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Alterations in GABAA receptor (GABAAR) expression and function, similar to those we described previously during pregnancy in the
mouse dentate gyrus, may also occur in other brain regions. Here we show, using immunohistochemical techniques, a decreased �
subunit-containing GABAAR (�GABAAR) expression in the dentate gyrus, hippocampal CA1 region, thalamus, and striatum but not in
the cerebral cortex. In the face of the highly elevated neurosteroid levels during pregnancy, which can act on �GABAARs, it may be
beneficial to decrease the number of neurosteroid-sensitive receptors to maintain a steady-state level of neuronal excitability throughout
pregnancy. Consistent with this hypothesis, the synaptic input/output (I/O) relationship in the dentate gyrus molecular layer in response
to lateral perforant path stimulation was shifted to the left in hippocampal slices from pregnant compared with virgin mice. The addition
of allopregnanolone, at levels comparable with those found during pregnancy (100 nM), shifted the I/O curves in pregnant mice back to
virgin levels. There was a decreased threshold to induce epileptiform local field potentials in slices from pregnant mice compared with
virgin, but allopregnanolone reverted the threshold for inducing epileptiform activity to virgin levels. According to these data, neuronal
excitability is increased in pregnant mice in the absence of allopregnanolone attributable to brain region-specific downregulation of
�GABAAR expression. In brain regions, such as the cortex, that do not exhibit alterations in �GABAAR expression, there were no changes
in the I/O relationship during pregnancy. Similarly, no changes in network excitability were detected in pregnant Gabrd�/� mice that lack
�GABAARs, suggesting that changes in neuronal excitability during pregnancy are attributable to alterations in the expression of these
receptors. Our findings indicate that alterations in �GABAAR expression during pregnancy result in brain region-specific increases in
neuronal excitability that are restored by the high levels of allopregnanolone under normal conditions but under pathological conditions
may result in neurological and psychiatric disorders associated with pregnancy and postpartum.

Introduction
We recently demonstrated plasticity of GABAA receptors
(GABAARs) during pregnancy and postpartum, in which the ex-
pression of the GABAAR � and �2 subunits in dentate gyrus gran-
ule cells are decreased during pregnancy, resulting in diminished
tonic and phasic inhibitions mediated by these receptors (Magu-
ire and Mody, 2008). Changes in GABAergic function during
pregnancy have also been inferred from increased agonist bind-
ing during pregnancy (Majewska et al., 1989; Concas et al., 1999)
and decreased expression of the mRNA encoding the GABAAR �2
subunit during pregnancy (Concas et al., 1998; Follesa et al.,
1998). �GABAARs are the preferred, if not sole, site of action for
neurosteroids in the physiological concentration range in the
mammalian CNS (Stell et al., 2003; Belelli and Lambert, 2005).

Therefore, it is reasonable to postulate that the GABAergic system
and, in particular, the tonic inhibition mediated by �GABAARs
may play a role in steroid hormone-mediated changes in neuro-
nal excitability.

Changes in neuronal excitability, e.g., changes in seizure fre-
quency, associated with pregnancy are difficult to assess because
of many factors, including but not limited to noncompliance
with antiepileptic drug usage, alterations in the pharmacokinetics
of antiepileptic drugs, hormonal changes, sleep deprivation, and
stress. The available literature on seizures associated with preg-
nancy reveals that there is an increase in seizure frequency in 24%
of the 2165 cases studied, a decrease in 23%, and no change in
53% of cases (Schmidt, 1982), demonstrating the complex rela-
tionship between pregnancy and epilepsy. More recent findings
also support the idea that pregnancy has variable effects on sei-
zure frequency (Sabers et al., 1998; Rück and Bauer, 2008).

Changes in seizure frequency during pregnancy are thought to
result from hormonal changes; however, the mechanisms of ste-
roid hormone-induced changes in neuronal excitability during
pregnancy remain unclear. It is known that steroid hormone de-
rivatives, or neurosteroids, are potent modulators of GABAARs;
thus, it is likely that the production of neurosteroids throughout
pregnancy may alter neuronal excitability via actions on
GABAARs. In addition, steroid hormones have been shown to
alter GABAAR subunit expression. Administration and with-
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drawal of exogenous progesterone alters GABAAR subunit ex-
pression (Concas et al., 1998; Smith et al., 1998; Follesa et al.,
2000, 2001, 2002; Biggio et al., 2001; Smith, 2002). To complicate
this picture, modulators acting on �GABAARs, such as allopreg-
nanolone and ethanol, also alter GABAAR subunit expression
(Follesa et al., 2004). The expression of the GABAAR �1, �4, and
�2 subunits are altered by exposure to exogenous neurosteroids
(Smith et al., 1998; Follesa et al., 2000, 2001, 2002; Smith, 2002).
GABAAR �2 subunit mRNA levels are inversely correlated with
neurosteroid levels, such that increased levels of allopreg-
nanolone are associated with decreased GABAAR �2 subunit
mRNA levels (Follesa et al., 2004). However, it is unclear how
changes in GABAAR structure and function alter neuronal excit-
ability in response to physiological conditions, such as preg-
nancy, which result in large elevations in progesterone and
neurosteroid levels. Therefore, by examining synaptic input/out-
put (I/O) function, we sought to determine whether the alter-
ations in GABAARs throughout pregnancy are associated with
altered neuronal excitability.

