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Estradiol Induces Diurnal Shifts in GABA Transmission to
Gonadotropin-Releasing Hormone Neurons to Provide a
Neural Signal for Ovulation
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Ovulation is initiated by a surge of gonadotropin-releasing hormone (GnRH) secretion by the brain. GnRH is normally under negative
feedback control by ovarian steroids. During sustained exposure to estradiol in the late follicular phase of the reproductive cycle,
however, the feedback action of this steroid switches to positive, inducing the surge. Here, we used an established ovariectomized,
estradiol-treated (OVX�E) mouse model exhibiting daily surges to investigate the neurobiological mechanisms underlying this switch.
Specifically, we examined changes in GABA transmission to GnRH neurons, which can be excited by GABAA receptor activation. Spon-
taneous GABAergic postsynaptic currents (PSCs) were recorded in GnRH neurons from OVX�E and OVX mice in coronal and sagittal
slices. There were no diurnal changes in PSC frequency in cells from OVX mice in either slice orientation. In OVX�E cells in both
orientations, PSC frequency was low during negative feedback but increased at surge onset. During the surge peak, this increase subsided
in coronal slices but persisted in sagittal slices. Comparison of PSCs before and during tetrodotoxin (TTX) treatment showed TTX
decreased PSC frequency in OVX�E cells in sagittal slices, but not coronal slices. This indicates estradiol acts on multiple GABAergic
afferent populations to increase transmission through both activity-dependent and -independent mechanisms. Estradiol also increased
PSC amplitude during the surge. Estradiol and the diurnal cycle thus interact to induce shifts in both GABA transmission and postsyn-
aptic response that would produce appropriate changes in GnRH neuron firing activity and hormone release.
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Introduction
Gonadotropin-releasing hormone (GnRH) neurons form the fi-
nal common pathway by which the CNS regulates fertility. In
females, ovarian steroid hormones exert both negative and posi-
tive feedback to modulate GnRH neuron function and pituitary
responsiveness to GnRH. At the end of the follicular phase
(proestrus in rodents), estradiol feedback switches from negative
to positive action, causing a large surge in GnRH release (Sarkar
et al., 1976; Moenter et al., 1991; Pau et al., 1993), likely driven by
increased GnRH neuron firing activity (Christian et al., 2005).
The GnRH surge initiates the pituitary luteinizing hormone (LH)
surge that subsequently triggers ovulation. In rodents, estradiol
interacts with a circadian signal so that the surge is timed to a
specific time of day, specifically late afternoon in nocturnal spe-
cies (Norman et al., 1973; Legan and Karsch, 1975; Christian et
al., 2005). In many women, the diurnal tendency persists as the

LH surge tends to occur in the early morning (Kerdelhue et al.,
2002).

Estradiol signals to GnRH neurons are likely mediated via
estrogen-sensitive afferents because GnRH neurons do not ap-
pear to express the � isoform of the estrogen receptor (ER�),
which is crucial for feedback control (Herbison, 1998; Winterm-
antel et al., 2006). ER� knock-out mice do not show normal
homeostatic regulation of the GnRH/LH axis or LH surges
(Couse and Korach, 1999) and are infertile. One candidate neu-
rotransmitter that may convey estradiol signals to GnRH neurons
is GABA, which provides a major synaptic input to GnRH neu-
rons (Leranth et al., 1985b; Jansen et al., 2003; Pompolo et al.,
2003). Hypothalamic GABAergic cells express ER� (Flugge et al.,
1986; Leranth et al., 1991) and GnRH neurons express GABAA

receptors (GABAARs) that are synaptically activated (Sim et al.,
2000; Sullivan et al., 2003). GABAAR activation can inhibit or
excite a cell depending on intracellular chloride levels (Kaila,
1994; Rivera et al., 1999) and membrane voltage. Although still
controversial (Han et al., 2002, 2004), there is considerable evi-
dence that GnRH neurons fall into the growing group of adult
central neurons that maintain elevated intracellular chloride re-
sulting in depolarization and potentially excitation on GABAAR
activation (DeFazio et al., 2002; Marty and Llano, 2005; Moenter
and DeFazio, 2005; Yin et al., 2006). Furthermore, the frequency
of GABA transmission to GnRH neurons and GnRH neuron
responsiveness to GABA are positively correlated with reproduc-
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tive state (Bilger et al., 2001; Sullivan et al., 2003; Sullivan and
Moenter, 2004a,b, 2005).

