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Diurnal In Vivo and Rapid In Vitro Effects of Estradiol on
Voltage-Gated Calcium Channels in Gonadotropin-Releasing
Hormone Neurons
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A robust surge of gonadotropin-releasing hormone (GnRH) release triggers the luteinizing hormone surge that induces ovulation. The
GnRH surge is attributable to estradiol feedback, but the mechanisms are incompletely understood. Voltage-gated calcium channels
(VGCCs) regulate hormone release and neuronal excitability, and may be part of the surge-generating mechanism. We examined VGCCs
of GnRH neurons in brain slices from a model exhibiting daily luteinizing hormone surges. Mice were ovariectomized (OVX), and a subset
was treated with estradiol implants (OVX�E). OVX�E mice exhibit negative feedback in the A.M. and positive feedback in the P.M.
GnRH neurons express prominent high-voltage-activated (HVA) and small low-voltage-activated (LVA) macroscopic (whole-cell) Ca
currents (ICa ). LVA-mediated currents were not altered by estradiol or time of day. In contrast, in OVX�E mice, HVA-mediated currents
varied with time of day; HVA currents in cells from OVX�E mice were lower than those in cells from OVX mice in the A.M. but were higher
in the P.M. These changes were attributable to diurnal alternations in L- and N-type components. There were no diurnal changes in any
aspect of HVA-mediated ICa in OVX mice. Acute in vitro treatment of cells from OVX and OVX�E mice with estradiol rapidly increased
HVA currents primarily through L- and R-type VGCCs by activating estrogen receptor � and GPR30, respectively. These results suggest
multiple mechanisms contribute to the overall feedback regulation of HVA-mediated ICa by estradiol. In combination with changes in
synaptic inputs to GnRH neurons, these intrinsic changes in GnRH neurons may play critical roles in estradiol feedback.

Introduction
Gonadotropin-releasing hormone (GnRH) neurons form the fi-
nal common pathway by which the CNS regulates fertility (Wildt
et al., 1980). GnRH is released in a pulsatile pattern critical for
secretion of gonadotropic hormones by the pituitary in both
sexes, and in a surge mode of continuous release that triggers
ovulation in females (Karsch et al., 1992). In females, these two
modes of release are differentially regulated by estradiol negative
and positive feedback, respectively. In rodents, estradiol interacts
with a circadian signal so that the luteinizing hormone surge
occurs at a specific time of day (Norman et al., 1973; Legan and
Karsch, 1975; Christian et al., 2005). Although progress has been
made in understanding synaptic mechanisms underlying surge
generation (Miller et al., 2006; Dungan et al., 2007; Christian and
Moenter, 2008b; Clarkson et al., 2008), intrinsic mechanisms are
not well understood.

Calcium entry mediated by voltage-gated calcium channels
(VGCCs) triggers a wide array of cellular responses ranging from
muscle contraction and activation of calcium-dependent en-

zymes, to calcium-triggered exocytosis (Batra, 1987; Jarvis and
Zamponi, 2007). High-voltage-activated (HVA) VGCCs require
substantial depolarization to open, whereas low-voltage-activated
(LVA) VGCCs open at more hyperpolarized potentials near the
resting potential. The role of VGCCs in regulating excitability
and secretion makes them candidates for altering GnRH neuron
activity during different estradiol feedback states. Estrogens
modulate calcium channel activity and expression in muscle and
other neurons via direct and indirect mechanisms (Batra, 1987;
Joëls and Karst, 1995; Johnson et al., 1997; Patterson et al., 1998;
Kurata et al., 2001; Lee et al., 2002; Ullrich et al., 2007; Sarkar et
al., 2008). There are few studies of VGCCs in GnRH neurons and
fewer that consider changes in current through these channels
with physiological state. Calcium currents in GnRH neurons
have been studied in mouse embryonic olfactory placode cultures
(Kusano et al., 1995), immortalized GnRH neurons (GT1-7 cells)
(Bosma, 1993; Hiruma et al., 1997; Van Goor et al., 1999, 2000;
Krsmanović et al., 2001; Watanabe et al., 2004), acutely dissoci-
ated GnRH neurons (Kato et al., 2003; Nunemaker et al.,
2003b), and teleost and mouse brain slices (Haneda and Oka,
2004; Spergel, 2007). The current subtypes detected were depen-
dent on both species and developmental stage. Although other
studies suggest calcium channels are important for GnRH neu-
ron function (Bourguignon et al., 1987; Krsmanović et al., 1992;
Giri and Kaufman, 1994; Fukushima et al., 2003) and that estra-
diol might modulate their activity (Temple et al., 2004; Abe et al.,
2008), the physiological regulation of calcium currents in these
cells has not been studied beyond gross developmental changes.
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Estradiol can act via multiple mechanisms (Nilsson et al.,
2001; Edwards, 2005; Woolley, 2007). To better understand the
mechanism of estradiol feedback on GnRH neurons, we tested
how both in vivo estradiol, in an animal model exhibiting daily
switches between estradiol negative and positive feedback (Christian
et al., 2005), and acutely applied in vitro estradiol alter VGCCs. The
data suggest estradiol and diurnal signals converge to modulate
VGCCs on GnRH neurons.

Materials and Methods
Animals. Adult female mice (2–3 months) expressing eGFP (enhanced
green fluorescent protein) (Clontech) under the control of the GnRH
promoter were used to facilitate identification of GnRH neurons (Suter
et al., 2000a). Mice were maintained under a 14/10 h light/dark photo-
period with Harlan 2916 chow (Harlan) and water available ad libitum.
Mice were ovariectomized (OVX) under isoflurane (Abbott Laborato-
ries) anesthesia to remove ovarian steroid feedback; some OVX mice
received steroid implants containing 0.625 �g of 17�-estradiol in sesame
oil (OVX�E), which produce physiological levels of estradiol in the cir-
culation as previously described (Christian et al., 2005). 17�-Estradiol
was administered in vivo and was not present in any recording solutions
except for specific studies of the rapid effects of estradiol, in which case
the steroid was applied acutely in vitro as described below. Postoperative
analgesia was provided by a long-acting local anesthetic (0.25% bupivic-
aine; 7.5 �l/site; Abbott Laboratories). Recordings were made 2–5 d after
surgery and steroid replacement. All animal procedures were approved
by the University of Virginia Animal Care and Use Committee.