The objective of this study was to determine possible changes
in �GABAAR expression in several brain regions and to deter-
mine the effect of GABAAR plasticity on neuronal network excit-
ability using extracellular field recordings. Here we demonstrate
brain region-specific changes in �GABAAR expression, which in-
crease network excitability in the absence of allopregnanolone.
Physiological levels of allopregnanolone present in the intact
brain of pregnant mammals dampen the increased neuronal ex-
citability to pre-pregnancy levels, suggesting that the changes in
GABAARs constitute a homeostatic mechanism to ensure a nor-
mal level of inhibition throughout pregnancy.

Materials and Methods
Animals
Adult, �3 months of age, C57BL/6 and Gabrd�/� mice (on C57BL/6
background) were housed and maintained by the University of Califor-
nia, Los Angeles (UCLA) Association for Assessment and Accreditation
of Laboratory Animal Care accredited Division of Laboratory Medicine.
All procedures used were Institutional Animal Care and Use Committee
approved by the UCLA Chancellor’s Animal Research Council. Animals
were maintained on a normal light/dark cycle (12 h, lights on from 6:00
A.M. to 6:00 P.M.) and had ad libitum access to food and drinking water.
All experiments were performed during the light cycle. Animals were
killed between 10:00 A.M. and 12:00 P.M.. The virgin mice used in this
study were anovulatory, noncycling mice. The pregnant mice used in this
study were first-time pregnant mice at day 18 of pregnancy. The postpar-
tum mice used were first-time dams at 48 h postpartum. All genotyping
was performed by Transnetyx.

Immunohistochemistry
Age-matched adult virgin and day 18 pregnant C57BL/6 mice or
Gabrd�/� mice were anesthetized and perfused intracardially with PBS,
followed by perfusion with 4% paraformaldehyde. Brains were removed
and postfixed in 4% paraformaldehyde overnight at 4°C. Brains were
cryoprotected at 4°C in increasing concentrations (10 –30%) of sucrose
and then placed in a �80° freezer. Coronal sections (50 �m thick) pre-
pared on a cryostat were placed in PBS until staining, which was per-
formed within 48 h of sectioning. All staining procedures were done
under nonpermeabilized conditions to ensure immunoreactivity of only
surface, and therefore functionally relevant, proteins. Slices from virgin
and pregnant mice were processed in parallel from the time of perfusion,
throughout the processing, immunostaining, mounting, and analysis
of the tissue. Endogenous peroxidase activity was quenched by incubat-
ing the sections in 3% H2O2 diluted in methanol for 1 h. Sections were
washed with PBS incubated in 10% normal goat serum diluted in Tris-
buffered saline (TBS). Sections were incubated overnight at 4°C with
anti-GABA � (1:1000, AB9752; Millipore Corporation) in TBS and 10%

normal goat serum. After incubation with the primary antibody, the
sections were washed three times in TBS before incubation with a biotin-
ylated secondary anti-rabbit antibody (1:2000; Vector Laboratories)
overnight at 4°C. The sections were washed three times in TBS, incubated
with an HRP-conjugated avidin enzyme complex (ABC Elite; Vector
Laboratories) for 1 h, washed again three times in TBS, and developed
with diaminobenzidine (Vector Laboratories). The sections were
mounted, coverslipped, and analyzed by light microscopy. Sections from
paired animals were processed in parallel to ensure equivalent development
of each experimental group for comparison, and pictures were taken in
parallel to ensure equivalent exposure of each experimental group.

Optical density was determined using NIH ImageJ software. The op-
tical density was measured in the region of interest, throughout serial
sections in each animal. The region of interest in the dentate gyrus con-
sisted of the entire molecular layer of the dentate gyrus. The optical
density was measured in the dentate gyrus molecular layer in serial sec-
tions (�45 sections per animal). The region of interest in the cortex
consisted of all six cortical layers (�25 sections per animal). The back-
ground staining was determined to be minimal, as assessed in Gabrd�/�

mice, demonstrating the specificity of the antibody used for these
experiments (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material) (see Figs. 1–3). In addition, the background
between experimental groups was low and not significantly different
between experimental groups; thus, background subtraction was
deemed unnecessary. The average optical density was determined for
each animal, and the average across animals (n � 5 for each experi-
mental group) was used for statistical tests.

Field potential recordings
Synaptic input/output curves. Coronal hippocampal slices (350 �m thick)
were prepared from adult (�3 months old) wild-type virgin, day 18
pregnant, and 48 h postpartum mice. Hippocampal field recordings were
performed at 32–34°C under standard conditions in an interface cham-
ber perfused with normal artificial CSF (nACSF) solution containing [in
mM: 126 NaCl, 2.5 KCl, 2 CaCl2, 1–2 MgCl2, 1.25 NaHPO4, 26 NaHCO3,
and 10 D-glucose, pH 7.3–7.4 (bubbled with 95% O2 and 5% CO2)].
Allopregnanolone at 100 nM (dissolved in 0.01% DMSO) was added,
when indicated, to the nACSF in the incubation chamber and perfused
into the recording chamber for at least 5 min before recording. Field
potentials were evoked by lateral perforant path stimulation at 0.05 Hz,
and responses were recorded in the dentate gyrus molecular layer. Bipo-
lar electrodes were used to deliver a constant-current stimulus. The stim-
ulus intensity was determined by recording a threshold response at a
width ( W) of 60 �s with no response at 20 �s. The W of the stimulus was
increased stepwise by 20 �s to create I/O curves ranging from 20 to 240
�s. Four population field EPSPs (fEPSPs) were recorded at each W, and
the maximum slope of the responses (volts per second) was measured
over a 0.5–1 ms window of the fEPSP rising phase. The average slope was
calculated at each W used.