Here, we investigate the relationship of estradiol, the diurnal
cycle, and GABA transmission directly at the level of the GnRH
neuron. We used a mouse model that exhibits daily GnRH/LH
surges during constant in vivo physiological estradiol treatment
(Christian et al., 2005) to test the hypothesis that GABA trans-
mission to GnRH neurons increases in association with the
GnRH surge. Our findings indicate estradiol induces shifts in
GABA transmission at appropriate times of day to generate and
correctly time a neural signal for ovulation.

Materials and Methods
Animals. Adult (2– 4 months of age) transgenic female mice in which
green fluorescent protein (GFP) is genetically targeted to GnRH neurons
(Suter et al., 2000) were used. Mice were on a 14/10 h light/dark photo-
period with lights off at 4:30 P.M. eastern standard time, with Harlan
(Indianapolis, IN) 2916 chow and water available ad libitum. To rapidly
establish constant physiological estradiol levels and induce daily LH
surges, mice were ovariectomized under isoflurane (Burns Veterinary
Supply, Westbury, NY) anesthesia and either simultaneously implanted
with a SILASTIC capsule (Dow-Corning, Midland, MI) containing 0.625
�g of estradiol suspended in sesame oil (OVX�E) (n � 94 mice) or not
treated further (OVX) (n � 42) as described previously (Christian et al.,
2005). Postoperative analgesia was provided by the long-acting local an-
esthetic bupivicaine (0.25%; 7 �l per site; Abbott Laboratories, North
Chicago, IL). Estradiol was administered in vivo and was not present in
any recording solutions. All procedures were approved by the University
of Virginia Animal Care and Use Committee.

Slice preparation. Reagents were purchased from Sigma (St. Louis,
MO) unless noted. Two to 4 d after OVX surgery, brain slices were
prepared with slight modifications (Christian et al., 2005; Chu and
Moenter, 2005) of previous descriptions (Nunemaker et al., 2002, 2003).
Briefly, mice were killed at three different times that correspond to neg-
ative feedback (0900 –1030 h), surge onset (1230 –1300 h), and surge
peak (1430 –1500 h) in estradiol-treated animals (see Fig. 1). 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, 1.3 NaHPO4, 1.2 MgSO4, 3.8 MgCl2. Coronal (200 or 300 �m)
or sagittal (300 �m) slices were cut with a Vibratome 3000 (Ted Pella,
Redding, CA); slice thickness did not affect results. Slices were incubated
for 30 min at 30�32°C in 50% high-sucrose saline and 50% normal
saline (NS) solution, containing the following (in mM): 135 NaCl, 3.5
KCl, 26 NaHCO3, 10 D-glucose, 1.25 NaH2PO4, 1.2 MgSO4, 2.5 CaCl2,
pH 7.4. Slices were then transferred to 100% NS solution at room tem-
perature (�21�23°C) for 0.5–2.5 h. For recording, slices were placed in
a recording chamber on the stage of an Olympus BX50WI upright fluo-
rescent microscope (Opelco, Dulles, VA) and continuously superfused at
5– 6 ml/min with oxygenated NS at 30�32°C. Slices were stabilized in the
chamber for �5 min before recording.

Recordings. GFP-GnRH neurons in the preoptic area and ventral hy-
pothalamus were identified by brief illumination at 470 nm. Experiments
were performed using an EPC 8 amplifier (HEKA Elektronik, Lambre-
cht/Pfalz, Germany) with the Pulse Control XOP (Instrutech, Port
Washington, NY) running in Igor Pro software (Wavemetrics, Lake Os-
wego, OR) on a G4 Macintosh computer. Signals were digitized at 16-bit
resolution through an ITC-18 acquisition interface (Instrutech). Record-
ings were performed at three different times: between 1100 and 1400 h
(negative feedback), 1400 and 1600 h (surge onset), and 1600 and 1900 h
(surge peak) (see Fig. 1). An average of two, but no more than four, cells
per animal and only one cell per slice were recorded. The location of each
GnRH neuron studied was mapped on figures of sections obtained from
a mouse brain atlas (Paxinos and Franklin, 2001).

