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Deletion of the GABA , Receptor a1 Subunit Increases
Tonic GABA , Receptor Current: A Role for GABA
Uptake Transporters

Pavel I. Ortinski, " Jill R. Turner,"* Andrea Barberis,> Gholam Motamedi,* Robert P. Yasuda,'> Barry B. Wolfe,'
Kenneth J. Kellar,'* and Stefano Vicini!-

'nterdisciplinary Program in Neuroscience and Departments of Physiology and Biophysics, *Pharmacology, and “Neurology, Georgetown University
School of Medicine, Washington, DC 20007

The loss of more than half the number of GABA , receptors yet lack of pronounced phenotype in mice lacking the gene for the GABA, a1
subunit is somewhat paradoxical. We explored the role of tonic GABA , receptor-mediated current as a target of compensatory regulation
in the a1 knock-out (—/—) mice. A 62% increase of tonic current was observed in the cerebellar granule cells (CGCs) of a1 ~'~ compared
with wild-type (+/+) mice along with a 67% increase of baseline current variance. Examination of whole-cell currents evoked by low
concentrations of GABA and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol suggested no upregulation of a6 and 8 subunit-containing
GABA,, receptors in the &l ~'~, confirming previous biochemical studies. Single-channel current openings were on average 32% shorter
in the a1 '~ neurons. Single-channel conductance and frequency of opening were not different between genotypes. Tonic current
induced by application of the GABA transporter GAT-1 blocker NO711 (1-[2([(diphenylmethylene)imino]oxy)ethyl]-1,2,5,6-tetrahydro-
3-pyridinecarboxylic acid hydrochloride) was significantly larger in the a1 ~/~, suggesting an increase of ambient GABA concentration.
Experiments done with a known concentration of extracellular GABA complemented by a series of biochemical experiments revealed a
reduction of GAT activity in a1/~ without an identifiable reduction of GAT-1 or GAT-3 protein. We report increased tonic GABA ,
receptor-mediated current in the «1 ~/~ CGCs as a novel compensatory mechanism. Our data establish a role for GABA transporters as
regulators of neuronal excitability in this and relevant models and examine other tonic conductance-regulating mechanisms responsible

for the adaptive response of the cerebellar network to a deletion of a major synaptic GABA , receptor subunit.
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Introduction

GABA, receptor al subunits are strongly expressed at synaptic
membranes of the cerebellar granule cells (CGCs) (Nusser et al.,
1998) and dominate over other synaptic a subunits in mature
rodent cerebellum and throughout the brain (Laurie et al., 1992;
Wisden et al., 1992; Fritschy et al., 1994). Abundant expression of
the a1 subunit suggests it as a crucial component of GABA,-
mediated neurotransmission in the brain. A number of studies
have demonstrated involvement of al in mediation of sedative,
amnesic, and anticonvulsive effects of a variety of pharmacolog-
ical agents (Rudolph et al., 1999; Crestani et al., 2002; Kralic et al.,
2002). It is of note that, with the exception of a slight handling
tremor (Kralic et al., 2002, 2005), deletion of the a1 subunit gene
produces no pronounced phenotype (Rudolph and Mohler,
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2004; Vicini and Ortinski, 2004), implying unidentified compen-
satory mechanisms.

In an examination of possible synaptic sources of such com-
pensation, we reported previously the impact of a1 deletion on
the development of IPSCs in cerebellar slices and CGC cultures
(Vicini et al., 2001; Ortinski et al., 2004) and suggested several
compensatory mechanisms. In particular, as also evidenced by
biochemical studies (Sur et al., 2001; Kralic et al., 2002), retention
of @2/a3 subunits at synapses or their compensatory upregula-
tion may take place in the a1 ~/~ mice. Functionally, increased
duration of synaptic events in the @l ~/~ mice may counterbal-
ance their decrease in amplitude to maintain unperturbed levels
of synaptic charge transfer (Ortinski et al., 2004).

A low concentration of GABA (Farrant and Nusser, 2005)
continuously present in the extracellular space is another source
of inhibition in the cerebellum and the brain. Ambient GABA
concentration is likely established by GABA spilled over outside
the synapse after vesicular release (Brickley et al., 1996; Wall and
Usowicz, 1997; Rossi and Hamann, 1998), although other
sources are possible (Semyanov et al., 2004; Farrant and Nusser,
2005). In CGCs, ambient GABA activates predominantly the
high-affinity extrasynaptic receptors containing a6 and/or & sub-
units (Rossi and Hamann, 1998; Hamann et al., 2002). Such
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“tonic” inhibition was shown to be a powerful modulator of neu-
ronal excitability (Hamann et al., 2002; Mitchell and Silver,
2003), and its behavioral importance has been a subject of keen
interest in recent years (Semyanov et al., 2003; Hanchar et al.,
2005; Maguire et al., 2005; Scimemi et al., 2005).

In the cerebellum of @1 ~/~ mice, in which a major synaptic
GABA, receptor subunit and >50% of the total GABA, recep-
tors are lost (Kralic et al., 2002), the mild phenotype is remark-
able and tonic GABA ,-mediated conductance presents an attrac-
tive target for compensatory action. There are two general
mechanisms through which a tonic whole-cell conductance can
be altered. One is through changes in expression level or biophys-
ical properties of the receptors responsible for activating tonic
conductance. The other one is through changes in extracellular
GABA concentration. In this study, we report an increase of tonic
GABA,, receptor-mediated conductance in the CGCs in slices
from a1l ™/~ mice and identify reduction of GABA transporter
(GAT) activity as the likely source of this change.

Materials and Methods

Mutant mice and genotyping. al subunit-deficient mice were produced at
the University of Pittsburgh as described previously (Vicini et al., 2001)
and shipped to Georgetown University for all experimental procedures.
Heterozygous mice on a mixed genetic background (C57BL/6], strain
129/Sv/Sv], and FVB/N) (Vicini et al., 2001) were interbred to produce
wild type (WT) (+/+), heterozygous (+/—), and homozygous (—/—)
al mice. PCR was used to genotype mutant mice as described by Ortinski
et al. (2004). Briefly, total genomic DNA was isolated at postnatal day 3
(P3) to P6 from tail snips, amplified with PCR, separated by electro-
phoresis, and visualized with ethidium bromide staining. Twenty-seven
PCR cycles were run after initial denaturation at 95°C for 5 min. Each
cycle consisted of denaturation at 95°C for 1 min, primer annealing at
57°C for 1.5 min, and primer elongation at 72°C for 2 min. A final
elongation step was performed at 72°C for 3 min.