Input/output curves were fit with a Boltzmann equation: f( W) �
(MAX/(1 � exp((W � W50)/k)) � MAX), where W is stimulus width,
MAX is the maximum response, k is a slope factor, and W50 is the stim-
ulus width that elicits 50% of MAX. The fitted parameters were com-
pared between experimental groups, and statistical significance was
determined using a one-way ANOVA, followed by Bonferroni’s cor-
rected t tests.

Epileptiform activity induced by high KCl. Hippocampal slices were
prepared and maintained as described above. Slices were tested before
recordings to ensure their health and appropriate responses to electrical
stimulation. Spontaneous extracellular field potentials were measured in
the CA1 pyramidal cell layer of the hippocampus. Synchronous dis-
charges were measured in increasing concentrations of extracellular KCl,
normal ACSF (2.5), 5.0, 7.5, and 10 mM. The frequency and duration of
discharges were measured. Only slices that exhibited synchronous dis-
charges in 10 mM KCl were considered to have a sufficiently healthy local
circuitry to be considered in the experimental results. Epileptiform dis-
charges were considered to be population field potentials that had an
increased amplitude of 2 SDs above the baseline activity recorded in
nACSF. In addition, a discharge frequency of �1 Hz for at least 5 s was
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required to constitute epileptiform discharges
in this study. Allopregnanolone (100 nM) was
added to the incubation chamber and also bath
applied when indicated.

Results
Changes in �GABAAR expression
during pregnancy
We previously used Western blot analysis
to demonstrate a downregulation in
�GABAAR expression in the hippocam-
pus from pregnant mice (day 18) com-
pared with virgin animals (Maguire and
Mody, 2008). To determine whether there
are changes in the expression levels of
�GABAARs in other brain regions during
pregnancy, we performed immunohisto-
chemical analysis throughout the brains
of virgin and pregnant mice (day 18). A
decrease in �GABAARs was confirmed in
the dentate gyrus of pregnant compared
with virgin mice, similar to our previous
results by Western blot analysis (Maguire
and Mody, 2008). Representative bright-
field and spectrum color-transformed
�GABAAR stains of the dentate gyrus in
virgin and pregnant mice are shown in Fig-
ure 1A. The optical density of �GABAAR
immunoreactivity in the dentate gyrus
molecular layer, in which this protein is
predominantly localized (Peng et al.,
2004), was measured throughout the hip-
pocampus of each animal (n � 3 mice per
experimental group, 46 sections per ani-
mal). There was a low variability in the
�GABAAR immunoreactivity between
sections from the same animal (virgin
SEM, 2.05; pregnant SEM, 1.84), demon-
strating that there is little regional difference in �GABAAR immu-
noreactivity between the rostral and caudal hippocampus. The
optical densities in the 46 hippocampal sections were averaged
for each mouse, and the average optical density from each indi-
vidual animal was used to calculate the average optical density
from all the animals in a given group. The data reveal a 41.9 �
4.8% decrease in the optical density of �GABAAR immunostain-
ing in pregnant compared with virgin mice (Fig. 1B, Table 1).
The lack of staining in the dentate gyrus molecular layer of
Gabrd�/� mice confirms the specificity of �GABAAR staining in
the wild-type virgin and pregnant mice (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material) (Fig.
1). In addition to changes in the dentate gyrus, there is a signifi-
cant decrease in �GABAAR in the striatum. Representative gray-
scale and corresponding color-transformed images of
�GABAAR immunoreactivity in the striatum is shown in Figure
2A and Table 1. In each animal, the optical density was measured
in 25 adjacent striatal sections, and the average from each indi-
vidual animal was used to determine the average for each group.
The optical density of striatal �GABAAR immunoreactivity dur-
ing pregnancy was decreased by 20.3 � 4.0% compared with
virgin levels (Fig. 2B, Table 1). Interestingly, there is no change in
the expression of �GABAAR in the cortex throughout pregnancy
(Fig. 3, Table 1). Representative sections from virgin and preg-
nant mice reveal similar levels of �GABAAR expression in the

cortex (Fig. 3A, Table 1). Immunoreactivity was measured in 35
adjacent cortical sections per animal. There is no significant dif-
ference in the optical density measurements of �GABAAR immu-
noreactivity in the cortex: pregnant mice were 107.8 � 7.5% that
of virgin mice (Fig. 3B, Table 1). These data demonstrate that the
changes in �GABAAR expression throughout pregnancy are
brain region specific. A list of optical density measurements in
different brain regions is given in Table 1. To note, there is a
downregulation in �GABAAR expression in the dentate gyrus,
hippocampal CA1 region, striatum, and several nuclei of the thal-
amus but no change in the cortex. We did not observe an increase
in �GABAAR expression in any of the brain regions examined.

