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Abstract

We previously demonstrated that heterozygous deletion of Gabral, the mouse homolog of the
human absence epilepsy gene that encodes the GABA receptor (GABAAR) al subunit, causes
absence seizures. We showed that cortex partially compensates for this deletion by increasing the
cell surface expression of residual al subunit and by increasing a3 subunit expression. Absence
seizures also involve two thalamic nuclei: the ventrobasal (VB) nucleus, which expresses only the
al and a4 subtypes of GABAAR a subunits, and the reticular (nRT) nucleus, which expresses
only the a3 subunit subtype. Here, we found that, unlike cortex, VB exhibited significantly
reduced total and synaptic al subunit expression. In addition, heterozygous al subunit deletion
substantially reduced miniature inhibitory postsynaptic current (mIPSC) peak amplitudes and
frequency in VB. However, there was no change in expression of the extrasynaptic a4 or 8
subunits in VB and, unlike other models of absence epilepsy, no change in tonic GABAAR
currents. Although heterozygous al subunit knockout increased a3 subunit expression in medial
thalamic nuclei, it did not alter a3 subunit expression in NRT. However, it did enlarge the
presynaptic vesicular inhibitory amino acid transporter puncta and lengthen the time constant of
mIPSC decay in nRT. We conclude that increased tonic GABAA currents are not necessary for
absence seizures. In addition, heterozygous loss of al subunit disinhibits VB by substantially
reducing phasic GABAergic currents and surprisingly, it also increases nRT inhibition by
prolonging phasic currents. The increased inhibition in nRT likely represents a partial
compensation that helps reduce absence seizures.
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Introduction

Epilepsy is a disorder in which the brain exhibits an enduring predisposition to generate
seizures. It is a common disease that affects approximately 1% of the population and resists
optimal medical therapy in approximately one third of cases. Typical absence seizures are a
common seizure type that cause brief interruptions of consciousness and are associated with
rhythmic 3 Hz bi-hemispheric spike-and-wave discharges on EEG. They occur in several
different genetic generalized epilepsy syndromes (GGE) including childhood absence
epilepsy (CAE), juvenile absence epilepsy, and juvenile myoclonic epilepsy. Although
anticonvulsant medications are often effective in reducing absence seizures, approximately
50% of CAE patients fail optimal medical management (Glauser et al., 2013) and thus are at
risk for injury as well as memory and behavioral deficits (Kernan et al., 2012;Lin et al.,
2013).

Studies of rodent models of absence seizures suggested that typical absence seizures start in
layer VI of the somatosensory cortex and quickly spread to the remainder of the cortex and
two thalamic nuclei, the ventrobasal (VB) and reticular (nRT) nuclei (Meeren et al.,
2002;Polack et al., 2007). Although the VB and nRT nuclei do not initiate the epileptic
discharges in these models, unilateral VB/nRT lesions abolish absence seizures in rodents, a
result that emphasizes the importance of these nuclei in seizure generation (Meeren et al.,
2009). The cortex, VB, nRT, and interconnections among these regions comprise the
thalamocortical network that is thought to be the core network involved in absence seizures.

Recent studies revealed that different pharmacological and genetic absence epilepsy models
possess defects in different components of the thalamocortical network (Cope et al.,
2009;Tan et al., 2007;Paz et al., 2011;Errington et al., 2011). Understanding the aberrant
neurophysiology in different models of absence epilepsy will lead to the development of
new pharmacological and, possibly, neurostimulation therapies for medically intractable
absence seizures.

We have studied the pathophysiology of a human absence epilepsy gene, GABRAL, which
encodes the al subunit of the GABAA receptor (GABAAR). The GABAAR, the major
inhibitory ligandgated ion channel in the brain, is a pentamer composed of five subunits
which arise from eight gene families; four of the gene families contain multiple isoforms
(a1-6, P1-3, v1-3, §, €, 0, m, p1-3). GABAARS composed of different subunit isoforms are
expressed in different brain regions at different times in development and exhibit different
physiological properties. Heterozygous loss-of-function mutations in the al subunit have
been associated with three GGE syndromes that confer absence seizures (Cossette et al.,
2002;Lachance-Touchette et al., 2011;Maljevic et al., 2006), and heterozygous Gabral
knockout mice (Het-KO) exhibit absence seizures (Arain et al., 2012). Previously, we found
that neocortical neurons reduce endocytosis of GABAaRSs from the cell surface which
compensates for the heterozygous al subunit deletion by: 1) increasing the surface
expression of the residual al subunit protein driven by the wild type allele and 2) increasing
both the total and surface expression of the a3 subunit (Zhou et al., 2013).
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Here, we determined the effects of heterozygous al subunit deletion on GABAAR
expression and GABAergic physiology in the thalamus with a particular focus on the VB
and nRT nuclei. Unlike adult cortex which expresses al1-5, $1-3, v, and § GABAAR
subunits, GABAAR subunit expression in adult VB and nRT is much more limited. Adult
VB expresses only al, a4, B1-2, y and & subunits (Hortnagl et al., 2013). Synaptic receptors
in VB neurons predominantly consist of a1y receptors and mediate phasic GABAergic
currents (Peden et al., 2008). Extrasynaptic receptors in VB neurons consist of a4
(Chandra et al., 2006;Porcello et al., 2003) and a1py (Peden et al., 2008) receptors, but it is
predominantly the a 48 receptors that mediate tonic GABAA currents (Chandra et al.,
2006;Porcello et al., 2003;Cope et al., 2005). Adult nRT neurons express predominantly a3,
1-2, and vy subunits (Hortnagl et al., 2013) and conduct phasic, but not tonic GABAA
currents (Cope et al., 2005).

We show that, unlike cortex, neither VB nor nRT compensate for the heterozygous loss of
al subunit by increasing total or synaptic expression of residual al or a3 subunits. Tonic
currents in VB are unaltered and mIPSC peak amplitudes are reduced. Het-KO nRT neurons
increase the size of GABAergic vesicular inhibitory amino acid transporter (VIAAT) puncta
and prolong the decay of phasic synaptic GABA, currents. These findings demonstrate that
heterozygous al subunit deletion produces a unique alteration of intrathalamic GABAA
neurotransmission with disinhibition in VB and increased GABA 4 inhibition in nRT.

