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Neurosteroids are endogenous regulators of neuronal excitability and seizure susceptibility. Neurosteroids, such as allopregnanolone (AP;
3�-hydroxy-5�-pregnan-20-one), exhibit enhanced anticonvulsant activity in perimenstrual catamenial epilepsy, a neuroendocrine condition
in which seizures are clustered around the menstrual period associated with neurosteroid withdrawal (NSW). However, the molecular mecha-
nisms underlying such enhanced neurosteroid sensitivity remain unclear. Neurosteroids are allosteric modulators of both synaptic (���2-
containing) and extrasynaptic (���-containing) GABAA receptors, but they display greater sensitivity toward �-subunit receptors in dentate
gyrus granule cells (DGGCs). Here we report a novel plasticity of extrasynaptic �-containing GABAA receptors in the dentate gyrus in a mouse
perimenstrual-like model of NSW. In molecular and immunofluorescence studies, a significant increase occurred in � subunits, but not �1 , �2 ,
�2 , and �2 subunits, in the dentate gyrus of NSW mice. Electrophysiological studies confirmed enhanced sensitivity to AP potentiation of
GABA-gated currents in DGGCs, but not in CA1 pyramidal cells, in NSW animals. AP produced a greater potentiation of tonic currents in DGGCs
of NSW animals, and such enhanced AP sensitivity was not evident in �-subunit knock-out mice subjected to a similar withdrawal paradigm. In
behavioral studies, mice undergoing NSW exhibited enhanced seizure susceptibility to hippocampus kindling. AP has enhanced anticonvulsant
effects in fully kindled wild-type mice, but not �-subunit knock-out mice, undergoing NSW-induced seizures, confirming �-linked neurosteroid
sensitivity. These results indicate that perimenstrual NSW is associated with striking upregulation of extrasynaptic, �-containing GABAA recep-
tors that mediate tonic inhibition and neurosteroid sensitivity in the dentate gyrus. These findings may represent a molecular rationale for
neurosteroid therapy of catamenial epilepsy.
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Introduction
Neurosteroids play a key role in the pathophysiology of catame-
nial epilepsy, a menstrual cycle-related disorder characterized by
seizures that cluster most often during the perimenstrual or peri-
ovulatory period, when progesterone levels are low (Herzog and
Frye, 2003; Herzog et al., 2004, 2011; Reddy et al., 2012). Pres-
ently, there is no approved drug therapy for catamenial epilepsy.
Progesterone is a precursor for the synthesis of neurosteroids,
such as allopregnanolone (AP; 3�-hydroxy-5�-pregnan-20-
one), in the brain (Reddy et al., 2004; Tuveri et al., 2008). AP and
related neurosteroids have anticonvulsant properties and protect
against seizures (Reddy, 2011). Although the exact cause of cata-
menial epilepsy is poorly understood, there is growing evidence
suggesting that perimenstrual neurosteroid withdrawal (NSW)

may be a key triggering factor for catamenial seizures (Smith et
al., 1998a,b; Reddy et al., 2001, 2012; Reddy, 2009; Gangisetty and
Reddy, 2010; Pack et al., 2011). Based on this approach, we have
developed an animal model of catamenial epilepsy (Reddy et al.,
2001, 2012; Reddy and Zeng, 2007). In this rodent model, there is
a marked reduction in the antiseizure potency of benzodiaz-
epines and valproate, which is consistent with clinical evidence
on resistance of catamenial seizures to conventional antiepileptic
drugs (Reddy and Rogawski, 2001; Gangisetty and Reddy, 2010;
Reddy et al., 2012). However, we unexpectedly found that neu-
rosteroids, including AP and synthetic analogs such as ganax-
olone, had enhanced activity in the catamenial epilepsy model
(Reddy and Rogawski, 2000, 2001; Reddy et al., 2012). We pro-
posed a neurosteroid replacement therapy for prevention of cata-
menial seizures (Reddy and Rogawski, 2009; Reddy, 2013).
However, the molecular mechanisms underlying enhanced anti-
convulsant activity of neurosteroids in catamenial epilepsy re-
main unclear.

Neurosteroids control seizures through direct interaction
with GABAA receptors (GABAARs; Harrison and Simmonds,
1984; Belelli and Lambert, 2005; Hosie et al., 2007). GABAARs are
ligand-gated chloride channels that are composed of a pentamer
of subunits (�1–�6, �1–�4, �1–�3, �, �, �, and �1–�3). Synaptic,
�-containing receptors and extrasynaptic, �-containing recep-
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tors have divergent roles in mediating phasic and tonic current
inhibition, respectively (Bianchi and Macdonald, 2003; Wei et al.,
2003; Semyanov et al., 2004). Neurosteroids produce large en-
hancing effects on �-containing extrasynaptic receptors mediat-
ing tonic inhibition (Belelli et al., 2002; Wohlfarth et al., 2002;
Stell et al., 2003; Pillai et al., 2004; Carver and Reddy, 2013). The
�-containing receptors in the hippocampus undergo plasticity
during the menstrual cycle, pregnancy, and parturition (Maguire
et al., 2005; Maguire and Mody, 2007, 2008; Zhang et al., 2007;
Sanna et al., 2009; Wu et al., 2013). There are indications that
steroid hormone fluctuations affect �-subunit plasticity (Shen et
al., 2005; Reddy et al., 2012). Therefore, we hypothesized that the
enhanced potency of neurosteroids in catamenial epilepsy may be
attributed to a relative increase in the expression of extrasynaptic,
�-containing GABAARs in the hippocampus.

In this study, we tested this hypothesis by investigating NSW-
induced changes in GABAAR �-subunit expression and tonic in-
hibition in the dentate gyrus (DG) in a mouse perimenstrual
model. Our results demonstrate NSW-induced striking upregu-
lation of �-containing GABAARs mediating tonic inhibition and
conferring enhanced sensitivity to neurosteroids, similar to that
observed in perimenstrual catamenial epilepsy.

Materials and Methods
Animals and perimenstrual model studies
Animals. Wild-type (WT) adult female C57BL/6 mice, with masses of
25–30 g each, were used in this study. Progesterone receptor knock-out
(PRKO) mice were also used, and their generation has been described
previously (Lydon et al., 1995; Reddy et al., 2004; Reddy and Mohan,
2011). PRKO mice lack both the PR-A and PR-B isoforms that are tran-
scribed by the PR gene. GABAAR �-subunit knock-out mice (Gabrd�/�;
�KO) were a kind gift from Dr. Martin Wallner (University of California,
Los Angeles, Los Angeles, CA) and were also used (Mihalek et al., 1999).
All strains were maintained on a hybrid C57BL/6 –129SV background.
All mice were housed four to a cage with access to food and water ad
libitum. The mice were housed in an environmentally controlled animal
facility with a 12 h light/dark cycle. The animals were cared for in strict
compliance with the guidelines outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All animal
procedures were performed in a protocol approved by the Institutional
Animal Care and Use Committee of the university.

Perimenstrual model of NSW. A state of perimenstrual-like NSW
hormonal condition was induced in animals by a standard progester-
one–finasteride [N-(1,1-dimethylethyl)-3-oxo-(5�,17�)-4-azaandrost-1-
ene-17-carboxamide] regimen as described previously (Reddy et al.,
2010), which was based on published protocols for induction of NSW
(Moran and Smith, 1998; Moran et al., 1998; Smith et al., 1998a,b). Adult
female mice were given a subcutaneous injection of progesterone (25
mg/kg) twice daily for 7 d. On the final injection, finasteride (50 mg/kg,
i.p.) was administered to block 5�-reductase activity for inhibiting pro-
gesterone conversion to AP and related neurosteroids. Progesterone was
administered rather than AP because circulating levels of progesterone,
such as those found during the luteal phase, are readily converted to
neurosteroids in the brain regions that express neurosteroid synthesizing
enzymes (Mellon et al., 2001; Agís-Balboa et al., 2006). The progesterone
administration protocol results in a high physiological concentration of
AP in plasma, and acute withdrawal is evident by a nearly complete
decline in AP 24 h after finasteride administration (Gangisetty and
Reddy, 2010). Control mice were administered 15% �-cyclodextrin
vehicle with the same frequency for the 7 d injection period. Experi-
mental studies were performed 24 h after the final finasteride or
vehicle injection.

Molecular and cellular studies
TaqMan real-time PCR. The GABAAR subunit mRNA expression was
determined by the TaqMan real-time PCR assay as described previously
(Gangisetty and Reddy, 2009). Mice were anesthetized with isoflurane,

and the hippocampus was rapidly dissected for RNA isolation. The total
RNA was extracted from the hippocampus using a TRIzol reagent, and
cDNA was prepared using the Superscript II first-strand cDNA synthesis
kit (Invitrogen). The PCR primers and TaqMan probe specific for
GABAAR subunits and GAPDH genes were designed using the Primer
Express software (Applied Biosystems). TaqMan PCR reactions were
performed in an AB 7500 fast real-time system (Applied Biosystems).
Real-time PCR was performed with TaqMan Universal PCR Master Mix
(Applied Biosystems), which contained AmpliTaq Gold DNA Polymer-
ase, AmpErase, uracil N-glycosylase, dNTPs with dUTP, and optimized
buffer components. Each sample was run in triplicate design, and each 25
	l reaction mixture consists of 12.5 	l of TaqMan Universal PCR Master
mix, 400 nM primers, and 300 nM TaqMan probe for the target genes as
described previously (Gangisetty and Reddy, 2009). The real-time PCR
run consisted first of one cycle of 50°C for 2 min (AmpErase activation),
then one cycle of 95°C for 10 min, 50 cycles of 95°C for 15 s, and 60°C for
1 min (denaturation, annealing, and extension). The target input
amount for each target gene was normalized to GAPDH expression in the
same samples to control for loading variability and then expressed as a
percentage change with respect to mean control values in the same run.
Brain tissue samples were collected from a group of 6 –10 mice for each
treatment condition.