Recording pipettes (2–3 M�) were filled with isotonic chloride pipette
solution (140 mM KCl, 10 mM HEPES, 5 mM EGTA, and 0.1 mM CaCl2)
with the addition of 4 mM MgATP and 0.4 mM NaATP before adjusting to
pH 7.3 with NaOH. To isolate GABAergic currents, APV [D-(�)-2-
amino-5-phosphonovaleric acid] (20 �M) and CNQX (6-cyano-7-

nitroquinoxaline) (10 �M) were included in the recording saline to block
glutamatergic currents. In some recordings, tetrodotoxin (TTX) (0.5 �M;
Calbiochem, La Jolla, CA) was added to block action potentials. In a
subset of experiments, the GABAA receptor antagonist bicuculline (20
�M) was applied to confirm these currents were mediated by the
GABAAR. Membrane potential was clamped at – 60 mV, and signals were
low-pass filtered at 7 kHz with gain set at 10 mV/pA. Under these con-
ditions, GABAAR-mediated postsynaptic currents (PSCs) recorded ap-
pear as inward currents. Liquid junction potential of 3 mV (Barry, 1994)
was not corrected for. The 120 s recordings were stored as Event Tracker
files using Pulse Control and Igor Pro software. Input resistance (Rin),
series resistance (Rs), and membrane capacitance (Cm) were continually
monitored as described previously (DeFazio et al., 2002; DeFazio and
Moenter, 2002). Only recordings with Rin � 500 M�, Rs � 20 M�, and
Cm � 10 pF, and holding current between 0 and �60 pA were included
for analysis. There were no differences among groups in any passive
recording properties or series resistance attributable to steroid treatment
or time of day.

Analysis. Stored 120 s traces of PSC activity were analyzed off-line
using custom event detection software in Igor Pro (Sullivan et al., 2003).
Events were confirmed by eye, and detection errors were corrected man-
ually. The mean event frequency (in hertz) was calculated from two to
five 120 s records for each cell to obtain the mean PSC frequency for each
group. For examination of TTX effects, three 120 s records were used as
control, and the last two of three 120 s records obtained in the presence of
TTX were used in analysis to allow for exchange of bath solutions. Peak
amplitude and interevent interval were calculated by the program for
each event. Averaged PSC waveforms were generated for each cell after
aligning events on the rising phase and were used to illustrate differences
in PSC amplitude.

Data were transferred to Excel (Microsoft, Redmond, WA) or InStat
(Graph Pad Software, San Diego, CA) for statistical analysis. Group
means for the three recording times were compared within OVX and
OVX�E treatments using one-way ANOVA followed by post hoc analysis
with Student–Newman–Keuls tests, or Kruskal–Wallis tests followed by
Dunn’s multiple comparisons tests when appropriate. Pairwise compar-
isons between OVX and OVX�E treatments within each time group
were performed using two-tailed t tests, or Mann–Whitney tests when
appropriate. PSCs before and during TTX treatment were compared
using two-tailed paired t tests. Data are presented as means � SEM.
Cumulative probability plots were created by using 100 randomly se-
lected events per cell or all events if �100 were recorded. Probability
distributions were compared using two-sample Kolmogorov–Smirnov
goodness of fit tests (S-PLUS 2000; MathSoft, Cambridge, MA). Statisti-
cal significance was set at p � 0.05.

Results
GABA transmission to GnRH neurons is directly correlated
with estradiol negative and positive feedback
To examine GABA transmission to GnRH neurons in relation to
the GnRH surge, spontaneous GABAergic postsynaptic currents
(sPSCs) were recorded from GFP-identified GnRH neurons in
brain slices obtained from OVX�E or OVX mice. Recordings
were performed during times of negative feedback (�FB) (1100 –
1400 h), surge onset (1400 –1600 h), and surge peak (1600 –1900
h) in estradiol-treated animals and corresponding times in OVX
controls (Fig. 1). Recordings were made from both sagittal and
coronal slices, because changes in neurotransmission may de-
pend on the presence of the soma of the afferent cell within the
same slice as the recorded cell. It should be noted that normal
circuit behavior is inevitably disrupted in an acute slice prepara-
tion, independent of slice orientation; nonetheless, the advantage
of direct measurement of GABA transmission to GnRH neurons
outweighs this drawback.