Brain slice preparation. All chemicals were obtained from Sigma-
Aldrich unless noted. Brain slices were prepared as previously described
(Nunemaker et al., 2002; Chu and Moenter, 2005). Briefly, mice were
killed at times that corresponded to negative feedback (8:30 –9:30 A.M.;
referred to as A.M.) or surge peak (positive feedback; 1:30 –2:30 P.M.;
referred to as P.M.) in estradiol-treated animals. The brain was rapidly
removed and placed in ice-cold high-sucrose saline solution containing
the following (in mM): 250 sucrose, 3.5 KCl, 26 NaHCO3, 10 D-glucose,
1.25 Na2HPO4, 1.2 MgSO4, 2.5 MgCl2. Coronal (300 �m) slices were cut
with a Vibratome 3000 (Ted Pella). Slices were incubated for 30 min at
30 –32°C in 50% high-sucrose saline and 50% artificial CSF (ACSF) so-
lution, containing the following (in mM): 135 NaCl, 3.5 KCl, 26
NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 MgSO4, 2.5 CaCl2, pH 7.4.
Slices were then transferred to 100% ACSF solution at room temperature
(�21–23°C) for 0.5–2.5 h. For recording, slices were placed in a record-
ing chamber on the stage of an Olympus BX51WI upright fluorescent
microscope and continuously superfused at 5– 6 ml/min with oxygen-
ated ACSF at 25 or 32°C as described below. Slices were stabilized in the
chamber for �5 min before recording.

Electrophysiological recording. GFP-GnRH neurons in the preoptic
area were identified by brief illumination at 470 nm. Macroscopic Ca 2�

currents from GnRH neurons were recorded using the whole-cell con-
figuration of the patch-clamp technique. Patch pipettes (2.5–3.5 M�)
were drawn from borosilicate glass capillaries (1.65 mm outer diameter;
1.12 mm inner diameter; World Precision Instruments) using a Sutter
P97 pipette puller. Electrode capacitance was electronically compen-
sated. Liquid junction potential (less than �4 mV for voltage clamp and
approximately �13 mV for current clamp) was not corrected (Barry,
1994). Currents and voltages were recorded with an Axopatch-700B am-
plifier (Molecular Devices) and filtered at 10 kHz. Voltage and current
command pulses were generated using pCLAMP9.2 software (Molecular
Devices). Neuron membrane potential was held at �60 mV between
protocols during voltage-clamp recordings. During whole-cell record-
ing, input resistance (Rin), series resistance (Rs), and membrane capaci-
tance (Cm) were continually monitored. Only recordings with Rin � 500
M�, Rs � 20 M�, and Cm � 10 pF, and holding current between 0 and
�50 pA were included for analysis. There were no differences among
groups in any passive recording properties or series resistance attribut-
able to steroid treatment or time of day or response to treatment. Cells
with bad clamping (identified as sluggish, incomplete current response
to pulse protocol, and/or 10 –90% rise time � 2.5 ms) were discarded.

Recordings were performed from 1 to 3 h after preparation of brain slices
was complete. No more than four cells per animal were recorded. Re-
corded cells were mapped to an atlas (Paxinos and Franklin, 2001) to
determine whether any trends based on anatomical location emerged; no
such trends were apparent in these data sets (data not shown).

Drugs and solutions. For voltage-clamp recording of ICa, the bath
solution consisted of the following (in mM): 120 NaCl, 10 glucose, 26
NaHCO3, 1.25 Na2HPO4, 1.2 MgSO4, 2.5 CaCl2, 5 4-aminopyridine
(4AP), 5 CsCl, 10 tetraethylammonium (TEA)-Cl, and 0.0005 TTX,
pH 7.4 (gassed with 95% O2 and 5% CO2); the pipette solution con-
tained the following (in mM): 120 Cs-gluconate, 10 HEPES, 10 EGTA,
0.5 CaCl2, 4 Mg-ATP, 0.4 NaGTP, and 20 TEA-Cl, pH 7.3 (titrated
with CsOH, 310 mOsm). For current-clamp recording, ACSF was used
for bath solution; the pipette solution contained the following (in mM):
125 K-gluconate, 20 KCl, 10 HEPES, 5 EGTA, 4.0 MgATP, 0.4 NaGTP,
0.1 CaCl2, pH 7.3, 290 mOsm. Bicuculline (20 �M), APV [D-(�)-2-
amino-5-phosphonovaleric acid] (20 �M), and CNQX (6-cyano-7-
nitroquinoxaline) (10 �M) were included in the bath solution to block
ionotropic GABAergic and glutamatergic currents. Nitrendipine (50
�M), agatoxin IVA (166 nM), conotoxin GVIA (700 nM), estradiol 17�
(100 pM to 100 nM), estradiol 17� (100 nM), the estrogen � receptor
agonist 1,3,5-tris(4-hydroxyphenyl)-4-propyl-1 H-pyrazole (PPT) (10
nM), � receptor agonist 2,3-bis(4-hydroxyphenyl)propionitrile (DPN)
(10 nM), the estrogen receptor (ER) antagonist 7�,17�-[9[(4,4,5,5,5-
pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol (ICI
182780) (1 �M), GPR30 agonist G1 (100 nM), cadmium chloride (200
�M), and nickel chloride (100 �M or 1 mM) were bath applied; SNX-482
(1 �M) was locally applied by pressure micropipette.

Voltage-clamp protocols. All currents were corrected for leak and ca-
pacitive currents on-line by a P/-6 protocol. To generate Ca 2� channel
current–voltage (I–V ) activation curves, currents were elicited by a volt-
age protocol of a 250 ms prepulse at �120 mV to remove inactivation,
followed by current measurement at test potentials (250 ms) from �80 to
�60 mV at 10 mV increments. To determine the steady-state inactiva-
tion of calcium currents, the membrane potential was initially hyperpo-
larized to �100 mV for 500 ms to remove inactivation, followed by a 1 s
prepulse of �100 to 10 mV in 10 mV increments, and then a test pulse of
10 mV for 500 ms; current was quantified during the test pulse. Both of
these protocols were done at 32°C and at 25°C in separate slices to deter-
mine the effect of temperature. Several different voltage protocols were
used to examine LVA currents, which were recorded at 32°C to maximize
amplitude. To isolate LVA currents by subtraction, separate voltage pro-
tocols of a 250 ms prepulse at either �100 or �50 mV, were followed by
test potentials (250 ms) from �80 to �60 mV at 10 mV increments. To
isolate LVA currents by selective activation, a 1 s prepulse at �100 mV
was followed by a 250 ms test pulse at �50 mV. To examine tail currents,
channels were activated by a step from prepulse at �100 mV (250 ms) to
10 mV for 10 ms, followed by a step to �60 mV for determination of tail
current kinetics.