Changes in synaptic I/O function during pregnancy
The effect of decreased �GABAAR expression in the molecular
layer of the dentate gyrus (Fig. 1) on synaptic excitability was
investigated by analyzing the synaptic I/O relationship of the den-
tate gyrus of virgin and pregnant mice. The fEPSP was measured
in the molecular layer in response to lateral perforant path stim-
ulation of varying stimulus widths (see Materials and Methods).
There was no significant difference in the stimulus intensity be-
tween experimental groups in wild-type mice (Table 2). How-
ever, the stimulus intensities required to evoke fEPSPs in
Gabrd�/� were lower compared with those used in wild-type
mice (Table 2). Representative fEPSP raw traces and I/O curves
from individual wild-type virgin and pregnant mice in the pres-

Figure 1. Decreased GABAA receptor � subunit expression in the dentate gyrus in pregnant animals. A, Representative bright-
field and spectrum color-transformed images of the dentate gyrus from wild-type virgin, pregnant, and Gabrd�/� virgin mice
stained with an antibody specific for the GABAAR � subunit. B, Optical density measurements show a significant decrease in
GABAAR � subunit in wild-type pregnant mice compared with virgin mice. The lack of staining in Gabrd�/� virgin mice confirm the
specificity of the antibody. *p � 0.05 using the Student’s t test compared with virgin wild type. a.u., Arbitrary units.
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ence or absence of 100 nM allopregnanolone (equivalent to physio-
logical levels during pregnancy) (Paul and Purdy, 1992) are shown in
Figure 4A. The symbols represent the percentage of averaged fEPSP
slope relative to the slope of the largest fEPSP in four stimulation

trials in a representative experiment from
virgin and pregnant mice. The average I/O
relationships for these representative ex-
periments were fit with a Boltzmann
function, where W50 is the stimulus
width that elicits the half-maximal response
and the k value is the slope factor, and the
Boltzmann curve from representative ex-
periments are represented as a solid line in
Figure 4B. These representative experi-
ments demonstrate a shift to the left in the
I/O relationship in slices from pregnant
mice compared with virgin, suggesting an
increase in neuronal population excitability.
The addition of allopregnanolone (100 nM)
shifted the I/O curve in slices from pregnant
mice back toward virgin levels.

To obtain the grand average I/O rela-
tionship from all experiments, the fitted
parameters of the individually normalized
(MAX � 1) Boltzmann functions were av-
eraged from virgin and pregnant slices in
the presence or absence of allopreg-
nanolone (Fig. 5A). The I/O relationships
were compared between experimental
groups, and the W50 and k values are given
in Table 2. The W50 in pregnant mice was
decreased to 75% that of the W50 in virgin
mice, consistent with an increase in net-
work excitability in slices from pregnant
mice. The addition of physiological levels
of allopregnanolone (100 nM) restored the
W50 to122% of virgin levels (Fig. 5A).
These data demonstrate an increase in
synaptic excitability in the dentate gyrus
during pregnancy in the absence of allo-
pregnanolone. However, when levels of
allopregnanolone found in pregnancy are

restored in the slices, the synaptic I/O function is comparable
with that found in virgin animals. Thus, the downregulation of
�GABAARs appears to be a homeostatic mechanism to maintain a

Figure 2. Decreased GABAA receptor � subunit expression in the striatum in pregnant animals. A, Representative bright-field
and spectrum color-transformed images of the striatum from wild-type virgin, pregnant, and Gabrd�/� virgin mice stained with
an antibody specific for the GABAAR � subunit. B, Optical density measurements show a significant decrease in GABAAR � subunit
in wild-type pregnant mice compared with virgin mice. The lack of staining in Gabrd�/� virgin mice confirm the specificity of the
antibody. *p � 0.05 using the Student’s t test compared with virgin wild type. a.u., Arbitrary units.

Table 1. Optical density measurements in multiple brain regions in virgin and pregnant mice

Two-way ANOVA

Hippocampal formation Virgin Pregnant Gestational stage Animal Interaction

Dentate gyrus 69.8 � 2.0 40.6 � 1.8

F(330.3, 1, 270), 9.30 � 10 �49 F(7.337, 2, 270), 7.89 � 10 �4 F(4.566, 2, 270), 1.12 � 10 �2
n (sections) 138 138
n (mice) 3 3

CA1 25.2 � 2.2 16.3 � 2.0

F(25.59, 1, 119), 1.55 � 10 �6 F(10.55, 2, 119), 6.05 � 10 �5 F(3.234, 2, 119), 4.29 � 10 �2
n (sections) 64 61
n (mice) 3 3

Cortex 65.1 � 2.1 69.1 � 2.0

F(2.614, 1, 204), 1.07 � 10 �1 F(16.73, 2, 204), 1.87 � 10 �7 F(6.865, 2, 204), 1.30 � 10 �3
n (sections) 105 105
n (mice) 3 3

Striatum 168.7 � 3.9 135.1 � 3.7

F(115.6, 1, 152), 2.09 � 10 �20 F(45.71, 2, 152), 2.86 � 10 �16 F(2.915, 2, 152), 5.72 � 10 �2
n (sections) 74 84
n (mice) 3 3

Thalamus
VL 162.2 � 5.6 145.0 � 5.0 F(14.41, 1, 73), 3.01 � 10 �4 F(5.346, 2, 73), 6.81 � 10 �3 F(0.3652, 2, 73), 6.95 � 10 �1

VA 126.3 � 7.2 108.2 � 6.1 F(10.19, 1, 73), 2.08 � 10 �3 F(1.981, 2, 73), 1.45 � 10 �1 F(0.1531, 2, 73), 8.58 � 10 �1

VPL 159.7 � 4.6 129.1 � 5.7 F(35.48, 1, 73), 8.34 � 10 �8 F(2.301, 2, 73), 1.07 � 10 �1 F(1.887, 2, 73), 1.59 � 10 �1

n (sections) 37 42
n (mice) 3 3

The average optical density was determined for each individual animal, and the average optical density from each animal was used for statistical analysis. Statistical significance was determined using a two-way ANOVA for gestational stage
and individual variability. The F values are given as F(sum of squares, degrees of freedom, mean square). Bold F values denote significance at p � 0.05.
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constant level of synaptic I/O function in the
face of elevated allopregnanolone levels
throughout pregnancy (see Discussion).

