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Estrous Cycle Plasticity in the Hyperpolarization-Activated
Current Ih Is Mediated by Circulating 17�-Estradiol in
Preoptic Area Kisspeptin Neurons
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Circulating gonadal steroid hormones are thought to modulate a wide range of brain functions. However, the effects of steroid fluctua-
tions through the ovarian cycle on the intrinsic properties of neurons are not well understood. We examined here whether gonadal
steroids modulated the excitability of kisspeptin neurons located in the rostral periventricular region of the third ventricle (RP3V) of
female mice. These cells are strongly implicated in sensing the high levels of circulating estradiol on proestrus to activate gonadotropin-
releasing hormone (GnRH) neurons that, in turn, trigger ovulation. Electrophysiological studies were undertaken in brain slices from
ovariectomized (OVX), diestrous, and proestrous kisspeptin-GFP mice. RP3V kisspeptin neurons exhibited marked changes in the
hyperpolarization-evoked depolarizing sag and rebound firing across these groups. The hyperpolarization-activated current Ih was
identified to be responsible for the depolarizing sag and was increased across OVX3diestrous3proestrous mice. Experiments in OVX
mice given estradiol replacement identified an estradiol-dependent increase in Ih within RP3V kisspeptin neurons. Ih in these cells was
found to contribute to their subthreshold membrane properties and the dynamics of rebound firing following hyperpolarizing stimuli in
an estrous cycle-dependent manner. Only a minor role was found for Ih in modulating the spontaneous burst firing of RP3V kisspeptin
neurons. These observations identify Ih as an ionic current that is regulated in a cyclical manner by circulating estradiol within the female
brain, and suggest that such plasticity in the intrinsic properties of RP3V kisspeptin neurons may contribute to the generation of the
preovulatory GnRH surge.

Introduction
The gonadal steroid estradiol (E2) is known to regulate brain
function and behavior by modulating neural plasticity (Brinton,
2009; Foy et al., 2010; Luine and Frankfurt, 2012; McEwen et al.,
2012; Srivastava, 2012). While synaptic plasticity and network
excitability have been demonstrated to fluctuate through the es-
trous cycle (Woolley and McEwen, 1992; Warren et al., 1995;
Good et al., 1999; Bi et al., 2001; Scharfman et al., 2003), it re-
mains unclear whether the intrinsic properties of individual neu-
rons are modulated in a similar manner. As changes in intrinsic
properties will alter information processing, determining the im-
pact of estradiol on ion channels is important for understanding
the modulation of brain function associated with physiological
and age-related fluctuations in circulating estradiol.

The neural network controlling the activity of gonadotropin-
releasing hormone (GnRH) neurons is a valuable model for
studying estradiol actions within the brain as endogenous fluctu-
ations in circulating estradiol levels across the female estrous cy-
cle engender marked functional plasticity upon these cells
(Herbison, 2006). Curiously, estradiol has both negative and pos-
itive feedback actions within the network that act to suppress or
enhance GnRH neuron activity, respectively. It is now well estab-
lished in rodent models that the positive feedback actions of es-
tradiol occur through estrogen receptor (ER) �-expressing
primary afferents to GnRH neurons that have their cell bodies
located in the rostral periventricular region of the third ventricle
(RP3V) (Wintermantel et al., 2006; Glidewell-Kenney et al., 2007;
Herbison, 2008). Recent evidence indicates that estradiol acti-
vates ER�-expressing kisspeptin neurons in the RP3V to trans-
synaptically stimulate GnRH neurons at the time of positive
feedback (Smith et al., 2006; Adachi et al., 2007; Clarkson et al.,
2008; Clarkson and Herbison, 2009; Liu et al., 2011). While it is
clear that estradiol drives cyclical changes in RP3V Kiss1 mRNA
expression across the rodent estrous cycle (Smith et al., 2005,
2006), how this steroid may regulate the electrical excitability of
these neurons is unknown.

To address this key issue, we examined a range of intrinsic
and extrinsic properties of RP3V kisspeptin neurons using
patch-clamp electrophysiology in acute brain slices from ovari-
ectomized (OVX; low estradiol concentrations), diestrous
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(intermediate estradiol), and proestrous (high estradiol)
kisspeptin-GFP mice (Mayer et al., 2010). This revealed that the
depolarizing sag—a hallmark of the hyperpolarization-activated
current Ih—in RP3V kisspeptin neurons was markedly different
in the three animal groups. We confirm that RP3V kisspeptin
neurons express Ih and show that this current is upregulated in a
cyclical manner in intact female mice by circulating estradiol.
Finally, we provide evidence that the functional impact of Ih on
the physiology of RP3V kisspeptin neurons varies during the es-
trous cycle. These observations point to a possible mechanism by
which circulating estradiol may promote plasticity in the neural
network responsible for the preovulatory GnRH surge.

Materials and Methods
Animals, surgery, and brain slice preparation
Adult female 2– 4-month-old kisspeptin-IRES-Cre �/�/ROSA26-CAGS-
�GFP �/� (Kiss-GFP) mice on a mixed 129/SvJ, C57BL/6 background
(Mayer et al., 2010) were group housed under conditions of controlled
temperature (22 � 2°C) and lighting (12 h light/dark cycles, with lights
on at 7:00 A.M.) with ad libitum access to food and water. All mice used
in this study were bred from homozygous kisspeptin-IRES-Cre mice
crossed with homozygous Cre-dependent GFP (ROSA26-CAGS-�GFP)
mice. The University of Otago Animal Ethics Committee approved all
animal experimental protocols.

Estrous cycle stage was determined by daily vaginal smear each morn-
ing (Caligioni, 2009) and mice exhibiting at least two regular 4 or 5 d
estrous cycles used on diestrus (appearance of leukocytes) or proestrus
(nucleated epithelial cells). In some experiments, mice were bilaterally
OVX under anesthesia and used 2 weeks later. In surge protocol experi-
ments, mice were treated as reported previously (Wintermantel et al.,
2006; Clarkson et al., 2008). Briefly, adult female Kiss-GFP mice were
bilaterally OVX under anesthesia, and given subcutaneous SILASTIC
implants containing 17-�-estradiol (1 �g/20 g body weight) according to
Bronson (1981). Implants were made of 17-�-estradiol dissolved in eth-
anol and mixed with medical grade adhesive (0.1 mg/ml adhesive), which
was then injected into 1-mm-internal-diameter SILASTIC tubing. Six
days later, one group of mice was killed and used for electrophysiology
(OVX�E), while the other group received a subcutaneous injection of
estradiol benzoate (1 �g/20 g body weight) at 9:00 A.M. and was used for
electrophysiology the following day (OVX�E�E).

Mice were killed by cervical dislocation and decapitated between 10:00
A.M. and 12:00 P.M. In our colony, the preovulatory luteinizing hor-
mone surge commences between 3:30 and 5:30 P.M. on proestrus (de
Croft et al., 2012). Coronal brain slices (200 �m thick) including the
RP3V were cut with a vibratome (VT1000S; Leica) in an ice-cold solution
containing the following (in mM): NaCl 87, KCl 2.5, NaHCO3 25,
NaH2PO4 1.25, CaCl2 0.5, MgCl2 6, glucose 25, and sucrose 75. Slices
were then incubated at 30°C for at least 1 h in artificial CSF (aCSF)
containing the following (in mM): NaCl 120, KCl 3, NaHCO3 26,
NaH2PO4 1, CaCl2 2.5, MgCl2 1.2, and glucose 10. All solutions were
equilibrated with 95% O2/5% CO2.