Western blot analysis and quantification. All Western blot procedures
were done in triplicate for each genotype. Whole cerebella of +/+ and
al /7 P23 mice were homogenized in TEE buffer (in mm: 10 Tris-HCI,
pH 7.4, 1 EDTA, and 1 EGTA). The homogenates were centrifuged at
30,000 X g,.... at 4°C for 16 min to obtain the crude membrane fraction
and resuspended in TEE buffer. Protein was determined with the Coo-
massie Plus Protein Assay (Pierce, Rockford, IL). After separation in a
7.5% polyacrylamide gel, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes and incubated at room temperature in
TBST (20 mm Tris-HCI, pH 7.4, 140 mm NaCl, and 0.1% Tween 20)
containing 5% nonfat dried milk for 20 min. The membranes were then
incubated overnight at 4°C with affinity-purified rabbit antibodies di-
rected against GAT-1 (1:500; Chemicon, Temecula, CA) or GAT-3 (I:
1000; Alpha Diagnostic, San Antonio, TX). After four 5 min washes in
TBST, the membranes were incubated with horseradish peroxidase-
labeled antibody (1:5000; Amersham Biosciences, Piscataway, NJ) for 30
min at room temperature. The membranes were then washed with TBST
once for 15 min and four times for 5 min, and protein bands were visu-
alized on a photographic film with Super Signal West-Pico chemilumi-
nescence reagents (Pierce). The integrated intensity of each band was
calculated using computer-assisted densitometry with Intelligent Quan-
tifier software (Bio Image Systems, Jackson, MI).

Cerebellar slices. P22—P25 mice were killed by decapitation in agree-
ment with the guidelines of the Georgetown University Animal Care and
Use Committee. Whole cerebella were dissociated from the cortex and
placed in an ice-cold slicing solution containing the following (in mm):
85NaCl, 2.5KCl, 1 CaCl,, 4 MgCl,, 1 NaH,PO,, 25 NaHCOj, 25 glucose,
and 75 sucrose (all from Sigma, St. Louis, MO) (pH 7.4 when continu-
ously bubbled with 95% O, and 5% CO,). Sagittal cerebellar slices, 200
wm thick, were prepared using Vibratome 3000 Plus Sectioning System
(Vibratome, St. Louis, MO) and incubated in the slicing solution at 34°C
for 30 min before being transferred to the recording solution. Slices were
viewed under an upright microscope (E600FN; Nikon, Tokyo, Japan)
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equipped with Nomarski optics and an electrically insulated 60X water-
immersion objective with a long working distance (2 mm) and high
numerical aperture (1.0).

[PH]GABA uptake. Cerebellar slices prepared as above were incubated
in extracellular recording solution containing 400 nm [ *H]GABA (NEN,
Boston, MA) for 2 min at either 37°C (total [ *H]GABA uptake) or 0°C
(nonspecific [ ’H]GABA uptake). To terminate the assay, the slices were
then washed three times with 0°C recording solution. NaOH (0.1N) was
added, and samples were counted for radioactivity in a scintillation
counter. Specific [*H]GABA uptake was determined by subtracting the
nonspecific from the total [ *’H]GABA uptake and normalized to the total
protein concentration.

Biotinylation. EZ-Link Sulfo-NHS-SS-Biotin (Pierce) was used to sur-
face label proteins in cerebellar slices prepared as above. Slices were in-
cubated with 1 mg/ml Sulfo-NHS-SS-Biotin in the recording solution at
4°C with gentle rocking for 1 h. Slices were then washed three times with
ice-cold TBS (50 mm Tris-HCI and 150 mm NaCl) to remove and block
unreacted Sulfo-NHS-SS-Biotin. TBS from each pool of cerebellar slices
was removed, and the pelleted slices were placed in TEE. Each pool was
sonicated with a Tekmar (Cincinnati, OH) TM-50 at a setting of 60 for
10 s in 5 ml of TEE. After centrifugation at 4°C for 16 min at 32,000 X
Zonax Samples were resuspended into 0.2 ml of TEE and stored at —70°C.
Samples were placed in 1% deoxycholate and 50 mm Tris-HCI, pH 9,
sonicated briefly, and incubated at 37°C for 30 min, mixing every 5 min
to allow for solubilization of membrane proteins. Samples were then
centrifuged at 4°C for 30 min at 32,000 X g, ... Supernatants were re-
moved and kept on ice. Supernatant, 150 ul of each, was added to 25 ul
of settled Neutravidin beads and incubated for 1 h at 4°C with rotation.
Proteins were separated, transferred to PVDF, and probed with rabbit
antibodies to GAT-1 (0.2 pg/ml; Chemicon) or GABA a6 subunit (1:
1000; kind gift from Dr. Angel De Blas, University of Connecticut, Storrs,
CT) as in Western blot analysis above. Primary antibodies were removed,
and immunoblots were washed with TBST, incubated with 1:20,000 of
HRP-conjugated donkey anti-rabbit IgG antibodies (Amersham Bio-
sciences) for 30 min, and then washed with TBST. Immunoblot visual-
ization and analysis was performed as for Western blot above. Percentage
surface expression was determined by the amount found in the Neutra-
vidin pellet divided by the sum of the Neutravidin pellet and supernatant.