Materials And Methods

Animals

Antibodies

All procedures were performed using protocols approved by the Vanderbilt University
Institutional Animal Care and Use Committee. The mice were housed in a facility with a
temperature and humidity controlled environment, a twelve hour light/dark schedule, and ad
libitum food and water. We previously described the generation of mice with an
unconditional deletion of the a1 subunit in a congenic C57BL/6J background (Arain et al.,
2012). In addition, in some electrophysiology experiments, we used wild type and Het-KO
mice that also expressed enhanced yellow fluorescent protein (EYFP) in parvalbumin-
containing neurons (Jackson Laboratories, B6;SJL-Tg(Pvalb-COP4*H134R/
EYFP)15Gfng/J, stock # 012355) in order to visualize the parvaloumin neurons in nRT in
live brain slices. We mated Het-KO and wild type mice and used female pups at postnatal
ages 33-37 because our previous EEG studies demonstrated frequent absence seizures in
female Het-KO mice at this age (Arain et al., 2012). There is no difference in survival
between wild type and Het-KO mice (Arain et al., 2012). On the day of the experiment, the
mice were anesthetized with isoflurane and sacrificed. Brains were rapidly dissected and
placed for sectioning in cutting solution kept at 0°C.

We used the primary antibodies listed in Table 1 and the secondary antibodies listed in
Table 2. Previously, we verified the specificity of the anti a1 subunit and anti a3 subunit
antibodies in immunohistochemistry studies using complete a1 subunit and a3 subunit
deletion mice (Zhou et al., 2013). The specificity of the anti $2/3 and anti VIAAT antibodies
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in immunohistochemistry studies was demonstrated in other publications (Gutierrez et al.,
1994;Zander et al., 2010).

Brain slice biotinylation assay and Western blots

We used a vibratome (Leica VT1200S) to make three to four coronal brain slices (300 um)
encompassing the thalamus. We then biotinylated the cell surface proteins using the
procedures and solutions described previously (Zhou et al., 2013). After biotinylation, we
dissected the thalami and, in some experiments, microdissected thalamic regions containing
either the VB/nRT nuclei or the medial thalamic nuclei. The region we designated as “VB/
nRT” was microdissected from the coronal sections as is shown in Figure 2A. We cut along
the internal capsule from the hippocampus (dorsal point) to the hypothalamus (ventral
point). We then located the midpoint, “M,” between the thalamic midline and the internal
capsule and made two diagonal cuts from the dorsal point and the ventral point to “M” to
isolate the VB/nRT region. The region we designated the “medial thalamic nuclei” was
obtained by making vertical cuts from the hippocampus, through “M” to the hypothalamus
bilaterally. We made protein lysates from the dissected brain tissue and purified the cell-
surface and total protein as previously described (Zhou et al., 2013).

The total and surface protein was analyzed on 10% SDS-PAGE gels followed by
electrotransfer to nitrocellulose membranes. To ensure linearity of detection, 10 and 20 pg of
total protein and 10, and 20 pl of surface protein were applied to the gel, and we verified that
the signal from each protein increased in proportion to the amount loaded on the gel. The
nitrocellulose membranes were blocked for one hour with 5% nonfat dry milk in Tris
buffered saline containing 0.1% Tween pH 7.4. The membranes were then incubated with
primary antibody at 4°C overnight and then with secondary antibody at room temperature
for one hour. We imaged the blots using an infrared fluorescent imaging system (Licor).

Quantification of RNA editing of the a3 subunit

Because VB does not express the a3 subunit, we could quantify a3 RNA editing in VB/nRT
to determine the fraction of edited a3 subunit RNA in nRT. We dissected VB/nRT regions
from brain slices as described above and quantified Gabra3 RNA editing using a high-
throughput multiplexed transcript analysis as described previously (Hood et al., 2014).

Immunohistochemistry and Confocal Microscopy

We used the immunohistochemistry protocol described by Schneider-Gasser et al. that
allows for light fixation of cytoplasmic proteins but avoids over-fixation that prevents
detection of clustered proteins in GABAergic synapses (Schneider Gasser et al., 2007).
Briefly, we cut 2 mm coronal block slices (Zivic Instruments) in freshly-dissected brain
tissue that encompassed the thalamus. We fixed the block slices in 4% paraformaldehyde
dissolved in 100 mM sodium phosphate buffer for thirty minutes at 0°C and then
cryoprotected them in 30% sucrose in phosphate buffered saline (PBS) at 4°C overnight. We
generated 15 pm coronal sections using a cryostat (Leica) onto Colorfrost Plus glass slides
(Thermo Scientific).
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Nonspecific antibody binding was blocked with 10% donkey serum and 2% Triton X-100 in
PBS for one hour at room temperature. The slides were then incubated overnight at 4°C with
anti VIAAT, anti B2/83 subunit and either anti a1 subunit or anti a3 subunit antibodies
(Table 1) dissolved in blocking buffer overnight at 4°C. We then washed the slides and
incubated them with the fluorescently conjugated secondary antibodies (Table 2) for one
hour at room temperature. The slides were washed before covering and mounting with
Vectashield mounting media (Vector Laboratories) that also contained 4/,6-diamidino-2-
phenylindole (DAPI) that was used to identify cell nuclei.

We imaged the slides using an Olympus FV-1000 confocal microscope using a 100X, 1.40
NA SPlan-UApo oil immersion lens. The confocal aperture and zoom were set to image a
slice of 1 um thickness and with a resolution of 82 nm/pixel. We adjusted the laser intensity
and gain to utilize the full dynamic range of the photomultipliers and the same scan settings
were used for all the images acquired within an experiment. Images were made 1 pm below
the surface of the tissue in the ventroposterior lateral (VPL) region of the VB nucleus, the
genu of the caudal nNRT midway between the dorsal and ventral points, and in the internal
capsule adjacent to the nRT.

The confocal images were analyzed using ImageJ software (National Institutes of Health)
using an adaptation of procedures described previously (Peden et al., 2008; Tyagarajan et al.,
2011;Muller et al., 2004). First, the background level was defined as the mean pixel
fluorescence intensity of the internal capsule. Next we measured the background-subtracted
fluorescent intensity of the total image. Then, we measured the fluorescence intensity of
diffuse staining in multiple regions of the image away from any VIAAT or GABAAR
subunit puncta. Fourth, we automatically identified VIAAT and GABAAR subunit puncta
by setting the image threshold to three times the value of the mean diffuse staining intensity
and using ImageJ's particle counting algorithm to identify all puncta with an area between
0.1 and 2.0 um?2. The puncta found using these parameters had excellent correspondence
with those identified by visual inspection of the images.

