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Increased plasmalemmal localization of α4βδ GABAA receptors (GABARs) occurs in the
hippocampal pyramidal cells of female mice at pubertal onset (Shen et al., 2010). This
increase occurs on both dendritic spines and shafts of CA1 pyramidal cells and is in
response to hormone fluctuations that occur at pubertal onset. However, little is known
about how the α4 and δ subunits individually mediate the formation of functional,
plasmalemmal α4βδ GABARs. To determine whether expression of the α4 subunit is
necessary for plasmalemmal δ subunit localization at pubertal onset, electron microscopic-
immunocytochemistry (EM-ICC) was employed. CA1 pyramidal cells of female α4 knockout
(KO) mice were tested for plasmalemmal levels of the δ subunit within dendritic spine and
shaft profiles at the onset of puberty. EM-ICC revealed that the α4 and δ subunits localize on
dendritic spines and shafts at sites extrasynaptic to GABAergic input at pubertal onset in tis-
sue of wild-type (WT) mice. At pubertal onset, plasmalemmal localization of the δ subunit is
reduced 45.9% on dendritic spines, and 56.7% on dendritic shafts with KO of the α4 subunit,
as compared to WT tissue, yet levels of intracellular δ immunoreactivity remain unchanged.
The decline in plasmalemmal localization is manifested as decreased responsiveness to the
GABA agonist gaboxadol at concentrations that are selective for δ-containing GABARs. Addi-
tionally, α4 KO mice have larger dendritic spine and shaft profiles. Our findings demonstrate
that α4 subunit expression strongly influences the pubertal increase of δ subunits at
the plasma membrane, and that genetic deletion of α4 serves as a functional knock-down of
δ-containing GABARs.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

γ-aminobutyric acid receptors (GABARs) are ubiquitously
expressed throughout the CNS, and are responsible for medi-
ating the majority of fast and tonic inhibition. The variety of
e, Room 1056, New York,
ki).
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unique GABAR subunit combinations results in receptors
with diverse biophysical properties. The localization patterns
of GABAR subunits reveal that α1β2γ2 GABARs are the most
frequently-occurring in the CNS (Wisden et al., 1992). GABARs
containing the δ subunit (in lieu of the γ2 subunit) localize
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extrasynaptically, due to the lack of interaction of the δ subu-
nit with the GABAergic postsynaptic density protein gephyrin
(Liang et al., 2004; Liang et al., 2006; Studler et al., 2002; Wei et
al., 2003). As compared to other GABARs, α4βδ GABARs exhibit
a distinct pattern of localization, with lower total surface ex-
pression throughout the CNS and with high concentrations
observed in the dentate gyrus of the hippocampus and the
thalamus (Pirker et al., 2000; Sperk et al., 1997; Sur et al.,
1999; Wisden et al., 1992). In contrast to the brief, saturating
levels of GABA that synaptically-localized receptors are ex-
posed to, extrasynaptic α4βδ GABARs are localized to sites dis-
placed from GABA release (Wei et al., 2003), which results in
the exposure to low-level, ambient GABA concentrations.
This and their relative lack of desensitization enables them
to much more effectively maintain a constant inhibitory
tone for the neuron (Bianchi and Macdonald, 2003; Glykys
and Mody, 2006; Glykys et al., 2007; Stell and Mody, 2002).

Numerous reports have shown that the surface expression
of α4βδ GABARs increases with fluctuations in female gonadal
steroids, observed across the ovarian cycle, throughout preg-
nancy, at the onset of puberty, and when hormone fluctua-
tions are mimicked through both exogenous administration
and withdrawal (Griffiths and Lovick, 2005b; Gulinello et al.,
2001; Hsu and Smith, 2003; Maguire et al., 2005, 2009; Shen et
al., 2005, 2007, 2010; Smith et al., 1998a,b; Zhou and Smith,
2007). The importance of α4βδ GABARs was highlighted in re-
cent studies of female brains at puberty (Shen et al., 2007,
2010). The pubertal increase in α4βδ GABARs reduced hippo-
campal excitability, NMDA-generated EPSCs, and synaptic
plasticity, which is likely responsible for the decline in
hippocampus-dependent spatial learning found at that time
(Shen et al., 2010). These reports also showed a heightened
level of restraint stress-induced or stress steroid-induced
anxiety-like behaviors at the onset of puberty, and that this
phenomenon can be ameliorated with knockout (KO) of the δ
subunit (Shen et al., 2007), suggesting that increased plasma-
lemmal localization of α4βδ GABARs in the pyramidal cells
of the CA1 hippocampus has a functional relevance for
mood and learning at the onset of puberty.

One question that remains to be answered is whether plas-
malemmal localization of the δ subunit at puberty requires α4
expression. In order to test this, we assessed δ subunit immu-
noreactivity within CA1 hippocampal pyramidal cells of α4 KO
mice by analyzing tissue harvested from females at the onset
of puberty, which is when α4βδ GABARs increase to peak
levels within wild-type (WT) brains (Shen et al., 2007).

In the principal cells of the thalamus and cerebellum, the δ
subunit forms functional pentamers predominantly with the
α4 or the homologous α6 subunit, respectively (Jones et al
1997; Sur et al 1999). Since the α6 subunit expresses solely in
the cerebellum, it is not a potential partner for δ in the hippo-
campus (Laurie et al., 1992; Nusser et al., 1996, 1998). However,
the α1 subunit can co-localize with the δ subunit, as seen in
dentate gyrus interneurons (Glykys et al., 2007). Previous re-
ports show that both the α1 and δ subunits express in pyrami-
dal cells of the CA1 hippocampus (Nusser et al., 1996; Wisden
et al., 1992). Therefore, it is possible that, for CA1 hippocampal
pyramidal cells, the absence of α4 subunit expression could
still lead to pentamerization of the δ subunit with the α1 sub-
unit, resulting in trafficking of δ-containing GABARs from
intracellular stores to the plasma membrane at pubertal
onset. Since the majority of surface-trafficked, stable GABARs
capable of leaving the endoplasmic reticulum are complete
pentamers, if the δ subunit cannot oligomerize with another
α subunit, surface expression of the δ subunit would not be
expected to increase at puberty (Bencsits et al., 1999; Green
and Millar, 1995; Kittler et al., 2002).

One working model compatible with all of these observa-
tions is that the α4 and α1 subunits compete as binding part-
ners for δ. The hormone fluctuations accompanying pubertal
onset promote expression of α4, which in turn promotes the
formation of α4βδ GABARs. Our current study addresses
whether the absence of the α4 subunit will impact the surface
expression of the δ subunit.