There were no diurnal changes in sPSC frequency in cells from
OVX mice in either slice orientation (coronal: �FB, 0.28 � 0.05
Hz; n � 13 cells; onset, 0.17 � 0.06 Hz; n � 13; peak, 0.17 � 0.05
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Hz; n � 13; sagittal: �FB, 0.17 � 0.04 Hz; n � 12; onset, 0.33 �
0.07 Hz; n � 12; peak, 0.25 � 0.06 Hz; n � 14) (Fig. 2), consistent
with the lack of change in LH release and GnRH neuron activity
in similarly treated mice (Christian et al., 2005). In contrast, in
GnRH neurons from OVX�E mice, sPSC frequency was elevated
near surge onset in both coronal (0.55 � 0.14 Hz; n � 38; p �
0.01) and sagittal slices (0.54 � 0.1 Hz; n � 28; p � 0.01) com-
pared with negative feedback (coronal, 0.13 � 0.04 Hz; n � 18;
sagittal, 0.09 � 0.02 Hz; n � 15) (Fig. 3A,B). During the surge
peak, this increase subsided in coronal slices (0.23 � 0.04 Hz; n �
18; p � 0.05) (Fig. 3A,C) but persisted in sagittal slices (0.52 �
0.1 Hz; n � 26; p � 0.01) (Fig. 3B,D), suggesting multiple pop-
ulations of GABA neurons increase transmission in association
with surge initiation and maintenance.

Comparison of GABAergic sPSCs in all OVX and OVX�E
cells at each recording time showed estradiol decreased GABA

transmission during negative feedback ( p � 0.01), but increased
transmission during surge onset ( p � 0.01) and surge peak ( p �
0.05) (Fig. 4A). Similarly, estradiol increased the interevent in-
terval during negative feedback (Fig. 4B), but shortened it during
surge onset and peak (Fig. 4C,D). This change in rate of GABA
transmission to GnRH neurons induced by estradiol directly cor-
relates with estradiol-induced changes in GnRH neuron firing
activity and LH levels in the same animal model (Christian et al.,
2005). Together with the lack of change in LH, firing, or GABA
transmission in GnRH neurons from OVX mice, these data sug-
gest one mechanism by which estradiol feedback is conveyed to
GnRH neurons to initiate ovulation is through changes in GABA
transmission.

As indicated by the coronal–sagittal differences in sPSC fre-
quency, GnRH neurons receive synaptic information from a va-
riety of anatomically and neurochemically distinct areas (Boehm
et al., 2005; Yoon et al., 2005; Wintermantel et al., 2006). The
innervation pattern of synaptic inputs to GnRH neurons also
varies with reproductive state (Witkin et al., 1991; Jansen et al.,
2003; Adams et al., 2006). We examined the relationship between
anatomical location of GnRH neurons and degree of GABA
transmission associated with the GnRH surge. sPSC frequency
was typically �0.5 Hz in OVX cells at all times studied, and in
OVX�E cells during negative feedback. Cells with low sPSC fre-

Figure 1. Schematic of experimental design showing times of brain slice preparation (ar-
rows) and recording (bars) relative to LH surge induction in OVX�E mice. No surges occur in
OVX mice; for OVX groups, times of slice preparation and recording were matched to times of
negative feedback (red), surge onset (blue), and surge peak (green) states in OVX�E mice for
comparison. The LH surge profile is adapted from mean values reported by Christian et al.
(2005).

Figure 2. GABA transmission to GnRH neurons does not change in a diurnal manner in OVX
mice. A, B, Representative sPSC recordings in coronal (A) and sagittal (B) slices during negative
feedback (top; n�13 cells, coronal; n�12 sagittal), surge onset (middle; n�13 coronal; n�
12 sagittal), and surge peak (bottom; n � 13 coronal; n � 14 sagittal).

Figure 3. GABA transmission to GnRH neurons increases during the GnRH/LH surge in an
estradiol-dependent manner. A, B, Representative sPSC recordings from cells in coronal (A) and
sagittal (B) slices from OVX�E mice during negative feedback (top; n � 18 cells coronal; n �
15 sagittal), surge onset (middle; n � 38 coronal; n � 28 sagittal), and surge peak (bottom;
n � 18 coronal; n � 26 sagittal). C, D, Mean � SEM sPSC frequency in OVX�E cells in coronal
(C) and sagittal (D) slices. Negative feedback (�FB) values in each slice orientation serve as
control. *p � 0.05.
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quency were distributed throughout the
recording area. During the surge, how-
ever, a subpopulation of OVX�E cells
(approximately one in three) showed
sPSC frequency �0.5 Hz (Fig. 5A,B).
These high-frequency values primarily ac-
counted for the changes observed in the
overall population. Interestingly, the vast
majority of cells exhibiting elevated fre-
quency were located in the midventral
preoptic area, and the prevalence of high
sPSC frequency was dependent on GnRH
cell body location (coronal, surge onset,
rostral to caudal: n � 1 of 6 cells, 16%; n �
10 of 17 cells, 59%; n � 4 of 15 cells, 27%;
sagittal, surge onset-peak, medial to lat-
eral: n � 8 of 14 cells, 57%; n � 10 of 29
cells, 34%; n � 1 of 11 cells, 9%) (Fig.
5C–F). The pattern of cells exhibiting ele-
vated PSC frequency is similar to the pat-
tern of cFos induction in GnRH neurons
during the surge (Lee et al., 1990). These
data suggest a subpopulation of midline
GnRH neurons receive increased GABA
transmission from specific afferent popu-
lations to drive the surge.