Patch-clamp recordings
Slices were placed under an upright microscope fitted for epifluorescence
(Olympus) and constantly perfused (1.5–2.0 ml/min) with warm (30 –
32°C) aCSF. RP3V GFP-expressing neurons located �80 �m lateral to
the wall of the third ventricle, where GFP faithfully reports kisspeptin
expression (de Croft et al., 2012), were targeted for electrophysiological
recordings. GFP-expressing neurons were first visualized by brief fluo-
rescence illumination, and subsequently were approached using infrared
differential interference contrast optics.

Spontaneous firing was recorded using the minimally invasive cell-
attached loose patch configuration. Recording electrodes (4 – 6 M�)
pulled from borosilicate capillaries (Warner Instruments) with a hori-
zontal puller (Sutter Instruments) were filled with aCSF including 10 mM

HEPES. Low-resistance seals (10 –30 M�) were achieved by applying
either no suction or the lowest amount of suction required to detect
spontaneous spikes. No additional negative pressure was subsequently

applied during the course of a recording. Spontaneous spikes were re-
corded in the voltage-clamp mode.

Whole-cell recordings were performed in the presence of 10 �M

CNQX and 5 �M gabazine to block AMPA and GABAA receptors, respec-
tively, unless otherwise stated. In some experiments (see Figs. 3, 4, 5),
voltage-gated sodium channels and T-type calcium channels were also
inhibited by the addition of 0.5 �M TTX and 100 –200 �M NiCl2, respec-
tively. Recording electrodes (3– 4.5 M�) were filled with a solution con-
taining the following (in mM): 140 K gluconate, 8 NaCl, 10 HEPES, 0.4
Na2-GTP, 4 Mg-ATP, adjusted to pH 7.2 with KOH. The junction po-
tential (�15 mV) was not corrected for. GABAA receptor-mediated post-
synaptic currents (IPSCs) were recorded with a high-chloride internal
solution aimed at optimizing their detection (in mM): 130 KCl, 10
HEPES, 0.2 Na2GTP, 2 MgATP, adjusted to pH 7.3 with KOH. The
junction potential (�4 mV) was not corrected for.

All electrophysiological signals were recorded using a Multiclamp
700B amplifier (Molecular Devices) connected to a Digidata 1440A dig-
itizer (Molecular Devices). Signals were low-pass filtered at 2– 4 kHz
before being digitized at a rate of 10 kHz and stored on a personal com-
puter. Series resistance was �25 M�, and recordings were discarded if a
�20% change in this value occurred in the course of an experiment.

Data acquisition and analysis
Acquisition and all subsequent analysis were performed with pClamp 10
(Molecular Devices), MiniAnalysis 6 (Synaptosoft), and GraphPad
Prism 5.

Whole-cell voltage-clamp. Basic membrane properties were deter-
mined in voltage-clamp within 1–2 min after establishing the whole-cell
configuration. The input resistance, membrane time constant (tau), and
membrane capacitance were acquired using the seal test function of the
pClamp 10 clampex program.

Spontaneous AMPA receptor-mediated postsynaptic currents
(EPSCs; recorded at �60 mV) and GABAA receptor-mediated PSCs
(IPSCs; recorded at �70 mV) were collected �10 min after breaking
in. PSC amplitude and kinetics were determined by averaging �100
events in individual cells. EPSC decays were fitted with monoexpo-
nential functions (10 –90% range). IPSC decays were fitted with dual
exponential functions, and the weighted decay was calculated as fol-
lows: decayweighted � ((decayfast 	 amplitudefast) � (decayslow 	
amplitudeslow))/(amplitudefast � amplitudeslow).

Tail currents were evoked by hyperpolarizing the membrane from a
holding potential of �50 to �120 mV for 1 s in 10 mV decrements before
stepping back to a test potential of �60 mV. This value was chosen to
minimize low-threshold activation of calcium channels, which were not
always completely blocked by NiCl2 at more positive test potentials (data
not shown). Tail currents in individual neurons were considered present
if their amplitude was greater than 2 SDs of the baseline current at �60
mV. Peak tail current amplitudes were measured and normalized to the
membrane capacitance in each recorded neuron. The resulting current
densities were plotted in activation curves as a function of the step po-
tential. Normalized activation curves were well fitted by a Boltzmann
sigmoid function, and the half-activation potential (V50) and slope val-
ues were statistically compared in diestrous and proestrous mice using
the extra sum-of-squares F test. Rise times of Ih were obtained by fitting
the activation phase of the hyperpolarization-activated current (�120
mV step) using a monoexponential function.

Whole-cell current-clamp. The resting membrane potential was deter-
mined within 1–2 min after establishing the whole-cell configuration, in
the current-clamp mode without injecting any current. The membrane
potential of neurons was subsequently maintained around �60 mV by
direct current injection, unless otherwise noted. The excitability of neu-
rons was assessed by injecting depolarizing and hyperpolarizing currents
(1 s steps, 5 pA increments). The rheobase was defined as the minimal
step current amplitude that could evoke the firing of action potentials
(APs). AP amplitude was quantified by measuring the overshoot of the
first action potential evoked at rheobase. AP half-duration was measured
as the duration of the waveform of that AP at its half-amplitude. Depo-
larizing sags and rebounds were measured in response to hyperpolarizing
current steps adjusted in individual neurons (�20 to �100 pA) to reach

Piet et al. • Estradiol Upregulates Ih in Kisspeptin Neurons J. Neurosci., June 26, 2013 • 33(26):10828 –10839 • 10829



an approximately �95 mV peak hyperpolarization. Depolarizing sags
were quantified as the difference between peak and steady-state hyper-
polarization, normalized to the peak hyperpolarization, and expressed as
a percentage. Rebounds were quantified as the difference between the
peak depolarization following the current injection and the membrane
potential �1 s later. Membrane time constants were obtained by fitting
from baseline to peak the rising phase of the membrane response to the
hyperpolarizing current injection with a monoexponential function.
Changes in membrane time constant were examined for equivalent val-
ues of peak hyperpolarization achieved by varying the amplitude of the
input current before and during 4-ethylphenylamino-1,2-dimethyl-6-
methylaminopyrimidinium chloride (ZD7288) application. Similar re-
sults were obtained when the current step amplitude was kept constant
(data not shown).

Rebound firing was evoked by injecting hyperpolarizing step currents
(0.5 s, 10 pA intervals). The membrane potential in control conditions
was adjusted in individual recordings by direct current injection to opti-
mize rebound firing of APs. The latency of the first rebound AP was
calculated as the time between the end of the current injection and the
peak of the first AP. Changes in latency were examined for equivalent
values of steady-state hyperpolarization. Recordings were started �5
min after establishing the whole-cell configuration. The effects of
ZD7288 in whole-cell recordings were examined �5 min after the begin-
ning of the bath application. We found that this period is sufficient to
inhibit the depolarizing sag (data not shown).