Electrophysiology. Recordings were done in cerebellar granule cells in
slices from +/+ and al ~/~ littermates in parallel on the same day when-
ever possible. All recordings were performed at room temperature (24—
26°C). Continuously perfused extracellular solution, unless otherwise
indicated, contained the following (in mm): 120 NaCl, 3.1 KCl, 2 CaCl,,
1 MgCl,, 1 KH,PO,, 25 NaHCOj, 2.5 glucose, and 30 sucrose (all from
Sigma) (pH 7.4 when bubbled with 95% O, and 5% CO,). Recording
electrodes were pulled in two stages on a vertical pipette puller from
borosilicate glass capillaries (Wiretrol II; Drummond, Broomall, PA)
and filled with recording solution containing the following (in mm): 145
KCl or 135 CsCl, 10 HEPES, 5 ATP-Mg, 0.2 GTP-Na, and 10 BAPTA,
adjusted to pH 7.2 with KOH. There were no differences in tonic current
size or variability between CsCl and KCl experiments for either genotype,
and the reported values for these measures represent pooled data from
both CsCl and KCl experiments. For some experiments, NaCl (5 or 20
muM) and GABA (1 or 20 mm) were added to the intracellular recording
solution to induce GABA transporter reversal (Wu et al., 2003); KCl
concentration was then appropriately reduced to maintain osmolarity.
Pipette resistance was 7-10 M(). Whole-cell voltage-clamp recordings
were made at —60 mV with an Axopatch-1D amplifier (Molecular De-
vices, Palo Alto, CA), and access resistance was monitored throughout
the recordings. Resting membrane potential was within the expected
range (—65 to —75 mV) and was not different between genotypes ( p >
0.46). Membrane capacitance was calculated from a transient current
response to a hyperpolarizing 10 mV pulse with the following equation:
C,, = T/R,, where 7 is the time constant of the exponentially decaying
capacitive current, and Rq is series resistance. Single-channel recordings
were made from excised outside-out patches held at —100 mV to in-
crease detection of small-amplitude events. Currents were filtered at 2
kHz with a low-pass Bessel filter and digitized at 5-10 kHz (for whole
cells) and 20 kHz (for single channels) using a personal computer
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equipped with Digidata 1322A data acquisition board and pClamp?9 soft-
ware (both from Molecular Devices). Stock solutions of bicuculline
methobromide (BIC), NO711 (1-[2([(diphenylmethylene)imino]oxy)-
ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid hydrochloride),
gabazine (SR95531) [2-(3-carboxypropyl)-3-amino-6-(4-methoxy-
phenyl)pyridazinium  bromide], tetrodotoxin (TTX), 4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP), and GABA (all from
Sigma) were prepared in water and diluted to the desired concentration
in extracellular medium. All drugs were locally applied through a Y tube
(Murase et al., 1989) modified for optimal solution exchange in brain
slices (Hevers and Luddens, 2002).

Data analysis. Tonic current was measured as the difference in the
mean baseline current devoid of synaptic events during and before ap-
plication of BIC (25 uM). Baseline current was computed from a mini-
mum of 3 s of continuous recording. Recordings with unstable baseline
(>10% difference from the mean baseline current) were not included in
the analyses. Trace segments without synaptic current were selected. The
PSCs are very infrequent in the knock-out, and in the WT the PSC
frequency is low enough to consistently allow the selection of synaptic
current-free segments of 3 s or more. Current density was computed as
the ratio of I/C,,,. Dose—response curves were fitted using Origin (Micro-
cal Software, Northampton, MA) with the following logistic function:
Leate = Ionin + (Innax = Lipin/1 + ([Drug] **P/ECy)), where I, and I,
are minimal and maximal evoked currents, [Drug] is GABA or THIP
concentration, and slope is slope of the curve. Events for single-channel
dwell time analyses were collected using half-amplitude threshold detec-
tion method built into Clampfit 9 software (Molecular Devices). A min-
imum of 1000 events were collected for all conditions. Superimposed
openings were excluded. Logarithmic open interval distributions were
binned and fitted with a sum of three logarithmic exponential probability
density functions using the maximum likelihood method after taking the
square root of the bin counts to improve statistical scatter of the data
(Sigworth and Sine, 1987). Instantaneous frequency of single-channel
openings was calculated as the inverse of the time elapsed between the
start of current and the start of last event averaged across all registered
events. Mean unitary current was determined from the fits of amplitude
distributions with Gaussian components. Single-channel chord conduc-
tance was determined from the unitary current and the Cl~ driving
force. Alternatively, single-channel slope conductance was estimated
from the linear fit of the I-V relationship. Only the openings to the main
conductance level were considered for the I-V fit. All single-channel data
analyses were performed with Clampfit 9 software. Statistical compari-
sons were done using a two-tailed Student’s f test assuming homogeneity
of variances of the samples as verified by F test. All data are expressed as
mean * SEM, unless otherwise indicated.

Results

Tonic GABA ,-mediated current

Whole-cell tonic current was measured after application of BIC
(25 um) as described in Materials and Methods. Measurements
were done in mice from eight different litters. Tonic current in
cerebellar granule neurons in slices from a1 ~'~ mice was 62%
larger than tonic current measured in +/+ CGCs (—/—,39 = 3
pPA, n = 32; +/+,24.1 £ 3 pA, n = 31; p <0.01) (Fig. 1). The
variance of the baseline devoid of synaptic events (in the absence
of BIC) was larger in the a1 '~ CGCs (34.7 + 4.4 pA?) and
significantly different from the +/+ (23.3 = 2.7 pA% p = 0.03).
The difference in the coefficient of variance of the baseline cur-
rent in the absence of BIC was not significant (—/—, 14 = 2%;
+/4, 14 = 3%; p = 0.81). Granule cells in both genotypes were
similar in size as assessed by visual inspection and capacitance
measurements (—/—, 4.2 = 0.2 pF, n = 12; +/+, 4.4 = 0.3 pF,
n=12;p > 0.65).