Using this procedure, we quantified the number, area, and background-subtracted
fluorescence intensity of VIAAT, al subunit, a3 subunit, and 2/B3 subunit puncta. While
the brief-fixation method employed here allows excellent visualization of clustered synaptic
proteins (Schneider Gasser et al.,2007), it also results in staining variability among different
slices. Therefore, the purpose of quantifying the confocal images is to compare the

synaptic / extrasynaptic distribution of GABAAR subunit protein,as reflected in the value of
the “synaptic clustering ratio,” and not to compare the relative fluorescence intensity among
different slices. Previous confocal microscopy studies demonstrated that almost all VIAAT
puncta overlap the puncta of the GABAAR clustering protein, gephyrin, but that only a
fraction of gephyrin puncta are located near VIAAT puncta (Panzanelli et al., 2011;Studer et
al., 2006). Therefore,we used VIAAT puncta to define “synapse-associated” GABAAR
subunit protein. We made a binary mask of the VIAAT puncta and overlaid it on the images
of the GABAAR subunits. We then used the particle counting algorithm to identify- and
measure the fluorescence of- the synapse-associated GABAAR subunit protein. The
“synaptic clustering ratio” in each brain slice was calculated as the average background-
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subtracted intensity of synapse-associated GABAAR subunit divided by the background-
subtracted intensity of the entire image.

Electrophysiology

Brain slices for electrophysiology were made and treated as described previously (Zhou et
al., 2013). Whole-cell patch clamp recordings were made at room temperature from VB or
nRT neurons in the same regions in which the confocal images were obtained, namely, in
VPL or in the genu of the caudal nRT. VB and nRT neurons were identified by anatomical
location and morphology (Lubke, 1993) with an upright Nikon eclipse FN-1 IR-DIC
microscope. In addition, for some experiments, the nRT neurons were also positively
identified using the microscope's fluorescent imaging capabilities with slices made from
mice that also expressed YFP under control of the parvalbumin promoter (Zhao et al., 2011).
Recordings from YFP-expressing wild type and Het-KO nRT were indistinguishable from
those that did not express YFP.

The electrophysiology pipettes and the internal recording solutions were identical to those
previously described (Zhou et al., 2013). We also used the previously-described (Zhou et al.,
2013) external recording solution for recording miniature inhibitory postsynaptic currents
(mIPSCs). The external solution for recording tonic currents was identical to the mIPSC
solution except that it lacked tetrodotoxin. We recorded and identified mIPSCs as we
discussed previously (Zhou et al., 2013). The current decay of each mIPSC was fit to both a
single exponential as well as to the sum of two exponentials and the decay constants (<)
were calculated. Although the decay phase of mIPSCs is often fit to one or two exponentials,
we achieved our best fits with a single © value.

To measure tonic GABAA currents, we recorded a stable baseline current for five minutes
before adding 60 uM bicuculline (Sigma) into the external solution. We then recorded for
another 20 minutes in the presence of bicuculline. To calculate the tonic current, we made
all-points histograms of ten seconds of the recording under baseline and bicuculline
conditions. The histograms demonstrated that, except for large synaptic events, the currents
fit Gaussian distributions. From the histograms, we obtained the mean current in the
presence and absence of bicuculline and calculated the tonic current amplitude as the
difference between these two values (Glykys & Mody, 2007).

Data analysis and statistics

Results of parametric tests are presented as the mean = standard error and results of
nonparametric tests are presented as the median with an interquartile box plot. In addition,
we depict the range of VIAAT puncta sizes, mIPSC amplitudes, and mIPSC decay constants
on cumulative probability histograms to demonstrate the effects of al subunit deletion on
the distributions of these values. We performed statistical analyses using the R 2.12.2
Statistical Package for Windows (R Foundation for Statistical Computing). Visual
inspection of data histograms as well as the Shapiro-Wilk test were used to determine if the
data were not normally distributed. We used the two-tailed single-sample t-test (vs. wild
type at 100%) to determine the statistical significance of the effects of Het-KO on total and
surface protein expression on Western blots. The independent samples two tailed t-test was
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used to compare the average immunohistochemistry puncta densities, and puncta size from
each brain slice, as well as the fraction of a3 subunit RNA editing. We also used the
independent samples two tailed t-test to compare the average mIPSC frequency, peak
amplitude, rise time, and decay © from each cell. We utilized the Wilcoxon rank sum test to
compare the differences in synaptic clustering ratio. P values less than 0.05 were considered
statistically significant.

Effects of al subunit deletion on total and cell surface GABAAR subunit expression in the

thalamus

We first determined the effects of partial loss of a1 subunit on total and surface expression
of some of the most prominent GABAAR subunits in the entire thalamus. We biotinylated
coronal brain slices and performed Western blots to quantify the relative amounts of total
and surface al, a3, a4, and & subunit expression (Fig 1). We verified that the biotinylation
reaction and neutravidin purification were selective for cell surface proteins by staining for
the cytoplasmic protein, GAPDH. We also verified that there was no significant difference
between wild type and Het-KO thalami in the expression of the loading control protein,
ATPase. Next, we quantified the total and surface expression of the GABAAR subunits in
wild type and Het-KO thalami. As expected, heterozygous al subunit deletion reduced the
total expression of the a1 subunit (64 + 3% vs wild type, P < 0.001, Fig 1A). However, in
contrast to its effect in the cortex, Het-KO thalami did not partially compensate for the
reduction of total thalamic al subunit expression by causing a significant increase in its
relative surface expression (72 £ 4% vs wild type, P < 0.001, Fig 1A). However, similar to
cortex, there was increased total and surface expression of the a3 subunit (total: 162 + 7%
vs wild type, surface: 187 + 8% vs wild type, P < 0.001, Fig 1B) in Het-KO thalami. There
was no significant change in the total or surface expression of the a4 or & subunits (P >
0.056, Fig 1C-D).