Loose patch. Spontaneous spikes were detected using the threshold-
crossing method. Spike time-stamps were organized in 20 s bins in rate–
meter graphs. Average firing rates were compared over 3 min periods
immediately before and at the end of the 10 min bath application of
ZD7288. In agreement with our previous findings (de Croft et al., 2012),
�90% of RP3V kisspeptin neurons were spontaneously active. Only
these neurons were included in the analysis. Recordings were categorized
according to their firing patterns. The Poisson surprise method was used
to detect bursts in trains of spikes, and a neuron was categorized as
bursting if �50% of its spikes occurred in bursts, as reported previously
(Ducret et al., 2010; de Croft et al., 2012). All other firing patterns were
considered nonbursting.

Statistics. Values given in the text and illustrated in figures are
mean � SEM. Traces in Figures 3, 4, and 5 are averages of 3–10
sweeps. Traces in other figures are single sweeps. Statistical compar-
ison was performed using Fisher’s exact test, paired and unpaired t
tests, or one-way and two-way ANOVA tests as appropriate (see text).
The sample size used in statistical tests was the number of neurons. All
experiments were replicated in at least three different mice in each
group (unless otherwise stated in the text), and one to three slices
were used from each mouse. Differences were considered significant
for p values �0.05.

Drugs
CNQX, 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic
acid hydrobromide (gabazine), and ZD7288 were purchased from
Tocris Bioscience. TTX citrate was purchased from Alomone Labs.
Other chemicals were purchased from Sigma and Thermo Fisher Sci-

entific. CNQX (sodium salt), gabazine, TTX, and ZD7288 were dis-
solved in water to a stock concentration, kept at �20°C until use, and
diluted to the appropriate concentration in aCSF. Drugs were deliv-
ered by bath application.

Results
We performed whole-cell patch-clamp recordings of RP3V
kisspeptin neurons in slices obtained from OVX, diestrous,
and proestrous Kiss-GFP female mice. GFP expression in
RP3V kisspeptin neurons is independent of the ovarian steroid
hormonal milieu in these mice, with �90% of GFP-expressing
neurons synthesizing kisspeptin in the RP3V of female mice
(de Croft et al., 2012), enabling us to record from genuine
RP3V kisspeptin neurons throughout the estrous cycle and in
OVX mice.

Electrophysiological properties of RP3V kisspeptin neurons
We first examined several intrinsic and extrinsic electrophysio-
logical characteristics of RP3V kisspeptin neurons. The resting
membrane potential and membrane time constant of RP3V kiss-
peptin neurons were not significantly different between any of
the three groups (Table 1). However, input resistance was signif-
icantly different among all three groups, being highest in OVX
mice, intermediate in diestrous mice, and lowest in proestrous
mice (Table 1). In addition, membrane capacitance was found to
be significantly higher only in diestrous mice compared with
OVX animals (Table 1). In current-clamp, RP3V kisspeptin neu-
rons fired action potentials in response to depolarizing current
injections (1 s duration; Fig. 1A). While the rheobase and action
potential amplitude were similar in RP3V kisspeptin neurons
from OVX, diestrous, and proestrous mice, the action potential
half-duration was significantly lower in intact mice compared
with OVX animals (Table 1). No significant differences were
found in the input– output curves of RP3V kisspeptin neurons in
the three groups of mice (OVX: n � 22 neurons, 6 mice; diestrus:
n � 21 neurons, 5 mice; proestrus: n � 19 neurons, 5 mice;
two-way ANOVA, interaction p � 0.66; mouse group p � 0.40;
Fig. 1B).

We also examined spontaneous synaptic currents in RP3V
kisspeptin neurons. These neurons exhibited spontaneous EPSCs
(recorded in the presence of 5 �M gabazine) and IPSCs (recorded
in the presence of 10 �M CNQX) that were blocked completely by
the AMPA receptor antagonist CNQX (n � 4 neurons, 3 di-
estrous mice; Fig. 2A) and by the GABAA receptor antagonist
gabazine (n � 5 neurons, 2 diestrous mice; Fig. 2C), respectively.
We found no significant differences in sEPSC (Fig. 2B) or sIPSC
(Fig. 2D) amplitude (one-way ANOVA p � 0.73 and 0.62, respec-

Table 1. Basic electrophysiological properties of RP3V kisspeptin neurons

Resting membrane
potential (mV)a

Input
resistance (G�)b

Membrane time
constant (ms)c

Membrane
capacitance (pF)d

AP overshoot
(mV)e

AP half-duration
(ms)f

Rheobase
(pA)g

OVX (n � 21 neurons, 6 mice) �44.57 � 1.12 1.49 � 0.08 0.28 � 0.02 16.75 � 0.81 24.68 � 1.19 0.91 � 0.03 8.33 � 0.80
Diestrus (n � 21 neurons, 5 mice) �47.95 � 1.82 1.25 � 0.09 † 0.36 � 0.04 22.58 � 1.48** 26.91 � 1.91 0.82 � 0.02* 8.81 � 0.84
Proestrus (n � 19 neurons, 5 mice) �46.39 � 1.06 0.92 � 0.08 ‡ 0.26 � 0.02 19.40 � 0.92 21.61 � 1.76 0.78 � 0.02** 9.47 � 1.20

Statistical comparisons were performed using one-way ANOVA and Newman–Keuls post-tests.
ap � 0.23.
bF(2,58) � 11.47, p � 0.0001; †p � 0.05, OVX versus diestrus, and p � 0.01, diestrus versus proestrus; ‡p � 0.001, OVX versus proestrus.
cF(2,57) � 3.244, p � 0.046, post-tests not significant.
dF(2,57) � 7.084, p � 0.002; **p � 0.01, OVX versus diestrus.
ep � 0.09.
fF(2,58) � 6.456, p � 0.003; *p � 0.05, OVX versus diestrus; **p � 0.01, OVX versus proestrus.
gp � 0.70.
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tively), frequency (p � 0.67 and 0.24, respectively), or kinetics
(rise time p � 0.27 and 0.11, respectively; decay p � 0.45 and 0.38,
respectively) among OVX, diestrous, and proestrous mice.

RP3V kisspeptin neurons display a depolarizing sag
Upon hyperpolarization, RP3V kisspeptin neurons from intact mice
displayed prominent depolarizing sags often followed by rebound
firing of APs (Fig. 1Ab,Ac). Marked differences existed in the ampli-
tude of the depolarizing sag and the prevalence of rebound firing
across the different mouse groups. Only 2 of 21 (10%) RP3V kiss-
peptin neurons displayed rebound firing in OVX mice, compared
with 9 of 21 (43%) in diestrus and 11 of 19 (58%) in proestrus (p �
0.033 and p � 0.002 vs OVX, respectively, Fisher’s exact test; Fig.
1C). Furthermore, we found that the sag amplitude was lower in

RP3V kisspeptin neurons from OVX mice
(2.75 � 0.44%, n � 21 neurons, 6 mice)
than in those from intact mice. More im-
portantly, the sag amplitude was larger in
proestrous (7.74 � 0.73%, n � 19 neurons,
5 mice, p � 0.001 vs OVX) than in diestrous
RP3V kisspeptin neurons (4.33 � 0.51%,
n � 21 neurons, 5 mice, p � 0.05 and p �
0.001 vs OVX and proestrus, respectively;
one-way ANOVA with Newman–Keuls
post-test; F(2,58) � 20, p � 0.0001; Fig.
1D). Of note, we also observed that
RP3V kisspeptin neurons in intact mice
exhibited a sag upon subthreshold de-
polarization. This hyperpolarizing sag,
which results from deactivation of the
channels mediating Ih (Biel et al., 2009),
tended to be larger in proestrus (2.53 �
0.77%, n � 13 neurons, 8 mice) than in di-
estrus (0.98 � 0.38%, n � 17 neurons, 9
mice), although this was not significant
(p � 0.06, unpaired t test; not illustrated).