Bicuculline is known to block also nicotinic ACh receptors
(Rossi et al., 2003). To ensure that tonic current was mediated by
GABA, receptors in both genotypes, another, more specific
GABA, antagonist, gabazine (SR95531, 10 uMm) was applied be-
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Figure 1. Larger tonic GABA, receptor-mediated current in CGCs of a1 ~/~ mice. A, Rep-
resentative current traces from cerebellar granule cells in brain slices of wild-type (+/+, top)
and a1 knock-out (—/—, bottom) mice. Application of the competitive GABA, antagonist BIC
(25 pum) reveals a tonic conductance. B, Amplitude distributions of current traces in A. Distribu-
tions were drawn from current segments immediately preceding BIC application. Mean base-
line current during application of BIC (25 wum) was adjusted to 0. The average values of tonic
current, normalized to the cell capacitance were as follows: 6 == 0.75 pA/pF,n = 31for +/+;
9.75 = 0.75 pA/pF, n = 32for a1 ~/~; p < 0.02. Tonic current was calculated as described in
Materials and Methods. Data are derived from >15 mice in eight litters. For values of variance
and coefficient of variation of the baseline noise, see Results.
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Figure 2. Increased tonic current in the a1 '~ (GCs is not accounted for by increased
action potential-dependent vesicular release or nonspecificity of BIC. A, Representative traces
showing a slight inhibition of tonic current by TTX (0.5 um) in +/+ (left, black) and o1 =
(right, gray) slices. The full extent of tonic conductance in these cells can be seen during appli-
cation of BIC (25 m). White dotted lines are centered at the mean baseline current in the
absence of TTX; a small inward current immediately preceding TTX application is a delivery
method artifact. A spontaneous IPSC can be seenin the +/+ trace; in the a1 '~ spontane-
ousIPSCsare observed but at much lower than +/+ frequency (unpublished observation). The
breaks between TTX and BIC applications are not drawn to scale; total duration of TTX applica-
tion for the WT trace in this panel was 44 s and for the KO trace was 30 s. There were no
differences in TTX effect on tonic current between genotypes: +/+,3.1 = 0.7 pA, n = 25;
—/—,35 %= 14pA n=12;p = 0.75. B, Application of the specific GABA, antagonist
SR95531 (10 wum) completely blocks tonic current without additional inhibition by BIC as illus-
trated in this P25 +/+ trace. Not shown is application of SR95531 after BIC without a change
of baseline current. Similar results were observed in two other +/+ and three a1~/ cells.

fore and after application of BIC in a separate experiment. No
changes in baseline inhibition were observed between the two
antagonists (Fig. 2B), indicating that tonic non-GABA,-
mediated conductances do not appreciably contribute to
bicuculline-sensitive tonic current in our conditions. Further-
more,in 10 +/+ and 10 —/— cells, K" conductance was blocked
by substituting CsCl for KCl in the intracellular solution. These
experiments revealed no differences in tonic current size between
the CsCl-containing (+/+, 20.3 = 2.6 pA, n = 10; —/—, 35.6 =
3 pA,n=10;p <0.01) and KCl-containing (+/+,25.9 = 4.2 pA,
n = 21; —/—, 39.5 £ 4.6 pA, n = 22; p = 0.03) solutions for
neither +/+ (p = 0.35) nor —/— (p = 0.4) cells.

Because neurotransmitter spillover after vesicular release is
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thought to be a major source of ambient GABA, we looked at
whether action potential-dependent vesicular release is different
between the +/+ and the a1 '~ mice. Consistent with the re-
ports of action potential-independent vesicular release in late
postnatal development in rats (Wall and Usowicz, 1997; Hamann
etal., 2002), application of TTX (0.5 M) had only minor effects
on tonic current in both genotypes and was not significantly
different between them (Fig. 2A).

Role of a6 and & subunit-containing receptors

A change in number of extrasynaptic receptors is one possible
source of the tonic GABA , current increase in the a1 ~/~ mice. In
the mouse cerebellum, these receptors contain a6 and & subunits,
and several lines of evidence suggest their colocalization in the
same protein (Jones et al., 1997; Nusser et al., 1998).

To uncover a possible upregulation of the a6 and 8 subunit-
containing GABA , receptors, we recorded whole-cell responses
to a range of concentrations of GABA , partial agonist THIP and
normalized them in each cell to a response evoked by saturating
[GABA] (1 mm) (Fig. 3). THIP has been used at low concentra-
tions to activate d subunit-containing extrasynaptic receptors in
the thalamus (Belelli et al., 2005; Cope et al., 2005). Although it is
not a subunit-selective GABA , agonist, THIP has increased effi-
cacy at the a4 and 8 subunit-containing GABA, receptors and
comparable with GABA potency and efficacy at the a6 subunit-
containing receptors (Ebert et al., 1997; Brown et al., 2002). At
high concentrations, THIP is expected to behave as a nonselective
GABA , agonist, and the fitted dose—response curves indicated a
loss of low-affinity THIP-sensitive receptors in the a1 /" cells,
consistent with the lack of the a1 subunit (Fig. 3B). Because a1
subunits are unavailable for activation and currents evoked by
saturating GABA in the al =/~ were only 32% of those in the
+/+ CGCs (Fig. 3A), the contribution of a6 and & subunit-
containing receptors to the total GABA ,-mediated current is sig-
nificantly larger in the a1 ™/~ mice (Fig. 3B). However, at low
doses of THIP (0.5 and 5 uM), an average whole-cell response was
not significantly different between genotypes, although a trend
toward smaller responses in the a1 =/~ group increased with in-
creasing THIP concentrations (Fig. 3C). Therefore, confirming a
recent biochemical report (Ogris et al., 2006), we observe no
increase of functional, low-[THIP]-sensitive a6 and & subunit-
containing GABA, receptors in the a1 '~ CGCs.

As additional confirmation of these observations, we ex-
ploited the characteristic high affinity of extrasynaptic a6 and 6
subunit-containing receptors for GABA (Saxena and Macdonald,
1994, 1996; Ducic et al., 1995) to compare the abundance of these
subunits in the a1 ~/~ with the +/+ neurons. Measurements of
whole-cell currents elicited by low concentrations of GABA re-
vealed no significant difference between genotypes (Fig. 3D), al-
though, once again, contribution of the high-affinity GABA , re-
ceptors to total GABA conductance was significantly larger in the
al '~ group because of, as with THIP, a dramatic reduction of
response to saturating GABA (Fig. 3A,E).