Two particular thalamic nuclei, nRT and VB, are intimately involved in the generation of
the thalamocortical oscillations found in absence seizures (Beenhakker & Huguenard, 2009).
Different GABAAR subunits are selectively expressed in different thalamic nuclei. The al
subunit is expressed in VB, but not nRT, while a3 subunit is expressed in nRT, but not VB.
Medial thalamic nuclei such as the paraventricular, mediodorsal, and centromedian nuclei
express both al and a3 subunits (Hortnagl et al., 2013). Therefore, to determine the effects
of al subunit deletion on total and surface a1 expression in VB and total and surface a3
subunit expression in nRT, we microdissected VB/NRT from the brain slices after the
biotinylation reaction and, for comparison, we also microdissected the medial thalamic
nuclei (Fig 2A). We purified the surface proteins from VB/nRT and medial thalamic regions
and performed Western blots to quantify the effects of heterozygous loss of al subunit on
the relative expression of a1 and a3 subunits in these specific thalamic regions.

Similar to the results obtained from the whole thalamic slice, heterozygous al subunit
deletion significantly reduced total and surface al subunit expression in both VB/nRT
(total: 73 = 3% vs wild type, surface: 64 £ 10% vs wild type, P < 0.020, Fig 2B) as well as
the medial thalamic nuclei (total: 66 + 5% vs wild type, surface: 60 + 3% vs wild type, P <
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0.008, Fig 2B). There was no significant difference between the relative total and surface al
subunit expression in either thalamic region.

In contrast to the results obtained from the whole thalamic slice, there was no change in total
or surface a3 subunit expression in VB/nRT (P > 0.410, Fig 2C). However, heterozygous
loss of a1 subunit did increase both total (133 + 13% vs wild type, P = 0.015, Fig 2C) and
surface (146 + 14% vs wild type, P = 0.020, Fig 2C) a3 subunit expression in medial
thalamic nuclei. Therefore, the increased a3 subunit expression found in the whole thalamus
experiments (Fig 1) originated from medial and possibly other thalamic nuclei not including
the nRT.

Extrasynaptic al subunit did not redistribute to the synapse in VB

The biotinylation and Western blot experiments demonstrated that neurons did not
compensate for heterozygous al subunit deletion by increasing the relative amount of
surface al subunit expression. However, biotinylation / Western blot experiments cannot
determine if there is redistribution of residual surface extrasynaptic a1 subunit to the
synapse. Therefore, we tested if heterozygous al subunit deletion altered the distribution of
the GABAergic synaptic marker, VIAAT and/or redistributed residual surface a1 subunit
and its assembly partner, $2/3 subunit, to GABAergic synapses.

We performed immunohistochemistry studies and stained for the a1 subunit, $2/3 subunit,
and VIAAT in the VB region of the thalamus. We found that there was no difference (P =
0.921) between the density of VIAAT puncta between the VB of wild type (8.8 + 0.4

puncta / 100 um?, Fig 3A) and Het-KO (8.7 + 0.6 puncta / 100 pm?2, Fig 3B) mice. In
addition, a1 subunit deletion did not significantly alter VIAAT puncta size (wild type 0.47 £
0.02 um?, Het-KO 0.51 + 0.02 pm2, P = 0.156, Fig 3C).

As expected, the majority of a1 and $2/3 subunit puncta did not localize to GABAergic
synapses in VB (Fig 3A, B). However, a fraction of al and $2/3 puncta were present at
GABAergic synapses and quantification of these puncta revealed that heterozygous al
subunit deletion did alter the fraction of the total a1 or 32/3 subunit associated with the
synapse (synaptic clustering ratio, wild type median al = 3.6; Het-KO median al =2.7; P =
0.543; wild type median 2/3 = 1.7; Het-KO median $2/3 = 1.7; P = 0.456, Fig 3D). These
results, combined with the biotinylation/Western blot data, demonstrated that heterozygous
al subunit deletion reduces total a1 subunit expression and does not elicit partial
compensation either by increasing the relative surface expression of the al subunit or by
increasing the association of residual a1l or $2/3 subunits with GABAergic synapses.

Heterozygous al subunit deletion increases VIAAT puncta size in nRT and reduces the
synaptic clustering ratio

In contrast to its effect on al subunit in VB, heterozygous loss of the al subunit does reduce
the synaptic clustering ratio of both the a3 subunit (wild type median = 15.6, Het-KO
median = 11.9, P = 0.026, Fig 4 A,B,D) and the $2/3 subunit (wild type median = 10.7, Het-
KO median = 7.7, P =0.037, Fig 4 A,B,D) in nRT. This result was not due to an increase in
VIAAT puncta without an associated increase in a3 subunit puncta. While heterozygous al
subunit deletion produces a non-statistically significant 38% increase in the VIAAT puncta

Neurobiol Dis. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 9

density (wild type = 2.1 + 0.2 puncta/100 um?; Het-KO= 2.9 + 0.3 puncta / 100 pm?, P =
0.063, Fig 4 A, B,), it also produces a corresponding (38%) increase in the density of a3
subunit puncta (wild type = 3.4 + 0.4 puncta / 100 pm?2; Het-KO= 4.7 + 0.5 puncta / 100 pm?
P =0.047, Fig 4 A, B).

One mechanism by which heterozygous loss of a1 subunit decreases the synaptic clustering
ratio is by increasing VIAAT puncta area. Heterozygous al subunit deletion asymmetrically
increases the VIAAT puncta size without increasing the size of a3 puncta. Visual
examination of the apposition between the a3 subunit and VIAAT puncta reveals that in the
nRT of Het-KO mice, a smaller fraction of each VIAAT punctum overlapped with each
associated a3 subunit punctum (Fig 4 A, B). Quantification revealed that in the nRT of Het-
KO mice, there was increased mean VIAAT punctum size (wild type = 0.33 + 0.01 pm?;
Het-KO = 0.39 + 0.02 pm?2, P = 0.008, Fig 4 C,), but no change in mean a3 or p2/3 punctum
size (wild type a3 = 0.33 + 0.02 um?; Het-KO a3 = 0.33 + 0.01 um?, P = 0.897, wild type
B2/3 = 0.28 + 0.01 pm?; Het-KO B2/3 = 0.30 + 0.02 pm2, P = 0.452, not shown). Therefore,
this increase in mean VIAAT punctum size leaves a portion of each VIAAT punctum that
does not overlap a3 subunit which thus reduces the value of the synaptic clustering ratio. It
is important to note that this cause of reduced synaptic clustering ratio does not reflect a
decrease in the ability of a3 or f2/3 subunits to target to GABAergic synapses. Rather, it
demonstrates an asymmetric reorganization of the presynaptic component of these inhibitory
synapses, a result that suggests that heterozygous al subunit deletion may alter GABAergic
neurotransmission in nRT, even though this nucleus that does not express a1l subunit.