The current study differs in multiple significant ways from
previous studies that have analyzed δ subunit expression
within α4 KO brains. First, the previous studies that have ex-
amined surface expression of the δ subunit in α4 KO mice
have done so in the thalamus and dentate gyrus (Chandra et
al., 2006; Suryanarayanan et al., 2011). In WT tissue, levels of
α4βδ GABARs remain elevated continuously in these brain
regions (Wisden et al., 1992). In contrast, the CA1 hippocam-
pus of females at puberty exhibits hormone fluctuation-
dependent transient rises in these GABARs at pubertal onset
(Shen et al., 2007, 2010). Secondly, in the dentate gyrus,
GABAergic current is inward (Staley and Mody, 1992); this is
not the case for the CA1 hippocampus, where GABAergic cur-
rent is outward (Staley and Mody, 1992). Thus, the effect of
this current reversal on δ subunit expression in α4 KO tissue
is yet unknown. Finally, previous studies examined changes
in δ expression after ethanol administration or epileptic sei-
zure, which may depend on mechanisms different from
those evoked by the endogenous changes accompanying pu-
bertal onset (Brooks-Kayal et al., 1998; Goodkin et al., 2008;
Liang et al., 2008; Sundstrom-Poromaa et al., 2002; Wei et al.,
2004). While our previous light microscopic analysis was
limited to showing the expression of α4 and δ GABAR
subunits in individual cell types (Shen et al., 2007), electron
microscopic-immunocytochemistry (EM-ICC) allows for local-
ization to be distinguished as plasmalemmal or intracellular.
This classification elucidates potential functionality of
α4- and δ-containing GABARs. Our findings demonstrate that
α4 KO mice show reduced plasmalemmal localization of the δ
subunit at pubertal onset, and that α4 KO serves as a functional
knock-down of δ-containing GABARs.
2. Results

2.1. CA1 hippocampal α4 subunit immunoreactivity in α4
KO mice, as revealed by light microscopy

Light microscopic (LM) observations showed that expression of
the α4 subunit was apparent in the CA1 field of the hippocam-
pus of female WT pubertal mice (Fig. 1 A). In contrast, qualita-
tive observations revealed that the corresponding region of
female α4 KO brains at puberty (Fig. 1 B) showed negligible α4
immunoreactivity. InWT pubertal sections, prominent labeling
for the α4 subunit in the CA1 hippocampus allowed for
identification of pyramidal cells from the otherwise non-



Fig. 1 – Light microscopic immunohistochemistry of α4 labeling in WT and α4 KO hippocampus. Light micrographs of
hippocampal sections from WT and α4 KO pubertal female mice were captured following immunocytochemical labeling for
the α4 subunit, using silver-intensified gold (SIG) as the label. Expression of the α4 subunit was apparent both in the pyra-
midal cell layer (PCL; black arrowhead) as well as in hippocampal interneurons (white arrowhead) of the stratum oriens (SO)
and stratum radiatum (SR) of WT tissue (panel A). Qualitative analysis revealed marked reduction of the α4 subunit in α4 KO
mice at puberty (panel B) when compared to the tissue of WT pubertal mice. Scale bar=500 μm.
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immunoreactive neuropil. Pyramidal cells were characterized
as such by their triangular shape, small perikarya, and distinct
apical dendrite descending into the stratum radiatum of the
hippocampus. Interneurons in WT pubertal sections were also
labeled for the α4 subunit, andweredifferentiated frompyrami-
dal cells by their larger perikarya, rounded shape, and displace-
ment from the pyramidal cell layer. Due to the dramatic
reduction in α4 immunoreactivity in α4 KObrains, neither pyra-
midal cells nor interneurons were discernable from the sur-
rounding neuropil. For quantitative analysis of subunit
expression, we employed EM-ICC.

2.2. α4 KO reduces immunoreactivity for the α4 subunit to
levels comparable to primary antibody preadsorption controls

To determine the specificity of the α4 antibody for the target
protein, we performed a primary antibody preadsorption con-
trol. Upon incubation of the α4 primary antibody with the con-
trol peptide corresponding to the N-terminus region, we found
a substantial reduction in plasmalemmal immunoreactivity in
WT pubertal tissue by EM analysis. With α4 primary antibody
preadsorption, plasmalemmal labeling was completely elimi-
nated inWT pubertal dendritic spines (p<0.00005), and was re-
duced by 96.7% in WT pubertal dendritic shafts (p<0.000001).
This finding indicates that theprimary antibodyweare utilizing
is specific for the α4 subunit.

Previous studies indicate that the KO of the α4 subunit in
this mouse strain was successful, citing a complete elimina-
tion of hippocampal α4 immunoreactivity by both western
blot and light-microscopic immunohistochemistry (Chandra
et al., 2006; Suryanarayanan et al., 2011). An EM-ICC character-
ization of this strain of α4 KO mice had not been performed
until now. In our analysis of α4 KO tissue, we observed that
the plasmalemmal α4 immunoreactivity on dendritic spines
was reduced by 69.1% as compared to WT levels (p<0.0001;
Figs. 2 A–C). Plasmalemmal immunoreactivity for the α4 sub-
unit on dendritic shafts was reduced by 81.3% upon α4 KO
(p<0.000001; Figs. 2 D–F). For both dendritic spines and den-
dritic shafts, the decrement of α4 immunoreactivity within
the α4 KO was comparable to the low levels of labeling ob-
served following omission of the primary antibody (p>0.1).

2.3. Hippocampal pyramidal cells from WT and α4 KO
mice exhibit normal neuronal phenotype

We examined the phenotypes of CA1 hippocampal pyramidal
cells from WT and α4 KO tissue by conducting LM analyses
of two major neuronal phenotypes — immunoreactivity to
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor subunits GluR2/3, and to the microtubule-associated
protein 2 (MAP2). CA1 pyramidal cells from pubertal WT and α4
KO mice exhibit equivalent levels of immunolabeling for both
the GluR2/3 subunits and MAP2 (Figs. 3 A–D). Between the two
genotypes, we also observed proper pyramidal cell morphology,
and stratification of the CA1 hippocampus like that ofWT tissue.
Together, these data indicate that hippocampal neurons are like-
ly to be developing normally and are capable of neurotransmis-
sion. As such, we concluded that any observed changes in
localization of the δ subunit in the CA1 hippocampus at the
onset of puberty in α4 KO mice are solely the result of the ab-
sence of α4 subunit expression.