Single-channel properties of extrasynaptic receptors

We then explored the possibility that a change of biophysical
properties of extrasynaptic GABA, receptors might account for
the increase of tonic current observed in CGCs of the al ™/~
mice. Recording GABA , receptor currents in outside-out patches
excised from CGCs revealed an abundance of brief single-
channel openings in the a1 ™/~ group (Fig. 44, B). In the pres-
ence of 50 uM GABA, the mean single-channel open time was
46% shorter in the &l ~/~ than in the +/+ patches, a difference
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Figure 3.  Sensitivity of GABA, receptors to activation by THIP (Gaboxadol) and low GABA

concentrations in CGCs lacking the a1 subunit. A, Whole-cell responses of granule cells in
cerebellar slices from +/-+ (top) and a1 '~ (bottom) mice to applications of THIP (50 1um)
and GABA (1 mw). Notice a decrease in both THIP- and GABA-activated currentsin the a1 ~/~.
Applying a saturating concentration of GABA (1 mw) allowed for an estimate of the total func-
tional GABA, receptorsin the +/-+ and a1~/ groups. Average current densities calculated
from responses to 1 mm GABA were as follows: 382 == 62 pA/pF, n = 10 for +/+;123 £ 26
pA/pF,n = 10for —/—; p < 0.01. B, Whole-cell THIP dose—response normalized to currents
elicited by saturating GABA (1 mm; GABA ;). Response at each concentration was normalized to
GABA applied to the same cell. Notice the difference in maxima (+/+, 67 = 5%; —/—,
105 = 8%). EC, values are 6.8 = 0.9 wumfor +/+ (n, = 0.9)and 1.3 = 0.9 umfor a1 ~/~
(ny = 0.95). Currents from 5-10 cells were recorded at each concentration. *p < 0.05. C,
Whole-cell current density evoked by the two lowest THIP concentrations. The difference be-
tween THIP-evoked currents in the +/+ (black; 0.5 um, 36 == 5 pA/pF,n = 8; 5 um, 128 =
22 pA/pF,n = 6) compared with the o1~/ (gray; 0.5 um, 25 = 6 pA/pF,n = 7;5 um, 93
12 pA/pF, n = 12) becomes larger at higher [THIP]. D, Low concentrations of GABA elicit similar
whole-cell responses in CGCs of +/+ (black; 0.5 um, 24 == 2 pA/pF, n = 8;3 um, 51 = 11
pA/pF,n = 12)andthe a1~/ (gray; 0.5 um, 21 = 5pA/pF,n = 6;3 pum, 47 = 7 pA/pF,n =
16) mice ( p > 0.4 for both concentrations). E, GABA dose—response curves in +/+ and
a1~/ cells normalized to currents evoked by saturating GABA (1 mm). Response at each
concentration was normalized to GABA applied to the same cell. Currents from 6 —16 cells were
measured for each concentration point. ECy, values determined from fitted curves are 10 % 1.2
umfor +/4 (n, = 1.1)and 1.3 = 0.9 pmfor a1 ~'~ (n,, = 0.95). *p < 0.05.

significant at p = 0.01 (Fig. 4C, left). Across four GABA concen-
trations (endogenous GABA and three exogenously applied con-
centrations), the mean single-channel open time was 32% shorter
in the a1~/ patches (Fig. 4C, left). Short mean open times ob-
served here are consistent with the kinetic behavior of the high-
affinity a6 and 6 subunit-containing receptors (Fisher and Mac-
donald, 1997; Fisher 2004).

For purposes of additional analysis, we defined long-lived
open intervals as those lasting >1 ms (based loosely on the point
of divergence of +/+ and @l ~/~ open interval distributions as in
Fig. 4 B). Increasing GABA concentrations activated increasingly
more long-lived states in patches from the +/+ but not the
al ™'~ cells (Fig. 4C, middle), likely indicative of a progressive
recruitment of the low-affinity (al-containing) receptors in the
wild type. This suggestion, however, must be interpreted with
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Figure4.  Single-channelrecordings reveal long-lived open states in patches excised from CGCs of +/+ butnot a1~/ cells.
A, Examples of single-channel traces from CGC patches of +/+ (left)and a1 ~/~ (right) mice at P23 during an application of 50
oM GABA. Recordings were obtained in isotonic CI — with I/, of —100 mV. Notice short open intervals in the +/+ patch. Traces
filtered at 1000 Hz for display only. B, Left, Binned logarithmic distribution of open intervals during continuous application of 50
M GABA for the +/+ patch illustrated in 4, fitted with a sum of three exponential components. Right, A scaled overlay of this
distribution (black) with an open time distribution for the 1 /™ patch in A (gray) illustrates similar distributions of short open
intervals but a greater proportion of longer open intervals for channels in +/+ patches. The time constants (and relative areas)
of the components are as follows: +/+,0.36 (0.51), 1.52 (0.39), and 7.1 (0.1); —/—,0.27 (0.79), 1.02 (0.17), and 5.73 (0.03).
The mean open times across four +/+ and three '~/ patches in the presence of 50 jum GABA are 0.78 = 0.09 and 0.42 =
0.02 ms, respectively ( p = 0.01). €, Sensitivity of short and long open intervals in patches from +/+ (black bars) and a1 ~/~
(gray bars) mice to increasing GABA concentrations. Amb, Open intervals collected in the presence of endogenous (ambient) and
absence of exogenous GABA. Left, A histogram of mean open intervals of GABA, channels in +/+ and a1 ~/~ patches at
different GABA concentrations (n = 3—4 patchesin each condition; *p = 0.01). Middle, A histogram of the number of long open
intervals (=1 ms) at different GABA concentrations in patches from +/- and a1~ cells. Long openings are expressed as a
percentage of all events within the same time interval (*p = 0.01, **p << 0.01). Right, A histogram of mean open times of long
(=1ms) open intervals. Differences between the +/+ and the —/— patches are not statistically significant ( p > 0.08 at 0.5
umand p > 0.48 at all other concentrations).
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events per second (in 500 nMm GABA, +/+,
92 *+ 42; —/—, 131 £ 76, p = 0.59; in 50
uM GABA, +/+,179 = 116; —/—, 203 =
153, p = 0.82) or instantaneous frequency
(in 500 nm GABA, +/+,738 = 207; —/—,
481 = 101, p = 0.08; in 50 uMm GABA,
+/+, 705 £ 119; —/—, 580 = 158, p =
0.28). Lack of frequency differences with
high [GABA] may prove intriguing pro-
vided the caveats of frequency estimation
are considered (see Discussion).

Together with the mean open time
analyses and results of whole-cell current
measurements, these data bring additional
support to the hypothesis that compensa-
tory upregulation of high-affinity extra-
synaptic a6 and & subunit-containing
GABA, receptors or compensatory
changes in single-channel properties are
not responsible for tonic current increase
in the a1 '~ CGCs.