The extent of RNA editing of the a3 subunit is not altered in Het-KO nRT

RNA editing is a posttranscriptional mechanism by which enzymes called adenosine
deaminases that act on RNA (ADAR), cause a site-specific conversion of adenosine to
inosine which can result in an amino acid change or alternative splicing. Altered RNA
editing of potassium channels and glutamate receptors has been found in animal models of
pharmacologically-evoked status epilepticus and in surgical tissue resected from human
temporal lobe epilepsy patients (Kortenbruck et al., 2001;Krestel et al., 2013;Russo et al.,
2013). Altered RNA editing of GABAAR subunit mRNA has not yet been reported in
human epilepsy patients or animal models of epilepsy.

Editing of the GABAAR a3 subunit mMRNA produces the conversion of genomically
encoded isoleucine to a methionine at the extracellular portion of the M3 transmembrane
domain. Cells expressing GABAAR containing a3 subunits with a methionine rather than an
isoleucine at this position exhibited GABA-evoked currents with slower activation times and
faster deactivation times (Rula et al., 2008).

We microdissected the VB/NRT regions from four wild type and four Het-KO mice. RNA
editing analysis of the a3 subunit revealed that there was no significant difference in the
extent of a3 subunit RNA editing (wild type: 96.51% + 0.47%; Het-KO: 95.45% + 0.56%, P
=0.197, not shown).
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Effects of heterozygous al subunit deletion on tonic and synaptic GABAA currents in VB

neurons

GABARs mediate both phasic and tonic currents. Phasic currents result from the transient
activation of postsynaptic GABAARS to produce inhibitory postsynaptic currents while tonic
currents result from the persistent activation of extrasynaptic or perisynaptic GABAAR by
ambient GABA or by GABA that flows outside of the synapse (Belelli et al., 2009).
Enhanced tonic GABA, currents in VB may be important in different types of absence
epilepsy. Genetic rat (Cope et al., 2009) and mouse (Cope et al., 2009;Errington et al., 2011)
models of absence epilepsy exhibited increased tonic GABAAR currents in VB neurons and
selective activation of extrasynaptic thalamic GABAAR caused absence seizures in normal
rats (Cope et al., 2009). Therefore, we determined if Het-KO mice possessed increased tonic
GABAp currents in VB.

Tonic GABAA, currents in VB are primarily mediated GABAAR containing a4 and 8
subunits (Chandra et al., 2006;Porcello et al., 2003). Although we demonstrated that a4 or §
subunit expression was not altered in Het-KO thalami (Fig. 1 C, D), it was still possible that
other mechanisms, such as the reduced GABA transporter activity found in a rat model of
absence seizures (Cope et al., 2009), could enhance VB tonic currents in Het-KO mice.
Therefore, we directly determined the effects of al subunit deletion on thalamic tonic
currents in VB. We found that, in contrast to several other models of rodent absence
epilepsy, there is no significant difference in the amplitude of the tonic currents between
wild type (-41 = 8 pA, Fig. 5A, C) and Het-KO (-49 = 10 pA, P = 0.535, Fig. 5B, C) mice.

We next recorded phasic synaptic GABAA currents in thalamocortical VB neurons in wild
type and Het-KO mice (Fig. 6). Heterozygous al subunit deletion reduces the magnitude of
mIPSC peak current amplitudes from -32.7 + 3.7 pA, to -18.1 £ 2.7 pA (P = 0.006, Fig 6C),
a decrease that can be attributed to the reduction of a1 subunit expression in Het-KO
thalami (Fig 1A, 2B). Heterozygous loss of a1 subunit also reduces the mIPSC frequency
(wild type =5.4 + 1.2 Hz; Het-KO = 2.5 + 0.5 Hz; P = 0.033, Fig 6 A, B), a result that could
be consistent with a reduction in presynaptic activity and/or fewer events detected in Het-
KO mice due to their lower amplitude. However, there was no change in the time course of
VB mIPSC current kinetics; the 10-90% rise times for the wild type and Het-KO mIPSCs
are 2.5+ 0.1 msand 2.4 + 0.4 ms (P = 0.755), respectively, and the decay time constants, T,
are21.4+15msand 24.4 +7.6 ms (P =0.716, Fig. 6D).

Heterozygous al subunit deletion prolongs mIPSC decay in nRT

Next, we determined the effects of the partial loss of the al subunit on mIPSCs in nRT. We
found that the heterozygous deletion does not change the amplitude (wild type =-13.8 £ 1.1
pA, Het-KO =-13.3 £ 0.8 pA, P = 0.706, Fig. 7 A-C) frequency (wild type = 1.5 + 0.3 Hz,
Het-KO = 1.2 + 0.3 Hz, P = 0.519, not shown) or mean 10-90% rise times (wild type = 4.8 +
0.5 ms, Het-KO = 6.4 + 0.8 ms, P = 0.098, not shown). However, Het-KO prolongs the
mean decay constant, t, from 40.9 + 4.3 ms to 55.9 + 5.0 ms (P = 0.042, Fig. 5D), a result
that demonstrates that heterozygous deletion of the a1 subunit alters GABAergic
neurotransmission in the thalamus even in a nucleus (nRT) that does not express the al
subunit.
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Discussion

Here, we determined the effects of the heterozygous deletion of the human absence epilepsy
gene, Gabral, on GABAAR expression and function in the thalamus, a critical brain region
for the maintenance of absence seizures. Our study produced three main findings. First,
unlike other models of absence epilepsy (Cope et al., 2009;Errington et al., 2011), the Het-
KO model does not increase tonic GABA, currents in VB. Second, unlike Het-KO cortex,
VB does not increase the trafficking of residual a1 subunit to the cell surface and thus
mIPSC peak amplitudes in VB are substantially reduced. Finally, also in contrast to Het-KO
cortex, there is no increase in a3 subunit expression in NRT. However, similar to cortex,
heterozygous al subunit deletion modifies GABAergic neurotransmission in nRT by
prolonging the time course of mIPSC decay. These three effects on thalamic GABAAR
expression and neurotransmission in conjunction with our previous findings regarding the
effects of the deletion on cortical GABAergic transmission (Zhou et al., 2013) are
summarized in Figure 8.