Together, these results indicate that
electrophysiological properties of RP3V
kisspeptin neurons, and especially their
responses to hyperpolarization, vary dur-
ing the estrous cycle and are likely under
the influence of gonadal steroids. As the
hyperpolarization-activation inward cur-
rent Ih underlies the depolarizing sag
and contributes to rebound firing (Biel
et al., 2009), we set out to study whether
this current undergoes estrous cycle-
dependent plasticity in RP3V kisspeptin
neurons.

RP3V kisspeptin neurons express an
Ih-like current
To isolate Ih and its functional effects, re-
cordings were performed in the presence
of 10 �M CNQX, 5 �M gabazine, 0.5 �M

TTX, and 100 –200 �M NiCl2 to inhibit
fast synaptic transmission, voltage-gated
sodium channels, and low-threshold cal-
cium channels, respectively.

In voltage-clamp, 1 s step hyperpolar-
izations from �50 to �120 mV (in 10 mV
decrement) evoked tail currents of incre-
menting amplitude at a test potential of

�60 mV in RP3V kisspeptin neurons from intact mice (Fig.
3A,B; diestrus and proestrus). We assessed the presence and
magnitude of tail currents in kisspeptin neurons from OVX, di-
estrous, and proestrous mice. Tail currents were found in 6 of 15
(40%) OVX RP3V kisspeptin neurons (4 mice), whereas they
could be readily detected in almost all neurons from intact mice
(13 of 15 neurons in diestrus, 4 mice; 13 of 13 neurons in proes-
trus, 4 mice; p � 0.021 and p � 0.0008 OVX vs diestrus and
proestrus, respectively; Fisher’s exact test). Moreover, tail cur-
rents appeared larger in proestrous than in diestrous kisspep-
tin neurons (Fig. 3A). On average, activation curves revealed
striking differences in the magnitude of tail current densities
for step potentials less than or equal to �90 mV among the
three groups of mice examined (Fig. 3B): tail current density

Aa Ab

Ac B

C D

Figure 1. Depolarizing sag amplitude varies with gonadal status in RP3V kisspeptin neurons. A, Example membrane responses
of OVX (Aa), diestrous (Ab), and proestrous (Ac) RP3V kisspeptin neurons to hyperpolarizing (OVX: �40 pA; diestrus: �20 pA;
proestrus: �50 pA) and depolarizing (OVX: 20 pA; diestrus: 10 pA; proestrus: 15 pA) current injections (1 s duration). Arrowheads
indicate the depolarizing sag. B, Input– output curves of AP firing evoked by depolarizing current injections in RP3V kisspeptin
neurons from OVX (n � 22 neurons, 6 mice), diestrous (Di; n � 21 neurons, 5 mice), and proestrous mice (Pro; n � 19 neurons, 5
mice). C, Proportion of RP3V kisspeptin neurons in each mouse group exhibiting rebound firing following hyperpolarization. D,
Histograms summarizing the amplitude of the depolarizing sag in OVX (n � 21 neurons, 6 mice), diestrus (n � 21 neurons, 5
mice), and proestrus (n � 19 neurons, 5 mice). *p � 0.05, **p � 0.01, ***p � 0.001.
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was lowest in OVX mice (n � 15 neu-
rons, 4 mice), intermediate in diestrous
mice (n � 15 neurons, 4 mice, p � 0.05
vs OVX), and largest in proestrous mice
(n � 13 neurons, 4 mice, p � 0.001 vs
OVX and diestrous mice, two-way
ANOVA with Bonferroni post-test; in-
teraction F(14) � 9.335, p � 0.0001). De-
creased mean current densities in OVX
may be due to the lower proportion of
RP3V kisspeptin neurons displaying tail
currents as OVX tail current densities
were not significantly different from
those measured in diestrus when only
neurons with detectable tail currents
were considered (two-way ANOVA di-
estrus vs OVX; data not shown).

Normalized tail current activation
curves were well fitted by a Boltzmann
sigmoidal function (Fig. 3C), and both
V50 (�76.2 � 5.3 and �78.7 � 3.0 mV)
and slope (�9.1 � 5.0 and �8.0 � 2.8
mV) had similar values in diestrus and
proestrus, respectively ( p � 0.91, F
test). We also examined the rise time of
the hyperpolarization-activated current
during steps to �120 mV. Rise times were
well fitted by a monoexponential function
in 9 and 10 recordings in diestrus and
proestrus, respectively. The average time
constants were of comparable value (di-
estrus 170.3 � 33.7 ms; proestrus 135.1 �
17.7 ms; p � 0.35, unpaired t test; not il-
lustrated). These results suggest that
hyperpolarization-activated currents in
RP3V kisspeptin are mediated by similar
ion channels in diestrous and in proes-
trous mice.

We next examined whether hyper-
polarization-activated currents in RP3V
kisspeptin neurons were sensitive to
ZD7288, which inhibits Ih in neurons
(Harris and Constanti, 1995). This exper-
iment was performed in RP3V kisspeptin
neurons from proestrous mice, where tail
currents were prominent. As illustrated in
Figure 3D, bath application of 10 �M

ZD7288 completely abolished the tail cur-
rents, as well as the steady-state currents
observed during the course of step hyperpo-
larization in all tested neurons. In addition,
ZD7288 flattened the activation curve of the tail current, leav-
ing virtually no residual tail current at any step potential (n �
7 neurons, 5 mice, interaction F(7) � 17.52, p � 0.0001, two-
way ANOVA with Bonferroni post-test; Fig. 3E). This finding
indicates that most RP3V kisspeptin neurons in intact females
express Ih and validates the use of our voltage-clamp protocol
to detect and measure this current.