Western blot analysis. Western blot analysis of GABAAR subunit pro-
tein expression in the hippocampus was performed using affinity-
purified rabbit polyclonal antibodies for GABAAR �1, �2, �4, �2, and �2
subunits (Santa Cruz Biotechnology) and � subunit (PhosphoSolutions).
Hippocampi were homogenized in RIPA buffer (Pierce), and the ex-
tracted protein (100 	g) was loaded onto 10% Tris-HCl gels and sub-
jected to electrophoresis. Blots were then transferred to a polyvinylidene
fluoride membrane (Bio-Rad). Membranes were blocked in 5% nonfat
milk at room temperature for 1 h. Membranes were then incubated with
GABAA subunit-specific antibody (dilution varies) or a mouse monoclo-
nal �-actin antibody (1:1000) at 4°C overnight. Membranes were washed
and incubated with an anti-rabbit antibody (1:1000) conjugated to horse
radish peroxidase for 1 h at room temperature. Receptor subunit bands
were detected using enhanced chemiluminescence reagent (PerkinElmer
Life and Analytical Sciences). Protein bands were quantified using Alpha
Imager software (Alpha Innotech). All values were normalized to �-actin
expression in the same samples to control for loading amount variability
and then expressed as a percentage change with respect to mean control
values. Brain tissue samples were collected from a group of 6 –10 mice for
each treatment.

Immunocytochemistry and confocal microscopy. The �-subunit distri-
bution in the hippocampal neurons was determined by immunocyto-
chemistry (Mangan et al., 2005; Wu et al., 2013). Acutely dissociated
hippocampal CA1 pyramidal cells (CA1PCs) and dentate gyrus granule
cells (DGGCs) from adult female mice in the vehicle and NSW groups
were fixed with 4% paraformaldehyde for 15 min, followed by several
glycine–PBS washes. Cells were permeabilized with ice-cold methanol
for 3 min at 4°C followed again by several rinses with PBS. Cells were then
incubated with blocking solution containing 1% bovine serum albumin
(Vector Laboratories), 2.5% normal goat serum, and 0.1% Triton X-100
for 1 h. After the blocking, the cells were incubated together with primary
rabbit GABAAR � subunits (1:100; PhosphoSolutions) or control rabbit
IgG (1:100; Santa Cruz Biotechnologies) for 1 h at room temperature.
Samples were rinsed and then incubated with Alexa Fluor 555-labeled
secondary antibodies of goat anti-rabbit IgG (1:200; Invitrogen) for 1 h in
the dark, washed extensively, and treated with ProLong AntiFade (Invit-
rogen). Serial image sections through focus with a step size of 0.1– 0.3 	m
thickness were collected and analyzed using a Nikon confocal micro-
scope with NIS-Elements software suite (Nikon). The parameters for the
confocal microscopy included the following: pinhole, 1 AU; the pixel
dwell time, 0.5 frame/s; gain at the same level for sample and control IgG;
power for the laser, 5%; and objective, Plan Apo VC 60� Oil DIC N2
(magnifying factor, �1.00; numerical aperture, 1.40; refractive index,
1.51). The normalized mean intensity was used as the ratio from mean
intensity of GABAAR � subunits minus background to mean density of
control antibody minus background. Mean intensity is a ratio of inte-
grated density of the signal divided by the region of interest. Then nor-
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malized mean intensity from the treatment group (NSW group) was used
to compare with normalized mean intensity from the control group.

Electrophysiology studies
Hippocampal slice preparation. Transverse slices (300 – 400 	m thick-
ness) of hippocampus were prepared using standard techniques from
adult female mice. Mice were anesthetized with isoflurane, and brains
were excised rapidly and placed in cold (4°C) artificial CSF (ACSF) buffer
containing 0.3 mM kynurenic acid (Tocris Bioscience). ACSF buffer was
composed of the following (in mM): 126 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2,
26 NaHCO3, 1.25 NaH2PO4, and 11 glucose ( pH adjusted to 7.35–7.40
with 95% O2–5% CO2, 305–315 mOsm/kg). Hippocampal slices were
cut with a vibratome in cold ACSF (model 1500 with 900 Refrigeration
System; Leica Microsystems). The hippocampus was dissociated from
the microdissected subfield tissues CA1, CA3, and DG, respectively. The
tissue samples collected were rapidly frozen for RNA and protein extrac-
tions. For electrophysiology and immunocytochemistry studies, the mi-
crodissected subfield hippocampal slices were equilibrated in ACSF at
24°C and continuously bubbled with oxygen (95% O2–5% CO2). For
each electrophysiology experiment, three to four animals were used for
each group, and the drug concentration was tested.

Dissociation of neurons. Hippocampus CA1PC and DGGC dissocia-
tion was prepared by the standard dissociation technique described pre-
viously (Kay and Wong, 1986; Reddy and Jian, 2010; Wu et al., 2013). The
hippocampal pieces of the CA1 or DG region were microdissected care-
fully under a microscope (model SMZ 647; Nikon) and incubated in
ACSF for 1 h at 24°C. The isolated slices were transferred into an enzy-
matic solution consisting of ACSF with protease XXIII (3 mg/ml; Sigma-
Aldrich). The slices were then incubated for precisely 23–25 min at 24°C.
The remaining slices were rinsed twice with ACSF and gently triturated
through three increasingly smaller, fire-polished Pasteur pipettes to yield
single cells. For each batch, slices were triturated five or six times with
each pipette in �1 ml of ACSF. Then, the solution was allowed 1 min for
the tissue to settle down, and the suspension of freshly dispersed cells
were carefully plated onto the recording chamber (Warner Instruments)
for electrophysiology and immunocytochemistry experiments.

Recording of GABA-evoked currents. Electrophysiological recordings
were performed in the whole-cell patch-clamp configuration (Reddy and
Jian, 2010; Wu et al., 2013). All electrophysiological experiments were
performed at 22–24°C. The recording chamber was fixed into the stage of
an inverted microscope with phase-contrast and differential interference
contrast optics (model IX71; Olympus). The physiological bath solution
for whole-cell recording had the following composition (in mM): 140
NaCl, 3 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, and 16 glucose, pH adjusted to
7.4 with NaOH (osmolarity, 315–325 mOsm/kg). Cells were visualized
and images were acquired through a CCD-100 video camera (Dage-
MTI) with FlashBus Spectrim 1.2 software (Pelco). Recording pipettes
were pulled from capillary glass tubes (King Precision Glass) using a P-97
Flaming-Brown horizontal puller (Sutter Instruments). The pipette tip
resistances were 2– 4 M� for single-cell recording and 4 – 6 M� for slice
recording. The recording pipettes were filled with a cesium pipette solu-
tion containing the following (in mM): 124 CsCl, 20 tetraethylammo-
nium, 2 MgCl2, 10 EGTA, 10 HEPES, 0.1 GTP, and 4 ATP, pH adjusted to
7.2 with CsOH (osmolarity, 295–305 mOsm/kg). In slice recordings, 5
mM lidocaine N-ethyl bromide (QX-314) was added to the pipette solu-
tion. Currents were recorded using an Axopatch 200B amplifier (Molec-
ular Devices). The membrane capacitance, series resistance, and input
resistance of the recordings were monitored by applying a 5 mV (100 ms)
depolarizing voltage step from a holding potential of �70 mV for disso-
ciated cells and �65 mV for slice recordings. Signals were low-pass fil-
tered at 2 kHz and digitized at 10 kHz with the Digidata 1440A system.
The current values were normalized to cell capacitance (an index of cell
size) and expressed as current density (picoamperes per picofarads). For
whole-cell current from isolated single cells, fractional potentiation pro-
duced by AP was calculated as IA/IGABA, where IGABA was the response of
peak amplitude at the application of GABA (3 	M), and IA is the response
of peak amplitude at the coapplication of GABA and the neurosteroid AP
(0.01–1 	M). For fast application of test drugs, the perfusion pipette was
positioned �200 	m away from the cell in the dish. GABA, AP, and the

GABAAR competitive antagonist bicuculline (10 	M) were applied using
a multichannel perfusion system (Automate Scientific).

Tonic current recording and analysis. The GABAAR-mediated tonic
current recording and analysis were made as described previously
(Mtchedlishvili and Kapur, 2006; Wu et al., 2013). Hippocampal slices
(300 	m) were maintained in continuously oxygenated ASCF at 32°C in
a holding chamber for 60 min, and then recordings were made at room
temperature. Hippocampal CA1PCs and DGGCs were visually identified
with an Olympus BX51 microscope equipped with a 40� water-
immersion objective, infrared differential interference contrast optics,
and a video camera (Kay and Wong, 1986). Tonic current and phasic
miniature IPSCs (mIPSCs) of GABAARs were recorded in the presence of
tetrodotoxin (TTX; 0.5 	M, Na � channel blocker and inhibition of
action potential-evoked neurotransmitter release), D,L-2-amino-5-
phosphonovaleric acid (APV; 40 	M, NMDA channel blocker; Sigma),
and 6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 	M, non-NMDA
glutamate receptor blocker). The competitive antagonist gabazine
(GZ; SR-95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)
pyridazinium bromide]; 50 	M) was added to perfusion after slice re-
cordings to confirm block of GABAergic currents.

Offline current analysis was performed with pClamp 10.2 software
(Molecular Devices) and in-house software. To study the tonic inhibi-
tion, transient events were manually removed from the current trace, so
that it consisted only of membrane current in the voltage-clamp mode
(Mtchedlishvili and Kapur, 2006; Wu et al., 2013). The averaged ampli-
tude of tonic current shift in conductance and root mean square (RMS)
noise amplitude were measured. The GABAAR tonic current was ex-
pressed as the outward shift in holding current after application of GZ
(50 	M). Currents for a single cell were normalized to membrane capac-
itance for that cell (picoamperes per picofarads). The amplitude of RMS
(IRMS) is the noise conductance from chloride ions passing through the
opened channels and in proportion to the chloride driving force. Itonic

was measured and averaged in 100 ms epochs with 1 s intervals between
epochs for 30 epochs. The measurements were taken 30 s before and 2–3
min after application of a drug. IRMS was studied in 50 ms epochs with
500 ms intervals between epochs for 30 epochs before and after drug
application in each cell. To assess the effect of a drug on IRMS in an
individual neuron, the distribution of IRMS in 30 epochs before the ap-
plication of a drug (during the baseline period) was compared with that
after drug application by a Student’s independent t test. To compare data
obtained from a group of neurons, IRMS values in individual epochs
before and after drug application were averaged. Changes in Itonic or IRMS

are expressed in picoamperes of current.
For measurement of desensitization of extrasynaptic current, traces

were fit using a standard exponential function ( f(t) � A � e �t / 
 � C)
with the Chebyshev fitting method in Clampfit 10.2 software (Molecular
Devices) with r 2 � 0.95. The asymptote of desensitization was described
with regression analysis. The time point reaching within 10% of the
arbitrary finite limit was designated the beginning time point measure-
ment for the desensitized tonic current, averaged in 100 ms epochs with
1 s intervals between epochs. Percentage change of tonic current at the
peak and desensitized points was then compared.