Tonic GABAA currents are not increased in Het-KO VB

Prior investigations of homozygous a1 subunit knockout thalami demonstrated that
homozygous deletion increased a4 subunit expression in adult (Kralic et al., 2006), but not
P20 (Peden et al., 2008) VB. Therefore, it was possible that at age P33-37, the age at which
we identified absence seizures in the Het-KO mice, heterozygous al subunit deletion would
raise a4 subunit expression in the VB. Such a result could increase tonic GABAAR current
amplitudes in the VB which would might contribute to the formation of absence seizures
(Cope et al., 2009). However, we found that, at age P33-37, heterozygous a1 subunit
deletion did not increase a4 or & subunit expression in the thalamus or alter the amplitude of
GABAAR tonic currents in VB. Paossibly, the heterozygous loss of al subunit is not as
sufficient a stimulus as homozygous al subunit deletion to increase a4 subunit expression
in the thalamus or, perhaps, heterozygous a1 subunit deletion increases a4 subunit
expression at ages beyond P33-37. Nonetheless, our data demonstrate that in contrast to
other models of absence epilepsy (Cope et al., 2009;Errington et al., 2011), elevated tonic
GABA currents are not necessary to produce seizures in Het-KO mice of this age. This
result suggests that novel therapeutic strategies that target elevated tonic GABA, currents in
VB will not be universally effective in all types of absence epilepsy.

The role of VB disinhibition in Het-KO mice

We were initially surprised that, unlike cortical neurons (Zhou et al., 2013), Het-KO VB
neurons do not increase the surface trafficking of the residual wild type a1 subunit as a
method for raising phasic GABAAR activity to partially restore GABAAR homeostasis
(Rannals & Kapur, 2011) and to normalize feed-forward inhibition from cortex through nRT
to VB (Paz et al., 2011). One would expect that the disinhibition of VB neurons would
increase their firing rate and propagate discharges to the cortex. In fact, in vivo extracellular
recordings in genetic absence epilepsy rats from Strasbourg (GAERS) revealed higher VB
neuron firing rates compared with nonepileptic controls (Carcak et al., 2014). However, the
roles of GABA, inhibition in VB neurons and the relationship of VB inhibition to absence
seizures are complex. Although GABA neurotransmission can prevent VB neuronal firing,
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hyperpolarization is also needed by VB neurons to reactivate the T-type calcium channels
and initiate the hyperpolarization-activated current — both of which are critical for burst
firing seen in absence seizures (Coulter et al., 1989). The complex interaction between VB
GABA neurotransmission and absence seizures can be appreciated by pharmacological
experiments. When VB nuclei of lethargic mice were microinfused with clonazepam, a
benzodiazepine that enhances the synaptic alpy GABAAR that conduct phasic currents, but
not the extrasynaptic a4pé GABAAR that conduct tonic currents, absence seizures were
unaffected (Hosford et al., 1997). Similarly, applying clonazepam to thalamic slices in
which the a3, but not a1, subunits were mutated to be unresponsive to benzodiazepines, did
not produce any significant change in the duration of evoked thalamic oscillations (Sohal et
al., 2003). Finally, carbamazepine, an anticonvulsant drug that reduces focal seizures, but
exacerbates absence seizures, potentiates synaptic-type (a1p3y2) GABAAR currents and
worsens epileptiform discharges in GAERS when microinfused in VB (Liu et al., 2006). Not
only was the pro-absence effect of carbamazepine blocked by the GABAAR antagonist,
bicuculline, but the disinhibition of VB by the infusion of bicuculline did not worsen the
incidence of absence seizures (Liu et al., 2006). In total, these studies demonstrate that
increased phasic GABA, currents in VB either worsens absence seizures or does not protect
against them and suggests a reason why VB neurons, unlike cortical neurons (Zhou et al.,
2013), do not actively increase the expression of residual a1 subunit to the cell surface.

Altered intrathalamic neurotransmission in Het-KO nRT and its relationship to seizures

We previously showed that in addition to increasing the surface expression of al subunit
driven from the wild type allele, Het-KO cortical neurons also increase a3 subunit
expression (Zhou et al., 2013). This finding is consistent with observations from
homozygous al subunit deletion (Hom-KO) mice that found that Hom-KO neurons increase
the protein expression of other a subunit isoforms that were normally expressed in that brain
region and cell type (Kralic et al., 2006;Ogris et al., 2006;Peden et al., 2008;Schneider
Gasser et al., 2007). However the effect of heterozygous or homozygous al subunit deletion
had not been examined in nRT or the medial thalamic nuclei. Here, we were surprised to
find that heterozygous al subunit deletion did not increase a3 subunit expression in nRT but
did increase a3 subunit expression in the medial nuclei. One important difference between
nRT and the medial thalamic nuclei and the brain regions examined by investigators
studying Hom-KO mice (Kralic et al., 2006;Ogris et al., 2006;Peden et al., 2008;Schneider
Gasser et al., 2007) is that the nRT is one of the few brain areas that does not express al
subunit. Perhaps, reduced (Het-KO) or absent (Hom-KO) al subunit increases a3 subunit
expression in the medial thalamic nuclei and other regions because the reduction/absence of
al subunit expression reduces the competition of a3 subunit for assembly with partnering 3
and y subunits into GABAAR pentamers. Possibly, GABAAR subunit substitution and
compensation not only require that particular neurons already express the compensating
subunit, but that those neurons also must normally express the subunit that is reduced.

Despite not increasing a3 subunit expression, we found that heterozygous al subunit
deletion prolongs the decay phase of mIPSCs in nRT. The mechanistic basis underlying the
prolonged mIPSC decay in nRT is unknown. While it is intriguing to speculate that the
increased average VIAAT punctum size reflects altered presynaptic terminals that increase
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GABA concentration or differentially affect GABA release, diffusion and reuptake resulting
in prolonged mIPSC decay, there are no studies that have measured the effects of altered
VIAAT puncta on mIPSCs.