To examine subtypes of HVA currents contributing to the macro-
scopic current and the effects of in vivo and in vitro estradiol treatment on
these currents, recordings were done at 25°C to minimize rundown.
After 3–5 min stabilization, a voltage protocol consisting of a prepulse at
�100 mV for 250 ms followed by a step for 250 ms to �10 mV (peak of
IV response curve) was repeated every 30 s to determine peak and sus-
tained current. These measures were made during a 5 min control period,
followed by a 10 –15 min bath application of specific VGCC blockers,
vehicle, 17�-estradiol, 17�-estradiol, or estradiol receptor antagonists
and agonists, followed by a 10 min washout period. Nitredipine was
applied for 20 min with no washout.

Analysis. The peak amplitude and the sustained amplitude 200 ms after
the beginning of test potential were calculated. Current waveforms were
fitted with the Clampfit program (Molecular Devices) or GraphPad
Prism program (GraphPad Software). The voltage dependencies of acti-
vation and steady-state inactivation were described with a single Boltz-
mann distribution: I( V) � Imax/(1 � exp[(V1/2 � V )/k]), where Imax is
the maximal current elicited, V1/2 is the half-maximal voltage, and k is the
voltage dependence (slope) of the distribution. The time course of tail
current was fit by two exponentials function with Igor Pro (Wavemet-
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rics). For all current–voltage (I–V) curves and
steady-state inactivation curves, fitted values
were typically reported with 95% linear confi-
dence limits.

To isolate LVA currents, the current re-
corded after a �50 mV prepulse was subtracted
from that recorded after the �100 mV pre-
pulse, or repeated 50 times to reduce noise level
with the 1 s �100 mV prepulse protocol. To
isolate different subtype VGCCs, the first 5 min
of recording under control conditions from
each cell was fitted to determine the rundown
rate; average effects of blockers were subtracted
from the rundown rate at 11–15 min (in vivo)
or 16 –20 min (in vitro) after applications from
the theoretical rundown line. The R-type com-
ponent (in vivo) was corrected for a small (6–
7%) artifact that was observed in the macroscopic
current after pressure applying bath solution.
Control ICa variations was �4% 15–20 min into
the recording. Cells were considered to respond
to estradiol if ICa changed by �20%.

Parametric and nonparametric analyses were
performed in Prism as dictated by data distri-
bution. Statistical comparisons of in vivo treat-
ments were done with ANOVA followed by
Bonferroni’s post hoc test. Two-tailed paired
comparisons of current before and after in
vitro treatments were done with each cell
serving as its own control. Statistical signifi-
cance was set at p � 0.05. The data shown
represent mean � SEM.

Results
Adult GnRH neurons in brain slice
express a small LVA macroscopic Ca
current, which is not affected by
estradiol in vivo
Electrophysiological assessment of cal-
cium currents in various GnRH neuronal
model systems has led to different conclu-
sions as to the expression of LVA versus
HVA currents. We thus first characterized
the macroscopic calcium current in acutely
prepared brain slices from adult OVX
mice. Under our recording conditions, all
GnRH neurons displayed prominent HVA
currents, activating positive to a membrane
potential of �40 mV, and reaching maxi-
mum amplitude around �10 mV (Fig.
1A,C,D); this current was blocked with
the nonspecific Ca channel blocker cad-
mium (data not shown). However, none
of the 121 neurons recorded from OVX
mice had measurable currents activating
negative to �40 mV using this protocol.
In contrast, non-GnRH neurons recorded in the same slices (n �
17) displayed prominent currents activated at �60 mV (Fig.
1B–D) (n � 17), which were rapidly inactivated as is character-
istic of T-type LVA currents. Thus, prominent LVA currents could
be detected by this protocol under these recording conditions.

We next attempted to reveal LVA-mediated currents in
GnRH neurons using a subtraction protocol. Current recorded
after a �50 mV prepulse, which should inactivate LVA channels,
was subtracted from current recorded after a �100 mV prepulse,

which should remove inactivation from LVA channels. Again,
minimal LVA current is observed in GnRH neurons using this
approach (Fig. 1E) (n � 8). We next examined tail currents,
which are of longer duration for LVA than HVA channels. Tail
currents in GnRH neurons were of short duration (�1, 0.56 �
0.05 ms; �2, 4.31 � 0.84 ms; n � 12), consistent with a predom-
inance of HVA channels. In contrast, tail currents in random
non-GnRH neurons were prolonged (�1, 2.28 � 0.60 ms, n � 17,
p � 0.05; �2, 17.54 � 2.79 ms, n � 17, p � 0.01) (Fig. 1F),
indicating the presence of LVA channels.

Figure 1. Adult GnRH neurons exhibit limited LVA calcium current. A, B, Representative of calcium current recorded at different
membrane potentials in GnRH and non-GnRH neuron, respectively. C, D, Average current–voltage curves of peak and sustained
current from GnRH and non-GnRH neurons. E, Subtraction of calcium current recorded with a �50 mV prepulse from current
recorded with a �100 mV prepulse does not reveal LVA-mediated current. F, Representative tail current and time course of tail
current (�1 and �2) from GnRH neuron (top) and non-GnRH neuron (middle), and mean � SEM time constants (bottom).
*p � 0.05; **p � 0.01.
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Finally, we used averaging to increase
the signal-to-noise ratio. A prolonged (1
s) prepulse at �100 mV was given to pro-
vide a strong signal to remove inactiva-
tion, and then the membrane potential
was stepped to �50 mV; this protocol was
repeated 50 times at 30 s intervals and the
resulting current traces averaged. Under
these conditions, 41% of GnRH neurons
exhibit a small amplitude LVA-mediated
current (6.5 � 0.2 pA in cells from OVX
mice; n � 15) (Fig. 2A,B) that was
blocked by 100 �M Ni 2� (n � 13 cells)
(Fig. 2A). It is possible that LVA currents
activated by this protocol or other proto-
cols would be masked by large outward
A-type potassium currents that are typical
of GnRH neurons (DeFazio and Moenter,
2002; Zhang et al., 2007, 2009b). Neither
the percentage of GnRH neurons exhibit-
ing LVA current nor amplitude of this
current was altered by the A-type potas-
sium current blocker 4AP (n � 7) (data
not shown), suggesting this compound did
not contribute to the failure to detect LVA
current in the previous attempts. Cadmium
(200 �M) reduced the percentage of GnRH
neurons exhibiting this current but did not
eliminate it (n � 10) (data not shown). The
ability of cadmium to block channels is
voltage dependent, with blocking ability
decreasing at more hyperpolarized poten-
tials (Swandulla and Armstrong, 1989).
Together, these data suggest a subpopula-
tion of adult GnRH neuron expresses
small LVA currents as measurable by re-
cordings at the cell soma.