Ih mediates the depolarizing sag and rebound in RP3V
kisspeptin neurons
We next studied the membrane potential correlates of Ih in
RP3V kisspeptin neurons recorded in current-clamp. As de-

scribed above, kisspeptin neurons displayed a depolarizing sag
upon hyperpolarization (1 s step current injection; Fig. 4A). Con-
sistent with our findings on tail currents, the depolarizing sag
magnitude, when studied in isolation, was lowest in OVX (2.17 �
0.48%, n � 15 neurons, 4 mice), intermediate in diestrous
(4.25 � 0.56%, n � 15 neurons, 4 mice), and largest in proestrous
kisspeptin neurons (8.38 � 1.16%, n � 13 neurons, 4 mice; Fig.
4B; p � 0.001 compared with OVX and diestrus; F(2,40) � 16.86,
p � 0.0001, one-way ANOVA with Newman–Keuls post-test).
No significant difference was detected between OVX and diestrus
using one-way ANOVA, although this was significant when ana-
lyzed by unpaired t test (t(28) � 2.808, p � 0.009). RP3V kisspep-
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Figure 2. Spontaneous synaptic activity in RP3V kisspeptin neurons. A, Sample traces illustrating sEPSCs recorded in OVX,
diestrous, and proestrous RP3V kisspeptin neurons in the presence of 5 �M gabazine. Addition of 10 �M CNQX abolished sEPSCs. B,
Summary histograms of the amplitude, frequency, rise time, and decay of sEPSCs in the three mouse groups (OVX: n � 18 neurons,
6 mice; diestrus: n � 19 neurons, 7 mice; proestrus: n � 19 neurons, 6 mice). C, Sample traces showing sIPSCs recorded in OVX,
diestrous, and proestrous RP3V kisspeptin neurons in the presence of 10 �M CNQX; 5 �M gabazine abolished sIPSCs. D, Summary
histograms of the amplitude, frequency, rise time, and weighted decay of sIPSCs in the three mouse groups (OVX: n � 18 neurons,
4 mice; diestrus: n � 22 neurons, 5 mice; proestrus: n � 15 neurons, 4 mice).
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tin neurons also displayed a rebound depolarization upon
termination of the current injection (Fig. 4A). Similar to the de-
polarizing sag, the rebound was most prominent in proestrous
neurons (5.62 � 0.85 mV, n � 13 neurons, 4 mice) compared
with diestrous (2.33 � 0.40 mV, n � 15 neurons, 4 mice) and
OVX kisspeptin neurons (0.50 � 0.21 mV neurons, n � 15, 4
mice). In this case, all values were significantly different from one
another (p � 0.05 and p � 0.001 OVX vs diestrus and proestrus,
respectively; p � 0.001 diestrus vs proestrus; one-way ANOVA

with Newman-–Keuls post-test; F(2,40) �
23.78, p � 0.0001; Fig. 4B). As illustrated in
Figure 4C, 10 �M ZD7288 inhibited the
depolarizing sag and rebound in proes-
trous kisspeptin neurons by �90% (sag:
9.61 � 1.09% to 0.95 � 0.43%; re-
bound: 5.84 � 1.01 to 0.68 � 0.21 mV;
n � 6 neurons, 4 mice; t(5) � 10.47, p �
0.0001 and t(5) � 4.286, p � 0.0078, re-
spectively, paired t test, Figure 4D),
showing that Ih underlies both events.

Together, these findings indicate the
presence of an Ih-like current, and its
associated depolarizing sag and re-
bound, in female RP3V kisspeptin neu-
rons and that it is dependent on
circulating ovarian steroids with maxi-
mal expression in proestrous neurons.

Circulating estradiol upregulates Ih in
RP3V kisspeptin neurons
We next examined whether E2 is involved
in modulating Ih in RP3V kisspeptin neu-
rons. To address this question, we used a
well established mouse model in which
OVX�E mice exhibit negative feedback
similar to diestrous mice and OVX�E�E
animals represent the high estrogen state
of positive feedback observed on proes-
trus (Bronson and Vom Saal, 1979). In
OVX�E mice, Ih as well as the depolariz-
ing sag and rebound could be readily de-
tected in most RP3V kisspeptin neurons
(17 of 18, 3 mice; Fig. 5A,C) Importantly,
RP3V kisspeptin neurons in OVX�E�E
mice exhibited Ih tail current densities
that were significantly larger (OVX�E:
n � 18 neurons, 3 mice; OVX�E�E: n �
17 neurons, 3 mice; interaction: F(7) �
11.50, p � 0.0001, two-way ANOVA with
Bonferroni post-test; Fig. 5B). Normal-
ized activation curve fits yielded similar
V50 and slope values in OVX�E and
OVX�E�E RP3V kisspeptin neurons
(OVX�E: �72.6 � 4.0 and �9.1 � 3.5
mV, respectively; OVX�E�E: �69.1 �
2.4 and �8.7 � 1.9 mV, respectively; p �
0.61 F test). Similarly, rise times of Ih cur-
rents (�120 mV steps) were comparable
in the two groups of mice (OVX�E:
131.20 � 13.49 ms, n � 16 neurons, 3
mice; OVX�E�E: 107.50 � 11.29 ms,
n � 17 neurons, 3 mice; p � 0.19, un-
paired t test).

As seen in Figure 5C, the depolarizing sag and rebound were
also increased in OVX�E�E compared with OVX�E mice. On
average, the depolarizing sag and the rebound were significantly
larger in OVX�E�E (9.42 � 0.57% and 6.57 � 0.69 mV, respec-
tively; n � 17 neurons, 3 mice) compared with OVX�E (5.20 �
0.52% and 3.37 � 0.38 mV, respectively; n � 18 neurons, 3 mice;
t(33) � 5.447, p � 0.0001, and t(33) � 4.151, p � 0.0002, respec-
tively, unpaired t test).
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Figure 3. Ih-like currents in RP3V kisspeptin neurons are upregulated in proestrous mice. A, membrane currents in response to
voltage steps from �50 to �120 mV (left) in OVX, diestrous, and proestrous RP3V kisspeptin neurons in the presence of a cocktail
of synaptic and ion channel blockers (see Results). Tail currents (expanded views, right) were apparent upon return to the test
potential (�60 mV). Only tail currents corresponding to �70 (light gray), �90 (dark gray), and �110 mV steps (black) are
illustrated for clarity. B, Activation curves of tail currents in OVX (n � 15 neurons, 4 mice), diestrus (Di; n � 15 neurons, 4 mice),
and proestrus (Pro; n � 13 neurons, 4 mice). Data points are connected by dotted lines. †p � 0.05 and p � 0.001 diestrus versus
OVX and proestrus, respectively; ‡p � 0.001 OVX versus proestrus; two-way ANOVA with Bonferroni post-test. C, Normalized
activation curves in diestrus and proestrus. Gray and black lines represent Boltzmann sigmoidal fits to diestrous and proestrous
curves, respectively. D, Example traces illustrating the blockade of hyperpolarization-activated steady-state and tail currents by 10
�M ZD7288 (bottom traces). E, ZD7288 flattened the activation curve of hyperpolarization-activated tail currents (n � 7 neurons,
5 mice). #p � 0.0001 control versus ZD7288; two-way ANOVA with Bonferroni post-test.
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These observations reveal that increasing circulating E2 is suf-
ficient for upregulating Ih in RP3V kisspeptin neurons. This in-
dicates that the increase in Ih observed in proestrous RP3V
kisspeptin neurons results from the high E2 concentrations found
during the late follicular phase.