Consistent with the proposed impor-
tance of �GABAAR changes on neuronal
excitability during pregnancy, changes
in synaptic I/O curves were only present
in brain regions that exhibited changes in
�GABAAR expression. Brain regions with
no changes in �GABAAR expression dur-
ing pregnancy, such as the cortex, do not
display changes in network excitability as-
sociated with pregnancy. The I/O curves
generated from the averages of the fitted
parameters (MAX � 1) from wild-type
virgin and pregnant mice in the presence
or absence of allopregnanolone are simi-
lar in the cortex (Fig. 5B, Table 2). There is
no difference in the W50 in pregnant mice,
with the W50 values being 111% that of
virgin mice. Interestingly, the addition of
physiological levels of allopregnanolone
(100 nM) did not significantly alter the
W50 in virgin mice (98%) or pregnant
mice (88%) (n � 3–5 mice, 15–18 slices
per experimental group) (Fig. 5B). These
data suggest that changes in neuronal ex-
citability throughout pregnancy are brain
region specific and restricted to areas that
exhibit alterations in �GABAAR expression.

These changes in network excitability
in the dentate gyrus during pregnancy can
be attributed to the changes in �GABAAR
expression, because there is no significant
difference in the I/O relationship between
Gabrd�/� virgin and Gabrd�/� pregnant
mice (Fig. 5C, Table 2). The average Bolt-
zmann functions (MAX � 1) generated using the average fitted
parameters are shown in Figure 5C. Lateral perforant path stim-
ulation produces a similar half-maximal width (W50) in virgin
Gabrd�/� mice that is 115% that of pregnant Gabrd�/� mice
(Fig. 5C), suggesting that pregnancy does not alter neuronal ex-
citability in Gabrd�/� mice. In addition, allopregnanolone does
not have an effect on neuronal excitability in virgin Gabrd�/�

mice, with W50 values increased by 115% in virgin Gabrd�/� mice
and 109% in pregnant Gabrd�/� mice (n � 3– 4 mice, 12–13
slices per experimental group) (Fig. 5C), likely attributable to the
fact that the main site of action of allopregnanolone, the
�GABAAR, is absent in these mice. These data highlight the im-
portance of specific �GABAAR changes in mediating in the al-
tered neuronal excitability throughout pregnancy.

Changes in epileptiform network excitability
during pregnancy
To further investigate the effect of GABAAR changes during preg-
nancy on network function, we examined the excitability of the
network in response to elevated levels of extracellular KCl. The
threshold to induce epileptiform activity in the CA1 region of
the hippocampus was decreased in slices from pregnant mice
compared with slices from virgin mice (Fig. 6). Although the CA1
region is not particularly rich in �GABAAR, the decrease observed
during pregnancy (Table 1) may result in an enhanced excitabil-
ity of the interconnected CA1 network. Representative record-

ings from virgin, pregnant, and postpartum mice in the absence
or presence of allopregnanolone are shown in Figure 6A. The
percentage of slices discharging at 5 mM extracellular KCl was
increased during pregnancy (61.5 � 2.2%) compared with virgin

Figure 3. No change in GABAA receptor � subunit expression in the cortex of pregnant mice. A, Representative bright-field and
spectrum color-transformed images of the somatosensory cortex from wild-type virgin, pregnant, and Gabrd�/� virgin mice
stained with an antibody specific for the GABAAR � subunit. B, Optical density measurements show no significant change in the
expression of GABAAR � subunits in wild-type pregnant mice compared with virgin mice. The lack of staining in Gabrd�/� virgin
mice confirm the specificity of the antibody. No significance detected using the Student’s t test. a.u., Arbitrary units.

Table 2. Brain region-specific changes in fEPSP input/output relationships during
pregnancy

W50 (�s) k values Intensity (�A) n

Wild-type dentate gyrus
Virgin 101.2 � 7.9 26.4 � 3.7 554.2 � 44.6 13
Virgin � Allo 158.4 � 21.3* 42.9 � 9.5* 557.7 � 50.3 13
Pregnant 75.9 � 5.5* 19.9 � 2.6* 540.5 � 46.9 13
Pregnant � Allo 123.7 � 13.3 35.8 � 4.3 669.4 � 45.6 18

Wild-type cortex
Virgin 108.9 � 7.1 32.3 � 2.9 500.0 � 14.5 15
Virgin � Allo 106.2 � 8.4 37.0 � 3.8 482.1 � 31.3 16
Pregnant 120.4 � 10.2 38.7 � 3.9 500.0 � 0.0 18
Pregnant � Allo 106.5 � 7.4 33.5 � 3.9 500.0 � 47.2 16