To study the effect of estradiol on LVA
channels, we compared the current mea-
sured using the averaging protocol (Fig.
2A) among GnRH neurons from OVX
and OVX�E mice recorded at different
times of day (Fig. 2B). The peak ampli-
tude of LVA current was not different
among groups (OVX A.M., n � 7; OVX
P.M., n � 8; OVX�E A.M., n � 10;
OVX�E P.M., n � 10; p � 0.1). These
data suggest estradiol in vivo does not alter
LVA-mediated currents in GnRH neu-
rons in this model of steroid replacement.

GnRH neurons typically have input re-
sistance near 1 G�; thus, even relatively
small currents such as the LVA currents
measured here can impact the physiology
of these cells. To assess whether LVA-

Figure 2. LVA-mediated currents function in GnRH neurons but are not altered in a diurnal model of estradiol positive and
negative feedback. A, Representative average of 50 repeats of a voltage protocol to reveal LVA current (top) and its blockade by
Ni 2�. B, LVA-mediated current does not change with estradiol or time of day in this model. Error bars indicate SEM. C–G,
Differentiation of fast and slow rebound potential and current in GnRH neurons. C, D, Representative current-clamp recordings of
the slow (C) and fast (D) rebound potential generated by termination of a 50 pA hyperpolarizing current injection. E, ZD7288 (right)
inhibits the slow but not the fast rebound potential (p � 0.05). F, Voltage-clamp recording of a cell exhibiting both fast and slow
rebound current. Cell was stepped from a holding potential of �50 mV to the potentials indicated on the left for 1.2 s, and then
returned to �50 mV. G, Voltage dependence of the slow (open symbols) and fast (closed symbols) rebound current. H, Represen-
tative current-clamp recording of GnRH neuron with a resting potential near the average and that did not exhibit rebound
depolarization. I, Representative example of a GnRH neuron with a depolarized resting potential that did not exhibit rebound
depolarization. J, Left, Representative current-clamp recording of a GnRH neuron with a depolarized resting potential that exhibited a
rebound potential after termination of hyperpolarizing current injections. In this example, the rebound potential contributes

4

to action potential generation, which is blocked by TTX (right).
K, Nickel (100 �M) completely blocked the rebound potential
in GnRH neurons. L, Depolarizing GnRH neurons (right) that
exhibit hyperpolarized resting membrane potential does not
induce rebound potential.
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mediated current contributes to GnRH
neuron activity, we used current clamp to
investigate the rebound in membrane po-
tential after hyperpolarization. Rebound
depolarizations can be generated by
activation of either LVA-mediated or
hyperpolarization-activated nonspecific
cation (HCN)-mediated currents (Ih)
during a preceding membrane hyperpo-
larization. To differentiate between re-
bound potentials mediated by LVA
versus HCN channels, latency to peak of
the response and sensitivity to the Ih blocker
4-ethylphenylamino-1,2-dimethyl-6-methy-
laminopyrimidinium chloride (ZD7288)
(50 �M) were determined. After hyperpo-
larization in current clamp, GnRH neu-
rons exhibit two types of rebound
potentials, slow (Fig. 2C) and fast (Fig.
2D). ZD7288 has no effect on the fast re-
bound but eliminates the slow rebound (n
� 11, p � 0.05) (Fig. 2C–E). In voltage
clamp, a greater degree of hyperpolariza-
tion is required to activate the slow cur-
rent (latency to peak of current, 97.4 � 4.2
ms) on return to �50 mV than the fast
current (latency to peak of current, 22.5 �
2.8 ms) (Fig. 2F,G). Furthermore, the ac-
tivation of the fast current reaches a pla-
teau by approximately �100 mV, whereas
greater hyperpolarization further in-
creases the slow current. Finally, �50% of
cells exhibit the slow current, which is
blocked by the specific Ih blocker ZD7288
(Z. Chu, H. Takagi, and S. M. Moenter,
unpublished data), and thus distin-
guished from the LVA-mediated rebound
discussed below. Together, these data
demonstrate that we can distinguish be-
tween fast and slow rebound currents that
are likely mediated by LVA and HCN
channels, respectively.

To reveal rebound potentials, hyper-
polarizing current steps (10 – 40 pA; 1 s)
were injected, and depolarization rela-
tive to initial membrane potential (“re-
bound”) was quantified. A total of 73
cells with an average resting potential
(Vrest) of �57.6 � 1.0 mV was examined.
Most cells (n � 55) exhibited Vrest that
was more hyperpolarized than �50 mV
and none of these cells exhibited a depolarizing rebound of mem-
brane potential after termination of a hyperpolarizing current
injection (Fig. 2H). A smaller subpopulation exhibited Vrest that
was depolarized to �50 mV (46.3 � 1.4 mV; n � 18). Of these
depolarized cells, approximately one-half (8 of 18) were similar
to the more hyperpolarized cells as they exhibited no rebound
depolarization (Fig. 2 I). In contrast, the other one-half (10 of 18
cells) exhibited a rebound depolarization (10.4 � 1.0 mV) after a
40 pA hyperpolarizing current injection (bringing membrane
potential to �85.2 � 1.0 mV) that could result in action potential
generation that was blocked by TTX (Fig. 2 J). The time to peak of
the rebound potential from the end of hyperpolarizing current

injection was 110.7 � 2.4 ms, and the decay time was 130.1 � 5.5
ms. This rebound depolarization was blocked by Ni 2� (100 �M),
suggesting it may be mediated by LVA channels (Fig. 2K). Hy-
perpolarization of these cells to �54.0 � 0.8 mV by DC current
injection (5 pA) reduced the amplitude of the rebound (4.9 �
0.6 mV; n � 6; p � 0.05) (data not shown). In contrast, depo-
larization of the majority of GnRH neurons that exhibited
more hyperpolarized Vrest to 43.1 � 1.3 mV did not generate a
rebound depolarization (n � 20) (Fig. 2 L). These results sug-
gest that, in GnRH neurons, rebound current is dependent on
the resting membrane potential, and LVA can contribute to
the function of a subpopulation of GnRH neurons.