Blocking Ih does not alter spontaneous firing in RP3V
kisspeptin neurons
To address the role of Ih in shaping the electrical activity of RP3V
kisspeptin neurons, we performed on-cell loose patch recordings
of the spontaneous firing of these neurons and tested the effect of
blocking Ih with ZD7288. These experiments were performed in
proestrous mice where Ih is prominent, and in the absence of
synaptic blockers or of other ion channel inhibitors. As reported
previously (Ducret et al., 2010; de Croft et al., 2012), RP3V kiss-
peptin neurons exhibited various patterns of spontaneous firing
(Fig. 6A,C). Bath application of 10 �M ZD7288, a concentration
that virtually abolishes Ih (see above), had no effect on the spon-
taneous firing of proestrous, nonbursting RP3V kisspeptin neu-
rons (Fig. 6B; control: 2.77 � 0.41 Hz; ZD7288: 2.78 � 0.38 Hz;
n � 8 neurons, 4 mice; p � 0.89, paired t test).

Because Ih is involved in the generation of bursts of action
potentials in some neurons (Pape, 1996) and is hypothesized to
play such a role in arcuate kisspeptin neurons (Gottsch et al.,
2011), we further examined whether Ih played any role in the
population of RP3V kisspeptin neurons that are spontaneously
bursting. As illustrated in Figure 6C, blocking Ih did not prevent
spontaneous bursting in these neurons, and on average, the mean
firing rate of bursting neurons was not altered by ZD7288 (Fig.
6D; control: 1.17 � 0.11 Hz; ZD7288: 1.17 � 0.15 Hz; n � 6
neurons, 5 mice; p � 0.99, paired t test). Because the mean firing

rate may not reflect potential changes in burst characteristics, we
also quantified several parameters describing burst firing.
ZD7288 was found to generate a significant (t(5) � 2.625, p �
0.047, paired t test) increase in intraburst frequency, leaving the
burst rate, the number of spikes/burst, the burst duration, and
the proportion of spikes occurring in bursts unaffected (Table 2).

These results indicate that Ih does not contribute substantially
to the spontaneous firing rate or pattern of RP3V kisspeptin neu-
rons. In addition, these findings reveal that Ih plays only a minor
role in the generation and/or modulation of burst firing in these
neurons.

Effect of blocking Ih on basic membrane properties
The results described above indicate that Ih does not affect the
electrical activity of RP3V kisspeptin neurons at rest. This is con-
sistent with the activation curves of the tail current, which re-
vealed little activation of this current at membrane potentials
above �70 mV (Fig. 3B). We therefore examined the physiolog-
ical consequences of Ih on the response of RP3V kisspeptin neu-
rons to membrane hyperpolarization.

Current-clamp recordings were obtained from diestrous and
proestrous RP3V kisspeptin neurons, and depolarizing sags were
evoked by injecting 0.5-s-long hyperpolarizing step currents in
the presence of 10 �M CNQX and 5 �M gabazine. The blockade of
the depolarizing sag by 10 �M ZD7288 resulted in a significant
increase in input resistance in diestrous (0.62 � 0.05 to 0.88 �
0.07 G�; n � 11 neurons, 4 mice; t(10) � 5.508, p � 0.0003; paired
t test; Fig. 7A) and proestrous RP3V kisspeptin neurons (0.62 �
0.05 to 1.01 � 0.09 G�; n � 11 neurons, 5 mice; t(10) � 7.090, p �
0.0001; paired t test; Fig. 7A). Although it tended to be larger in
proestrus, the fractional increase in input resistance was not sig-
nificantly different in diestrus and in proestrus (45.93 � 9.74%
and 66.78 � 8.91%, respectively, p � 0.13, unpaired t test;
Fig. 7B).

We then measured membrane time constants in the presence
and absence of 10 �M ZD7288 by fitting the rise time of the
membrane potential response to the hyperpolarizing current in-
jection (Fig. 7A). For comparable peak hyperpolarizations
(��95 mV), � values were significantly increased by ZD7288 in
diestrous (25.47 � 1.84 ms to 34.84 � 2.48 ms; n � 10 neurons,
4 mice; t(9) � 4.929, p � 0.0008, paired t test) as well as in proes-
trous RP3V kisspeptin neurons (30.77 � 2.60 ms to 51.76 �
6.16 ms; n � 11 neurons, 5 mice; t(10) � 4.602, p � 0.001, paired
t test). Importantly, the fractional ZD7288-induced increase in
tau was larger in proestrous than in diestrous neurons (69.94 �
11.66% and 39.14 � 8.24%, respectively; t(19) � 2.117, p � 0.048;
unpaired t test; Fig. 7C). Similar results were obtained when the
input hyperpolarizing current was kept constant, inducing larger
peak hyperpolarizations in the presence of ZD7288 (approxi-
mately �110 mV; data not shown).

Thus, pharmacological blockade of Ih revealed that, consistent
with its upregulation in proestrus, the contribution of this cur-
rent to subthreshold membrane properties is larger in proestrous
than in diestrous RP3V kisspeptin neurons.

Ih regulates the firing of rebound APs in RP3V
kisspeptin neurons
RP3V kisspeptin neurons exhibiting prominent depolarizing sags
also had large rebounds (for example, see Figs. 4A, 5C). In addi-
tion, as seen in Figure 1, the post-hyperpolarization rebound was
associated with AP firing in �50% of RP3V kisspeptin neurons in
diestrous and proestrous female mice but only in �10% in OVX
mice, suggesting that Ih might be involved in rebound firing. We
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Figure 4. Ih-dependent depolarizing sag and rebound are upregulated in proestrous mice.
A, Example traces illustrating the depolarizing sag and rebound seen in OVX, diestrous, and
proestrous RP3V kisspeptin neurons in response to hyperpolarizing current injections in the
presence of a cocktail of synaptic and ion channel blockers (see Results). Arrowheads indicate
the depolarizing sag. B, Histograms summarizing the amplitude of the depolarizing sag and
rebound in OVX (n � 15 neurons, 4 mice), diestrus (Di; n � 15 neurons, 4 mice), and proestrus
(Pro; n � 13 neurons, 4 mice). C, D, In proestrous RP3V kisspeptin neurons, both sag and
rebound were inhibited by 10 �M ZD7288 (n � 6 neurons, 4 mice). *p � 0.05, **p � 0.01,
***p � 0.001.
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therefore examined the contribution of Ih to the firing of rebound
APs in diestrous and proestrous RP3V kisspeptin neurons. In
these experiments, TTX and NiCl2 were omitted.

Blocking Ih with 10 �M ZD7288 in the absence of NiCl2 pre-
vented rebound firing in only 1 of 10 diestrous and 2 of 11 proestrous
RP3V kisspeptin neurons, indicating that although Ih provides re-
bound depolarization (Fig. 4), this current is not required for re-
bound firing in most RP3V kisspeptin neurons (Fig. 8A). However,
blocking Ih did result in alterations in the timing of rebound firing
(Fig. 8A). ZD7288 significantly increased the latency to the first re-
bound AP in diestrous kisspeptin neurons (103.2 � 12.3 to 135.9 �
17.8 ms; n � 9 neurons, 4 mice; t(8) � 4.171, p � 0.003, paired t test).
In proestrous kisspeptin neurons, latencies were not only doubled by
ZD7288 (111.0 � 15.0 to 226.8 � 31.6 ms; n � 9 neurons, 5 mice;
t(8) � 5.657, p � 0.0005, paired t test), but the fractional ZD7288-
induced increase in latency was significantly larger than in diestrus
(108.5 � 20.6 vs 31.5 � 6.6%; n � 9 neurons, 5 mice and n � 9
neurons, 4 mice, respectively; t(16) � 3.553, p � 0.003, unpaired t
test; Fig. 8B). The number of APs fired on rebound was not signifi-
cantly affected by ZD7288 in diestrus (control: 1.8 � 0.2; ZD7288:
1.6 � 0.2; n � 9 neurons, 4 mice; p � 0.35, paired t test) or in
proestrus (control: 2.0 � 0.3; ZD7288: 2.4 � 0.4; n � 9 neurons, 5
mice; p � 0.17, paired t test; not illustrated).