Miniature postsynaptic current data analysis. mIPSCs were detected
using offline analysis with Mini-Analysis software (Synaptosoft), with
the threshold for detection set at least three times the baseline RMS noise.
mIPSC characteristics of amplitude, frequency, and decay time constants
were determined and compared between groups as described previously
(DuBois et al., 2013), adapted for granule cells. mIPSCs were acquired for
3 min for each drug response and condition. The decay of averaged
mIPSCs within DG granule cells was best fit with a double-exponent time
constant (Stell et al., 2003). Non-overlapping events with single peaks
were used to generate an ensemble average mIPSC by aligning the rising
phase and the 10 –90% decay phase for each neuron and fit with the
biexponential function: I(t) � A1 � e (�t / 
 1) � A2 � e (�t / 
 2), where A1

and A2 are the fast and slow component amplitudes, and 
1 and 
2 are
their respective time constants. A mean weighted decay constant was
determined as 
w � (A1 � 
1 � A2 � 
2)/(A1 � A2), as specified previ-
ously (Sun et al., 2007). The mean values in response to drug application
were established for each recorded neuron, and the results are expressed
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as mean 	 SEM for each group, with comparisons between groups made
using Student’s t test. Comparisons of cumulative probability distribu-
tions were made using the Kolmogorov–Smirnov test. Results were con-
sidered significant if the two-tailed p values were �0.05.

Behavioral studies
Hippocampus kindling seizures. The kindling model of epileptogenesis
was used for assessment of seizure susceptibility during the NSW period.
The rapid kindling model allows accelerated evaluation of experimental
manipulations during the progression of seizure induction (Reddy and
Mohan, 2011; Wu et al., 2013). Electrode implantation and stimulation
procedures for mouse hippocampus kindling were performed as de-
scribed previously (Reddy and Mohan, 2011). Mice were anesthetized by
an intraperitoneal injection of ketamine (100 mg/kg, i.p.) and xylazine
(10 mg/kg, i.p.). A stimulation-recording bipolar electrode (model
MS303/1; Plastics One) was stereotaxically implanted in the right ventral
hippocampus (2.9 mm posterior, 3.0 mm lateral, and 3.0 mm below
dura) using the atlas of Franklin and Paxinos (1997). The electrode was
anchored with dental acrylic to three small screws placed in the skull.
After a postoperative recovery period of at least 1 week, the electro-
graphic afterdischarge (AD) threshold was determined by an application
of 1 ms duration of biphasic rectangular pulses at 60 Hz for 1 s, beginning
at 25 	A by using an isolated pulse stimulator (A-M Systems). AD dura-
tion was the total duration of hippocampus electrographic spike activity
(amplitude 
 2� baseline) occurring in a rhythmic pattern at a fre-
quency 
1 Hz. Additional stimulations increasing in increments of 25
	A were given at 5 min intervals until an electrographic AD duration
lasting at least 5 s was detected using the digital EEG system (Astro-Med).
Mice were stimulated at 125% AD threshold (1-ms-duration pulse, 60 Hz
frequency for 1 s) at 30 min intervals until they showed stage 5 seizures,
which is considered the fully kindled state (Reddy and Mohan, 2011).
Stimulations were delivered every 30 min until stage 5 seizures were
elicited on three consecutive trials. For AP treatment studies, mice were
stimulated once per day until stage 5 seizures were elicited on 3 consec-
utive days. The electrographic activity and AD duration were acquired
from the hippocampal electrode using Axoscope 8.0 software with Digi-
data 1322A interface (Molecular Devices) through a Grass CP511 pre-
amplifier (Astro-Med). Behavioral seizures were rated according to
Racine’s scale (Racine, 1972) as modified for the mouse: stage 0, no
response or behavior arrest; stage 1, chewing or facial twitches; stage 2,
chewing and head nodding; stage 3, forelimb clonus; stage 4, bilateral
forelimb clonus and rearing; stage 5, falling. During each stimulation
session, the behavioral seizure score and the AD duration were noted.
Rate of kindling development, that is, numbers of stimulation required
to induce stage 5 seizures, was determined in rapidly kindled mice sub-
jected to NSW. Cumulative AD duration was calculated as an index of
total seizure activity for reaching stage 5 seizures. Kindling experiments
were conducted in a group of mice consisting of 6 –15 mice for each
treatment or genotype.

Antisense oligonucleotide administration. GABAAR �-subunit antisense
treatments were given via intracerebroventricular microinfusion in the
lateral ventricle in WT mice. Phosphorothioated antisense (5�-CGT-
TTG-TAC-CTT-ATG-TGG-TA-3�) oligonucleotides were used to block
�-subunit-containing GABAAR expression as described previously
(Maguire et al., 2005). The missense oligonucleotide to �-subunit mRNA
(5�-AT-GGT-GTA-TTC-CAT-GTT-TGC-3�) was used as a control.
Along with a bipolar electrode in the hippocampus, a 26-gauge guide
cannula (Plastics One) was stereotaxically implanted into the lateral ven-
tricle (0.5 mm posterior, 1.5 mm lateral, and 2.0 mm below dura) of mice
for oligonucleotide administration. After a period of at least 1 week of
recovery, dual-implanted animals were subjected to kindling stimula-
tion. HPLC purified antisense oligonucleotides (IDT) were dissolved in
sterile saline and injected in a 5 	l volume into the lateral ventricle using
a perfusion pump. Fully kindled mice were infused with either 5 nmol of
� missense mRNA or 5 nmol of � antisense mRNA at the time of finas-
teride administration, and behavioral studies were performed 24 h after
NSW. These experiments were conducted in a group of mice consisting
of six to nine mice for each treatment.

Drugs and reagents. All chemicals used in the electrophysiology studies
were purchased from Sigma-Aldrich unless otherwise specified. Stock
solutions were diluted in the external perfusion solution to the desired
concentration for electrophysiological use. Stock concentrations of
GABA, SR-95531, bicuculline methiodide, APV, DNQX, TTX, and
4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride (THIP;
gaboxadol) were dissolved in water, and AP was prepared in dimethyl-
sulfoxide. The concentration of dimethylsulfoxide in the final solution
was �1%. AP, progesterone, and finasteride were acquired from Ster-
aloids. Kynurenic acid and THIP were acquired from Tocris Bioscience.
TTX was procured from Calbiochem. Progesterone (25 mg/kg) and fi-
nasteride (50 mg/kg) solutions were made in 15% �-cyclodextrin w/v in
water. Drugs were administered to animals subcutaneously or intraperi-
toneally in a volume equaling 1% of the animal’s body weight.

Statistical analysis. Group data were expressed as the mean 	 SEM.
The GABAAR subunit expression was analyzed based on a relative quan-
tification approach as described previously (Gangisetty and Reddy,
2009). Statistical comparisons of electrophysiology and expression group
data were performed using an independent two-tailed Student’s t test,
followed by Tukey’s HSD test post hoc. In all statistical tests, the criterion
for statistical significance was p � 0.05, unless otherwise specified. For
acutely dissociated neuron current recordings, fractional potentiation
produced by AP was calculated as IA/IGABA, where IGABA is the peak
current amplitude of the control GABA response, and IA is the peak
current response of the coapplication of GABA and the allosteric drug. A
control GABA concentration of 3 	M evoked 10% of the maximal inhib-
itory current (EC10), as determined previously in native, murine CA1PCs
(Reddy and Jian, 2010). The concentration of allosteric modulator pro-
ducing half of the maximal increase in the amplitude of the GABA re-
sponse (EC50) was determined by fitting the concentration–response
relationships to the following nonlinear sigmoid Hill function: I/Imax �
[1 � (EC50/[A])n] �1, where A is the allosteric modulator concentration,
Imax is the current evoked by GABA in the presence of a maximal poten-
tiating concentration of the allosteric modulator, I is the current pro-
duced by GABA in the presence of a concentration A, EC50 is the
concentration of A required to produce half of its own maximal GABA
potentiating effect, and n is the Hill coefficient. Concentration–response
curve data were subjected to nonlinear, logistic fitting. A Hill curve fitting
was acquired only for concentration responses that achieved a plateau in
maximum current response.

Results
NSW induces upregulation of GABAAR �-subunit expression
To simulate the perimenstrual-like hormonal milieu in mice, we
first created a condition of prolonged, elevated progesterone and
neurosteroids to model the luteal phase and then induced an
abrupt decline in neurosteroid levels to more closely model peri-
menstrual changes in women (Fig. 1). This paradigm is consistent
with perimenstrual catamenial epilepsy in which patients experi-
ence NSW (Reddy et al., 2012; Reddy, 2013).

To determine the withdrawal-induced changes in �-subunit
plasticity in the hippocampus, we performed TaqMan real-time
PCR assay and Western blot analysis of receptor subunit expres-
sion in the hippocampus. Expression of � subunit and its part-
nering �4 subunit was significantly increased in the DG after
withdrawal compared with vehicle-injected control animals (Fig.
2A). We further quantified this NSW-induced expression by de-
lineating upregulation specific to the hippocampus subfields
CA1, CA3, and DG (Fig. 2B,C,D). There were no significant
changes in hippocampal expression of other receptor subunits,
including �1, �2, �2, and �2 (Fig. 2A). The mean mRNA copy
number of � subunit within the DG was more than threefold
greater than in CA1 and CA3 subfields (Fig. 2B). Protein levels of
� subunit in the DG were increased in NSW animals relative to
controls as detected by Western blot analysis with a �-specific
antibody (relative protein expression, 1.00 	 0.11 control vs
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4.56 	 0.22 NSW, p � 0.0001; Fig. 2E,F). The �2 and �2 mRNA
expression in the DG was not significantly different between
NSW and control. Subunit �2 mRNA expression percentage was
79.8 	 17.0% in NSW tissue compared with 100.0 	 12.6% in
control DG tissue (p � 0.3562), and subunit �2 mRNA percent-
age expression was 82.4 	 10.5% in NSW tissue compared with
97.0 	 8.4% in control tissue (p � 0.2958). Overall, these find-
ings indicate a marked increase in the expression of � subunit in
the DG after NSW in the mouse perimenstrual-like paradigm.