Figure 3. HVA-mediated ICa in GnRH neurons is modulated in an estradiol-dependent diurnal manner. A, B, Current–
voltage plots of peak and sustained current density from OVX and OVX�E mice in the A.M. and P.M. [*p � 0.05, OVX vs
OVX�E in the A.M.; #p � 0.05, OVX vs OVX�E in the P.M.; **p � 0.01, OVX�E A.M. vs OVX�E P.M. (not marked in A as
all values are significant)]. C, D, Activation and steady-state inactivation curves from OVX and OVX�E mice in the A.M. and
P.M. E–H, Mean � SEM V1/2act (E), V1/2inact (F), rise time (10 –90%) (G), and decay time (90 –50%) (H) from OVX and
OVX�E mice in the A.M. and P.M.
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Estradiol alters HVA-mediated current of GnRH neurons in a
diurnal manner
To study whether changes in calcium current (ICa) mediated via
HVA channels are altered by estradiol feedback, ICa was recorded
from GnRH neurons in slices made from OVX and OVX�E mice
during the time of negative (A.M.) or positive (P.M.) feedback.
Recordings were made at 32°C, near the physiological tempera-
ture. In OVX mice, neither peak nor sustained components of the

HVA-mediated current were altered by
time of day (Fig. 3A,B) (A.M., n � 16;
P.M., n � 16). In contrast, peak and sus-
tained ICa density varied with time of day
in cells from OVX�E mice, being signifi-
cantly higher in the P.M. (n � 17) than in
the A.M. (n � 17) at most membrane test
potentials between �10 and �50 mV
( p � 0.01). Furthermore, the peak ICa

current density of GnRH neurons from
OVX�E mice was lower than that from
OVX mice in the A.M., when estradiol ex-
erts negative feedback (membrane poten-
tials from �10 to �40 mV; p � 0.01; n �
16 OVX cells from 4 mice; n � 17 OVX�E
cells from 5 mice), and was higher than
that from OVX mice in the P.M., when
estradiol exerts positive feedback
(membrane potentials, 0 and 10 mV;
p � 0.05; n � 16 OVX cells from 4 mice;
n � 17 OVX�E cells from 5 mice). The
activation (Fig. 3C,E), steady-state inacti-
vation (Fig. 3D,F), rise time (10 –90%)
(Fig. 3G), and membrane capacitance
(data not shown) of GnRH neurons did
not vary among the four groups. Interest-
ingly, decay time (90–50%) (Fig. 3H) of
GnRH neurons from OVX�E mice was
higher in P.M. than in A.M. ( p � 0.05); the
prolonged current could contribute to in-
creased excitability of GnRH neurons at this
time. These results suggest that estradiol
modulates HVA currents in GnRH neurons
in a diurnal manner consistent with previ-
ously observed changes in GnRH neuronal
activity (Christian et al., 2005).

Estradiol modulates specific subtypes
of HVA in GnRH neurons
We next determined the subtypes of HVA
altered by in vivo estradiol feedback. It is
important in these longer duration re-
cordings to minimize rundown, which we
accomplished by recording at room tem-
perature rather than more physiological
temperatures. Most electrophysiologi-
cal studies of VGCCs are done at room
temperature. However, recent reports
suggest temperature can substantially
modify ICa in cardiac myocytes (Tsien et
al., 1987), neurons (Acerbo and Nobile,
1994), muscle (Klöckner et al., 1990), and
pituitary cells (Rosen, 1996). We thus first
compared the properties of HVA-
mediated currents at 25°C (OVX A.M.,

n � 58 cells from 15 animals; OVX P.M., n � 44 cells from 14
animals; OVX�E A.M., n � 57 cells from 16 animals; OVX�E
P.M., n � 44 cells from 15 animals) with measures made at 32°C
(Fig. 3). Averaged traces of ICa recorded during a step to �10 mV
(peak activation) from �100 mV are shown in Figure 4A–C for
cells from OVX mice, OVX�E mice in the A.M., and OVX�E
mice in the P.M., respectively. In all models, recording at the
lower room temperature reduced peak and sustained current am-

Figure 4. Temperature alters decay time and peak current but does not alter in vivo estradiol-dependent diurnal modulation of
calcium current. A–C, Average maximal current (at �10 mV) curve of cells from OVX mice, OVX�E mice in A.M. and OVX�E mice
in P.M., respectively, at 25 and 32°C (gray) and 25°C scaled to compare kinetics (scaled 25). D, The amplitude of ICa is greater at 32°C
than 25°C in cells from both OVX and OVX�E mice, but estradiol-dependent effects persist at both temperatures. E, F, Mean �
SEM effects of temperature on V1/2act and V1/2inact in cells from OVX and OVX�E mice in the A.M. and (*p � 0.05, OVX vs OVX�E;
#p � 0.05, OVX�E A.M. vs OVX�E P.M.). G, H, Mean � SEM effects of temperature on rise time (10 –90%) and decay time
(90 –50%) in cells from OVX and OVX�E mice in the A.M. and P.M. (*p � 0.05, OVX vs OVX�E; #p � 0.05, OVX�E A.M. vs
OVX�E P.M.).
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plitude (Fig. 4D) and current density (data not shown). A small
but significant ( p � 0.05) difference appeared between cells from
OVX and OVX�E mice in V1/2act; at 25°C, estradiol depolarized
this potential but had no effect at 32°C (Fig. 4E). Because this
effect disappeared as physiological temperatures were ap-
proached, it is likely of little impact on GnRH neurons in vivo.
Importantly, the membrane potential at which current ampli-
tude was maximum (data not shown), and the main effects of
estradiol to reduce macroscopic HVA-current in the A.M. during
negative feedback relative to that in cells from OVX mice and to
increase current in the P.M. during positive feedback were repro-

duced at 25°C ( p � 0.05 for both at 10 mV step) (Fig. 4D) ( p �
0.05).