2.4. α4 KO hippocampus exhibits reduced δ subunit
immunoreactivity at plasma membrane of dendritic spines
and shafts at puberty

EM-ICC data provide direct evidence for changes in plasma-
lemmal δ localization on CA1 pyramidal neurons upon KO of
the α4 subunit. This technique also allows for distinguishing
between localization at dendritic spines versus shafts and be-
tween synaptic versus extrasynaptic sites. On dendritic spine
profiles, α4 KO resulted in a 45.9% reduction of plasmalemmal
δ immunoreactivity as compared to spines of WT pubertal
mice (Table 1; Figs. 4 A–C). EM analysis also revealed a signif-
icant reduction in plasmalemmal δ labeling on dendritic
shafts of KO tissue, relative to the levels seen in WT mice. La-
beling for the δ subunit at the dendritic shaft plasma mem-
brane was reduced by 56.7% in tissue of α4 KO pubertal mice



Fig. 2 – Plasmalemmal α4 immunoreactivity on pubertal CA1 hippocampal pyramidal cells’ dendritic spines and shafts is
reduced byα4 KO. Representative EM images of dendritic spine profiles fromWT pubertal (panel A) andα4 KO pubertal (panel
B) CA1 regions following SIG-immunocytochemistry to label α4 subunits. The black arrow denotes plasmalemmal SIG. ‘U’
denotes unlabeled dendritic spine profiles, while ‘L’ denotes a labeled dendritic spine profile. Scale bar for panels A and
B=500 nm. Mann–Whitney U-test of plasmalemmal α4 labeling revealed a significant effect of genotype, with significantly
greater α4 immunoreactivity within WT pubertal tissue, compared to α4 KO pubertal tissue (panel C; *p<0.0001). n=1400
spines, sampled equally from 5 WT pubertal and 5 KO pubertal mice. Representative EM images of dendritic shafts from WT
pubertal (panel D) and α4 KO pubertal (panel E) mice. The black arrow denotes plasmalemmal SIG. ‘Sh’ denotes dendritic
shafts. Scale bar for panels C and D=500 nm. Mann–Whitney U-test plasmalemmal α4 labeling revealed a significant effect of
genotype, with significantly greaterα4 immunoreactivity withinWT pubertal tissue, compared toα4 KO pubertal tissue (panel
F; **p<0.000001). n=200 dendrites sampled equally from 5 WT pubertal and 5 KO pubertal mice. Values indicate means±SEM.
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as compared to tissue ofWTpubertal mice (Table 1; Figs. 4 D–F).
These EM-ICC data demonstrate that α4 KO mice have reduced
plasmalemmal localization of δ-containing GABARs on dendrit-
ic spines and shafts at pubertal onset as compared toWTmice.

In addition to allowing for differentiation between immu-
noreactivity on dendritic spines and shafts, EM-ICC also al-
lows for the differentiation of synaptic versus extrasynaptic
localization along the plasma membrane. In WT pubertal tis-
sue, of the 93 SIG puncta found localized to the plasma mem-
brane from 100 individual dendritic shaft profiles, only one
puncta was localized synaptically, while three puncta were lo-
calized perisynaptically (within one axon terminal-width of
the site of input). The remaining 90 puncta were outside of
this boundary, and were classified as extrasynaptic. In α4 KO
pubertal tissue, of the 46 plasmalemmal SIG puncta found
on 100 dendrites, there were no synaptic puncta, and only
one that was perisynaptic, with the remaining 45 localized
extrasynaptically. These findings demonstrate that the
localization of the δ-containing GABARs is predominantly
extrasynaptic, regardless of expression of the α4 subunit.

2.5. Levels of intracellular δ immunoreactivity are
equivalent in α4 KO and WT hippocampal dendritic spines
and shafts at puberty

After establishing that α4 KO has an effect upon plasmalem-
mal localization of the δ subunit, we next sought to determine
if α4 KO has an effect upon overall δ expression. We did so by
comparing the amount of surface immunolabeling relative to
the total labeling (surface+intracellular) between WT and α4
KO pubertal tissue. For both dendritic spines and dendritic
shafts, we found a significantly higher ratio of surface-to-
surface+intracellular immunolabeling in WT pubertal tissue
than seen in α4 KO pubertal tissue (Table 1). This difference
in ratio is likely due to the observed decrease in plasmalem-
mal δ localization upon α4 KO, but could be due to alterations

image of Fig.�2


Fig. 3 – CA1 pyramidal cells exhibit a normal neuronal phenotype: A comparison of WT and α4 KO pubertal mice. Light
microscopy reveals normal expression levels of two neuronal markers. Expression levels of the AMPA receptor subunit
GluR2/3 are indistinguishable betweenWT pubertal (panel A) andα4 KO pubertal (panel B) tissue. Pubertal tissue of WT (panel
C) andα4 KO (panel D) mice also showed similar immunoreactivity to the neuronal marker MAP2. The CA1 hippocampus from
both genotypes also exhibits proper pyramidal cell morphology and stratification. Scale bar for panels A–D=500 μm.
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in intracellular immunoreactivity. To test this possibility, we
measured levels of intracellular δ immunoreactivity in den-
dritic spines and shafts of α4 KO tissue and compared these
levels to those found in WT pubertal tissue. In dendritic
spine profiles, α4 KO pubertal mice showed equivalent levels
of intracellular δ immunoreactivity as compared toWT puber-
tal mice (Table 1). We also found no difference in intracellular
δ labeling in dendritic shafts betweenWT and KO pubertal tis-
sue (Table 1). With the equivalent levels of intracellular im-
munoreactivity between the two genotypes, these EM-ICC
data demonstrate that while plasmalemmal localization of
the δ subunit on dendritic spines and shafts is compromised
in α4 KO, levels of δ-containing GABARs within dendritic
Table 1 – δ subunit immunoreactivity in CA1 hippocampal pyra

δ immunoreactivity WT M

Spines Surface (percent labeled) 5.1
Intracellular (percent labeled) 4.9
Surface proportion of total labeling (percent) 59

Shafts Surface (label per μm) 0.09
Intracellular (label per μm2) 1.15
Surface proportion of total labeling (percent) 0.14

⁎ Bold numbers indicate significant p-values.
spines and shafts at pubertal onset are equivalent in α4 KO
and WT pubertal mice.