To confirm the elevation of �-containing receptors within the hip-
pocampus,wevisualizedanddeterminedthesingle-celldistributionof�
subunit by fluorescent immunocytochemistry using a �-specific pri-
maryantibody.Stainingwiththeantibodyshowedbroaddistributionof
�subunitonthesoma,axon,anddendriticregionsofacutelydissociated
CA1PCs and DGGCs acquired from NSW and control mice (Fig. 3A).
The normalized mean intensity, expressed as percentage change in flu-
orescence mean intensity of �-subunit staining relative to the mean in-
tensity of control IgG (for details, see Materials and Methods), was
significantly greater in DGGCs of NSW mice compared with control
animals (Fig. 3B, p � 0.05). The percentage change of immunofluores-
cence between control and NSW DGGC (77.1 	 1.3%) was signifi-
cantly greater than the change in CA1 cells attributed to NSW (13.4 	
2.1%; p � 0.05). The �-subunit protein was concentrated on cell mem-
brane from the x–z and y–z axes obtained from confocal microscopy, as
demonstrated previously (Wu et al., 2013).

The lack of significant increase to �-subunit expression in CA1 is
contradictory to previous findings of increased � and �4 in the CA1 of
steroid-withdrawnpubertalmice(Shenetal.,2007).However,ourfind-
ings represent plasticity in adult females, and the discrepancies could be
related to age differences between the mouse models used or other ex-
perimental factors. From mouse neonates to adulthood, granule cells
undergo increased GABA and AP affinity and potency, denoting
substantial GABAAR expressional changes across development
(Mtchedlishvili et al., 2003). The discrepancies could be related to the
mode of sample collection or sensitivity of assay method used for esti-
mating subunit plasticity. We used a highly sensitive TaqMan PCR for
analysis of receptor subunit expression in microdissected tissue sample.
Our data are consistent with the expression pattern of � subunit, which
is expressed in relative abundance in the DG compared with other hip-
pocampus subfields (Brickley and Mody, 2012).

NSW increase in � subunit occurs via a PR-
independent pathway
To determine whether the PRs are involved in regulating
�-subunit expression in response to NSW, we used homozygous
PRKO mice that lack PR-A and PR-B receptor subtypes in the brain
(Reddy et al., 2004). In PRKO mice, NSW resulted in a significant

increase of �-subunit expression (334 	
39% NSW vs 83 	 7% control; p � 0.01),
similar to that observed with WT NSW mice
(224 	 37% NSW vs 100 	 12% control;
p � 0.01). These data were collected from
8–10 animals per strain and condition.
These results indicate that NSW upregula-
tion of � subunit in the DG occurs in a PR-
independent pathway.

NSW confers enhanced sensitivity to
the neurosteroid AP potentiation of
whole-cell GABA-gated currents in
DGGCs
To confirm a functional role for NSW-in-
duced expression of �-containing GABAARs,

we recorded whole-cell, GABA-gated currents in acutely dissoci-
ated DGGCs and CA1 pyramidal neurons with voltage-clamp
patch electrophysiology (Fig. 4). There are previous reports of
�-subunit-containing receptors with submicromolar GABA af-
finities (Mortensen et al., 2010; Meera et al., 2011); however,
these aforementioned studies were conducted in heterologous
expression systems using recombinant GABAARs. The effective
concentration value depicted in the dissociated experiments in
Figure 4 was derived from concentration–response curves for
native, murine hippocampal neurons (Reddy and Jian, 2010; Wu
et al., 2013). This range of GABA affinity is consistent with pre-
vious reports within adult mouse granule cells in which the
GABA EC50 is 18 –20 	M and the EC10 value is 
1 	M

(Mtchedlishvili et al., 2003). GABA at 3 	M is at the upper limit of
the detected range of extracellular GABA in vivo (Lerma et al.,
1986), and �-containing receptors shift from low-efficacy to
high-efficacy gating during neurosteroid interaction (Bianchi
and Macdonald, 2003). Thus, 3 	M GABA (EC10) was applied to
establish a control agonist current for each cell without produc-
ing significant receptor desensitization (Reddy and Jian, 2010).
Increasing concentrations of AP (0.01–1 	M) were then coap-
plied with 3 	M GABA. A 2 min washing interval was imple-
mented between each neurosteroid application for adequate drug
removal and minimization of receptor desensitization.

AP elicited a concentration-dependent potentiation of GABA
current in both the CA1 and DGGC (Fig. 4A). These currents
were blocked by bicuculline (data not shown), indicating that
they are mediated by GABAARs. Rapid application of AP in the
absence of GABA did not produce gating of current. Allosteric
potentiation of receptors by AP was measured as fractional po-
tentiation IA/IGABA, where IGABA was the peak current amplitude
response to 3 	M GABA alone, and IA was the peak current am-
plitude of GABA coapplied with AP (Wu et al., 2013). Data were
compiled from 8 to 16 cells for each AP concentration and neu-
ron type. CA1PCs from control and NSW animals displayed sim-
ilar levels of AP-mediated fractional potentiation with no
significant differences between conditions at any of the tested
concentrations (Fig. 4B). In NSW DGGC, AP (0.1–1.0 	M) pro-
duced a greater potentiation of GABAergic current than in the
vehicle control DGGCs (Fig. 4C). There was no current–response
plateau despite increasing concentrations of AP. AP concentra-
tions 
1 	M were not tested because of the ability of neuros-
teroids to directly activate GABAARs at higher concentrations via
a separate binding domain (Majewska et al., 1986; Wohlfarth et
al., 2002; Reddy and Rogawski, 2002).

Figure 1. Overview of AP synthesis and perimenstrual-like NSW paradigm. A, Abrupt inhibition of AP synthesis was accom-
plished by pharmacological blockade of 5�-reductase activity with finasteride. B, In the perimenstrual model, progesterone was
administered twice daily for 7 d, and finasteride was administered on the final day, resulting in NSW. Molecular and electrophys-
iology studies were done 24 h after induction of withdrawal.
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NSW confers enhanced extrasynaptic GABAAR-mediated
tonic currents in DGGCs
The DG upregulation of � subunit in NSW is most functionally
significant at extrasynaptic sites, in which these receptor subunits
preferentially localize and coassemble with �4 on the membrane
surface (Sun et al., 2004), with a denser staining in the molecular
layer than the granule layer (Peng et al., 2002). To further confirm

the functional significance of elevated levels of �-subunit expres-
sion on extrasynaptic GABAergic network inhibition, we re-
corded GABA-gated tonic currents from WT DGGCs in a
hippocampal slice preparation, in which synapses and dendritic
connections remain functional. Bath perfusion of ACSF con-
tained 0.5 	M TTX to block action potentials. We examined tonic
current modulation of GABA, THIP, and 1 	M GABA coapplied

Figure 2. Upregulation of GABAAR �-subunit expression in the hippocampus in mice undergoing perimenstrual NSW. A, Whole-hippocampus � mRNA expression increased in NSW female mice
compared with vehicle-injected control animals as measured by TaqMan real-time PCR. B, NSW significantly increased � mRNA copy number in all three hippocampal subregions of the CA1, CA3,
and DG. The � copy number was more abundant and proliferative in the DG than the CA1 or CA3. C, NSW significantly increased � mRNA percentage expression in the CA1, CA3, and DG. D, NSW
significantly increased �4 mRNA expression in hippocampus subfields. E, F, NSW increased �-subunit protein levels in the DG as denoted by representative Western blot analysis and relative
quantification. *p � 0.05 versus control; **p � 0.01 versus control (n � 6 –10 mice per group).
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with AP. The GABA-A receptor antagonist gabazine (GZ) (50
	M) was applied to the slice perfusion to block phasic and tonic
currents. Tonic current was measured as the shift in mean con-
ductance before and after GZ application as demonstrated previ-
ously (Wu et al., 2013). Figure 5 depicts modulation of tonic
current in granule cells during NSW. Sample traces of tonic cur-
rent recordings in DGGCs from control and NSW mice were
illustrated in Figure 5A. Endogenous tonic current was measured
in the absence of GABA in the bath perfusion. Control DGGCs
displayed significantly greater endogenous tonic current than
NSW (p � 0.0468, n � 7– 8 cells per group; Fig. 5C). We subse-
quently measured tonic current with perfusion of 0.3, 1, or 3 	M

GABA for a comparative profile of GABA binding of extrasynap-
tic receptors (Fig. 5C). Both 0.3 	M (p � 0.0398) and 1 	M (p �
0.0480) GABA elicited greater tonic current in NSW than control
DGGCs (n � 5– 6 cells per group and concentration). In response
to 1 	M GABA plus 100 nM AP or 1 	M GABA plus 300 nM AP,
NSW DGGCs experienced significantly greater enhancement of
tonic current than control DGGCs (100 nM AP, p � 0.0088; 300
nM AP, p � 0.0167; n � 8 –10 cells per group; Fig. 5D).

We measured the RMS channel conductance during each
drug application of current recording. Endogenous RMS noise
was significantly greater in control (4.0 	 0.2 pA) than NSW
(3.4 	 0.1 pA) tonic recordings (p � 0.0274; n � 6 –7 cells per
group), but 1 	M GABA RMS noise was not significantly different
between NSW (3.9 	 0.1 pA) and control (4.2 	 0.2 pA; p �
0.1567; n � 8 –12 cells per group). AP significantly increased the
RMS noise compared with 1 	M GABA baseline, similar to our
previous report (Wu et al., 2013). AP at 300 nM modulated RMS
noise to 5.6 	 0.3 and 6.3 	 0.4 pA in control and NSW DGGCs,
respectively, but this was not significantly different between con-
ditions (p � 0.1833). GZ application reduced the RMS noise in a
withdrawal-dependent manner. GZ produced a greater reduc-

tion of AP-modulated RMS in NSW compared with control at
100 nM AP (��0.9 	 0.2 pA control vs ��1.9 	 0.2 pA NSW;
p � 0.0030; n � 8 –10 cells per group), as well as during 300 nM

AP (��2.3 	 0.3 pA control vs ��3.4 	 0.3 pA NSW; p �
0.0208; n � 8 cells per group). These results demonstrate the
specificity of GABAergic tonic currents in DGGCs.