We thus made recordings at 25°C to study which subtypes of
VGCCs are modulated by estradiol using a pharmacological ap-
proach with specific channel blockers. To minimize recording
duration and further reduce rundown, current was recorded only
at �10 mV test pulse; membrane potential was held at �60 mV
between trials, which consisted of a �100 mV prepulse for 250 ms
and followed by a test pulse at �10 mV for 250 ms at 30 s inter-
vals. The current was stabilized within �5 min of achieving the
whole-cell configuration, after which it ran down �30% over 30
min (Fig. 5A). A representative experiment using SNX-482 to
block R-type channels is shown in Figure 5B. Response to each
blocker was calculated from the linear fit of rundown as shown.
In cells from OVX mice (Fig. 5C,D, left), the peak and sustained
components of macroscopic ICa contributed by channel subtypes
were not different between A.M. and P.M. (from 28 animals;
nitrendipine, L-type antagonist, n � 7 in A.M., n � 6 in P.M.),
conotoxin GVIA (N-type antagonist, n � 6 each in A.M. and
P.M.), agatoxin IVA (P/Q-type antagonist, n � 6 each in A.M.
and P.M.), and SNX-482 (R-type antagonist, n � 8 in A.M., n �
7 in P.M.). In contrast, in cells from OVX�E mice (Fig. 5C,D,
right), the peak and sustained components of macroscopic ICa

conducted via L- and N-type channels were greater in the P.M.
during positive feedback than in the A.M. during negative feed-
back ( p � 0.05; n � 6 in both A.M. and P.M. for both channel
subtypes). There was no difference in the proportion of current
conducted via P/Q- (n � 6 in both A.M. and P.M.) or R-type (n �
9 in A.M., n � 8 in P.M.) channels between A.M. and P.M. These
results suggest in vivo treatment with estradiol modulates specific
subtypes of VGCCs in GnRH neurons.

Rapid effects of estradiol on ICa in GnRH neurons
There is increasing evidence that estradiol can also rapidly
modulate neuronal function by changing ion channel activity
(Mermelstein et al., 1996; Lee et al., 2002; Ullrich et al., 2007;
Zhao and Brinton, 2007; Sarkar et al., 2008), including in GnRH
neurons (Temple et al., 2004; Abe and Terasawa, 2005; Abe et al.,
2008; Romanò et al., 2008; Chu et al., 2009). We thus studied
whether there are rapid, nongenomic effects of estradiol on
HVA-mediated currents in GnRH neurons. We used a similar
design to that used for the study of HVA subtypes above (Fig. 5).
After stabilization of ICa for 5–10 min, and 5 min of control
recording, 17�-estradiol was bath-applied for 15 min, followed
by washout for 10 min. 17�-Estradiol rapidly (within 5 min) and
reversibly (washout within 5 min) potentiated ICa in both A.M.
and P.M.; there was no difference based on time of day, and data
were pooled for analysis (Fig. 6A,B). Cells were classified as re-
sponding if there was a �20% change in peak ICa. Vehicle had no
effect (0.1% ethanol; n � 8) (Fig. 6C). The percentage of respon-
sive neurons increased with increasing estradiol concentration
(100 pM, n � 13; 1 nM, n � 14 cells; 100 nM, n � 6 cells) (Fig. 6C).
The stereoisomer 17� (100 nM) elicited a 20% change in peak ICa

in only one cell, indicating stereo-specificity (Mermelstein et al.,
1996; Lee et al., 2002) and suggesting the increase in response was
not attributable to changes in membrane fluidity induced by in-
tercolation of estradiol into the membrane (data not shown) (n �
6). Although the percentage of responding cells increased with
greater estradiol concentrations, the percentage change in ICa did
not vary with concentration of estradiol (range, 20 –24% increase
in peak current, 32–37% increase in sustained current). This sug-
gests the ability of GnRH neurons to respond to acutely applied
estradiol may be “all or none” (the exception to this is the re-

Figure 5. In vivo treatment with estradiol modulates specific subtypes of HVA calcium chan-
nels. A, Example of rundown of ICa under control conditions. B, SNX-482 was locally applied for
10 min after a 5 min control period. The proportion of HVA subtype blocked by specific agents
was assessed by the linear fit of the rundown during the first 5 min of control recording. C, D, The
proportions of peak and sustained current of different subtype HVA from OVX and OVX�E mice
in the A.M. and P.M. (*p � 0.05 A.M. vs P.M. in OVX�E mice). Error bars indicate SEM.

3918 • J. Neurosci., March 17, 2010 • 30(11):3912–3923 Sun et al. • Estradiol Alters Calcium Currents in GnRH Neurons



sponse to G1 discussed below). Because the percentage of cells
responding to estradiol is the primary factor affected, we focused
on this measure.

The above studies were done in OVX mice, raising the ques-
tion of whether or not acutely applied estradiol alters ICa in cells
that were recently exposed to estradiol in vivo. To test this, we
repeated aspects of the above study and found that 1 nM estradiol
has a similar effect in GnRH neurons in cells from OVX�E mice
(n � 10) (Fig. 6C) as that observed in slices from OVX mice in
terms of percentage of cells responding, magnitude of response,
and the lack of effect of time of day on the response.

We next investigated the type of receptor mediating the rapid
potentiation of ICa in GnRH neurons (Fig. 6C). The effect of
estradiol was mostly mimicked by the ER� agonist DPN (10 nM;
n � 10), but not by the ER� agonist PPT (10 nM; n � 9). Inter-
estingly, the classical receptor antagonist ICI 182780 (1 �M) re-
duced (from 57 to 38%) but did not eliminate the ability to
respond to 1 nM estradiol (n � 10 cells), suggesting a second
pathway may exist in addition to ER�. ICI itself had no effect
on ICa (n � 6) (data not shown). With regard to alternative path-
ways, we studied the effect of G1, an agonist for the putative G-
protein-coupled estrogen receptor GPR30 (Prossnitz et al.,
2008). G1 (100 nM) increased ICa in 33% of cells (n � 4 of 12

cells), similar to the percentage that re-
sponded to 17�-estradiol in the presence
of ICI 182780. Of note, the increase in ICa

in response to G1 was more robust than
for estradiol, suggesting it may be a super-
agonist or have additional targets not re-
lated to estradiol signaling. These data
suggest that 17�-estradiol increases ICa

through classical estradiol receptor ER�
and membrane GPR30.