2.6. α4 KO hippocampus exhibits larger dendritic spine
and shaft profiles

Bigger spines would be expected to havemore labeling, simply
because they occupy more area and membrane within which
to potentially express the δ subunit. Was the observed geno-
type difference in δ immunoreactivity of spines simply due
to differences in the size of spines? In order to answer this,
we first measured the area and membrane lengths of dendrit-
ic spine profiles, as captured in single (not 3D reconstructed)
midal cell dendritic spines and shafts at puberty.

ean±SEM (n) KO Mean±SEM (n) p-value ⁎ (Z)

6±0.83 (700) 2.79±0.70 (700) 0.00008 (3.955)
2±0.86 (700) 4.22±0.91 (700) 0.5 (−0.629)
.9±6.5 (54) 36.3±7.0 (45) 0.03 (2.091)
7±0.011 (100) 0.042±0.009 (100) 0.00006 (−4.402)
1±0.085 (100) 1.021±0.070 (100) 0.5 (−0.715)
7±0.016 (100) 0.047±0.011 (100) 0.00001 (−4.921)

image of Fig.�3


Fig. 4 – Plasmalemmal δ immunoreactivity on pubertal CA1 hippocampal pyramidal cells’ dendritic spines and shafts is
reduced byα4 KO. Representative EM images of dendritic spine profiles fromWT pubertal (panel A) andα4 KO pubertal (panel
B) CA1 regions following SIG-immunocytochemistry to label δ subunits. The black arrow denotes plasmalemmal SIG. ‘U’
denotes unlabeled dendritic spine profiles, while ‘L’ denotes a labeled dendritic spine profile. Scale bar for panels A and
B=500 nm. Mann–Whitney U-test of plasmalemmal δ labeling revealed a significant effect of genotype, with significantly
greater δ immunoreactivity withinWT pubertal tissue, compared toα4 KO pubertal tissue (panel C; *p<0.0001). n=1400 spines,
sampled equally from 5 WT pubertal and 5 KO pubertal mice. Representative EM images of dendritic shafts from WT pubertal
(panel D) and α4 KO pubertal (panel E) mice. The black arrow denotes plasmalemmal SIG. ‘Sh’ denotes dendritic shafts. Scale
bar for panels C and D=500 nm. Mann–Whitney U-test of plasmalemmal δ labeling revealed a significant effect of genotype,
with significantly greater δ immunoreactivity within WT pubertal tissue, compared to α4 KO pubertal tissue (panel F;
*p<0.0001). n=200 dendrites sampled equally from 5 WT pubertal and 5 KO pubertal mice. Values indicate means±SEM.
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digitized images from pubertal WT and α4 KO tissue. Between
the genotypes, we found that larger spines occurred in α4 KO
mice, as indicated by increases in both spine head area and
membrane length (Table 2). Therefore, the fact that α4 KO
mice have less surface labeling despite having more mem-
brane length strengthens the argument that plasmalemmal
localization of the δ subunit is dependent upon α4 subunit ex-
pression. As intracellular labeling between WT and α4 KO
Table 2 –Morphological parameters for dendritic spines and sh

Pyramidal cell parameters WT Mean±SEM

Spines Spine area (nm2) 64319±1743 (50
Spine membrane (nm) 1012±15 (500)

Shafts Diameter (nm) 1504±35 (100)

⁎ Bold numbers indicate significant p-values.
spines is unchanged, despite the larger spine area in α4 KO
tissue, it is likely that the δ subunits that cannot localize to
the plasma membrane contribute to the intracellular pool in
α4 KO tissue.

As the dendritic shaft area and membrane length vary
depending upon the plane of the dendrite within the ultrathin
section, we measured the minimal diameter of the dendritic
shaft profiles from single digitized images to estimate the
afts of CA1 pyramidal cells.

(n) KO Mean±SEM (n) p-value ⁎ (Z)

0) 72308±1796 (500) 0.00005 (4.080)
1070±15 (500) 0.001 (3.287)
1609±42 (100) 0.05 (−1.985)
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relative size of shafts. We found that α4 KO mice also have
larger apical dendritic shafts as compared to WT mice
(Table 2). This increase in diameter would result in a modest
increase in the membrane length and membrane area of
each dendrite. However, since our measurements for immu-
noreactivity in and on dendritic shafts are calculated as densi-
ties (SIG per μm for surface, and SIG per μm2 for intracellular),
the difference in size between WT and α4 KO tissue is not a
factor for our calculations.

2.7. Hippocampal pyramidal cells of pubertal α4 KO mice
show a reduced response to the GABAR agonist, gaboxadol at
a concentration specific for the δ-containing GABAR

Our EM-ICC data demonstrate that plasmalemmal localiza-
tion of the δ GABAR subunit is compromised at the onset of
puberty upon elimination of α4 subunit expression. As such,
the functionality of δ-containing GABARs would be expected
to decrease. In order to test this prediction, hippocampal
slices from WT and α4 KO pubertal mice were analyzed for
functional δ-containing GABAR expression electrophysiologi-
cally. Tonic currents were recorded from pyramidal cells in
hippocampal slices using whole cell patch clamp procedures.
Administration of 100 nM of the GABAR agonist gaboxadol
(GBX), which targets only δ-containing GABARs (Brown et al.,
2002; Meera et al., 2011), revealed a robust increase in
inhibitory current in slices from WT pubertal mice, but only
a minimal response in slices from α4 KO pubertal mice
(Figs. 5 A and B). Subsequent application of the GABAR antag-
onist gabazine (GBZ), which blocks all GABARs at a concentra-
tion of 120 μM, resulted in a restoration of holding current to
pre-GBX levels in both WT and α4 KO pubertal slices, indicat-
ing that GBX is targeting only GABARs. Our data are in agree-
ment with previously reported findings, which demonstrated
decreased GBX sensitivity in ventrobasal thalamic neurons
of α4 KO animals (Chandra et al., 2006). These findings indi-
cate that high expression levels of extrasynaptic α4βδ GABARs
contribute to the tonic current in WT pubertal hippocampus,
and are in agreement with EM-ICC data, demonstrating that
Fig. 5 – Reduced gaboxadol responsiveness of α4 KO pubertal m
GABAR agonist gaboxadol (GBX) is selective for δ-containing GAB
antagonist specific to all GABARs at a concentration of 120 μM. Re
(panel B) reveal that the response to GBX was greater at puberty
response to 120 μM GBZ is the current deflection after treatment
50 s.
there still are δ-containing GABARs expressing in α4 KO mice
at puberty, but their levels are reduced from those seen in
WT mice at puberty.
3. Discussion

By comparing δ immunoreactivity in WT and α4 KO pubertal
mice, we found that elimination of α4 subunit expression re-
duced plasmalemmal localization of δ-containing GABARs in
the CA1 hippocampus dendritic shaft and spine profiles at
the onset of puberty.