We explored THIP modulation of tonic current because of its
high affinity and efficacy for �-subunit extrasynaptic receptors
(Mortensen et al., 2010; Meera et al., 2011) and different binding
site than the allosteric site of neurosteroids (Brown et al., 2002;
Stórustovu and Ebert, 2006). THIP acts like a “super agonist” at
extrasynaptic receptors (Brown et al., 2002), and its greater effi-
cacy compared with GABA is mostly based on peak response
rather than at steady state (Bright et al., 2011). THIP and GABA
compete for the same binding site, but the apparent affinity of
extrasynaptic receptors for GABA is much higher. Nevertheless,
the ability of THIP to enhance tonic inhibition makes it a suitable
tool to study extrasynaptic receptor plasticity. In our studies,
THIP was applied in an environment without exogenous GABA
in the perfusion to allow for high GABAAR occupancy. A
concentration-dependent response was examined for tonic cur-
rent modulation by THIP in the range 0.03–1 	M, selective for
�-subunit binding (Fig. 5F). Tonic currents of NSW DGGCs
displayed significantly greater sensitivity to THIP at 0.1 and 0.3
	M concentrations than control DGGCs (p � 0.05; n � 4 – 6 cells
per group and concentration). We observed desensitization of
extrasynaptic current at 1 	M THIP (Fig. 5E). Although it is pos-
sible that 1 	M THIP is beyond �-subunit selectivity, it was of
note that extrasynaptic desensitization to THIP was more pro-
nounced in NSW native DGGCs (Brown et al., 2002; Bright et al.,
2011; Pandit et al., 2013). Previous studies describe that, under
steady-state conditions, THIP does not display super-agonist
properties (Houston et al., 2012). Therefore, we measured peak

Figure 3. Immunohistochemical distribution of � subunit in hippocampal CA1 neurons and DGGCs in control and NSW mice. Scale bars, 10 	m. *p � 0.05 versus control; #p � 0.05 versus CA1
in NSW (n � 6 –24 cells per group).
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tonic current 30 s after THIP administration, and we also mea-
sured tonic current at the time in which THIP-modulated con-
ductance reached tonic desensitization. The criterion for
determining the tonic desensitization is described in Materials
and Methods. GZ (50 	M) was applied after 2 min of recording to
determine the total tonic current shift. We then compared the
difference in peak and desensitized currents between control and
NSW DGGCs (Fig. 5E,F). The peak tonic current for 0.1–1 	M

THIP was significantly different between control and NSW (p �
0.0051). NSW, but not control, DGGCs displayed significant de-
sensitization compared with the peak current induced by 1 	M THIP
(p � 0.0238). The percentage change of THIP-dependent current
desensitization was significantly different between control (27.5 	
5.5%) and NSW (50.8 	 4.7%; p � 0.0229; n � 5 cells per group)
DGGCs. Together, these electrophysiology studies indicate that
NSW confers greater sensitivity of extrasynaptic tonic currents to AP
and the �-specific agent THIP within DGGCs.

NSW does not confer enhanced extrasynaptic function in CA1
pyramidal neurons
We observed a modest increase in � subunit in CA1 and CA3
subfields after NSW (Fig. 2B). Previous models of NSW have also
suggested that an increase to �-subunit expression occurs in
CA1PCs (Sundstrom-Poromaa et al., 2002; Smith et al., 2007).
There is a lack of definitive evidence that increases to �-subunit
expression within hippocampus promote functional, extrasyn-
aptic current within CA1 or CA3 pyramidal cells. To determine
whether functional �-containing extrasynaptic GABAAR is in-
creased, we measured tonic currents and its modulation by THIP
in CA1PCs from NSW mice. Sample traces of tonic current re-
cordings in CA1 from control and NSW mice were illustrated in
Figure 5B. There were no significant differences to THIP-induced
tonic currents in CA1 cells between control and NSW mice (Fig.
5F). Unlike DGGCs that exhibited enhanced sensitivity and de-
sensitization to THIP responses, we did not observe significant

Figure 4. NSW enhances pharmacological sensitivity to AP through allosteric potentiation of GABA-gated currents in dissociated DGGCs but not CA1 neurons. A, Representative whole-cell current
recordings of CA1PCs and DGGCs in the NSW paradigm. Neurons displayed concentration-dependent responses to AP potentiation of 3 	M GABA (EC10). B, C, Averaged concentration–response
curves for fold potentiation of AP (0.01–1.0 	M), normalized to baseline GABA EC10 (IA/IGABA). Potentiation was averaged for cells of similar condition and concentration after normalization to GABA
response. NSW DGGCs displayed greater positive potentiation of GABAergic current by AP. Recordings in whole-cell mode, voltage clamped at �70 mV. Data values represent mean 	 SEM. *p �
0.05; **p � 0.01 versus control (n � 8 –16 cells per condition and drug concentration).
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desensitization of tonic currents in CA1 at 1 	M THIP (Fig. 5F).
Overall, these results indicate that �-subunit upregulation is
functionally more significant to the granule cells of the DG and
not to CA1PCs.

NSW does not confer enhanced AP sensitivity in �KO mice
To further confirm whether the NSW-induced increase in neu-
rosteroid sensitivity is attributable to extrasynaptic �-subunit
GABAARs, we used knock-out mice that lack expression of

Figure 5. NSW enhances AP potentiation and THIP modulation of tonic currents in DGGCs in hippocampus slices. A, Representative GABAergic tonic current recordings from DGGCs (between 1st
and 2nd gray dash lines). AP at 300 nM produced an additional negative shift (between 2nd and 3rd gray dash lines; bottom traces) in the holding current level, and the competitive antagonist GZ
at 50 	M produced a positive shift in the holding level, blocking both phasic and tonic currents. Tonic current shift (picoamperes) was measured as the total current change before and after GZ
application. The first gray dotted line in each raw trace represents the mean holding current during GZ application. B, Representative GABAergic tonic current recordings from CA1PCs in response to
0.3 	M THIP in NSW mice. C, Concentration response of DGGC tonic current to GABA. Endogenous tonic current (no exogenous GABA) shift was greater in the control condition than NSW; however,
NSW DGGCs displayed greater tonic current at 0.3 and 1 	M GABA than control. D, NSW DGGC tonic currents were more sensitive to modulation by AP than control at 100 and 300 nM AP potentiation
of 1 	M GABA. E, Representative tonic current recordings from control DGGCs (gray trace) and NSW DGGCs (black trace) attributed to 1 	M THIP application. F, Quantification of tonic current during
0.03–1 	M THIP from CA1PCs and DGGCs. THIP administration at 1 	M at peak (� in E) and desensitized (� in E) tonic levels from DGGCs were also compared. NSW DGGCs displayed significant
desensitization compared with the peak current induced by THIP, whereas control DGGCs did not have significant THIP-induced desensitization of tonic current. In addition, NSW produced a larger
percentage change of tonic current than control. CA1PCs did not display such differences in THIP responses after NSW. Recordings in whole-cell mode, voltage clamped at �65 mV. Data values
represent mean 	 SEM. *p � 0.05 versus control DGGC current; #p � 0.05 versus 1 	M THIP peak current, NSW DGGC (n � 4 –10 cells for each group and concentration).
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�-containing receptors in the brain as a
robust genetic model. Neurons were
acutely dissociated from �KO female mice
treated in the perimenstrual-like with-
drawal paradigm. Voltage-clamp record-
ings were obtained from DGGC neurons
in response to AP coapplied with 3 	M

GABA (Fig. 6A), similar to the experi-
ments performed in Figure 4. A concen-
tration–response curve was derived for
AP potentiation of GABAergic current
(Fig. 6B), and fractional current responses
of AP were compared between NSW and
vehicle-injected control �KO animals. In
�KO granule cells, AP (0.05– 0.30 	M) and
GABA produced less modulation of
GABAAR currents than that of GABA
alone. NSW and control DGGCs from
�KO mice displayed no significant differ-
ences at any of the concentrations tested
(n � 8 –12 cells per each group and drug
concentration). In addition, modulation
by AP was significantly lower in �KO DG-
GCs than in WT DGGCs.

We acquired tonic current recordings
from �KO DGGCs to ascertain the degree
of AP sensitivity in a hippocampal net-
work lacking � subunit (Fig. 6C,D).
Changes to tonic current, RMS, and en-
hanced AP sensitivity were not evident in
�KO animals subjected to withdrawal.
Tonic currents were highly attenuated,
and control and NSW knock-outs dis-
played no significant differences in 1 	M

GABA (p � 0.8860; n � 5 cells per group)
or 1 	M GABA and 300 nM AP (p �
0.9064; n � 6 cells per group). We also
examined tonic current attributed to
THIP within knock-out DGGCs. THIP
did not enhance tonic current in DGGCs
from either control or withdrawn mice (data not shown). Over-
all, these results indicate a lack of NSW-induced function in �KO
animals. The neurosteroid sensitivity present in withdrawn mice
is attenuated when the � subunit is genetically and functionally
removed from the hippocampus, disallowing plastic increase in �
expression.