Estradiol acts on GABA afferents
through both activity-dependent and
-independent mechanisms
To begin to distinguish mechanisms that
may underlie the observed changes in
sPSC frequency, PSCs were recorded before and during in vitro
addition of TTX (0.5 �M) to block action potential firing, and
thus prevent activity-dependent presynaptic GABA release. PSCs
recorded in this configuration are attributable to action
potential-independent vesicle release, and are referred to as min-
iature PSCs (mPSCs). TTX did not change PSC frequency in
OVX (n � 5; �2.5 � 1.5%; p � 0.05) or OVX�E (n � 5; 3.3 �
3.3%; p � 0.05) cells recorded during negative feedback. In sag-
ittal slices during surge onset-peak, OVX cells (n � 11), and
OVX�E cells with baseline sPSC frequency �0.5 Hz (n � 8),
showed no decrease in PSC frequency in TTX ( p � 0.05) (Fig.
6C–F). In contrast, when sPSC frequency in OVX�E cells was
�0.5 Hz, blocking action potentials markedly decreased trans-
mission in sagittal slices (n � 7; onset-peak; p � 0.05) (Fig.
6A,E,F), but not in coronal slices (n � 5; onset only; p � 0.05)
(Fig. 6B,E,F). If activity-dependent mechanisms were solely ac-
countable for the increase in PSC frequency, then all cells show-
ing elevated frequency would respond to TTX. The lack of a
response to TTX in a substantial portion of cells suggests estradiol
may act on different GABAergic afferent populations to increase
transmission through both activity-dependent and -independent
mechanisms.

Investigating sources of surge-associated increases in
GABA transmission
The sources of GABA input that may underlie the observed
changes are unknown. Two GABAergic areas that have been im-
plicated in surge regulation are the circadian clock in the supra-
chiasmatic nucleus (SCN) (Brown-Grant and Raisman, 1977)
and the anteroventral periventricular area (AVPV) (Wiegand
and Terasawa, 1982). Both of these areas appear to project di-

rectly to GnRH neurons (Gu and Simerly, 1997; van der Beek et
al., 1997), and the SCN may also project to GnRH neurons indi-
rectly through the AVPV (de la Iglesia et al., 1995; Watson et al.,
1995). In the coronal slice orientation, SCN cell bodies are not
present in the same slices as GnRH neurons, and only the most
caudal slices through the preoptic area would contain AVPV cell
bodies. In sagittal slices, both SCN and AVPV cell bodies could be
contained within the same slice as GnRH neurons, although this
is more likely in the most medial slices. The locations of these
areas thus correspond well with the location of cells exhibiting
higher PSC frequency (Fig. 5).

The scattered nature of GnRH neurons has made identifica-
tion of their afferents difficult, although new genetic approaches
hold promise in this regard (Boehm et al., 2005; Yoon et al., 2005;
Wintermantel et al., 2006). To begin to examine the roles differ-
ent sources of GABA afferents may play in surge-associated in-
creases in GABA transmission using a functional approach, we
recorded GABAergic PSCs during the surge in sagittal slices in
which a razor blade cut (extending �0.5 cm dorsal) was placed
rostral to the SCN (caudal to the AVPV) to sever SCN–GnRH
inputs and other fibers of passage from more caudal inputs
(“SCN cut”) but preserve inputs from the AVPV (Fig. 7A). In the
most medial slice (midsagittal), SCN cut (n � 9 cells) decreased
both mean sPSC frequency (0.26 � 0.05 cut vs 0.56 � 0.1 Hz
intact; p � 0.05) and the percentage of cells with sPSC frequency
�0.5 Hz (11% cut vs 57% intact) (Fig. 7B,C). In parasagittal
slices, SCN cut (n � 17) did not change mean sPSC frequency
(0.54 � 0.11 vs 0.6 � 0.11 Hz) or percentage of high-frequency
cells (35 vs 34%) (Fig. 7B,C). In contrast to intact midsagittal and
parasagittal slices, in which TTX application decreased PSC fre-
quency (Fig. 6), no high-frequency cells tested in SCN cut slices

