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Status Epilepticus Increases the Intracellular Accumulation

of GABA, Receptors

Howard P. Goodkin,'2 Jwu-Lai Yeh,* and Jaideep Kapur!

Departments of 'Neurology and 2Pediatrics, University of Virginia Health Sciences Center, Charlottesville, Virginia 22908, and *Department and Graduate

Institute of Pharmacology, College of Medicine, Kaohsiung Medical University, Kaohsiung 807, Taiwan

Status epilepticus is a neurological emergency that results in mortality and neurological morbidity. It has been postulated that the
reduction of inhibitory transmission during status epilepticus results from a rapid modification of GABA, receptors. However, the
mechanism(s) that contributes to this modification has not been elucidated. We report, using an in vitro model of status epilepticus
combined with electrophysiological and cellular imaging techniques, that prolonged epileptiform bursting results in a reduction of
GABA-mediated synaptic inhibition. Furthermore, we found that constitutive internalization of GABA , receptors is rapid and acceler-
ated by the increased neuronal activity associated with seizures. Inhibition of neuronal activity reduced the rate of internalization. These
findings suggest that the rate of GABA, receptor internalization is regulated by neuronal activity and its acceleration contributes to the
reduction of inhibitory transmission observed during prolonged seizures.
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Introduction

Seizures are paroxysmal events characterized by the excessive,
synchronous bursting of a group of neurons. The majority of
seizures terminate spontaneously within a short period of time
because of endogenous inhibitory mechanisms. Some seizures do
not stop, which results in a life-threatening neurological emer-
gency called status epilepticus (SE). There are estimated to be
between 126,000 and 195,000 cases of SE each year in the United
States (DeLorenzo et al., 1995). In the 30 d following SE, a mor-
tality as high as 25% has been reported, a rate that approaches the
deaths from gunshot wounds, major head trauma, and myocar-
dial infarction (Towne et al., 1994). Those who survive SE are at
risk for neurological morbidity, such as injury to the hippocam-
pus and the development of chronic epilepsy (Jackson et al., 1998;
VanLandingham et al., 1998; Schulz and Ebner, 2001).

Single and recurrent seizures result in a reduction in GABA-
mediated inhibition. Animal models of SE resulting from contin-
uous hippocampal stimulation, cholinergic stimulation, and ex-
citatory amino acid stimulation also demonstrate a loss of
inhibition during SE (Kapur and Macdonald, 1996). Thus, it has
been suggested that SE is a self-reinforcing condition in which
there is a progressive, use-dependent reduction of GABA-
mediated inhibition of principal neurons. Reduced inhibition
allows the seizure to continue, causing yet an additional decrease

Received March 7, 2005; revised April 18, 2005; accepted April 26, 2005.

This work was supported by the National Institutes of Health Grants NS-040337 (J.K.), NS-44370 (J.K.), NS-
048413 (H.P.G.), and HD-001421(H.P.G.). We thank Ashley Renick for the preparation of the hippocampal cultures,
Chengsan Sun for his assistance in the fluorescent internalization assay, and Kevin Kelly, Catherine Croft Swanwick,
and Stacey Trotter for their very careful reading of this manuscript and thoughtful comments.

Correspondence should be addressed to Dr. Howard P. Goodkin, Department of Neurology, University of Virginia,
P.0. Box 800394, Charlottesville, VA 22908. E-mail: hpg9v@virginia.edu.

DOI:10.1523/JNEUR0SCI.0900-05.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/255511-10$15.00/0

in inhibition and continuation of the seizure. The pathophysio-
logical mechanism responsible for this progressive reduction of
inhibition during SE has not been completely elucidated. How-
ever, recordings of whole-cell GABA, receptor (GABAR) cur-
rents from acutely dissociated principal neurons of the hip-
pocampus obtained from rats in SE (Kapur and Coulter, 1995;
Kapur and Macdonald, 1997) suggest that this reduced inhibition
is attributable, in part, to an alteration of the population of
postsynaptic GABARs.

GABARSs are known to undergo a continuous cycle of inter-
nalization and insertion into the cell membrane (Borden et al.,
1984). The internalization occurs predominantly via a clathrin-
dependent endocytic process (Tehrani and Barnes, 1993, 1997;
Connolly et al., 1999; Kittler et al., 2000) and can be triggered by
calcium-phospholipid dependent protein kinase C (Chapell et
al., 1998; Filippova et al., 2000) and brain-derived neurotrophic
factor (Cheng and Yeh, 2003; Jovanovic et al., 2004). Internaliza-
tion of the surface GABARs correlates with a reduced response to
GABA, whereas inhibition of internalization results in an in-
creased amplitude of synaptic GABAR currents (Kittler et al.,
2000).