We next examined the subtypes of
HVA channels that respond to acutely ap-
plied 17�-estradiol in GnRH neurons
(Fig. 7A). Preincubation with the L-type
VGCC blocker nitrendipine (50 �M) re-
duced the percentage of cells responding
to 1 nM 17�-estradiol (n � 10 cells). Ad-
dition of the N-type VGCC blocker cono-
toxin GIVA (1 �M) was not different from
nitrendipine itself (n � 7 cells), suggesting
17�-estradiol has no acute effect on
N-type VGCCs. Furthermore, nitrendip-
ine blocked the ability of DPN to increase
ICa in GnRH neurons (n � 9 cells). These
data suggest that 17�-estradiol potenti-
ates L-type VGCCs through ER�. Next,
we studied the subtypes of HVA activated
by G1 in OVX mice. Since 17�-estradiol
has no acute effect on N-type VGCCs (Fig.
7A), we tried to block the effects of G1
with L-, P/Q-, and R-type VGCCs block-
ers. Nitrendipine (n � 11 cells), SNX-482
(1 �M; n � 10 cells), and agatoxin IVA
(200 �M; n � 10) did not change the per-
centage of GnRH neurons responding to
G1 (Fig. 7B). Interestingly, unlike other
agents tested, in which the percentage in-
crease in ICa was consistently in the same
range, the R-type blocker SNX-482 re-
duced the percentage increase in ICa that

was induced by G1 (Fig. 7C, percentage increase shown relative to
control values so that no change in ICa is shown as 0%) (n � 4 of
12 responding cells; p � 0.05). Because the response to G1 was
greater than that to estradiol, we confirmed no current was in-
duced by G1 in the presence of cadmium (400 �M) (Fig. 7B) (n �
8), indicating the G1-activated current was indeed mediated by
calcium channels or calcium entry-sensitive mechanisms. These
data suggest that 17�-estradiol potentiates R-type VGCCs
through GPR30.

Finally, we applied both nitrendipine and SNX-482 to brain
slices from OVX and OVX�E mice to confirm the above results.
In both animal models, the combination of nitrendipine and
SNX-482 essentially blocked the effect of 17�-estradiol with both
the percentage of responding cells and the percentage change in
current reduced below 10% (n � 10 OVX; n � 11 OVX�E) (Fig.
7D). Together, these data suggest 17�-estradiol rapidly potenti-
ates ICa via multiple pathways initiated by ligand binding to ER�
and/or GPR30, and that L-type and R-type calcium channels are
the respective targets of this acute modulation.

Discussion
Estradiol feedback regulation of GnRH release is a key compo-
nent generating the female reproductive cycle. Hormone release

Figure 6. In vitro treatment with estradiol rapidly increases ICa through classical receptor ER� and GPR30. A, Representative
traces show estradiol (1 nM; gray) rapidly increases ICa in GnRH neurons from OVX mice in both the A.M. and P.M. B, Time course of
the rapid effect of estradiol (1 nM) on ICa. C, The percentage of cells responding to estradiol with a rapid change in ICa. Black bars,
Cells from OVX mice treated with vehicle or estradiol 17�; white bar, cells from OVX�E mice treated with 1 nM estradiol 17�; gray
bars, cells from OVX mice treated with specific receptor agonists and antagonists.
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and neuronal excitability are calcium dependent, and VGCCs are
a main pathway for calcium influx. Here, we report estradiol
modulates different HVA subtypes of VGCCs in GnRH neurons
via different estrogen receptors and mechanisms.

Reports of LVA-mediated currents in GnRH neurons have
varied with species, model, and developmental stage (Bosma,
1993). Several explanations may account for these differences.
First, CaV3 subunits that comprise LVA channels may be ex-
pressed by only some GnRH neurons (Zhang et al., 2009b).
GnRH neurons are often divided into subpopulations by both
gene expression (Smith et al., 2000) and function (Christian and
Moenter, 2007; Chen and Moenter, 2009). Second, localization of
CaV3 message and protein can be somewhat different; this may be
methodological but may indicate not all cells with abundant mes-
sage translate it to similar levels of protein (McKay et al., 2006).
Third, current from LVA channels in distal processes may
dampen before arrival at the cell body, precluding accurate mea-
surements at the soma. Such currents may impact on neuronal
excitability; recent physiological and anatomical work suggests
GnRH neurons may couple via dendrodendritic bundling (Rob-
erts et al., 2008; Campbell et al., 2009). Fourth, LVA channels may
be regulated as a critical part of steroid feedback. An estradiol
replacement paradigm different from that used in the present
study increased LVA-mediated T-type currents in GnRH neu-
rons in models of both negative and positive feedback; however,

increased excitability was only observed during positive feedback
(Zhang et al., 2009b). That estradiol regimen involves an injec-
tion to mimic the proestrous increase, which, although more
physiological with regard to pattern of steroid, makes diurnal
changes difficult to interpret as they may be attributable to ste-
roid level or time of day. Here, in a model exhibiting daily
switches between estradiol negative and positive feedback in a
constant estradiol milieu, no changes in LVA-mediated current
with estradiol or time of day were observed, indicating the higher
estradiol level is needed for this regulation.

LVA channels can play an important role in regulating firing
patterns and oscillatory behavior because they require only a
small depolarization from rest to open (Perez-Reyes, 2003;
Molineux et al., 2006). In brain slices, individual GnRH neurons
exhibit burst firing and episodic activity (Suter et al., 2000b;
Kuehl-Kovarik et al., 2002; Nunemaker et al., 2003a) that could
underlie the pulsatile secretion observed in vivo that is critical for
fertility (Knobil et al., 1980). Although the amplitude of the cur-
rent was low in the present study, LVA-mediated currents gener-
ated rebound spikes and may contribute to burst firing. GnRH
neurons have high input resistance; thus, even small currents can
substantially alter membrane potential (Suter et al., 2000a; Sim et
al., 2001; DeFazio and Moenter, 2002; Chu and Moenter, 2006).
Furthermore, cells expressing this current could play a role in
initiating burst activity and communicating it to the balance of
the GnRH neuronal network.

In this model, there was no effect of estradiol or time of day on
LVA current. In contrast, HVA currents may play a role in medi-
ating estradiol-dependent diurnal changes in GnRH neuron ac-
tivity. Specifically, HVA-mediated current did not change with
time of day in OVX mice, whereas in vivo estradiol treatment
reduced HVA-mediated currents during estradiol negative
feedback but increased these currents during positive feed-
back. These results reveal a novel mechanism for feedback
modulation of GnRH neurons by estradiol in that an intrinsic
property of these neurons is targeted, in addition to synaptic
transmission (Mahesh et al., 1999; Han et al., 2004; Christian
and Moenter, 2007, 2008a,b; Clarkson et al., 2008; Roseweir et
al., 2009). Although these changes may be subsequent to alter-
ations in estradiol-sensitive neuromodulation of GnRH neu-
rons, for example by VIP (Harney et al., 1996; Smith et al.,
2000, 2005; Christian and Moenter, 2008a) or kisspeptin
(Smith et al., 2005; Pielecka-Fortuna et al., 2008) rather than
estradiol action directly at the GnRH neuron, they suggest that
multiple aspects of GnRH neuron physiology are targeted by
the normal cyclical switch between estradiol negative and pos-
itive feedback.