Gabrd�� dentate gyrus
Virgin 134.1 � 11.8 38.0 � 4.4 384.8 � 27.1 13
Virgin � Allo 153.9 � 14.6 39.5 � 4.7 415.4 � 36.9 13
Pregnant 116.8 � 6.5 33.2 � 3.0 454.5 � 30.5 13
Pregnant � Allo 127.5 � 13.7 37.8 � 3.7 409.1 � 38.0 12

* denotes significance compared with virgin animals in each group. Input/output relationships were constructed for
virgin and pregnant mice in the wild-type dentate gyrus, in the wild-type cortex, and in the dentate gyrus of
Gabrd�/� mice. The effect of 100 nM allopregnanolone (Allo) was determined for each condition. The input/output
curves were fit with a Boltzmann function, and the W50 and k values are given. Statistical significance was deter-
mined using a one-way ANOVA, followed by Bonferroni’s corrected t test.
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(0.0 � 0.0%) and postpartum (18.8 �
1.1%) mice. Similarly, the percentage of
slices exhibiting epileptiform activity in
7.5 mM KCl was increased in slices from
pregnant mice (92.9 � 2.8%) compared
with slices from virgin (25.0 � 1.8%) and
postpartum mice (43.8 � 1.7%). The ad-
dition of physiological levels of allopreg-
nanolone (100 nM) decreased the excit-
ability in slices from pregnant mice back
to virgin and postpartum levels at 5 mM

KCl (9.1 � 0.9%) and 7.5 mM KCl (54.5 �
2.2%) (n � 3–5 mice, 7–18 slices per ex-
perimental group; significance deter-
mined using a one-way ANOVA at each
concentration of KCl) (Fig. 6B). These
data further suggest that, in the absence
of allopregnanolone, the decrease in
�GABAAR in the CA1 region combined
with that in the dentate gyrus during
pregnancy results in hippocampal hyper-
excitability; however, in the presence of
physiological levels of allopregnanolone,
which would be present in the intact
brain, there is no difference in excitability
during pregnancy compared with virgin.

Mice deficient in �GABAAR regulation
throughout pregnancy, such as Gabrd�/�

mice, exhibit increased network excitabil-
ity (Fig. 7) compared with wild-type mice
(Fig. 6). At 5 mM KCl, 0.0 � 0.0% of wild-
type virgin slices exhibit epileptiform dis-
charges compared with 71.4 � 2.3% in
Gabrd�/� virgin mice. At 7.5 mM KCl,
25.0 � 1.8% of wild-type virgin slices ex-
hibit epileptiform discharges compared
with 100 � 0.0% in Gabrd�/� virgin mice.
However, Gabrd�/� mice do not exhibit
changes in network excitability during
pregnancy or postpartum. Gabrd�/�

mice, either virgin or pregnant, exhibit
epileptiform activity in the presence of in-
creased extracellular KCl. Control and ep-
ileptiform activity in Gabrd�/� mice is
shown in Figure 7A. Slices from Gabrd�/�

mice are hyperexcitable and exhibit large
depolarizing shifts with epileptiform dis-
charges (Fig. 7A), although no significant
difference is found between virgin and
pregnant mice in the presence or absence

4

Figure 4. Changes in network excitability during preg-
nancy reversed by allopregnanolone. A, Representative traces
and I/O curves from individual experiments in the dentate gy-
rus from wild-type virgin and pregnant mice in the presence or
absence of allopregnanolone (allo). B, The average I/O curves
for virgin (�), virgin plus 100 nM allopregnanolone (f),
pregnant (Œ), and pregnant plus 100 nM allopregnanolone
(F) are indicated. The average I/O curves were fit with a Bolt-
mann function for virgin (black line), virgin plus 100 nM allo-
pregnanolone (blue line), pregnant (red line), and pregnant
plus 100 nM allopregnanolone (gray line).
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of allopregnanolone. The percentage of slices discharging at 5 mM

extracellular KCl was similar in Gabrd�/� virgin mice (71.4 �
2.3%), Gabrd�/� pregnant mice (66.7 � 2.1%), and Gabrd�/�

postpartum mice (73.3 � 2.2%). Similarly, there was no differ-
ence in the percentage of slices exhibiting epileptiform activity in
7.5 mM KCl from virgin mice (100 � 0.0%) compared with slices
from pregnant mice (100 � 0.0%) and postpartum mice (100 �
0.0%) (n � 3–5 mice, 8 –15 slices per experimental group; signif-
icance determined using a one-way ANOVA at each concentra-
tion of KCl) (Fig. 7B). In addition, the neuronal excitability in
Gabrd�/� mice is unaffected by addition of 100 nM allopreg-
nanolone (5 mM KCl, 62.5 � 2.8%; 7.5 mM KCl, 100 � 0.0%),
likely attributable to the absence of �GABAARs for allopreg-
nanolone to act on. Thus, the inability to regulate �GABAAR
expression may prevent changes in network excitability during
pregnancy, rendering the network hyperexcitable.

Discussion
In this report, we demonstrate brain region-specific changes in
GABAAR subunit expression during pregnancy. There is a de-
crease in the expression of �GABAARs during late pregnancy,
which may constitute a homeostatic mechanism to maintain a
steady level of inhibition throughout pregnancy (Fig. 8). In this
model, we propose that the expression of �GABAARs must be-
come downregulated in the face of extremely high levels of neuro-
steroids during pregnancy, which can act as positive allosteric
modulators of these receptors, to maintain a level of inhibition
throughout pregnancy equivalent to that before this stage (Fig.
8). At the time of parturition, neurosteroid levels abruptly
decline and �GABAARs must be recovered, again to maintain a
constant level of inhibition throughout the postpartum period
(Fig. 8). Failure to properly regulate these receptors through-
out pregnancy and postpartum may play a role in neurological
and neuropsychiatric disorders associated with this vulnerable
period.