Role of uptake transporters
The active role of uptake transporters in
regulation of extracellular neurotransmit-
ter concentration has been emphasized in
a number of recent publications (Semy-
anov et al., 2003; Chiu et al., 2005; Wadi-
che and Jahr, 2005). In the rodent cerebel-
lum, GABA uptake is mediated by GAT-1
and GAT-3. GAT-1 expression is mostly
localized to neurons, whereas GAT-3 is
preferentially expressed in the glia (Itouji
et al.,, 1996; Pow et al., 2005). NO711-
sensitive GAT-1 fraction accounts for up
to 85% of all GABA transport in whole-
cerebellum preparations (Chiu et al,
2005). If ambient GABA concentration is
higher in the a1 ~/~ than in the +/+, then
more GATs should be recruited at any
given time in slices from the ol ~/~ mice,
assuming that transporters work in the
forward direction transporting GABA into
the cell and are not already saturated by a
lower-than-ambient GABA.

To assess transporter activity in the two

caution in view of a nonzero probability of observing a6 and &
subunit-containing receptors in a long-lived open state (Fisher
and Macdonald, 1997; Fisher, 2004). The fact that a small portion
(<10%) of all open intervals in the a1 ~'~ cells were long (Fig.
4C, middle) implicates a6-, 8-, or a2/3-containing GABA re-
ceptors (see Discussion). The number of long-lived open inter-
vals did not change with increasing GABA concentrations in the
al 7'~ cellsbutincreased more than twofold from lowest to high-
est GABA concentration in the +/+ (Fig. 4C, middle) cells. No
significant differences in the duration of long-lived open states
were detected between the a1 ~'~ and the +/+ groups (Fig. 4C,
right).

No differences between genotypes were found in single-
channel conductance (in the presence of 50 um GABA, +/+,
24 £2pS,n=3;—/—,22 %= 0.6 pS,n = 3;p = 0.38). The overall
frequency of single-channel openings was likewise not signifi-
cantly different between genotypes whether when measured as

genotypes, we performed CGC recordings in the presence of the
GAT-1-specific blocker NO711 (5 um). Application of NO711
elicited an inward current, reflecting accumulation of GABA in
the extracellular space; this current was completely blocked by 25
uM BIC (Fig. 5A). NO711-evoked currents were significantly
larger in CGCs from the a1 =/~ mice (14.9 = 2.1 pA; n = 20) than
from the +/+ mice (8.4 = 1.5 pA; n = 31;p = 0.01) (Fig. 5B). We
also investigated the effect of GAT-1 blockade under conditions
when reversed transport was induced in the +/+ and ol /'~
CGCs by increasing intracellular NaCl and GABA concentrations
to 5 mM NaCl and 1 mM GABA in one experiment and to 20 mm
both NaCl and GABA in another (and reducing intracellular KCI
to maintain osmolarity; see Materials and Methods) as described
by Wu et al. (2003). Under these conditions, application of
NO711 still evoked an inward current, albeit of slightly smaller
magnitude (on average, ~2 pA smaller than under normal con-
ditions in the same genotype; data not shown). We conclude that
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Figure5. Differencesin endogenous extracellular GABA concentration enhance GABA trans-
porter activity in the a1 /™ mice. A, A representative trace from a (GCin a P23 +/+ slice.
Blocking GABA uptake with the GAT-1 inhibitor NO711 results in accumulation of GABA in the
extracellular space and activation of tonic BIC-sensitive conductance. The gray dotted line is
centered at the mean baseline current in the absence of NO711. B, An overlay of +/+ (black)
and a1~/ (gray) traces illustrating the effect of GABA uptake inhibition in the two geno-
types. NO711-evoked currents were on average 77% larger in the o1 ~/~ compared with
~+/+ CGCs (for current values, see Results).
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Figure 6.  BIC-sensitive tonic current and NO711-evoked currents measured in CGCs from

+/+ and a1 /" slices maintained in extracellular solution containing 500 nm GABA. 4,
Current amplitude distributions of 2.5 s segments of current traces devoid of synaptic currents
from one +/+ (black fit) and one 1~/ (gray fit) CGC during application of NO711 (5 ).
The mean baseline currentimmediately preceding NO711 application was adjusted to 0 in both
cases. Gaussian fits of these distributions give mean peak amplitude values of —27.7 = 0.06 pA
for +/+ and —11 = 0.13 pA for a1 /™. B, No significant differences between genotypes
were observed during application of 25 M BIC. Application of NO711 elicited an average of 86%
larger ( p < 0.01) currents in the +/- than in the &1 /™ neurons (for current values, see
Results).

GAT-1 located on the recorded CGCs contribute only minimally
to the overall GAT-1 activity. Therefore, it is unlikely that the
results of NO711 application in the recordings with normal in-
tracellular solution are an artifact of replacing endogenous intra-
cellular milieu with intracellular recording solution.

We next asked whether increased extracellular GABA concen-
tration in the CGCs from a1l ~/~ was a result of lower GAT-1
activity in the cerebellum of these mice. Because GAT-1 activity
depends on extracellular GABA concentration, we recorded
NO711-evoked tonic currents from +/+ and a1 ~'~ slices con-
tinuously perfused with extracellular solution containing 500 nm
GABA. Wild-type and al ~/~ slices were kept in the same record-
ing chamber for equal periods of time, and recordings were done
alternately from +/+ and a1 ~/~ cells. With 500 nm GABA in the
bath, application of NO711 elicited significantly larger inward
current in +/+ CGCs (26.5 = 4.5 pA; n = 11) than in the 1 /'~
CGCs (14.2 £ 1.7 pA; n = 14; p < 0.01) (Fig. 6 A, B).