Figure 4. Estradiol decreases GABA transmission to GnRH neurons during negative feedback but increases it during surge onset
and peak. A, Mean � SEM of sPSC frequency in cells from OVX (open bars) and OVX�E (filled bars) mice during negative feedback
(�FB), surge onset, and surge peak (coronal and sagittal values combined). B–D, Estradiol lengthens sPSC interevent interval
during negative feedback but shortens it during surge onset and peak. Cumulative probability distributions for interevent interval
during negative feedback (OVX�E, n � 1232 events; OVX, n � 1671) (B), surge onset (OVX�E, n � 4985; OVX, n � 1513) (C),
and surge peak (OVX�E, n � 3198; OVX, n � 1488) (D). *p � 0.05.
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responded to TTX (n � 5; all parasagittal) (Fig. 7D). Residual
high-frequency transmission in SCN cut slices may be derived
from the AVPV or other regions undisrupted by the SCN cut. The
SCN may therefore be a candidate source of an activity-
dependent increase in GABA transmission, whereas estradiol
may act on the AVPV through activity-independent
mechanisms.

PSC amplitude increases during the surge in a diurnal and
estradiol-dependent manner
In addition to changes in PSC frequency, we examined diurnal
and estradiol-dependent changes in sPSC and mPSC amplitude.
As with sPSC frequency, there were no changes in either sPSC or

mPSC amplitude in OVX cells dependent
on time of day (Fig. 8A,B). In OVX�E
cells, in contrast, both sPSC and mPSC
amplitude increased during surge onset
and peak compared with negative feed-
back (Fig. 8A–C) ( p � 0.01). Comparison
of mPSC amplitude in OVX and OVX�E
showed no difference during negative
feedback, but amplitude was increased in
cells from OVX�E mice during the surge
(Fig. 8D) ( p � 0.01). Estradiol thus ap-
pears to increase PSC amplitude as well as
frequency during the surge.

Discussion
The requirement of the negative-to-
positive switch in estradiol action for
surge generation has long been recognized
(Docke and Dorner, 1965), but its under-
lying mechanisms have remained un-
known. Here, we show that, in a manner
that directly correlates with changes in
GnRH neuron firing activity and down-
stream pituitary hormone release (Chris-
tian et al., 2005), estradiol decreases
GABA transmission to GnRH neurons
during negative feedback but increases it
during the GnRH/LH surge. Estradiol ap-
pears to act on multiple populations of
GABAergic afferents to exert these effects.
These data have implications for under-
standing the neural regulation of fertility,
and further illustrate possible excitatory
actions of GABA in the adult brain under
normal physiological circumstances.

The changes observed here showing
estradiol-induced increases in GABA
transmission to GnRH neurons concomi-
tant with the surge contrast with previous
whole-animal studies that showed GABA
levels in the preoptic area are lower during
the LH surge (Jarry et al., 1988; Robinson
et al., 1991). These previous data sug-
gested a traditional inhibitory role for
GABA in surge regulation. A limitation of
that approach is that measures of GABA
concentrations do not provide informa-
tion regarding the types of neurons being
affected by any change in GABA. Lower
GABA levels may be required to diminish
inhibition on upstream excitatory inputs

to GnRH neurons, and thereby induce increases in GnRH neuron
firing activity characteristic of the surge. Although speculative, an
imbalance of hypothalamic GABA levels and disruption of
estradiol-induced shifts in GABA transmission may account for
the clinical finding of increased incidence of anovulatory cycles in
women with epilepsy, and further impairment of ovulation with
antiepileptic treatments such as valproate (Morrell et al., 2002).