The effects of in vivo estradiol on HVA-mediated currents
specifically altered L- and N-type channels. L-type channels are
typically found on cell bodies where they contribute to calcium-
dependent gene transcription (Gomez-Ospina et al., 2006). In
contrast, N-type channels are found in dendrites, soma, and
nerve terminals, and their opening mediates calcium-dependent
release of neurotransmitters (Westenbroek et al., 1992; Reid et al.,
2003; Catterall et al., 2005).

In addition to long-term changes in cell physiology brought
about by the action of estradiol as a modulator of transcription,
estradiol can alter the intrinsic and synaptic physiology of neu-
rons within minutes (Kelly et al., 1976, 1977; Mermelstein et al.,
1996; Lee et al., 2002; Zhao and Brinton, 2007; Sarkar et al., 2008).
In GnRH neurons, estradiol at high physiological or pharmaco-
logical levels acutely increases firing activity (Abe and Terasawa,
2005; Chu et al., 2009) and increases frequency of oscillations in

Figure 7. In vitro treatment with estradiol potentiates different subtypes of HVA
through different receptors. A, Nitrendipine (50 �M) decreased the percentage of cells
responding to estradiol (1 nM). Additional treatment with conotoxin GVIA (700 nM) did not
change percentage of cells responding. Nitrendipine (50 �M) blocked the effect of DPN (10
nM). B, Nitrendipine (50 �M), SNX (1 �M), or agatoxin IVA (166 nM) did not block the effect
of G1 (100 nM). SNX-482 (1 �M) did not change the percentage of cells responding to G1
(100 nM). C, SNX-482 decreased the percentage increase in ICa in response to G1 (*p �
0.05; 0% indicates no difference from control conditions). D, The combined application of
nitrendipine and SNX-482 blocked the effect of 17�-estradiol in both OVX and OVX�E
mice. Error bars indicate SEM.
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intracellular calcium concentration (Temple et al., 2004; Abe et
al., 2008; Romanò et al., 2008).

In the present study, estradiol rapidly (�5 min) increased
HVA-mediated calcium currents in GnRH neurons regardless of
time of day and regardless of the estradiol condition of the ani-
mal. Rapid estradiol effects were mimicked by the ER� agonist
DPN, consistent with the expression of ER� in GnRH neurons
(Herbison and Pape, 2001) and other rapid effects of estradiol in
GnRH neurons (Abrahám et al., 2003; Chu et al., 2009). The pure
classical estrogen receptor antagonist ICI 182780, however, only
partially blocked the acute effects of estradiol, suggesting other
receptors may participate (Toran-Allerand et al., 2002; Roepke et
al., 2009). GPR30, a candidate estrogen receptor (Prossnitz et al.,
2008), is expressed in primate GnRH neurons and is involved in
the rapid effect of estradiol on GnRH release and intracellular
calcium oscillations (Noel et al., 2009). Here, the GPR30 agonist
G1 rapidly increased HVA currents in one-third of GnRH neu-
rons, suggesting a subpopulation may express GPR30. Of inter-
est, G1 elicited an even greater response than estradiol. One
explanation is that supraphysiological levels of estradiol are
needed to fully activate GPR30; such concentrations may be lo-
cally available within the brain (Corpéchot et al., 1981; Toran-
Allerand et al., 2005). As the G1-induced change in current is
eliminated by cadmium, the ultimate target does appear to be
calcium channels, or mechanisms dependent on an influx via
these channels. Acute actions of estradiol were mediated by ER�
and GPR30, which increased L- and R-type currents, respectively.

The different effects of estradiol on HVA subtypes when given
in vivo versus in vitro suggest different mechanisms are involved.
Importantly, because the rapid actions of estradiol appear similar
in both OVX and OVX�E animals, these changes may be addi-
tive in their regulation of GnRH neurons. In this regard, the
longer time course of in vivo estradiol treatment enables mecha-
nisms including changes in message and protein levels. Estradiol-
sensitive afferents may be engaged (Wintermantel et al., 2006;
Heldring et al., 2007). For example, estradiol might interact with
the circadian pacemaker in the suprachiasmatic nuclei, changing
calcium channel function of GnRH neurons via VIP (Harney et
al., 1996; Smith et al., 2000; Christian and Moenter, 2008b) or
vasopressin (Palm et al., 1999). In vivo estradiol might also
change HVA-mediated current through changes in signaling via
metabotropic receptors for GABA or glutamate (Chu and Moenter,
2005; Dumalska et al., 2008; Zhang et al., 2009a). GABAergic
(Christian and Moenter, 2007) and glutamatergic (Christian et
al., 2009) transmission indeed change with time of day in this
model in an estradiol-dependent manner; thus, the afferent sig-
nal is present. In contrast to in vivo estradiol, acutely applied
estradiol is thought to reveal nongenomic mechanisms. Physio-
logically, an acute change in estradiol may come from a burst of
local synthesis, but such mechanisms remain speculative (Woolley,
2007). Acute estradiol likely acts directly on the GnRH neuron
itself or via rapid changes in neuromodulation. Because both
action potential generation and ionotropic receptors for GABA
and glutamate were blocked in the present studies, these acute
effects of estradiol are likely directly on the GnRH neuron. This
interpretation is supported by the lack of any diurnal changes in
response to acutely applied estradiol, as opposed to the well doc-
umented time-of-day-dependent changes that occur in response
to estradiol in vivo (Moenter et al., 2009). This latter observation
suggests the acute estradiol signal is not interacting with the cir-
cadian pacemaker in the suprachiasmatic nucleus under these
experimental conditions.

The present study shows two novel pathways by which estra-
diol can modulate VGCCs in GnRH neurons. The effects of both
in vivo and in vitro suggest that estradiol has multiple effects on
VGCCs. These data provide a new link between estradiol and
GnRH neuron function. Estrogen changes intrinsic properties in
addition to synaptic transmission and other neuromodulators to
regulate GnRH neuron activity for female reproductive success.
Determining the underlying signal pathways of estradiol modu-
lation on VGCCs will be important to understand the central
neural control of reproduction.
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