NSW influences the amplitude and kinetics of mIPSCs
of GABAARs
To determine the extent of withdrawal-induced modulation by
AP on synaptic receptors, GABAergic mIPSCs were recorded in
DGGCs from brain slices in the presence of 0.5 	M TTX in per-
fusion and 5 mM QX-314 in the recording electrode pipette. The
properties of amplitude, 10 –90% rise time, decay time constants,
and interevent interval (as a measure of frequency) were analyzed
from mIPSCs (Fig. 7; Table 1). The average mIPSC from each
neuron was best fit with a double-exponential decay curve, de-
picted as 
1 and 
2. A weighted decay constant, 
w, was also de-
termined (see Materials and Methods). mIPSC frequency is
related to functional number of synapse release sites and the rate
of presynaptic release (Cherubini and Conti, 2001). GABAAR
channel kinetics are highly influenced by receptor subunit com-
position (Smith and Gong, 2005; Smith et al., 2007; Carver et al.,

2013). Postsynaptic receptor density, synaptic vesicle GABA con-
tent, and dendritic cable properties contribute to mIPSC ampli-
tude (Nusser et al., 1997; Cherubini and Conti, 2001). We
hypothesized that NSW would not alter presynaptic GABA re-
lease properties; however, we proposed that NSW-induced sen-
sitivity of AP may affect postsynaptic current and kinetics
attributed to the �4 and � subunit expressional changes (Fig. 7).
Within recordings of endogenous (no GABA) or 1 	M GABA
perfusion, the amplitude, kinetics, and frequency were not signif-
icantly different between withdrawal and control DGGCs (Table
1). These experiments were repeated with 1 	M TTX to ensure
that the recorded IPSCs were action potential independent.
There were no significant differences in amplitude, decay con-
stants, and frequency of mIPSCs when comparing 0.5 and 1.0 	M

TTX. In the addition of 300 nM AP, peak amplitude was signifi-
cantly greater in withdrawal than control DGGCs (p � 0.0046;
n � 5 cells per group). Neurosteroids, such as AP, increase the
channel opening probability of GABAARs and prolong the decay
kinetics (Carver and Reddy, 2013). The 
w constant derived from

1 and 
2 time constants of phasic GABAARs from DGGCs was
consistent with previous reports (Sun et al., 2007). AP (300 nM)
resulted in a significant increase in 
2 and 
w decay time constants
of both control and NSW (p � 0.0011 vs control 1 	M GABA; p �

Figure 6. AP sensitivity is attenuated in �KO mice undergoing NSW. A, Representative whole-cell current recordings of disso-
ciated DGGCs from �KO mice. B, Concentration–response curve of �KO DGGCs attributed to AP modulation of GABA-gated current
(IA/IGABA). AP potentiation of current was not significantly different between control and NSW DGGCs at any of the AP concentration
tested (0.05–1 	M). C, Representative tonic current recordings from control and NSW DGGCs in hippocampus slices from �KO
female mice. The gray dotted line represents the mean holding current during GZ application. GZ at 50 	M antagonized phasic
GABAAR currents but caused little to no shift in the tonic current holding level of �KO neurons. D, Tonic current shift attributed to
GZ is reduced and minimal in �KO DGGCs in control and NSW conditions. There were no significant differences in tonic current
between NSW and control DGGCs during 1 	M GABA or during 1 	M GABA plus 300 nM AP application. Data represent mean 	 SEM
(n � 5–12 cells). Recordings in whole-cell mode, voltage clamped at �70 mV (A, B) or �65 mV (C, D).
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0.0001 vs NSW 1 	M GABA). Whereas the
control mIPSCs exhibited an average
62.1 	 6.0% increase to 
2 decay during
AP modulation, the NSW mIPSCs exhib-
ited an average 135.8 	 5.2% increase to 
2

decay. Control mIPSCs had an average of
33.1 	 5.5% increase to 
w decay during
AP modulation, and NSW mIPSCs had an
average 66.8 	 6.3% increase to 
w decay.
This difference in mean percentage change
of 
2 and 
w was statistically significant be-
tween the control and NSW groups (p �
0.0001 for 
2, p � 0.0008 for 
w). Data rep-
resent mean values for 5–10 cells per group
and application.

To determine whether the NSW-
induced changes to synaptic activity we
observed are related to �-subunit expres-
sion, we recorded mIPSCs from �KO mice
subjected to the withdrawal paradigm. AP
did not significantly prolong the decay in
�KOs as that occurred in WT neurons, and
there were no significant differences in
mIPSC properties between control and
withdrawal in knock-out DGGCs (Table
1). In addition, during AP administration,
�KO mIPSCs displayed faster 
2 and 
w de-
cay than WT mIPSCs in both control and
withdrawal conditions.

We found that AP has a greater effect
on prolongation of mIPSC decay in
DGCCs from NSW mice, an effect pre-
vented by �KO (Table 1), which indicates
that �-containing GABAARs mediate this
effect. NSW-induced changes in phasic
decay kinetics did not occur with 1 	M

GABA alone. However, NSW tonic cur-
rents displayed greater sensitivity to 1 	M

GABA. This difference in activity may rep-
resent distinct receptor subtype composi-
tions and their GABA-gating properties
within the native neuronal population
(Mortensen et al., 2010). Our results
shows that AP is able to alter the efficacy
state and channel opening of the phasic-
responding receptors in withdrawn ani-
mals under the above control conditions.
It is possible that a perisynaptic population
of GABAARs could respond to synaptic
spillover of GABA during upregulated �
expression (Bianchi and Macdonald,
2003). However, there is evidence that
suggests that �-containing receptors are
relatively insensitive to phasic GABA acti-
vation that could occur through synaptic
spillover (Bright et al., 2011).

Because low, ambient GABA (1 	M)
was unable to elicit a significant difference
in the phasic current, we further explored
mIPSCs with higher concentrations of ex-
ogenous GABA to engender a condition of
higher-efficacy synaptic response. GABA
concentrations of 3 and 10 	M were suffi-

Figure 7. mIPSCs are sensitive to AP in mice undergoing NSW. Phasic events were recorded from patch-clamped DGGCs
in hippocampus slices. GABAAR synaptic activity was isolated using TTX, APV, and DNQX. Synaptic current was blocked with
the addition of bicuculline (10 	M) or GZ (50 	M). A, Representative traces of IPSCs before and after TTX application and
mIPSCs in 0.5 or 1.0 	M TTX. B, mIPSC recordings during GABA and AP modulation. Note the increased RMS channel noise
during AP drug application. C, Averaged mIPSC events recorded from control and NSW DGGCs in the presence of 1 	M GABA
(solid line) or 1 	M GABA coapplied with 300 nM AP (dashed line) and biexponential fitted for fast and slow decay time
constants, 
1 and 
2 (gray dash lines), respectively. NSW DGGCs displayed significantly greater amplitude ( p � 0.0046)
and 
2 decay ( p � 0.0011) during application of 300 nM AP than control DGGCs (n � 5–10 cells per group; Rt, downward
rise time; Table 1). Cumulative probability curves for WT control (D) and NSW (E) mIPSC amplitude, plotted from all events.
The Kolmogorov–Smirnov test was used to compare mIPSCs before and after application of AP in DGGCs (n � 5–10 per
group). D, E, Insets, Mean peak amplitude of mIPSCs. *p � 0.05 vs GABA. Recordings in whole-cell mode, voltage clamped
at �65 mV.
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cient to significantly increase the amplitude 
2 and 
w decay of
mIPSCs from WT control DGGCs (3 	M GABA: amplitude,
44.0 	 3.0 pA; 
1, 15.4 	 2.2 ms; 
2, 70.9 	 3.8 ms; 
w, 34.9 	 2.3
ms; 10 	M GABA: amplitude, 54.1 	 5.7 pA; 
1, 16.5 	 2.7 ms; 
2,
109.8 	 12.0 ms; 
w, 45.7 	 6.6 ms; n � 5– 6 cells per concentra-
tion). Compared with 1 	M GABA, WT DGGCs displayed an
average 42.9 	 2.6% increase in 
2 in 3 	M GABA, whereas DG-
GCs in 10 	M GABA had an average 121.4 	 10.2% increase in 
2.
We also explored mIPSCs within �KO DGGCs in response to 3
and 10 	M GABA (3 	M GABA: amplitude, 30.2 	 1.0 pA; 
1,
18.6 	 1.7 ms; 
2, 57.8 	 3.1 ms; 
w, 32.4 	 1.5 ms; 10 	M GABA:
amplitude, 48.9 	 6.8 pA; 
1, 15.7 	 1.5 ms; 
2, 64.8 	 5.8 ms; 
w,
34.3 	 1.0 ms; n � 4 –5 cells per concentration). �KO DGGCs
had an average 20.9 	 1.4% change in 
2 in 3 	M GABA and an
average 35.6 	 3.1% change in 
2 in response to 10 	M GABA
when compared with 1 	M GABA. The difference in 
2 decay was
significantly reduced in �KO DGGCs compared with WT for
each GABA concentration (p � 0.05), suggesting an increased
contribution of � subunit to phasic currents in control condi-
tions, albeit at supraphysiological concentrations of GABA.
These results provide strong evidence that �-containing receptors
require higher-efficacy gating to mediate phasic currents, such as
that occurring by neurosteroid potentiation of GABA (Bianchi
and Macdonald, 2003). In our model, NSW is sufficient to pro-
mote prolongation of synaptic current decay and amplitude in
response to AP but not to low (�1 	M), ambient GABA alone.

NSW causes increased susceptibility to hippocampus
kindling seizures
To investigate whether the NSW-induced changes in GABAARs
mediating tonic inhibition affects neuronal network excitability
in a seizure model, we studied the susceptibility of NSW mice to
seizures in rapid hippocampus kindling model of epilepsy
(Reddy and Mohan, 2011; Wu et al., 2013). Adult female mice
were surgically implanted with a bipolar electrode in the hip-
pocampus. After surgery recovery and subsequent withdrawal
paradigm, the mice were subjected to rapid kindling stimulations
at 125% AD threshold at 30 min intervals until stage 5 seizures
were consistently reached. The progression of rate of kindling, elec-

trographic AD threshold, and cumulative AD activity time for
kindling criterion were recorded as main indices of epileptogen-
esis (Fig. 8). Mean rate of kindling was significantly faster in NSW
animals (Fig. 8B, p � 0.0098). Mean AD threshold current was
significantly reduced in NSW mice (Fig. 8C, p � 0.0149). Cumu-
lative AD duration was not significantly different between the
control and withdrawal groups (Fig. 8D, p � 0.1384). The ampli-
tude of AD spike activity was markedly greater in NSW mice than
in control mice (data not shown). The rapid kindling experi-
ments were conducted in �KO mice with and without NSW in-
duction. The �KO animals did not display significant differences
in any of the seizure parameters between the control and NSW
groups (Fig. 8B–D). Thus, these results are consistent with the
increased excitability and susceptibility of animals undergoing
NSW with � subunit intact, which is a key triggering factor for
catamenial seizure exacerbation.