3.1. α4 KO reduces α4 immunoreactivity in the CA1
hippocampus

Previous reports indicate that KO of the α4 subunit resulted in
elimination of α4 expression in the dentate gyrus of the hippo-
campus (Chandra et al., 2006; Suryanarayanan et al., 2011). Our
data also reveal that α4 immunoreactivity is extremely low in
both α4 KO tissue and upon primary antibody preadsorption of
WT tissue. The residual immunoreactivity in α4 KO tissue was
not further reduced with primary antibody preadsorption.
Therefore, the trace amount of α4 labeling seen in α4 KO tissue
is most likely due to non-specific antibody binding, and that
α4 protein expression is indeed absent in α4 KO mice.

3.2. α4 knockout impairs plasmalemmal δ localization in
the CA1 hippocampus at the onset of puberty

The discovery that α4 KO mice show reduced plasmalemmal
localization of δ subunits on dendritic spine and shaft profiles
compared to WT mice has two possible interpretations: First,
it is possible that in the absence of α4 expression, the δ subu-
nit can co-localize with the α1 subunit, forming α1βδ GABARs.
This is supported by data from other labs, which show expres-
sion of α1βδ GABARs occurring on interneurons of the dentate
gyrus (Glykys et al., 2007). Second, it is possible δ subunits lo-
calize to the plasma membrane in the absence of other
ouse hippocampus as compared to WT pubertal mouse. The
AR at a concentration of 100 nM, while gabazine (GBZ) is an
presentative currents (panel A) and averaged population data
in WT hippocampus than in α4 KO hippocampus. The
with GBX. (*p<0.05), n=5 cells per group. Scale bar=50 pA,

image of Fig.�5


18 B R A I N R E S E A R C H 1 4 5 0 ( 2 0 1 2 ) 1 1 – 2 3
GABAR subunits. While it has been established that the ma-
jority of GABARs released from the endoplasmic reticulum
for insertion and stabilization in the plasma membrane are
fully formed pentamers, it is possible for other non-typical
GABARs to traffic to the plasma membrane (Bencsits et al.,
1999; Connolly et al., 1996; Kittler et al., 2002; Olsen and
Sieghart, 2009).

Our EM-ICC data revealed that there were δ-containing
GABARs localized to the plasma membrane in pubertal α4 KO
mice, albeit at a lower level as compared to pubertal WT mice.
Furthermore, our electrophysiology data show, using a selective
pharmacological test (100 nM GBX), that δ-containing GABARs
are present, but markedly reduced, in hippocampal slices from
α4 KO mice as compared to those from WT mice. Therefore,
the possible interpretation we favor is the following: in the ab-
sence of α4 subunits, the δ subunit can form a full pentamer
with the α1 and β subunits and that these localize to extrasy-
naptic sites of the plasma membrane. However, because this
pentamer is not a favored GABAR composition, levels of plasma
membrane insertion of putative α1βδ GABARs at puberty are
much less than those for the α4βδ GABARs in WT tissue.

3.3. α4 knockout does not impair the rise of intracellular δ
in the CA1 hippocampus at the onset of puberty

Electron microscopic analysis revealed that knockout of the
α4 subunit does not affect intracellular stores of the δ subunit.
In both WT and α4 KO pubertal sections, we found equivalent
levels of intracellular stores of the δ subunit, both in dendritic
spines and shafts. This equivalent labeling for intracellular δ
in dendritic spines and shafts in WT and α4 KO animals sug-
gests that at puberty, synthesis of δ subunits is not dependent
upon the presence of the α4 subunit, but that trafficking to the
membrane is dependent upon α4 expression. There is a novel
explanation for the source of intracellular δ subunits in den-
dritic spines and shafts. It is known that predominantly
fully-formed GABARs are able to overcome ER retention
(Connolly et al. 1996; Kittler et al. 2002). Since it has already
been proposed that α1βδ GABARs are possibly expressed in
the CA1 hippocampal apical dendrites, intracellular pools of
δ may be representative of fully formed α1-containing
GABARs. While protein synthesis is most often thought to
occur in the somatic region, studies reveal that the cellular
machinery required for mRNA translation has been found in
both dendritic spines and shafts of the CA1 hippocampus
(Chicurel et al. 1993; Bitran et al. 1999; Ostroff et al. 2002;
McCarthy and Milner 2003; Wang and Tiedge 2004; Bourne et
al. 2007). Therefore, it is also possible that intracellular δ ex-
pression in the distal processes of α4 KO mice is indicative of
isolated δ subunits that are synthesized locally and seques-
tered within the ER.

3.4. α4 KO yields larger dendritic spine and shaft profiles

Our EM-ICC and electrophysiology data reveal decreased func-
tional δ-containing GABARs on CA1 hippocampal pyramidal
cells. As such, these pyramidal cells should exhibit an in-
crease in excitability and a decrease in the current necessary
for triggering a spike due to the decreased GABAergic inhibi-
tion they receive. Upon examining the morphology of CA1
pyramidal cells between the two genotypes, we found that py-
ramidal cells of α4 KO hippocampi have larger dendritic
spines, as measured by spine area and membrane length,
and dendritic shafts, as measured by shaft diameter, as com-
pared to those from WT hippocampi. These findings indicate
that the expression of the α4 subunit has an effect upon the
size of dendritic spine and shaft profiles. Furthermore, this in-
crease in profile size would be expected to decrease the input
resistance of the pyramidal cells, thus increasing the current
necessary for triggering the neuron to fire a spike. Therefore,
it is possible that neurons are undergoing a compensatory
change in profile size in response to the decreased inhibition
caused by α4 KO.

3.5. Potential functional outcomes of α4 KO

It has been reported that certain learning deficits are observed
at the onset of puberty (Johnson and Newport, 1989; McGivern
et al., 2002). Previous research from our laboratory has shown
that increased plasmalemmal localization of α4βδ GABARs on
CA1 hippocampal pyramidal cells increases the shunting,
tonic inhibition and impairs activation of NMDA receptors
(Shen et al, 2010). This leads to an impairment in the induc-
tion of long-term potentiation and a decline in spatial memo-
ry at the onset of puberty (Shen et al., 2010). Furthermore,
when δ KOmice were tested for their spatial learning abilities,
we found that the pubertal spatial learning deficit was elimi-
nated in these mice (Shen et al., 2010). The EM-ICC and phys-
iology data from the present study show that, in the absence
of the α4 subunit, the δ subunit shows minimal plasmalem-
mal localization on pyramidal cells, both on CA1 dendritic
shaft and spine profiles. Therefore, based on this finding, we
would expect the spatial learning decline observed at the
onset of puberty in WT female mice to also be eliminated in
α4 KO mice.