This observation reveals that Ih plays a more important role in
shaping rebound firing in proestrus than in diestrus, in agree-

ment with the finding that Ih is more
prominent in proestrous RP3V kisspep-
tin neurons.

Last, we sought to determine what trig-
gers the firing of rebound APs in the ab-
sence of Ih. In proestrous RP3V kisspeptin
neurons, we first applied ZD7288 to block
Ih. In neurons that kept firing rebound
APs (6 of 8), 200 �M NiCl2, a low-
threshold calcium channel inhibitor,
abolished rebound firing (Fig. 7C; n � 6
neurons, 4 mice). This finding, along with
the above data, indicates that low thresh-
old calcium channels, possibly T-type
channels, work in concert with channels
mediating Ih in RP3V kisspeptin neurons,
and presumably with other ion channels,
to trigger and fine tune the firing of re-
bound APs.

Discussion
Estradiol regulation of RP3V
kisspeptin neurons
There is substantial evidence indicating that
estrogen stimulates RP3V kisspeptin neu-
rons to activate GnRH neurons at the
time of the preovulatory luteinizing
hormone surge (Clarkson and Herbi-
son, 2009; Oakley et al., 2009). How cir-
culating estradiol impacts upon RP3V
kisspeptin neuron excitability is un-
known. By examining a variety of in-
trinsic and extrinsic properties of
kisspeptin neurons in OVX, diestrous,
and proestrous mice, we identify here
that estradiol exerts a potent stimula-
tory influence upon Ih in these cells. In
addition, we note that both the input
resistance and action potential half-

width of kisspeptin neurons is reduced across across OVX3
diestrous3 proestrous mice. Whereas the variation observed
in input resistance is likely to be at least partly attributable to
changes in Ih, the modulation of action potential width raises
the possibility of an estrogen-regulated potassium channel in
kisspeptin neurons. In terms of synaptic inputs to RP3V kiss-
peptin neurons, we find that spontaneous AMPA and GABAA

receptor-mediated PSCs are not different in OVX, diestrous,
and proestrous mice. A recent study reported that estradiol
treatment of OVX mice altered IPSC amplitude in RP3V kiss-
peptin neurons (Frazão et al., 2013). A similar change was not
detected here between OVX and intact mice, although we note
that our use of a high intracellular chloride ion concentration
has allowed us to detect a 10-fold higher frequency of sIPSCs
in kisspeptin neurons compared with Frazão et al. (2013).
Together, the present findings indicate that estradiol modu-
lates specific ion channels underlying the intrinsic properties
of RP3V kisspeptin neurons with changes in Ih being prominent.

Estradiol-dependent upregulation of Ih in RP3V
kisspeptin neurons
The hyperpolarization-activated inward current in RP3V kiss-
peptin neurons observed in intact female mice activates slowly,
shows little inactivation, and is inhibited by ZD7288, consistent
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Figure 5. Upregulation of Ih and associated sag and rebound is mimicked by high circulating estradiol levels in a luteinizing hormone-
surge protocol. A, Membrane currents in OVX�E and OVX�E�E RP3V kisspeptin neurons in response to voltage steps from �50 to
�120 mV in the presence of a cocktail of synaptic and ion channel blockers (see Results). Steady-state (left) and tail currents (right) were
larger in OVX�E�E. Only tail currents corresponding to�70 (light gray),�90 (dark gray), and�110 mV steps (black) are illustrated for
clarity. B, Corresponding tail current activation curves illustrating the upregulation of Ih in OVX�E�E. OVX�E: n � 18 neurons, 3 mice;
OVX�E�E: n�17neurons,3mice. †p�0.001, ‡p�0.05two-wayANOVAwithBonferronipost-test. C,Exampletraces illustratingthe
depolarizing sag and rebound seen in OVX�E and OVX�E�E RP3V kisspeptin neurons in response to the hyperpolarizing current
injections. Arrowheads indicate the depolarizing sag. D, Histogram summarizing the sag and rebound amplitudes in OVX�E and
OVX�E�E. OVX�E: n � 18 neurons, 3 mice; OVX�E�E: n � 17 neurons, 3 mice; ***p � 0.001.
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with known properties of Ih (Robinson
and Siegelbaum, 2003; Biel et al., 2009).
Similar Ih-like currents have been de-
tected in the other main population of
kisspeptin neurons, located in the arcuate
nucleus, of female mice and guinea pigs
(Gottsch et al., 2011; Qiu et al., 2011). Ih is
mediated by a family of hyperpolarization
and cyclic nucleotide (HCN) gated chan-
nels assembled in tetraheteromeres or tet-
rahomomeres and displaying various
functional properties (Biel et al., 2009).
Although HCN4 subunits can likely be
ruled out in RP3V kisspeptin neurons due
to their slow kinetics, identifying precisely
which HCN subunits make up the chan-
nels mediating Ih in these cells cannot be
determined from the present data.

Precisely how estradiol modulates Ih in
RP3V kisspeptin neurons remains to be
determined, but several possibilities can
be envisioned. HCN channels are gated by
hyperpolarization and by intracellular
second messengers (DiFrancesco and
Tortora, 1991; Santoro et al., 1998; Pian et
al., 2006; Zolles et al., 2006). Such regula-
tion typically involves shifts in the activa-
tion curve of Ih (Biel et al., 2009).
Although we cannot rule out any involve-
ment of this type of regulation, our obser-
vation that Ih activation curves are similar
in RP3V kisspeptin neurons across the es-
trous cycle makes it an unlikely scenario. For the same reason, a
change in HCN channel subunits in RP3V kisspeptin neurons
seems unlikely. Ih current density could also be increased via
alterations in the trafficking of HCN channels to the plasma mem-
brane. HCN channels in the brain interact with TRIP8b (Santoro et
al., 2004), a protein with splice variants that have multiple effects on
HCN channel trafficking, targeting, and gating (Lewis et al., 2009;
Piskorowski et al., 2011). Whether this is relevant to RP3V kisspeptin
neurons remains to be determined. Interestingly, a study undertaken
in gonadectomized male mice has reported that E2 decreases Ih ex-
pression in GnRH neurons (Chu et al., 2010). The direction of E2

regulation is opposite to what we have observed here in RP3V kiss-
peptin neurons and suggests that the regulation of Ih by gonadal
steroids may be cell type and/or sex dependent.