An increase in synaptic transmission can be attributable to
increased activity of presynaptic neurons and/or activity-
independent changes such as alterations in vesicle release proba-
bility or number of synaptic contacts. Within-cell comparison of
PSCs recorded before and during TTX application showed the

Figure 5. Approximately one in three GnRH neurons from OVX�E mice receive estradiol-induced increased GABA transmission
during the surge, and this effect correlates with cell location. A, B, PSC frequency in all individual cells from OVX�E mice plotted
versus the time of recording in coronal (A) and sagittal (B) slices. C, D, Approximate location of all GnRH neurons from OVX�E mice
recorded during surge onset (coronal and sagittal) and surge peak (sagittal only). Slice images adapted from Paxinos and Franklin
(2001). Coronal slices are displayed from rostral (left) to caudal (right), and sagittal slices are displayed medial (left) to lateral
(right). The filled circles indicate cells with PSC frequency �0.5 Hz during surge onset (coronal and sagittal) and surge peak
(sagittal only). The blue circles are cells recorded during surge onset, and the green circles are cells recorded during surge peak. E,
F, Percentage of cells in each slice position that showed PSC frequency �0.5 Hz in coronal (E) and sagittal (F ) slices.
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response of OVX�E cells to TTX de-
pended on baseline PSC frequency, slice
orientation, and maintenance of specific
afferent connections. TTX decreased
GABA transmission in cells with higher
baseline frequency in sagittal slices, but
not in coronal slices, nor in sagittal slices
in which inputs from the SCN were sev-
ered. Although the lack of a response to
TTX could be attributable solely to loss of
points of action potential generation, syn-
aptic strength can be modulated in ways
independent of afferent neuronal activity,
such as estradiol-induced changes in syn-
apse density observed through the rat es-
trous cycle (Woolley and McEwen, 1992).
Therefore, estradiol may act on multiple
afferent cell populations to increase GABA
transmission via different mechanisms,
increasing firing activity in some popula-
tions while altering transmission through
activity-independent mechanisms, such as
release probability or connectivity, in
others.

The amplitude of GABAergic PSCs in-
creased during the surge, suggesting estra-
diol enhances the efficacy of GABAAR ac-
tivation in GnRH neurons. Larger PSC
amplitude can be attributable to postsyn-
aptic changes such as increased number of
receptors and altered receptor composi-
tion or phosphorylation, and/or presyn-
aptic changes such as an increase in the
amount of GABA released per vesicle. mPSC amplitude, mea-
sured in conditions in which presynaptic influences on PSC am-
plitude are diminished, was larger during the surge. Although this
does not exclude increased vesicular concentrations of GABA as a
potential source of these changes, it is possible that increased
postsynaptic response to GABA at least partially underlies in-
creased PSC amplitude. Therefore, in addition to presynaptic
actions to increase PSC frequency, estradiol may also act postsyn-
aptically, perhaps through estradiol receptor-� (ER�) (Skynner
et al., 1999; Hrabovszky et al., 2001), to increase responsiveness of
GnRH neurons to GABA during the surge. LH surges can occur
in ER� knock-out mice (Krege et al., 1998), however, suggesting
that this postsynaptic action of estradiol may be mostly modula-
tory. Another possibility is that estradiol may act presynaptically
through other neurotransmitter or neuromodulator systems to
ultimately act on GnRH neurons and impact GABAAR function.
Regardless, increased PSC amplitude leads to larger depolariza-
tions in membrane potential, which, in combination with the
effects of estradiol to hyperpolarize action potential threshold
(DeFazio and Moenter, 2002) and increase cellular excitability
(Chu and Moenter, 2006), would enhance the probability for
action potential firing in the postsynaptic GnRH neuron. Thus,
similar to changes in PSC frequency, these changes in PSC am-
plitude are consistent with the increased firing activity and LH
levels observed during positive feedback (Christian et al., 2005).

GnRH neurons maintain elevated chloride levels in adult-
hood, leading to a depolarized chloride reversal potential, and
fire action potentials in response to local puffs of GABA (DeFazio
et al., 2002; Sullivan et al., 2003; Yin et al., 2006). Furthermore,
metabotropic glutamate receptor activation reduces both GABA

Figure 6. Estradiol increases activity of some GABAergic afferents during the GnRH/LH surge. A–D, Representative traces of
PSCs before (top) and during (bottom) 0.5 �M TTX treatment from an OVX�E cell with baseline PSC frequency �0.5 Hz (A,
sagittal; B, coronal), an OVX�E cell with baseline �0.5 Hz (C), and an OVX cell (D). E, PSC frequency in individual GnRH neurons
before (con) and during (TTX) in vitro TTX treatment. Values from OVX�E cells in sagittal slices (n � 12) are on the left, OVX�E
cells in coronal slices (n � 8) are in the middle, and OVX cells (n � 11) are on the right. The filled circles indicate cells that showed
�30% decrease in PSC frequency in TTX. F, Percentage change in PSC frequency from control after in vitro TTX treatment. *p �
0.05 versus control in respective hormone milieu and slice orientation.