Additional research from this laboratory has shown that
α4βδ GABARs on pyramidal cells of the CA1 hippocampus
mediate an increase in stress steroid-induced anxiety-like be-
haviors at the onset of puberty (Shen et al., 2007). The release
of the progesterone metabolite, THP, is known to occur in
response to stress (Girdler and Klatzkin, 2007; Purdy et al.,
1991). In adults, neurosteroids such as THP acts to subse-
quently reduce the anxiety-inducing effects of stress (Bitran
et al., 1999) by potentiating most GABARs (Belelli et al., 2002;
Bianchi and Macdonald, 2003; Brown et al., 2002; Wohlfarth
et al., 2002). However, the effect of THP on α4βδ GABARs is
uniquely polarity-dependent, such that it increases inward
current (outward flux of Cl−), but decreases outward current
(inward flux of Cl−) at this receptor subunit combination
(Shen et al., 2007). THP has been shown to rapidly desensitize
outward current gated by α4βδ GABARs expressed in human
embryonic kidney cells (HEK-293) (Shen et al., 2007). At puber-
ty, when plasmalemmal localization of α4βδ GABARs is in-
creased on CA1 hippocampal pyramidal cells, where
GABAergic current is outward, THP administration reduces
the shunting tonic inhibition produced by these receptors,
thereby increasing the excitability of hippocampal neurons
and of anxiety-like behaviors (Shen et al., 2007, 2010). Our
EM-ICC and physiology data report limited localization of the
δ subunit to the plasma membrane upon elimination of α4
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subunit expression. Therefore, due to the absence of α4βδ
GABARs, we would expect THP to diminish stress-induced ex-
citability of CA1 pyramidal neurons and of anxiety-like behav-
iors, much like what is observed in adult mice (Bitran et al.,
1999). In addition to mediating stress steroid anxiety re-
sponses, α4βδ GABARs are also increased by neuronal activity
and traumatic brain injury (Mtchedlishvili et al., 2010; Payne
et al., 2008; Santhakumar et al., 2010), which suggests they
may also serve a neuroprotective role (Santhakumar et al.,
2010).

The data presented here suggest that α4 subunit expres-
sion strongly affects the increases in the plasmalemmal δ
subunit localization at the onset of puberty. While the mech-
anisms which underlie α4βδ GABAR expression at puberty
have not yet been elucidated, recent work by other labs has
described some of the molecular mechanisms of α4 promoter
regulation, which can involve brain derived neurotrophic fac-
tor (BDNF) and heat shock proteins (Pignataro et al., 2007;
Roberts et al., 2006). These findings may have relevance for al-
terations inmood and learning reported across fluctuations in
ovarian hormones not only at pubertal onset, but also across
the estrous andmenstrual cycles, during and after pregnancy,
and at menopause.
4. Experimental procedures

4.1. Experimental subjects

Twenty pubertal (36 to 43 days old) femalemicewere housedon
a 12-h reverse light–dark cycle. α4 KO mice were generated as
described previously (Chandra et al., 2006). Heterozygous α4
KO mice on a C57BL/6J×Strain 129X1/S1 genetic background of
the F6 generation were imported from the University of
Pittsburgh. Heterozygous mice were bred and offspring were
genotypedusing Southernblot analysis, as described previously
(Chandra et al., 2006). Homozygous offspringwere subsequently
bredwith eachother to produce the α4KOmice used for EM-ICC
and slice electrophysiology in this study. C57BL/6J WT mice
used for EM-ICC and slice electrophysiology were purchased
from Jackson Laboratories (Bar Harbor, Maine). For EM-ICC anal-
ysis, mice from single shipments from Jackson Laboratories
were perfused for pubertal time-points.

Female mice were chosen for use in this study because our
previous findings showing increased α4βδ GABAR expression
were noted in females. Vaginal opening was used to deter-
mine the onset of puberty because this physical sign is
directly correlated with the hormonal changes that trigger
α4βδ GABAR expression (Shen et al., 2007). Pubertal mice
were used after the emergence of the vaginal opening. At
these ages, the stage of the estrous cycle does not affect ex-
pression of the α4 and δ subunits (Shen et al., 2010). Five WT
pubertal, and five α4 KO pubertal mice were utilized in this
study for EM-ICC. An additional 5 α4 KO pubertal and 5 WT
pubertal mice were used for slice electrophysiology.

All procedures involving live animals were in accordance
with NIH guidelines and the Institutional Animal Care and Use
Committees of SUNY Downstate Medical Center, University of
Pittsburgh, and New York University Washington Square
Campus.
4.2. Characterization of antibodies

The α4 antibody utilized in our experiments was purchased
from Santa Cruz Biotechnology (catalog #sc-7355). This anti-
body was an affinity-purified goat polyclonal antibody direct-
ed against the extracellular N-terminus (amino acids 32–50) of
the human origin peptide sequence. The α4 antibody used has
been characterized previously (Griffiths and Lovick, 2005a,b;
Sanna et al., 2003). On western blots, this antibody has been
shown to recognize a single protein of the appropriate molec-
ular weight (Griffiths and Lovick 2005a; Sanna et al 2003).
Ultimate proof of antibody specificity using tissue from α4
KO mice had not yet been performed, and the results of such
an experiment are described in this manuscript.

The δ primary antibody utilized in our experiments was
obtained asa generous gift fromW.Sieghart (Medical University
Vienna). This antibodywas an affinity purified rabbit polyclonal
antibody directed against the extracellular N-terminus (amino
acids 1–44) of the rat origin peptide sequence. The δ antibody
used has been characterized previously by western blot analy-
sis, in which it recognized a single band of the appropriate mo-
lecularweight (Fritschy andMohler, 1995; Jechlinger et al., 1998).
In brains from δ KO mice, no immunoreactivity was observed
using the same antibody batch as was utilized in these experi-
ments, indicating antibody specificity for the target antigen
(Peng et al., 2002).

The GluR2/3 (Millipore catalog #AB1506) and MAP2
(Boehringer Mannheim Biochemicals catalog #1284 959) pri-
mary antibodies utilized in our experiments were affinity-
purified. Each antibody has been extensively characterized,
and recognizes a single protein of the appropriate molecular
weight.