Fully kindled mice undergoing NSW exhibit increased
sensitivity to the antiseizure effects of AP
To determine the therapeutic potential of neurosteroids in peri-
menstrual catamenial epilepsy, we tested the effect of neuroste-
roid AP on heightened seizures caused by perimenstrual-like
NSW in fully kindled mice exhibiting stage 5 seizures. Female WT
and �KO mice were subjected to once-daily kindling until they
exhibited stage 5 seizures for 3 consecutive days, which is consid-
ered the fully kindled state. WT mice reached the fully kindled
state with consistent stage 5 seizures after 10 –16 stimulations
(Fig. 8B), as reported previously (Reddy et al., 2012). Fully kin-
dled WT and �KO mice undergoing NSW condition were treated
with AP or vehicle injections. Fifteen minutes after AP adminis-
tration, animals were stimulated at their designated AD thresh-
old. Behavioral seizure stage and electrographic AD duration
were evaluated as criteria of drug efficacy for sensitivity assess-
ment (Fig. 9). AP (1–10 mg/kg, s.c.) exerted dose-dependent sup-
pression of the behavioral seizures (Fig. 9A) and AD duration
(Fig. 9B) in WT control (nonwithdrawal) mice. In contrast, after
NSW, AP produced greater suppression of behavioral seizures
and AD duration in WT mice with significant effects at 1 and 5
mg/kg compared with the control group (p � 0.01; n � 6 –9 mice

Table 1. GABAA receptor-mediated mIPSC characteristics in control and NSW mice

Group (n) Amplitude (pA) Rise10 –90% (ms)a Decay 
1 (ms)a Decay 
2 (ms)a Decay 
w (ms) IEI (s)

WT control endogenous
0.5 	M TTX (5) 30.8 	 1.6 1.2 	 0.2 12.6 	 0.8 51.6 	 3.9 27.2 	 1.5 1.4 	 0.1
1.0 	M TTX (5) 27.3 	 2.4 1.1 	 0.2 10.2 	 0.6 48.5 	 5.8 25.2 	 2.9 1.6 	 0.1

WT NSW endogenous
0.5 	M TTX (5) 30.3 	 1.9 1.0 	 0.1 11.5 	 1.3 49.2 	 5.5 25.3 	 1.1 1.1 	 0.2
1.0 	M TTX (5) 32.7 	 1.4 0.9 	 0.1 13.9 	 1.1 49.0 	 2.3 26.4 	 2.8 1.4 	 0.1

WT control
�1 	M GABA (10) 33.7 	 2.6 1.2 	 0.3 12.4 	 0.6 49.6 	 3.3 26.0 	 0.9 1.6 	 0.3
� GABA � 300 nM AP (5) 31.5 	 0.8 1.4 	 0.1 12.6 	 1.8 80.4 	 8.3* 34.6 	 1.4* 1.7 	 0.2

WT NSW
� 1 	M GABA (10) 33.8 	 2.0 1.2 	 0.2 14.4 	 1.4 43.3 	 4.2 25.3 	 1.9 1.3 	 0.2
� GABA � 300 nM AP (5) 40.5 	 2.1*,** 1.6 	 0.3 16.5 	 2.0 102.1 	 7.9* 42.2 	 3.1* 1.6 	 0.3

�KO control
� 1 	M GABA (9) 33.7 	 2.2 1.3 	 0.1 12.2 	 0.9 47.8 	 4.0 26.0 	 2.6 1.8 	 0.1
�GABA � 300 nM AP (9) 34.8 	 1.3 1.5 	 0.2 15.3 	 1.4 58.5 	 5.1*** 29.5 	 1.1*** 1.7 	 0.3

�KO NSW
� 1 	M GABA (6) 32.4 	 2.3 1.1 	 0.2 11.7 	 1.8 45.8 	 6.0 22.5 	 2.5 1.8 	 0.6
� GABA � 300 nM AP (5) 34.9 	 2.0*** 1.0 	 0.1 10.1 	 1.0 47.9 	 7.5*** 23.6 	 2.3*** 1.6 	 0.4

mIPSCs were recorded in the presence of 0.5 	M TTX unless denoted otherwise. Groups denoted as � GABA � 300 nM AP were recorded during perfusion of 1 	M GABA and 300 nM AP. Recordings were from voltage-clamped (�65 mV)
DGGCs in hippocampus slices. *p � 0.05 versus WT NSW � 1 	M GABA alone; **p � 0.05 versus WT control � GABA � 300 nM AP; ***p � 0.05 versus WT NSW � GABA � 300 nM AP; independent two-tailed t test. IEI, Interevent interval
as a measure of frequency. Data values represent mean 	 SEM.
aRise time, decay 
1 , and decay 
2 are represented as Rt, 
1 , and 
2 in Figure 7C. Rise10 –90% represents duration for downward shift 10 –90% of the amplitude.
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per group). These experiments were repeated in fully kindled
�KO mice. In contrast to WT counterparts, fully kindled �KO
mice undergoing NSW failed to exhibit any significant difference
in seizure expression (Fig. 9C) and AD duration (Fig. 9D) after
AP (1–10 mg/kg, s.c.) treatment (n � 6 –9 mice per group). These
results confirm enhanced neurosteroid sensitivity in WT mice
attributed to upregulation of � subunit. However, the time course
profiles for onset and duration of seizure expression after AP (10
mg/kg) treatment were similar in WT and �KO mice (Fig. 9E,F),
indicating the lack of significant pharmacokinetic factors in drug
sensitivity related to genotype. Moreover, plasma levels of AP
achieved at various doses of AP treatment (10 mg/kg) were cor-
related with seizure protection in WT control and withdrawn
groups (Fig. 9E,F), indicating a linear pharmacokinetic–phar-
macodynamic relationship. Overall, the neurosteroid AP pro-
duced enhanced antiseizure efficacy (50%) in WT NSW but not
�KO NSW animals, confirming the �-subunit-related enhanced
sensitivity to neurosteroids in the NSW model of catamenial ep-
ilepsy (Reddy and Rogawski, 2001; Reddy et al., 2012).

Antisense knockdown of � subunit in WT mice diminishes
the NSW-associated enhanced sensitivity to AP
To further investigate whether enhanced neurosteroid sensitivity
is attributable to alteration in the abundance of � subunit in the
hippocampus, AP was tested further in fully kindled WT mice
with antisense knockdown of �-subunit expression to selectively

block the � subunit in the brain. Fully kindled mice undergoing
NSW were treated with either 5 nmol of � missense or 5 nmol �
antisense oligos, and seizure studies were performed 24 h after
NSW induction. This antisense dosage has been shown previ-
ously to markedly reduce �-subunit protein expression within
the hippocampus when compared with missense control (Magu-
ire et al., 2005). AP produced a dose-dependent enhanced sup-
pression of behavioral seizure activity (Fig. 10A) and AD
duration (Fig. 10B) with significant effects at 1 and 10 mg/kg in
the NSW missense but not antisense group (p � 0.01 vs missense
control; n � 6 –9 mice per group), confirming that the greater AP
protection against NSW-induced heightened seizures is depen-
dent on the abundance of � subunit in the hippocampus. These
results are consistent with enhanced neurosteroid sensitivity as
observed in other models of NSW (Reddy and Rogawski, 2000,
2001; Reddy et al., 2012).

Discussion
The main finding of this study is perimenstrual-like withdrawal
from neurosteroids results in striking increase in extrasynaptic
�-containing GABAARs in the DG, a key limbic subregion asso-
ciated with epilepsy pathology. Upregulation of � subunit confers
increased sensitivity to AP potentiation of GABAAR-mediated
tonic inhibition in DGGCs. The prominent increase in �-subunit
expression specific to the DG exemplifies its “gate-keeping” func-
tion in controlling baseline inhibition and network inputs in the

Figure 8. Changes in susceptibility to hippocampus kindling epileptogenesis in NSW WT and �KO mice. Mice were subjected to rapid kindling stimulations at 125% AD threshold at 30 min
intervals until consistent display of stage 5 seizures. A, Representative electrographic AD seizure activity recorded immediately after kindling stimulation of the hippocampus, recorded in control and
NSW WT mice. The black bar above the stage designation denotes the period of the electrograph in which the animal experienced seizure activity. B, WT mice experiencing NSW developed stage 4/5
seizures in a significantly less number of stimulations than control mice, as denoted by rate of kindling. C, WT mice undergoing NSW mice showed a lower mean AD threshold than control mice,
requiring less current stimulation to achieve epileptogenic seizure activity. Control �KO mice exhibited accelerated rapid kindling and had lower AD threshold than WT control counterparts. D,
Cumulative AD duration was similar between control and NSW groups. *p � 0.05 versus control of similar genotype; #p � 0.05 versus WT control (n � 9 –15 animals per group).
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hippocampus (Coulter and Carlson, 2007).
These findings provide a molecular mecha-
nism for enhanced anticonvulsant activity
of neurosteroids in perimenstrual models of
catamenial epilepsy and thereby strengthen
the rationale for neurosteroid therapy of cata-
menial epilepsy.

We observed significant upregulation of
�-subunit expression in the hippocampus
during perimenstrual-like NSW, confirm-
ing the role of extrasynaptic GABAARs in
response to fluctuating neurosteroid lev-
els in the brain. This novel observation is
consistent with the ovarian cycle-linked
regulation of the plasticity and function of
extrasynaptic GABAARs (Reddy et al.,
2012; Wu et al., 2013). Although other re-
gions within the hippocampus had margin-
ally increased expression of � subunit, the
withdrawal-induced � levels and membrane
surface insertion were directed most signif-
icantly within the DG. This in turn resulted
in functional increases to neurosteroid potentiation of extrasynaptic
receptors. Previous reports of NSW-induced upregulation of
GABAARs have focused on expressional changes within CA1 pyra-
midal neurons (Smith et al., 2007, 1998a,b; Sundstrom-Poromaa et
al., 2002). A NSW-induced increase to � subunit has not been shown
previously within the DG. Our findings of �-specific perimenstrual
upregulation in DGGCs confirm a functional role for �4�� recep-
tors in modulating excitability in catamenial epilepsy.