Figure 7. Razor blade cut in between SCN and AVPV alters GABA transmission to GnRH
neurons during surge onset-peak. A, Location of razor blade cut (orange line) on a midsagittal
section in relation to approximate locations of the SCN, AVPV (arrows), and the area containing
GnRH neurons (green dashed circle). B, C, SCN cut lowers GABAergic sPSC frequency (B) and
percentage of cells with sPSC frequency�0.5 Hz (C) in midsagittal slices (n�9 cells) but has no
effect in parasagittal slices (n � 17). D, PSC frequency in individual GnRH neurons before (con)
and during (TTX) in vitro TTX treatment. No cells exhibiting high control frequency (n � 5 of 15)
responded to TTX. *p � 0.05 versus intact slices in respective slice position.
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sPSC frequency and GnRH neuron firing rate, but antagonism
has the reverse effect (Chu and Moenter, 2005). Although a de-
bate remains with regard to the direct effect of GABA on GnRH
neurons, the data presented here add to the growing body of
functional evidence that when GnRH neuron activity or LH re-
lease is low endogenous GABA transmission to GnRH neurons is
reduced, whereas in states of high-activity GABA transmission is
increased (Sullivan et al., 2003; Sullivan and Moenter, 2004a,b,
2005; Pielecka et al., 2006).

The exact sources of GABA input to GnRH neurons that may
underlie the changes observed here have yet to be determined.
The present studies indicate putative roles for both the SCN and
the AVPV as sources of surge-associated increases in GABA
transmission. In addition to containing GABAergic cells, both the
SCN (Liu and Reppert, 2000) and the AVPV (Herbison and
Fenelon, 1995) contain GABA receptors; these areas may be tar-
gets for surge-associated decreases in hypothalamic GABA levels.
Importantly, AVPV cells express ER� (Simerly et al., 1996), pro-
viding a point of integration of estradiol feedback and neural
signals. Based on the differences in GABA transmission in SCN
cut slices, we propose a working model in which multiple
GABAergic populations, including the SCN and AVPV, provide
increased GABA transmission to GnRH neurons in association
with the surge.

Although the SCN and the AVPV are strong candidates as
sources of GABAergic inputs mediating these changes, GnRH
neurons receive afferent inputs from other GABAergic popula-
tions that may also be involved. The bed nucleus of the stria
terminalis (BNST) is another estradiol-sensitive GABAergic area
that projects to GnRH neurons (Simerly et al., 1990; Pompolo et
al., 2002; Hahn and Coen, 2006). Although electrochemical stim-
ulation in the BNST can cause LH release (Beltramino and Ta-
leisnik, 1980), it provides a much greater input to the medial
preoptic area and AVPV in males than in females (Hutton et al.,
1998); therefore, it is less likely the BNST plays a significant role
in surge regulation. In embryonic nasal explant cultures,

GABAergic cells provide a major synaptic
input to GnRH neurons and are involved
in GnRH neuron migration (Kusano et al.,
1995; Bless et al., 2000); adult roles for
these GABA neurons with regard to
GnRH neuron regulation are unknown.
Some arcuate nucleus neurons also syn-
thesize GABA (Leranth et al., 1985a) and
send projections to the preoptic area (Si-
monian et al., 1999). On proestrus, how-
ever, c-Fos expression in the arcuate is
very low (Smith et al., 2006), indicating
the arcuate may not be involved in surge
generation.

Anatomical studies have indicated the
number of immunodetectable synaptic
contacts on GnRH neurons containing the
vesicular GABA transporter (VGAT) de-
creases at the onset of the LH surge (Ottem
et al., 2004). This may indicate fewer con-
tacts; alternatively more frequent GABA
release may decrease the pool of vesicles or
alter pH (Montana et al., 2004) to change
antigen availability of VGAT in an ana-
tomical assay. The present observations
clearly indicate a functional increase in
GABA transmission to GnRH neurons;

future work will be needed to clarify the source of these afferents.
The present studies indicate estradiol induces shifts in GABA

transmission at appropriate times in the diurnal cycle to generate
changes in GnRH neuron firing activity and hormone release
characteristic of both negative and positive feedback. It is unlikely
that GABA works alone in mediating estradiol feedback, but
rather works in concert with other factors, including changes in
intrinsic properties, to mediate this switch that is critical for surge
regulation, ovulation, and overall female reproductive success.
Determining the relative roles of GABA and other factors in surge
regulation will be important for understanding the neural control
of reproduction in both normal and impaired states.
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