4.3. Preparation of brain tissue for EM analysis

All mice were anesthetized with 20% urethane (0.05–0.2 mL in-
traperitoneally) from 30min to 3 h before the onset of the dark
stage of the circadian cycle and perfused transcardially using a
peristaltic pump (flow rate 30 mL/min), first with saline con-
taining heparin (1 U/mL) followed by 360 mL of 4% paraformal-
dehyde buffered to pH 7.4 with 0.1 M phosphate buffer (PB)
over a 12-min period. The brains were removed from their
skulls and stored in the same fixative until sectioning, which
occurredwithin oneweekafter perfusion.Urethanewas chosen
as an anesthetic, rather thanNembutal, becauseNembutal pre-
dominantly targets GABA receptors, the subject of this study,
while urethane targets multiple neurotransmitter systems in a
more balanced fashion (Hara and Harris, 2002).

All procedures involving transcardial perfusion of animals
were carried out in accordance with the NIH guidelines and
were approved by the New York University and SUNY
Downstate Animal Care and Use Committees.

4.4. Preparation of sections for immunocytochemistry

The tissue processing protocols described previously were fol-
lowed (Aoki et al., 2000). Coronal sections were cut on a vibra-
tome (Leica VT 100 M) at a thickness of 40 μm, then stored at
4 °C in a buffer that contained 0.01 M PB with 0.9% sodium
chloride (PBS), supplemented with 0.05% sodium azide to
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prevent bacterial growth. Sections containing dorsal hippo-
campus were selected for immunocytochemical analysis.
Prior to the immunocytochemical procedure, sections were
freeze–thaw permeabilized, then treated with 1% hydrogen
peroxide (H2O2) at room temperature for 30 min to retrieve
antigenicity, and blocked in 0.01 M PBS supplemented
with 1% bovine serum albumin and 0.05% sodium azide
(PBS/BSA/Azide) for 30 min.

4.5. Use of light microscopy

In order to gain an initial insight into the α4 immunoreactivity
in α4 KO tissue, sections were analyzed qualitatively by light
microscopy (LM)using silver-intensified gold (SIG) as the immu-
nolabel. LM allowed for assessment of global expression level
changes in α4 immunoreactivity. For LM analysis, the ability to
identify individual cell types (pyramidal cells, interneurons,
and glia) due to contrast generated by the presence of immuno-
reactivity was used as evidence of expression of the α4 subunit.

LM was also utilized to assess CA1 hippocampal neuronal
morphology. Immunoreactivity for the neuronal markers
GluR2/3 and MAP2 allowed for characterization of neuronal
phenotype and proper stratification of the CA1 hippocampus.

4.6. Choice of immunolabels

Labeling for the α4 and δ subunits is readily detectable in both
dendritic spine profiles andapical dendritic shafts of CA1hippo-
campal pyramidal cells at the onset of puberty using SIG as an
immunolabel for electron microscopy (Shen et al., 2010). There-
fore, we utilized this immunolabel for our electron microscopic
analysis. Because SIG is a particulate label, levels of immunore-
activity are clearly quantifiable and resolvable as plasmalemmal
versus intracellular with respect to its location. Furthermore,
due to the lack of diffusion of SIG particles, labeling can be char-
acterized as occurring synaptically or extrasynaptically. Howev-
er, due to the lack of enzymatic amplification of themarker, this
results in a very high threshold for detection.

Horseradish peroxidase-diaminobenzidine (HRP-DAB) was
chosen as an immunolabel for the neuronal markers MAP2
and GluR2/3. Due to the enzymatic amplification step of HRP-
DAB labeling, immunoreactivity could be readily detected at
the LM level. Furthermore, the diffuse nature of HRP-DAB pro-
vides a more complete saturation of cell labeling, allowing for
better structural resolution.

4.7. Procedure using horseradish peroxidase-diaminobenzidine
(HRP-DAB) as the immunolabel for light microscopy

Sectionswere incubatedovernight at roomtemperature in apri-
mary antibody directed against theGluR2/3 subunit of AMPA re-
ceptors (1.5 μg/ml) or MAP2 (5 μg/ml), using PBS/BSA/Azide as
the diluent. Sections were then rinsed, and incubated in 2° anti-
body for 3 h at room temperature (biotinylated anti-rabbit IgG,
1:200 for GluR2/3 1° antibody; biotinylated anti-mouse IgG,
1:200 for MAP2 1° antibody, Vector), followed by Vector's ABC
mix (‘Elite’ kit) for 30min. The HRP reaction used 0.3% DAB
with 0.003% H2O2 as a substrate, stopped at 10min with PBS
rinses. Sections were dehydrated serially with ethanol, defatted
with xylene, mounted on slides, and coverslipped for light
microscopic analysis. All steps in the immunocytochemical pro-
cedure were conducted in parallel for WT and α4 KO tissue.

4.8. Procedure using silver-intensified gold (SIG) as the
immunolabel for electron microscopy

Sections were incubated overnight at room temperature in a
primary antibody directed against the α4 subunit (1:100 dilution
from 0.2 μg/ml) or the δ subunit (1:400 dilution from 0.23 μg/ml),
using PBS/BSA/Azide as the diluent. Sections were then incu-
bated in 0.8 nm colloidal gold-conjugated 2° antibody for amin-
imumof 3 h at room temperature (horse-anti-goat IgG, 1:100 for
α4 immunocytochemistry; goat-anti-rabbit IgG, 1:100 for δ im-
munocytochemistry, EM Sciences), followed by post-fixation
in 2% glutaraldehyde in PBS for 10min. Prior to the silver inten-
sification step, sections were rinsed for 1 min in a 0.1 M citric
acid buffer (trisodium citrate salt adjusted to pH 7.4 withmono-
hydrate citric acid salt) to remove phosphate and Cl− ions. Silver
IntensEMkit (KPL, Kirkegaard& Perry Laboratories, Inc.) was ap-
plied for 10–12min. The silver intensification reaction was ter-
minated by a brief citrate buffer rinse, followed by PBS rinses.
Ultrastructure and SIG particles were preserved using several
post-fixation steps that avoid the use of osmium tetroxide: 1%
tannic acid for 40min, 1% uranyl acetate for 40min, and 0.5%
iridium tetrabromide for 20min, all dissolved in 0.1 M maleate
buffer (maleic acid monosodium salt adjusted to pH 6.0 with
maleic acid disodium salt). Vibratome sections were further
processed with incubation in 1% p-phenylenediamine for
15 min and 1% uranyl acetate overnight, both dissolved in 70%
ethanol (Phend et al., 1995). Sectionswere then dehydrated seri-
ally with ethanol and acetone, and infiltrated with EPON-812
(EMScience), first in a 1:1 concentration with acetone, then in
full EPON-812. Sections were flat embedded between sheets of
Aclar plastic, and ultrathin sectioned at a thickness of 70±
1.5 nm, asmeasured using theminimumfoldsmethod, and col-
lected on formvar-coated, 200-mesh EM grids. Gridswere coun-
terstainedwith 2% lead citrate for 30 s to increase contrast prior
to imaging. All steps in the immunocytochemical procedure
were conducted in parallel and with the experimenter blind to
the genotype of the tissue source.