Additionally, no differences in tonic bicuculline-sensitive cur-
rent were seen in the presence of 500 nm bath GABA (+/+,
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Figure7.  GAT-1and GAT-3 protein expression. A, Top, Western blot samples of +/+ and

a1/~ staining with antibodies directed against GAT-1 (67 kDa) and GAT-3 (71 kDa). GAT-3
staining revealed a doublet with no band intensity differences between the entire band or the
individual upper and lower bands. Bottom, A histogram of average normalized band intensity
from three +/+ and three o1 ~/~ samples. GAT-3 upper, Upper band of the GAT-3 doublet.
B, Comparison of the surface expression of GAT-1 and GABA, «6 subunit in mouse cerebellar
slicesin +/+ (GAT-1,61 + 24%; a6, 67 = 4%;n = 3)and a1 '~ (GAT-1,48 = 20%; a6,
53 = 7%; n = 4). The values are not significantly different ( p = 0.66 for GAT-1; p = 0.15 for
«b). Percentage surface expression was determined as described in Materials and Methods.

66.6 = 7.4pA,n=14;—/—,63.2 £3.2pA,n=23;p=0.64) (Fig.
6 B). These results support our conclusion that tonic GABA , cur-
rent increase in CGCs from a1 =/~ mice is mediated by increased
extracellular GABA concentration and suggest that decreased
GAT-1 activity in the ol /= may underlie such increase in
concentration.

We investigated, therefore, whether a decrease in GAT-1 pro-
tein expression is responsible for decreased GAT-1 activity and
probed also the expression levels of GAT-3 protein. As shown in
Figure 7A, immunoblotting of the membrane-bound GAT-1 and
GAT-3 proteins revealed no differences in normalized band in-
tensity for either protein between three +/+ (GAT-1, 0.21 =
0.01; GAT-3,0.37 = 0.05) and three a1 =/~ (GAT-1,0.24 * 0.04,
p =0.42; GAT-3,0.41 = 0.08, p = 0.62) mice. Given that Western
blot resolution is limited to an approximately twofold change of
labeled protein and reflects the protein from the whole cerebel-
lum, it is possible that a smaller or a very local change of GAT-1 or
GAT-3 protein expression escaped detection by this method. Al-
ternatively, GAT-1 activity difference between genotypes is a re-
sult of a difference in the efficiency of transport but not the num-
ber of GAT-1 proteins (see Discussion). Thus, we compared the
efficiency of GABA transport in cerebellar slices from a1 =/~ and
+/+ mice by [’H]GABA uptake assay. Slices from al =/~ incor-
porated an average of 20% less radioactive GABA via uptake
mechanisms than their +/+ counterparts (16.3 = 1.1 pmol/mg
protein for +/+, n = 3; 11.6 = 1.2 pmol/mg protein for a1l /",
n = 3; p < 0.05), indicating impaired transport and providing a
physiological basis for increased tonic GABA current in cerebel-
lar granule cells of these mice.

a6 and GAT-1 surface expression

Our results argued against both an increased expression of a6 and
& subunit-containing GABA , receptors and decreased expression
of GABA uptake transporters, the most obvious possible media-
tors of tonic GABA, current increase. In an effort to confirm
these conclusions, we looked at the expression of a6 subunit and
GAT-1 proteins on the cell surface by use of a biotinylation agent.
Biotinylation assays revealed no difference in cell surface expres-
sion of either of the two proteins between the two genotypes (Fig.
7B). Extending the Western blot analysis, these results further
indicate that deletion of a1 subunit did not affect the recycling
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rate of GAT-1 that could potentially lead to a change in surface
expression of this protein in a1 ~/~ cells.

Discussion

Our first finding is that CGCs in mice with targeted deletion of
the GABA, receptor a1 subunit gene manifest an increase of
tonic GABA, receptor-mediated current. Such increase is poten-
tially capable of compensating for the loss of phasic inhibitory
drive to these cells, establishing an intriguing “balancing act”
between synaptic and tonic forms of GABA ,-mediated inhibi-
tion. It must, however, be remembered that other regulatory
mechanisms are activated after the disruption of the al gene
(Vicini and Ortinski, 2004). These mechanisms may extend be-
yond the GABAergic system and beyond neurotransmitter sig-
naling systems (Heinen et al., 2003; Reynolds et al., 2003). Related
to tonic current is a study showing a K conductance increase in
CGCs of mice lacking the a6 subunit of the GABA, receptor
(Brickley et al., 2001). Other systems notwithstanding, a 62%
increase of tonic GABA ,-mediated inhibition that we observe,
compounded with compensatory changes of synaptic currents
(Vicini et al., 2001; Ortinski et al., 2004), is likely to play a major
role in regulating neuronal excitability in these mice.

Multiple sources can lead to an increase of tonic current. In-
crease in expression of extrasynaptic high-affinity receptors is
one, especially in light of evidence for coordinated expression of
the a1, a6, 82, and y2 genes (Uusi-Oukari et al., 2000). Biochem-
ical studies, however, conclude that upregulation of a6 and 6
subunit-containing GABA, receptors is absent in the ol '~
mice, despite the increased levels of a6 protein (Ogris et al.,
2006). Similarly, our biotinylation results indicate no change of
a6 subunit expression on the cell surface. It is difficult to estimate
the functional impact of these observations because the ol ~/~
mice display a downregulation of 32/3 and 2 subunit proteins,
and this is often not paralleled by the corresponding mRNA level
changes (Sur et al., 2001; Kralic et al., 2006; Ogris et al., 2006).
Addressing the lack of functional data, our whole-cell recordings
find no evidence of an increase in high-affinity, a6- and
6-containing GABA, receptors, despite the dramatic reduction
of the total number of GABA, receptors activated by saturating
[GABA]. This argues for independent regulation of expression of
al- versus a6- and 8-containing GABA , receptors in this knock-
out model.

An increase of action potential-dependent vesicular GABA
release is a possible source of increased ambient GABA. In our
conditions, TTX blocked only a minor portion of the tonic cur-
rent. The relative insensitivity of tonic current to TTX blockade
has been reported in CGCs of rats of comparable age (Wall and
Usowicz, 1997; Hamann et al., 2002; Wall 2005), although at least
one report argues against such insensitivity in mice (Brickley et
al., 2003). The issue could be related to the viability and/or activ-
ity of Golgi cells in different slice preparations. We observed no
difference in the ability of TTX to block tonic GABA current in
the CGCs of +/4 and a1 ~/~ mice. Rossi et al. (2003), however,
reported activation of tonic current by action potential-
independent nonvesicular release in rat CGCs. Future studies
may elaborate on this alternative by recording from slices incu-
bated with tetanus or botulinum toxins.