Changes in various GABAAR subunits have been observed
during pregnancy; however, the contribution of these changes to
neuronal excitability during pregnancy remained elusive.
Changes in GABAARs during pregnancy has been inferred from
decreased agonist binding (Majewska et al., 1989; Concas et al.,
1999) and decreased sensitivity to benzodiazepines (Concas et al.,
1998; Follesa et al., 1998). Previous studies have demonstrated
decreased expression of �2 in the hippocampus (Concas et al.,
1998; Follesa et al., 1998) and decreased expression of the
GABAAR �5 in the cortex (Follesa et al., 1998). In addition, sev-
eral studies reported changes in GABAAR subunit expression in
progesterone withdrawal models, mainly an increase in �4 and �
subunit expression (Smith et al., 1998; Sundstrom-Poromaa et
al., 2002). Here we report a decrease in �GABAAR expression in
day 18 pregnant mice in several different brain regions, such as
the dentate gyrus, CA1, striatum, and thalamus. A recent report
demonstrated a different pattern of �GABAAR regulation during
late pregnancy in the rat (Sanna et al., 2009), suggesting perhaps
that �GABAAR regulation throughout pregnancy and postpar-
tum may be species specific. However, this study used a different
antibody, untested for specificity in Gabrd�/� animals, to quan-
tify changes in �GABAAR immunoreactivity in the dentate gyrus
granule cell layer, which is not the typical localization of these recep-
tors (Peng et al., 2004). Our findings demonstrate alterations in
�GABAAR expression in the dentate gyrus molecular layer, which is
where this protein is most abundant (Peng et al., 2004).

Our data suggest that alterations in �GABAARs, specifically,
are essential for the changes in neuronal excitability during preg-

Figure 5. Changes in network excitability during pregnancy related to GABAAR� subunit expres-
sion. A, The average synaptic I/O function from the dentate gyri of wild-type virgin, pregnant, and
postpartum mice is shown as a Boltzmann function generated by the averages of the fitted parame-
ters.Thereisashifttowardincreasedexcitability inthefEPSPslopeI/Ocurvesfromwild-typepregnant
mice (red line) compared with wild-type virgin mice (black line). This increased excitability is restored
by100nM allopregnanolone(allo)(grayline). B,TheaverageI/OcurvesoffEPSPslopesfromthecortex
of wild-type virgin (black line) or pregnant (red line) with or without allopregnanolone (blue and gray
lines) demonstrate no significant difference in the W50 between groups, suggesting that the changes
in excitability related to pregnancy are brain region specific. C, The average I/O curves of fEPSP slopes
from Gabrd�/� virgin (black line), Gabrd�/� virgin plus 100 nM allopregnanolone (blue line),
Gabrd�/� pregnant (red line), and Gabrd�/� pregnant plus 100 nM allopregnanolone (gray line).
There is no significant difference in the W50 between Gabrd�/� groups. Statistical significance was
determined using a one-way ANOVA, followed by Bonferroni’s corrected t tests.
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nancy. The evidence that allopregnanolone restores neuronal ex-
citability to virgin levels further suggests a role for � GABAARs in
neuronal excitability changes during pregnancy. Even more con-
vincing is the lack of neuronal excitability alterations during
pregnancy in Gabrd�/� mice. Although not statistically signifi-
cant, there is a trend toward more hyperexcitability, evident from
a slight shift in the I/O curve, during pregnancy in Gabrd�/�

mice, which could be attributable to decreased expression of the
GABAAR �2 receptor subunit during pregnancy (Maguire and
Mody, 2008). The similarity of the synaptic I/O curves in wild-
type and Gabrd�/� mice is most likely attributable to the lower
stimulation intensities used to elicit similar population responses
in the two preparations (Table 2), consistent with the loss of
�GABAAR-mediated tonic inhibition in these mice and the sig-
nificant contribution of tonic inhibition to overall excitability
(Farrant and Nusser, 2005). In addition, the partial compen-
sation of the tonic conductance by �5GABAARs in dentate gyrus
granule cells of Gabrd�/� mice may also dampen the differences
between the I/O curves recorded in the two genotypes (Glykys
et al., 2008).

The hyperexcitability in Gabrd�/� mice becomes evident dur-
ing depolarization in response to elevated extracellular KCl. Vir-
gin Gabrd�/� mice are hyperexcitable, and pregnancy does not
significantly alter the excitability in these animals. The virgin
Gabrd�/� mice exhibit epileptiform activity that consists of a
large depolarization with epileptiform bursts. In contrast to wild-
type mice, in which the epileptiform activity is characterized by
synchronous population discharges at regular intervals, the
epileptiform activity in Gabrd�/� mice consists of a large depo-

larization with high-frequency discharges
reminiscent of epileptiform bursts. The
type of epileptiform activity in Gabrd�/�

mice is unlike that induced in wild-type
slices, suggesting that there may be a dif-
ferent mechanism underlying the epilep-
togenesis. However, this hypothesis re-
quires additional, intensive investigation
that is outside the scope of this study and
will be investigated in the future.