Functional consequences
The physiological roles of Ih in the modulation of neural activity
are multiple, including the control of membrane potential, pace-
maker activity, and basic membrane properties (Robinson and
Siegelbaum, 2003). In RP3V kisspeptin neurons, control of the
membrane potential by Ih is evidenced by the depolarizing sag in
response to hyperpolarization, showing that this current will
counteract inhibition. This effect is more prominent in proes-
trous mice, where the depolarizing sag is larger, indicating that
during that stage of the cycle RP3V kisspeptin neurons will be less
sensitive to membrane hyperpolarization. We also found that
RP3V kisspeptin neurons exhibited a hyperpolarizing sag upon
subthreshold membrane depolarization and this displayed a non-
significant trend to be larger in proestrus than in diestrus. This
suggests that Ih may also act to stabilize the membrane potential

in RP3V kisspeptin neurons, as it does in other cells (Biel et al.,
2009).

We report that blocking Ih has little effect on the spontaneous
firing of RP3V kisspeptin neurons, implying that Ih plays no sig-
nificant role in controlling the firing of these neurons at rest in
our recording conditions. Consistent with this, tail current acti-
vation curves reveal that half activation of Ih occurs between �75
and �80 mV, and that little Ih activity exists at potentials positive
to �70 mV. Ih has been implicated in burst firing and pacemak-
ing in thalamic neurons, where it is thought to provide the initial
depolarization that eventually activates low threshold calcium
channels and burst firing (Pape, 1996; McCormick and Bal,
1997). Here, we observe that spontaneously bursting RP3V kiss-
peptin neurons can still fire in bursts in the presence of ZD7288,
indicating that Ih is not involved in these events. This suggests
that burst firing seen in loose patch recordings of RP3V kisspep-
tin neurons (Ducret et al., 2010; de Croft et al., 2012) is the result
of membrane events distinct to those responsible for burst firing
in other neurons. The finding that blocking Ih does not alter
spontaneous firing of RP3V kisspeptin neurons, be it bursting or
nonbursting, reveals that Ih does not act as a pacemaker current
in these neurons. Consistent with this, we reported previously
that the spontaneous firing of these neurons is unchanged be-
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Figure 6. Blocking Ih does not alter the spontaneous firing of proestrous RP3V kisspeptin neurons. A, Example traces illustrating
the lack of effect of 10 �M ZD7288 in a nonbursting proestrous RP3V kisspeptin neuron. B, Summary rate meter histogram of the
mean firing rate of RP3V kisspeptin neurons. ZD7288 did not change the firing rate of nonbursting RP3V kisspeptin neurons (n �
8 neurons, 4 mice). C, Traces illustrating the firing of a proestrous, bursting RP3V kisspeptin neuron in the absence and in the
presence of ZD7288. D, On average, bursting RP3V kisspeptin neurons did not change their firing rate in response to ZD7288 (n �
6 neurons, 5 mice).

Table 2. Burst parameters in proestrous RP3V kisspeptin neurons in the presence
and in the absence of ZD7288 (n � 6 neurons, 5 mice)

Burst rate
(min �1) Spikes/burst

Intraburst
frequency (Hz)

Burst
duration (s)

Spikes in
bursts (%)

Control 5.44 � 0.46 10.42 � 0.62 3.42 � 0.14 3.29 � 0.24 82.8 � 5.2
ZD288 5.66 � 0.41 9.46 � 0.88 3.81 � 0.21 2.76 � 0.24 78.4 � 6.5
Paired t test p � 0.71 p � 0.26 p � 0.047 p � 0.15 p � 0.59
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tween diestrous and proestrous mice in slices (de Croft et
al., 2012), despite Ih being significantly upregulated.

We find that Ih induces a significant speeding of the mem-
brane time-constant of RP3V kisspeptin neurons, an effect that is

greater in proestrous mice. This effect
may be due to tonic activity of the chan-
nels mediating Ih around �60 mV (the
potential at which most of our experi-
ments were performed) or to the fast, in-
stantaneous component of Ih (Proenza et
al., 2002). Regardless of the mechanism,
this will have repercussions on the inte-
gration of subthreshold events such as
synaptic currents, presumably speeding
up synaptic potentials and limiting their
temporal summation as in other neurons
(Robinson and Siegelbaum, 2003; Biel et
al., 2009).

Activation of Ih also results in a post-
hyperpolarization rebound potential,
which often triggers the firing of action
potentials. In a few RP3V kisspeptin neu-
rons, we observe that Ih-dependent re-
bound depolarization is responsible for
most of the rebound firing. In most kiss-
peptin neurons, however, Ih has a modu-
latory role, and our data are consistent
with a greater role of Ih in tuning the tim-
ing of rebound firing in proestrous RP3V
kisspeptin neurons. Interestingly, a recent
study of thalamic neurons reported a sim-
ilar role of Ih in the timing of rebound
firing (Ying et al., 2011).

It is important to note, however, that
our examination of the potential conse-
quences of Ih upregulation in RP3V kiss-
peptin neurons is limited by the fact that
the electrical activity of these cells in brain
slices may not be a faithful representation
of the situation in vivo. For example, on-
going synaptic activity is much higher in
vivo than in brain slices (Paré et al., 1998).
Considering the role of Ih in synaptic in-
tegration (Robinson and Siegelbaum,
2003; Biel et al., 2009) and in the tuning of
rebound firing, the upregulation of Ih in
proestrous RP3V kisspeptin neurons may
in fact have a significant impact on their
spontaneous firing in vivo, despite our ob-
servation that it does not in slices.

In conclusion, we demonstrate that cir-
culating E2 drives substantial estrous cycle
plasticity in the expression and function of
Ih in RP3V kisspeptin neurons. This is the
first evidence, to our knowledge, that Ih in
central neurons is modulated by fluctuating
gonadal steroid levels in the cycling female.
The highest expression of Ih occurs on
proestrus in RP3V kisspeptin neurons,
and this may be involved in mediating the
estrogen positive feedback signal to
GnRH neurons. While several ion chan-
nels have been shown to be regulated by E2

in gonadectomized animal models (Christian and Moenter,
2010; Rønnekleiv et al., 2012), the present study provides a rare
example of a membrane current that, in addition, exhibits estrous
cycle plasticity in intact female animals.

A

B

C

Figure 7. Ih differentially alters basic membrane properties in diestrous and proestrous RP3V kisspeptin neurons. A, Membrane
hyperpolarization in diestrous and proestrous RP3V kisspeptin neurons in response to a 0.5 s step current injection in the absence
(black trace) and in the presence (gray trace) of 10 �M ZD7288. Current injection was adjusted in the proestrous neuron to account
for the ZD7288 increase in input resistance and reach a similar peak hyperpolarization (control: �50 pA; ZD7288: �30 pA). The
same traces at a higher time resolution are shown below, illustrating the larger ZD7288-induced slowing of the membrane time
constant in proestrous RP3V kisspeptin neurons. B, Summary graph of the effect of ZD7288 on input resistance in diestrous (n �
11 neurons, 4 mice) and proestrous (n � 11 neurons, 5 mice) kisspeptin neurons. C, Summary graph of the effect of ZD7288 on the
membrane time constant of RP3V kisspeptin neurons in diestrus (n � 10 neurons, 4 mice) and proestrus (n � 11 neurons, 5 mice).
ns, Not significant, *p � 0.05, ***p � 0.001.
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