A difference in biophysical properties of single extrasynaptic
GABA, receptor channels could underlie an increase in tonic
current. GABA, receptor kinetics are susceptible to modulation
by a variety of factors, including protein kinases (Nusser et al.,
1999; Hinkle and Macdonald, 2003; Jovanovic et al., 2004), ex-
tracellular pH (Mozrzymas et al., 2003), and membrane voltage
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(Pytel et al., 2005). We observed no differences between geno-
types in single-channel conductance or frequency of openings
across several GABA concentrations. Some caution is, however,
required with interpretation of the frequency data considering
the difficulty of controlling for equal number of channels in the
excised patches.

The mean channel open time was invariably shorter in the
al ™' cells and consistent with the kinetic behavior of a6 and &
subunit-containing receptors (Fisher and Macdonald, 1997;
Fisher, 2004). Outside-out patches pulled from CGCs contain
mostly extrasynaptic membranes (Nusser et al., 1998). Despite
this, a small fraction of commonly synaptic «132/3/y2 GABA,
receptors can be identified on granule cell soma (Nusser et al.,
1998). If «2/3 subunit-containing receptors, which are partially
retained at mature synapses of al /= mice (Vicini et al., 2001;
Ortinski et al., 2004), are also delivered to somatic locations, they
will have influenced our single-channel responses in the al '~
cells. Relative to a6- and &-containing receptors, o2/3-
containing receptors have lower affinity to GABA and enter long-
lived open states (Gingrich et al., 1995; Saxena and Macdonald,
1996; Lavoie et al., 1997). Indeed, we observed a small fraction
(<10%) of long-lived open states among the majority of short
openings in patches from the a1 ~/~ CGCs. The fraction of these
openings to the total number of events, however, did not increase
with increasing GABA concentrations, as could be expected from
an increasing recruitment of the low-affinity receptors and as was
observed in patches from +/+ CGCs. Thus, long-lived open in-
tervals in the +/+ likely represent a mixed response of the low-
affinity al-containing receptors and the high-affinity a6 and 6
subunit-containing receptors, because a6- and 8-containing re-
ceptors are capable of entering such long-lived states with a low
probability (Fisher and Macdonald, 1997; Fisher, 2004).

The absence of extrasynaptic receptor upregulation, shorter
open time intervals, and comparable frequency of openings of
channels in patches excised from al /=~ CGCs suggest that an
increase in extracellular GABA concentration is responsible for
tonic current increase in these mice. Adding 500 nm GABA to the
extracellular solution, in fact, eliminated the differences in tonic
current between the +/+ and the a1 =/~ CGCs. Moreover, re-
cordings done under these conditions revealed a significantly
smaller level of GAT-1 activity in the a1 ~/~ CGCs. Biochemical
experiments with [°H]GABA provided additional evidence of
reduced transporter activity in the a1 ~/~ mice. Other conditions
being equal, a reduction of uptake activity increases extracellular
[GABA] and tonic GABA, current, as demonstrated in trans-
genic mice lacking GAT-1 (Chiu et al., 2005). One must be care-
ful, nevertheless, about concluding that decreased GAT uptake
precedes and causes the increase of ambient GABA concentration
in the @l =/~ model. Given the evidence of plasticity of GAT
expression (Zahniser and Doolen, 2001; Robinson, 2002; Quick
et al., 2004) with the possibility of homeostatic regulation of
GABA metabolism and of vesicular GABA content in the al
knock-out mice (Ponomarev et al., 2006), the temporal sequence
may be different and other events may be involved.

Regarding reversibility of neurotransmitter transporters (Levi
and Raiteri, 1993; Gaspary et al., 1998; Richerson and Wu, 2003),
we and others (Rossi et al., 2003) find no evidence that trans-
porter reversal significantly contributes to increase extracellular
[GABA] in the CGC layer. There remains a possibility that we
could not detect a small fraction of GATs operating in the re-
versed manner in response to narrowly localized differences in
concentration gradients of the transported ions.

Our biochemical analyses indicate that membrane-bound
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GAT protein levels are not significantly different between the
genotypes. Although a change in GAT protein may be below the
levels of Western blot and biotinylation assays resolution, a
change in GAT protein expression is not required for a change in
GAT uptake capacity (Sutch et al., 1999; Zahniser and Doolen,
2001; Fueta et al., 2003; Quick et al., 2004). Similar to our find-
ings, Sutch et al. (1999) reported a reduction of GAT-1 activity
without changes in the number of these proteins in Genetic Ab-
sence Epilepsy Rats from Strasbourg. Regulation of extracellular
[GABA] by GATs, however, is complicated by evidence that ex-
tracellular [GABA] can in turn regulate GAT activity (Bernstein
and Quick, 1999). Our rough estimate of increase of ambient
[GABA] in the al knock-out is on the order of 100-200 nm
(based on currents elicited by BIC and low [GABA]). It is likely
that this relatively small increase in [GABA] is not sufficient to
activate the upregulation mechanism for GAT-mediated
transport.

Lack of a large portion of synaptic receptors and a 20% reduc-
tion of GAT activity can be speculated to introduce an imbalance
of control over extracellular [GABA]. In light of such imbalance,
the short single-channel open times and insensitivity to increas-
ing [GABA] in the a1 ~/~ may play a role of stabilizing the inhib-
itory drive over a range of GABA concentrations.

Of note is the fact that mouse GAT-1 knock-out mice (Chiu et
al., 2005) exhibit a slight tremor similar to the one reported in the
al ™/~ mice (Kralic et al., 2002, 2005). Of additional interest is
that various epilepsy models are associated with decreased GAT
activity (During et al., 1995; Sutch et al., 1999; Patrylo et al., 2001;
Fueta et al.,, 2003). The presence of a physiologically relevant
tremor in this knock-out model (Kralic et al., 2005) together with
decreased GAT activity and increased extracellular [GABA] add a
line of evidence with a potential for understanding regulation of
neuronal excitability in pathological states.

In conclusion, we identify tonic GABAergic current as a novel
compensatory mechanism in the CGCs of mice lacking the al
subunit of the GABA, receptor and provide evidence that GAT
activity could serve as a highly sensitive regulator of neuronal
excitability.
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