Regardless of the mechanism by which the time course of current decay is lengthened, this
change is likely to reduce the incidence of absence seizures. When the GABA agonist,
muscimol, the barbiturate phenobarbital, or clonazepam are microinfused into the nRT in the
lethargic (Ih/Ih) model of absence epilepsy, seizures are reduced (Hosford et al., 1997).
Conversely, infusion of the GABAAR competitive antagonist, bicuculline, in the caudal nRT
(approximately the region in which we made our recordings) increases the duration of
epileptiform spike-wave-discharges (Aker et al., 2006). In addition, in mice in which either
the al or a3 subunit is made insensitive to benzodiazepines, clonazepam only inhibits
evoked thalamic oscillations when it is applied to thalamic slices in which a3 subunit-
containing GABAAR in nRT are sensitive to benzodiazepines (Sohal et al., 2003). Finally,
Schofield et al. demonstrated that genetically modified mice that exhibit increased GABAa
neurotransmission within nRT also show a reduced sensitivity to pharmacologically-evoked
seizures (Schofield et al., 2009). Therefore, it is likely that the prolonged mIPSC decay time
in nRT of Het-KO mice represents a compensatory response that reduces absence seizures.

In conclusion, we demonstrated a novel pattern of altered GABAAR expression and
neurotransmission in the thalamus in the Het-KO mouse model of absence epilepsy. We
showed that unlike other models of absence epilepsy, Het-KO mice do not exhibit enhanced
tonic GABA, inhibition in VB, a result that demonstrated that enhanced tonic VB inhibition
is not necessary to produce absence seizures. We also found that phasic GABAA currents
are reduced in Het-KO VB without compensation and that, surprisingly, phasic GABAp
currents are prolonged in nRT. This latter result is likely a partial compensatory mechanism
that reduces absence seizures.
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Figure 1. Effects of heterozygous al subunit deletion on total and surface GABAAR subunit
expression in the entire thalamus

A) Heterozygous al subunit deletion reduced total and surface al subunit expression (N =
9, P <0.001) and B) increased total and surface a3 subunit expression (N =9, P <0.001).
There was no change the total (N = 9, p = 0.945) or surface (N =5, P = 0.376) a4 subunit
expression (C) or the total (N = 10, P = 0.056) or surface (N = 6, P = 0.176) & subunit
expression (D). *** = P < 0.001, ns = not significant
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Figure 2. Heterozygous loss of al subunit reduces total and cell surface al subunit in VB/nRT
and medial thalamic nuclei, and increases a3 subunit expression in the medial nuclei, but not
VB/NRT

Panel A shows a coronal brain slice similar to the slices used in our study and illustrates the
lines of dissection (dashed red lines = lines of dissection, image credit: Allen Mouse Brain
Atlas). We first cut along the white matter in the internal capsule from the dorsal point
(hippocampus) to the ventral point (hypothalamus). We then made diagonal cuts from the
dorsal and ventral points to “M,” the midpoint between the white matter and thalamic
midline to isolate “VB/nRT” and “medial thalamus.” Heterozygous loss of al subunit
reduced total and surface a1 subunit expression in both the medial nuclei (N =5, P < 0.008)
and VB/nRT (N =5, P <0.020). In contrast, there was increased total and surface a3 subunit
expression in the medial nuclei (N = 6, P < 0.020), but not VB/nRT (N =6, P > 0.410) of
Het-KO thalami. Wt = wild type, Het = Het-KO, * = P < 0.05, ns = not significant
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Figure 3. Heterozygous al subunit deletion does not alter the fraction of al or f2/3 subunit
associated with GABAergic synapses in VB

These are confocal microscopic images of wild type (A) and Het-KO (B) brain slices stained
with antibodies directed to VIAAT (red), the al subunit (green), and f2/3 subunit (blue). In
the fourth row, we depict the overlap of VIAAT and al staining (yellow). The field of view
enclosed in the yellow boxes is shown on an expanded scale next to each image. The density
of VIAAT puncta was not changed in Het-KO slices. The arrowheads in A and B show
apposition between VIAAT puncta and the a1 subunit and demonstrate a similar extent of
partial overlap between them. The cumulative probability plot (C, continuous line = wild
type, dashed line = Het-KO) and the average of the mean VIAAT punctum sizes from each
slice (inset in C) demonstrate that heterozygous al subunit deletion does not alter VIAAT
punctum size (wild type = 0.45 + 0.01 um?2, N = 20 slices from 6 mice, Het-KO = 0.48 +
0.02 um?2, P = 0.199, N = 20 slices from 5 mice). D) Box plots depict the a1 and p2/3
synaptic clustering ratios. The box length extends from the 25t to 75™ percentile and the
whiskers extend from the 51 to 95t percentile. The square and horizontal line within the
box marks the mean and median, respectively. Heterozygous a1 subunit deletion did not
cause significant differences in either the a1 synaptic cluster ratio (wild type median = 3.6,
N = 11 slices, Het-KO median = 2.7, P = 0.543, N = 13 slices) or 32/3 synaptic cluster ratio
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(wild type median = 1.7, N = 14 slices, Het-KO median = 1.7, P = 0.456, N = 12 slices).
Scale bars = 3 um, ns = not significant.
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Figure 4. The mean VIAAT punctum size is increased and a3 subunit synaptic cluster ratios are
reduced in Het-KO nRT

These are confocal microscopic images of wild type (A) and Het-KO (B) nRT stained with
antibodies directed to VIAAT (red), the a3 subunit (green), and $2/3 subunit (blue). The
bottom row depicts overlap between VIAAT and a3 subunit (yellow). The field of view
enclosed in the yellow boxes is shown on an expanded scale next to each image. Het-KO did
not change the density of VIAAT puncta. A cumulative plot (C, solid line = wild type,
dashed line = Het-KO) shows that Het-KO changes the distribution of VIAAT puncta sizes
and increases the size of medium and large nRT VIAAT puncta. The average of the mean
VIAAT punctum size from all slices reveals that Het-KO increases VIAAT punctum size in
nRT from 0.33 + 0.01 um?2 (N = 13 slices from 6 mice) to 0.39 + 0.02 pm? (inset in C, P =
0.008, N = 12 slices from 5 mice). The triangles in wild type (A), but not Het-KO (B), show
puncta with nearly complete overlap of VIAAT and a3 subunit puncta. The arrowheads in
(A) and (B) show partial overlap between VIAAT and a3 subunit. D) Box plots depict the
a3 and B2/3 synaptic cluster ratios. The box length extends from the 25% to 75™ percentile
and the whiskers extend from the 51 to 95t percentile. The square and horizontal line
within the box marks the mean and median, respectively. Heterozygous al subunit deletion
significantly reduces both the a3 synaptic cluster ratio (wild type median = 15.6, N = 13,
Het-KO median = 11.9, P = 0.026, N = 11 slices) and 2/3 synaptic cluster ratio (wild type
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median = 10.7, N = 12 slices, Het-KO median = 7.7, P = 0.037, N = 11 slices). Four mice
from each genotype were analyzed. Scale bars = 3 um. * = P < 0.05.
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Figure 5. Tonic GABAA, currents are not altered in Het-KO VB neurons
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These are tonic currents from wild type (A) and Het-KO (B) VB neurons. The white bar
indicates the application of 60 uM bicuculline. There was no significant difference (C) in
tonic current amplitudes between wild type neurons (-41 + 8 pA, N = 8 cells from six mice)