The mechanisms underlying perimenstrual �-subunit plastic-
ity remain unclear. The early growth response factor-3 pathway is
implicated in NSW-induced �4 subunit upregulation, and this
has been found to occur independently of any PR interaction
(Gangisetty and Reddy, 2010). The upregulation of � subunit was
also evident in PRKO mice experiencing NSW. Thus, it is likely
that the �-subunit plasticity is neurosteroid dependent and not
attributed to PR activation by progesterone in the perimenstrual
model. It is likely that cellular machinery involved in protein and

Figure 9. NSW confers enhanced antiseizure effects to AP in fully kindled WT but not �KO (DKO) mice. Fully kindled mice undergoing NSW were used for testing the effect of AP on seizure activity.
Dose–response curves for AP-induced (1–10 mg/kg, s.c.) suppression of behavioral seizure stage (A) and AD duration (B) in WT mice. Dose–response curves for AP-induced (1–10 mg/kg, s.c.)
suppression of behavioral seizure stage (C) and AD duration (D) in �KO mice. There were no significant differences between �KO control and NSW seizure modification by AP. Time course correlation
between plasma AP levels and seizure stage (E) and AD duration (F ) in WT and �KO mice. Vehicle or AP was injected 15 min before kindling stimulations or plasma sample collection. Values represent
mean 	 SEM. A–D, *p � 0.05 versus control (n � 6 –9 animals per group).

Figure 10. Antisense knockdown of GABAAR � subunit prevents the NSW-induced enhanced AP sensitivity in protecting
against kindling-induced seizures. Fully kindled mice received either � missense or � antisense oligos after induction of
NSW. AP (1 and 10 mg/kg) inhibition of behavioral seizures (A) and AD duration (B) was significantly decreased in mice
after intracerebroventricular administration of � antisense but not � missense oligos on day 7 of the withdrawal
protocol (Fig. 1). *p � 0.01 versus the antisense group. Data values represent mean 	 SEM (n � 6 –9 animals per group
and dose).
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receptor trafficking may have an important role in the expression
of GABAAR subunits (Jacob et al. 2008).

In this study, AP was used as a prototype neurosteroid to study
the function of GABAARs in the perimenstrual model. Other
neurosteroids could have a role in modulating neuronal excit-
ability (Tuveri et al., 2008; Reddy and Ramanathan, 2012), but
the clear correlation between cyclic progesterone and perimen-
strual seizure susceptibility led us to hypothesize that NSW and
subsequent sensitivity to AP is strongly mediated by �-containing
receptors (Reddy, 2009). Finasteride inhibition of 5�-reductase
results in decreased AP synthesis in mice (Reddy et al., 2012).
This directed decline in AP was used to determine the basis for
neurosteroid sensitivity similar to that occurring in women ex-
periencing perimenstrual withdrawal.

Consistent with previous studies of �4,�-containing, recom-
binant receptors (Brown et al., 2002), our findings in native DG-
GCs indicate a significant increase in receptor function by AP in
the withdrawal model. Physiological concentrations of AP
(100 –300 nM) produced significantly greater GABAAR current
modulation in NSW compared with control mice (Fig. 4). Fur-
thermore, �KO DGGCs did not display enhanced sensitivity to
AP during withdrawal, suggesting that NSW-induced functional
changes are � directed. This demonstrates a key role by extrasyn-
aptic, �-containing receptors in response to endogenous neuro-
steroids in the DG during withdrawal despite a pathological
susceptibility to seizures (Stell et al., 2003).

The upregulation of � subunit was substantial enough to allow
for a detectable change in AP potentiation of whole-cell GABAAR
current in DGGCs but not in CA1PCs. Although we observed
significant increases to �-subunit expression in CA1, this did not
result in increased AP potentiation of GABAAR current within
these neurons. It has been reported previously that �-containing
receptors do not contribute to neurosteroid sensitivity or inhib-
itory tonic current within the CA1 (Stell et al., 2003; Glykys et al.,
2008). Within male mice under control conditions, tonic inhibi-
tion in CA1 neurons is mediated primarily by �5��2 receptors
(Glykys et al., 2008). We found that NSW does not confer func-
tional increases to extrasynaptic current in CA1, as demonstrated
with �-sensitive agents (Fig. 5B,F). Membrane surface expres-
sion of �-containing receptors is profuse within the DG but is
sparse within the CA1, CA2, and CA3 regions (Pirker et al., 2000;
Peng et al., 2002). We reported previously that the estrous
cycle-dependent �-subunit plasticity and function were spe-
cific to DG and not to CA1 neurons (Wu et al., 2013). The
large difference in AP modulation between DGGC and CA1
neurons suggests region-specific plasticity of GABAARs and
neurosteroid sensitivity in this perimenstrual-like model of
catamenial epilepsy.

In the NSW model, we investigated the tonic current function
of extrasynaptic GABAARs in DGGCs. Low, extracellular GABA
(0.3–1.0 	M) produced greater tonic current in the NSW condi-
tion than control. The AP potentiation of tonic current in with-
drawal DGGCs was also significantly greater than control
DGGCs. Within �KO DGGCs, the substantial reduction of tonic
current typical for the knock-out model did not revert to higher
levels during NSW, confirming that withdrawal-associated po-
tentiation of tonic current is � mediated. We also explored THIP
modulation of tonic current and found that NSW DGGCs had
enhanced tonic current at THIP concentrations reported to be
�-subunit selective (Meera et al., 2011). These findings signify
enhancement of neurosteroid sensitivity to promote extrasynap-
tic receptor function and defines a functional role of �-sensitive
agents to modify network inhibition of the hippocampus.

Upregulation of �-subunit expression may affect postsynaptic
function. In the NSW model, GABAAR mIPSC properties were
unaltered in DGGCs. However, in response to AP, mIPSCs dis-
played increased amplitude and prolonged decay kinetics. We did
not observe any similar AP-sensitivity changes to mIPSC proper-
ties in the �KO mouse during withdrawal. In fact, decay kinetics
were modestly reduced in �KO DGGCs during AP administra-
tion (Table 1). Therefore, withdrawal-induced increases in � lev-
els confer higher synaptic sensitivity to neurosteroids. Our
findings are consistent with previous reports of AP-modulated
changes in postsynaptic function (Sun et al., 2007). Our results
show that AP only potentiated mIPSC amplitude from NSW but
not from control cells. Neurosteroids prolong the kinetics of syn-
aptic GABAAR channels, resulting from longer channel gating
time in open configuration (Bianchi and Macdonald, 2003). Be-
cause of heightened neurosteroid sensitivity in NSW, there is
preferential enhancement of the low-efficacy state during neuro-
steroid binding, thereby contributing to the AP-sensitive phasic
currents gated by GABA. We found this modulation of phasic
current to be neurosteroid and �-subunit dependent. mIPSCs
from �KO mice DGGCs have a faster decay time constant (Mi-
halek et al., 1999), and neurosteroid modulation of synaptic cur-
rents is reduced (Spigelman et al., 2003). We did not detect
changes to subunits in the hippocampus primarily assembled at
the synapse (�1, �2, �2, �2). Therefore, it is unlikely that the
increase of �4 and � subunits promotes compensational changes
to other subunits in the withdrawal model. Moreover, previous
studies suggest that �4��2 receptors exhibit faster desensitiza-
tion than �4�� but exhibit slower decay kinetics (Brown et al.,
2002; Smith and Gong, 2005). Overall, these results expand on
previous findings by presenting a novel model in which strong �
upregulation promotes neurosteroid sensitivity on phasic receptors.

Despite increased awareness of neurosteroids, the molecular
pathophysiology of catamenial epilepsy remains unclear. A de-
cline in neurosteroid in the brain and subsequent reduction of
GABAAR-mediated inhibition can create an environment of hy-
perexcitability within the limbic network. Mice that experience
inhibition of AP synthesis show enhanced susceptibility to limbic
epileptogenesis (Reddy, 2009; Reddy et al., 2012). We induced
NSW in an in vivo rapid kindling paradigm to explore acute
epileptogenesis during the dynamic GABAAR plasticity. Despite
upregulation of extrasynaptic receptors, WT mice undergoing
NSW experienced heightened seizure susceptibility. This could
be attributed to the lack of modulatory control of inhibition fol-
lowing imbalance of GABA and glutamate neurotransmitters
during kindling (Minamoto et al., 1992). In limbic epilepsy, tonic
inhibition mediated by �-containing receptors remains intact;
moreover, GABA uptake by transport proteins also retains func-
tion (Pavlov et al., 2011; Pavlov and Walker, 2013), preventing
accumulation of extracellular GABA that could increase inhibi-
tory gain. Our reported decrease in endogenous tonic current
during NSW suggests that extrasynaptic receptors experience less
inhibitory modulation attributed to the altered hormonal envi-
ronment. Pathophysiological mechanisms and network aberra-
tions may constrain GABAAR function in epilepsy (Cohen et al.,
2003). The rapid kindling of the hippocampus in NSW mice
produced an accelerated progression of epileptogenesis, as well as
development of sustained, excitable electrical activity that origi-
nated within the hippocampus. These results suggest that the
hippocampus is more susceptible to excitability attributed to di-
minished AP. Fully kindled mice undergoing NSW displayed en-
hanced antiseizure sensitivity to the neurosteroid AP (Fig. 9A,B),
and lack of � subunit or antisense knockdown of � subunit di-
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minished such enhanced neurosteroid sensitivity (Figs. 9C,D,
10). Therefore, plastic increase in �-containing GABAARs with
high affinity for neurosteroids provides the opportunity for novel
therapeutic targets to dampen excitability in individuals who are
susceptible to seizures.

In conclusion, these results provide strong evidence that
NSW, such as that which occurs during the perimenstrual period,
is associated with striking upregulation of the extrasynaptic
�-containing GABAARs that mediate tonic inhibition in the hip-
pocampus. This provides a molecular mechanism for enhanced an-
ticonvulsant activity of neurosteroids and network inhibition in
hyperexcitability conditions of catamenial epilepsy and other men-
strual conditions linked to NSW. These findings provide a mecha-
nistic rationale for neurosteroid therapy of catamenial epilepsy.
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