Our previous study demonstrated that
changes in �GABAAR expression that oc-
cur over the ovarian cycle and in response
to stress were mediated by steroid
hormone-derived neurosteroids (Magu-
ire and Mody, 2007). However, we cannot
exclude the contribution of other physio-
logical changes that occur during preg-
nancy, such as increases in estrogen, oxytocin,
corticosterone, and prolactin levels. Estro-
gens are thought to be proconvulsant,
whereas progesterone is thought to act as
an anticonvulsant. Estrogen is known to
increase hippocampal spine density
(Gould et al., 1990; Woolley and McEwen,
1993) and excitatory synapses (Woolley
and McEwen, 1992; Woolley et al., 1997)
and to alter the sensitivity of NMDA re-
ceptors to glutamate (Woolley et al.,
1997). In addition, oxytocin and vaso-
pressin can both exert distinct effects on
neuronal excitability in the CNS. For in-
stance, in the amygdala, vasopressin is ex-
citatory and inhibited by oxytocin (Huber

et al., 2005) (for review, see Raggenbass, 2008), demonstrating
that many other physiological changes associated with pregnancy
can exert effects on neuronal excitability. Although we cannot
entirely rule out the possibility of other physiological factors affect-
ing neuronal excitability during pregnancy, the restoration of neu-
ronal excitability to pre-pregnancy levels by physiological levels of
allopregnanolone suggests that neurosteroids and their site of action,
the �GABAARs, play a significant role in mediating changes in neu-
ronal excitability associated with pregnancy.

Changes in neuronal excitability have been reported in epilep-
tic women during pregnancy with conflicting results (Schmidt,
1982). Seizure frequency in patients with epilepsy is often diffi-
cult to assess attributable to patients noncompliance with drug
regimen or changes in the pharmacokinetics of the antiepileptic
medications during pregnancy. In addition, experimental studies
in animals have been primarily limited because of the use of
chemical convulsants, which have inherent problems when
working with pregnant animals, including changes in dosing, ab-
sorption, and metabolism during pregnancy compared with vir-
gin animals. However, in a kindling model of epileptogenesis,
there was no difference in threshold to kindle animals between
pregnant mice and controls (Holmes and Weber, 1985). In this
study, we systematically assessed changes in network excitability
in vitro and in vivo, and our findings demonstrate that pregnancy
does not alter network excitability or seizure frequency in the
intact animal.

The factors underlying the changes in neuronal excitability
during pregnancy have been proposed to result from stress,
changes in sleep patterns, metabolic factors, respiratory changes,

Figure 6. Network hyperexcitability during pregnancy in the absence of allopregnanolone. A, Representative traces in the CA1
region of the hippocampus in nACSF and 5, 7.5, and 10 mM extracellular KCl in virgin, pregnant, and postpartum wild-type mice. B,
The average percentage of slices discharging at increasing concentrations of extracellular KCl was increased in pregnant mice
compared with virgin and postpartum mice. This increase in excitability was not evident in the presence of physiological concen-
trations of allopregnanolone (allo) (100 nM). *p � 0.05 using a one-way ANOVA at each concentration of KCl compared with virgin
wild-type slices in nACSF.
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noncompliance with drugs, changes in the
pharmacokinetics of drugs, and changes
in seizure propensity during pregnancy
(for review, see Swartjes and van Geijn,
1998). Although changes in seizure pro-
pensity have been proposed to occur dur-
ing pregnancy, there is little evidence of
intrinsic changes that would render the
brain more susceptible to seizures. Our
study elucidates changes in GABAergic
inhibition during pregnancy that may
play a role in excitability changes during
pregnancy, including the decrease in
�GABAARs in the dentate gyrus, similar to
that observed previously by Western blot
analysis (Maguire and Mody, 2008) and a
decrease in the striatum and the thalamus.
However, we did not find a change in
�GABAAR expression in the cortex during
pregnancy, suggesting that the changes
in receptor expression are brain region
specific, and their sensitivity to allopreg-
nanolone may also be under region-specific
control by yet unknown mechanisms.

Our study is the first to assess changes
in network excitability during pregnancy
and demonstrates no inherent propensity
for hyperexcitability during this hormon-
ally labile period. However, our data also
suggest that hyperexcitability during
pregnancy has the opportunity to mani-
fest itself if there are abnormal changes in neurosteroid levels or if
the receptors for neurosteroid action, namely the �GABAARs, are
not properly regulated. In the face of high levels of �GABAAR-
targeting neurosteroids throughout pregnancy, the levels of these
receptors are decreased to maintain the pre-pregnancy level of
inhibition. If neurosteroid levels decline, inhibition will decrease
and likely result in hyperexcitability. Similarly, if the levels of
�GABAARs decrease too much, inhibition will decrease and the
brain will be rendered hyperexcitable.

Our data demonstrate a physiological homeostatic mecha-
nism whereby the brain maintains a steady level of excitability
throughout pregnancy. In addition, the importance of the
GABAergic system in maintaining a constant level of neuronal
I/O function throughout pregnancy suggests that the antiepilep-
tic drugs gabapentin, gabitril, and lamotrigine may be better
treatments for women with epilepsy because they target the func-
tion of GABAARs, which may be directly involved in the patho-
physiology. These and other drugs acting by similar mechanisms
may be particularly useful in the treatment of women sensitive to
the steroid hormone-associated changes in seizure frequency.
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