and Het-KO neurons (-49 £ 10 pA, P = 0.705, N = 7 cells from six mice).
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Figure 6. The frequency and amplitudes of mIPSCs are reduced in Het-KO VB neurons
Panels A and B show sample mIPSC recordings from wild type (A, N = 7 cells from five

mice) and Het-KO (B, N = 7 cells from five mice) VB neurons. The mIPSC frequency in
Het-KO neurons was reduced from 5.4 £ 1.2 Hz to 2.5 + 0.5 Hz (P = 0.033). In addition, the
magnitude of mIPSC amplitudes was reduced on a cumulative plot (C, solid line wild type,
dashed line Het-KQO). The mean mIPSC peak currents averaged among different cells (C
inset) was reduced from -32.7 £ 3.7 pA to -18.1 £ 2.7 pA (P = 0.006). There was no
significantly difference in the decay time constants as seen on a cumulative probability plot
(D) or upon comparing the averages of the mean decay constant (D inset, wild type = 21.4 +
1.5 ms; Het-KO =24.4 + 7.6 ms, P = 0.716). ** = P < 0.01, ns = not significant.
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Figure 7. Heterozygous al subunit deletion prolongs mIPSC decay in nRT neurons
Panels A and B show mIPSC recordings from wild type (A, N = 8 cells from six mice) and

Het-KO (B, N = 9 cells from seven mice) nRT neurons. There was no change in mIPSC
frequency (wild type = 1.5 + 0.3 Hz, Het-KO = 1.2 £ 0.3 Hz, P = 0.519) or in the mIPSC
amplitudes as seen in the cumulative plot (C solid line wild type, dashed line Het-KO) or in
the averages of the mean peak magnitudes (C inset: wild type = -13.8 £ 1.1 ms; Het-KO =
-13.3 £ 0.8 ms, P = 0.706). However, the decay time constant, T, was increased in Het-KO
nRT neurons as seen cumulative probability plot (D) and in the mean of the average <t values
from different cells (D inset, wild type = 40.9 £ 4.3 ms, Het-KO =55.9 £ 5.0 ms, P = 0.042).
* =P < 0.05, ns = not significant
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Figure 8. Altered thalamocortical GABAp neurotransmission in the Het-KO model of absence
epilepsy
The effects of heterozygous al subunit deletion on GABAAR subunit expression and

physiology are depicted on simplified models of wild type (A) and Het-KO (B)
thalamocortical circuitry containing the cortex, thalamic reticular nucleus (nRT) and
ventrobasal nucleus (VB). Excitatory neurons are pyramidal shaped and those in the cortex
are colored red and those in VB are colored green. The axons from the excitatory neurons
are dashed lines in the same color as the neurons. Inhibitory neurons are depicted as large
open blue circles and their axons are the blue lines extending from the circles. Inhibitory
synapses are small closed blue circles. The change in thickness of the inhibitory axons and
the diameter of the synaptic circles represents the relative strength of GABA4 inhibition in
the Het-KO circuit. The relative increase (1), decrease ({), or no change (++) in GABAAR
al and a3 subunit expression and GABAAR current is listed next to the Het-KO circuit. In
Het-KO cortex, there is a robust increase (11) in surface a3 subunit expression and, because
of increased surface trafficking of the residual a1 subunit, only a small decrease ({) in
surface al subunit expression resulting in an only modest decrease () in phasic GABAx
currents. Reticular nucleus does not express al subunit (N/A) and there is no change (+=) in
surface a3 subunit expression. GABA, currents are modestly increased (1) due to the
prolonged time course of current decay. In VB, there is no a3 subunit (N/A) and surface al
subunit expression is robustly decreased (].) as are phasic GABA, currents. Tonic GABAa
currents are unaffected (<) in Het-KO VB.

Neurobiol Dis. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Zhou et al.

Primary antibodies

Table 1

Page 28

Target Protein Species Source. Clone/Catalog # Application(s) | Dilution(s)
ATPase a subtmit (ATPase) Mouse ng Developmental Studies Hvbridoma Databank. WB 1:100

El
GABARal Mouse UC Davis/NIH NeuroMab Facility. N95/35 WB 1:250
GABAAR al Rabbit Millipore. 06868 IHC 1:250
GABAAR a3 Rabbit Alomone. AGA-003 WB. IHC 1:500, 1:500
GABAR a4 Rabbit Novus Biologicals, NB300-194 WB 1:500
GABAR B2/83 Mouse Millipore. 62-3G1 IHC 1:100
GABAAR & Rabbit R&D Systems, PPS090 WB 1:300
Glyceraldehyde-3 -phosphate Rabbit Abeam. AB9485 WB 1:2000
dehydrogenase (GAPDH)
VIAAT Guinea pig | Synaptic Systems, 131004 IHC 1:250

WB = Western blot, EHC = Imrmmohistochemtstry
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Table 2

Secondary antibodies

Target Protein, conjugation | Species | Source, Clone/catalog # Applicatiou(s) | Dilution(s)
Guinea pig 19G, Alexa 488 Donkey | Jackson Immtmoresearcli, 706-545-148 | IHC 1:1000
Mouse 1gG, 800 Goat Ticor, 926-32210 WB 1:10,000
Mouse IgG, Alexa 647 Donkey | Jackson Immtmoresearcli, 715-605-150 | IHC 1:500
Rabbit 19G, 680 Goat Licor, 926-32221 wWB 1:10.000
Rabbit 1gG, Cy3 Donkey | Jackson Immtmoresearcli, 711-165-152 | IHC 1:1000

WB = Western blot, IHC = limmmohistochemistry
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