

Developing Kiss1 neurons are under higher inhibitory
presynaptic tone
Studies have suggested that prepubertal GnRH neurons are un-
der higher inhibitory restraint and/or under decreased excitatory
influence (Clarkson and Herbison, 2006; Ojeda et al., 2006). Im-
portantly, kisspeptin modulates GnRH neuronal responses to
GABA and glutamate (Pielecka-Fortuna and Moenter, 2010) and
thereby may modulate GnRH excitability across pubertal matu-
ration. However, what determines the physiological changes in
Kiss1-GPR54 system remains undefined. In the AVPV/PeN,
these changes are thought to be driven by altered estrogen levels,
consequent to pubertal initiation, as these responses can be
blocked by ovariectomy or deletion of aromatase or ER� (Smith
et al., 2005a; Bakker et al., 2010; Mayer et al., 2010). On the other
hand, lack of estrogen signaling in Arc Kiss1 neurons disrupts the
pubertal brake causing an anticipation of puberty onset (Mayer et
al., 2010). We demonstrate here that prepubertal AVPV/PeN and
Arc Kiss1 neurons exhibit higher inhibitory presynaptic activity.
Previous studies in primate have demonstrated that puberty can
be induced by pharmacological removal of GABA inhibition
(Mitsushima et al., 1994), a response partially mediated by
GABAergic effects upon Kisspeptin neurons (Kurian et al., 2012).
Therefore, our findings indicate that inhibitory inputs to Kiss1
neurons are key components of pubertal maturation.

In summary, our findings indicate that estrogen-dependent
shift in Kiss1 neuronal activity underlies kisspeptin action in fe-
male reproduction, an effect that requires intact ER� signaling.
Importantly, our study also reveals that prepubertal Kiss1 neu-
rons are under presynaptic inhibitory control. Release of this
neural restraint may represent a fundamental physiological event
in pubertal initiation.
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