4.9. Selection of the CA1 hippocampal region for the electron
microscopic study

In order to obtain data from amore uniform population of den-
dritic spine profiles, EM analysis was restricted to the dorsal
CA1 hippocampal pyramidal cell apical dendrites in stratum
radiatum. Schaffer collateral input from the CA3 terminates
on dendritic spine profiles of the stratum radiatum (Megas et
al., 2001; Smith et al., 2003). This region was chosen due to the
role that hippocampal GABAR expression plays in the alter-
ations in mood, spatial learning, and neuronal excitability that
occur at the onset of puberty (Shen et al., 2007; 2010).

4.10. Dendritic spine analysis

For dendritic spine analysis, spine profiles were identified by
the presence of an excitatory synaptic junction. These asym-
metric synapses were composed of an electron dense post-
synaptic density (PSD) on one side of the synapse, which was
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immediately opposed by a presynaptic terminal, containing
clusters of small, round, clear synaptic vesicles. It has been
demonstrated extensively that dendritic spines are biological
entities capable of acting autonomously of one another regard-
less of arising from the same parent dendrite (Carter et al., 2007;
Matsuzaki et al., 2004; Yuste and Denk, 1995). Therefore, mea-
surements of α4 and δ immunoreactivity in spines were pooled
from hippocampi from multiple mice. A spine was considered
labeled for the GABAR subunit when it contained even a single
SIG particle. Plasmalemmal labeling was distinguished from in-
tracellular labeling when the SIG was in contact with the plas-
ma membrane of the spine head. A minimum of 380 μm2 of
neuropil containing at least 110 independent spine profiles
was sampled from each mouse for analysis of α4 and δ immu-
noreactivity within dendritic spines.

4.11. Dendritic shaft analysis

CA1 hippocampal apical dendrites were imaged for the dendrit-
ic shaft analysis. Apical dendriteswere identified by their paral-
lel protrusion from pyramidal cells into the stratum radiatum.
Dendritic shaft membranes were considered labeled when SIG
particles were found in contact with the plasmamembrane, as
this labeling is indicative of potentially functional receptors. La-
beling was characterized as synaptic when it occurred directly
opposed to the presynaptic terminal, and perisynaptic when it
occurred within one axon terminal's width of the presynaptic
terminal. All labeling outside of these margins was character-
ized as extrasynaptic. The total membrane lengths of dendritic
shafts were measured using the segmented line tool of ImageJ
software (NIH version 10.2), and labeling was quantified as the
number of immunolabeled clusters occurringper μmof dendrit-
ic plasmamembrane, also referred to as linear density. A mini-
mum of 1597 μm2 of hippocampal neuropil containing at least
20 dendrites was sampled for eachmouse for α4 and δ dendritic
shaft analysis.

4.12. Image acquisition

The surface-most portion of vibratome sections from each
mouse was examined for labeling on a JEOL transmission elec-
tron microscope (1200 EX II), as determined by proximity to
the tissue-EPON interface, to ensure adequate antibody expo-
sure. Images were digitally acquired (AMT) under identical con-
ditions across genotypes, using a CCD camera (Hamamatsu) at
magnifications of 20,000× (for dendritic shaft analysis) and
40,000× (for dendritic spine analysis). For dendritic spine analy-
sis, non-overlapping images from the CA1 stratum radiatum
were acquired. For dendritic shaft analysis, images of at least
20 pyramidal cell apical dendrites per mouse were acquired.
The experimenter remained blind to the genotype of the tissue
source throughout image acquisition and analysis.

4.13. Capturing and reproduction of figures

Electron microscopic images were captured and stored using
the CCD camera attached to the JEOL 1200XL via software de-
veloped by AMT. Light microscopic images were captured at a
magnification of 20× using a CCD camera attached to a Zeiss
Axiophot microscope. For reproduction, a subset of these
images was adjusted in contrast, brightness, and image size
using Adobe Photoshop (v. CS3).

4.14. Hippocampal slice electrophysiology

250 μm-thick hippocampal slices were generated on a Leica os-
cillating microtome as described previously (Shen et al., 2007).
Pyramidal cells in the CA1 hippocampal slices were visualized
using a Leica DIC-infrared upright microscope, and recorded
using whole cell patch clamp procedures in both voltage and
current clamp modes. Patch pipets were fabricated from boro-
silicate glass using a Flaming-Brown puller (Sutter Instruments)
to yield open tip release of 2–4 MΩ. Bath solution contained (in
mM): NaCl 124, KCl 5, CaCl2 2, KH2PO4 1.25, MgSO4 2, NaHCO3

26 and glucose 10, saturated with 95% O2, 5% CO2 and buffered
to pH 7.4. Recordings were carried out at room temperature
(22–24 °C) at a 10 kHz sampling frequency (2 kHz 4-pole Bessel
filter) using an Axopatch 200B amplifier (Axon Instruments)
and pClamp 9.2 software. Electrode capacitance and series re-
sistance were monitored and compensated. Access resistance
wasmonitored throughout the experiment, and cells discarded
if the access resistance was greater than 10 MΩ.

The pipet solution consisted of (in mM): CsCl 140, MgCl2 2,
HEPES 10, BAPTA 10, Mg-ATP 2, CaCl2-H2O 0.5, Li-GTP 0.5, pH
7.2, 290 mOsm. Voltage clamp recordings were carried out at
a −60 mV holding potential. In order to determine the effect
of 100 nM GBX (Sigma) and 120 μM GBZ (Sigma) on the tonic
inhibitory current, drugs were bath-applied after 15–20 min
of recording baseline current in the presence of 2 mM kynure-
nic acid (Sigma). Responses were assessed by the shift in the
holding current.

4.15. Statistics

All statistical analyses for EM-ICC and physiological experi-
ments were performed using the Statistica program (Statsoft).
The Shapiro–Wilks W-test was used to determine if the data
were normally distributed. When the data were found not to
be normally distributed, the Mann–Whitney U-test was subse-
quently employed to determine significance. When data were
normally distributed, Student's t-test was employed to deter-
mine significance. For all statistical analyses, significance
was accepted for p<0.05.
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