An activity-dependent rapid internalization of GABARSs from
the cell surface is an attractive mechanism that could partially
explain the reduction in GABA-mediated inhibition observed
during the prolonged seizures of SE. Because the number of re-
ceptors at a synapse is an important determinant of synaptic
strength (Edwards et al., 1990; Maconochie et al., 1994; Nusser et
al.,, 1997, 1998), a reduction of the total number of postsynaptic
GABARs could result in a decline of GABAergic inhibition. Al-
though the endocytosis of AMPA receptors is known to be activ-
ity dependent (Ehlers, 2000; Lin et al., 2000), it is not known
whether the rate of GABAR internalization is modulated by neu-
ronal activity.
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Materials and Methods

Treatment of animals followed guidelines set by the University of Vir-
ginia Health Sciences Center Animal Research Committee. All efforts
were made to minimize animal stress and discomfort.

Hippocampal neuronal cultures. The methods for obtaining and main-
taining the hippocampal cultures used in our laboratory have been de-
scribed previously (Mangan and Kapur, 2004) and are modified from
those of Goslin et al. (1998). In these experiments, both high-density and
low-density cultures were used. For high-density cultures, 100,000 cells
are platted on a poly-L-lysine-coated coverslip. For low-density cultures,
10,000 cells are platted.

Electrophysiology. Whole-cell patch-clamp recording of GABA , recep-
tor currents from cultured neurons were performed using standard tech-
niques described previously (Hamill et al., 1981; Mtchedlishvili and Ka-
pur, 2003; Mangan and Kapur, 2004). Thick-walled 1.5 mm (outer
diameter) X 0.86 mm (inner diameter) borosilicate patch electrodes
were pulled on a P-97 Flaming-Brown horizontal puller (Sutter Instru-
ments, Novato, CA) using a three-stage pull to a final resistance of 3-8
MQ). Patch electrodes were filled with an internal solution containing the
following (in mm): 153.3 CsCl, 1.0 MgCl,, 10.0 HEPES, 5.0 EGTA, with a
pH of 7.30 (with sterile filtered CsOH and osmolarity of 280-295
mOsm). ATP disodium salt, in a final concentration of 4 mm, was added
to the solution used to fill the electrode shank just before recording.

The standard, control external medium used for electrophysiological
recordings and immunocytochemical experiments contained the follow-
ing (in mm): 146 NaCl, 2.5 KCl, 2.0 MgCl,, 2.0 CaCl,, 10.0 glucose, and
10.0 HEPES, with a pH of 7.4 (osmolarity of 305-320 mOsm). For ex-
periments performed in a nominally magnesium-free external environ-
ment (0 [Mg>*],), MgCl, was replaced by an osmotically equivalent
concentration of NaCl. For experiments performed in a high-potassium
external environment (10 [KCl],), the 2.5 mm KCl was replaced with 10
mMm KCI. For miniature IPSC (mIPSC) recordings, glutamate receptor-
mediated synaptic currents were blocked by adding 50 um D(—)-2-
amino-5-phosphonovaleric acid (p-APV) and 20 um 6,7-
dinitroquinoaxaline-2,3-dione (DNQX) to the external solution. Action
potentials were blocked by adding 1 uM tetrodotoxin (TTX) to the exter-
nal solution.

Cultured neurons 14-21 d in vitro were viewed on the stage of an
inverted Nikon (Tokyo, Japan) microscope. Current-clamp recordings
were performed by injecting current to alter the membrane potential
between —50 and —100 mV. Mangan and Kapur (2004) have previously
characterized the membrane potential for action potential firing for these
cultured neurons in both the standard, control external medium and 0
[Mg?*], medium and demonstrated that the bursting that occurs in 0
[Mg?™], is a property of the network. Voltage-clamp recordings were
performed at a holding potential of —60 mV. Membrane voltage and
currents were recorded with an Axopatch 200A amplifier (Axon Instru-
ments, Union City, CA) and low-pass filtered at 2-3 kHz with an eight-
pole Bessel filter before digitization, storage, and display. Currents were
recorded for off-line analysis on a Pentium II personal computer using
the Axoscope software program (Axon Instruments) digitized at 400 Hz.
Resistance and capacitance were compensated for each neuron. Each
neuron was recorded for up to 60 min.

Off-line analysis of mIPSC amplitude, 10-90% rise time, decay, and
frequency was performed using MiniAnalysis software (Synaptosoft, De-
catur, GA). The threshold for mIPSC detection was set at three times the
root mean square of baseline noise. The accuracy of detection was visu-
ally confirmed. The amplitude of all mIPSCs greater than the detection
criteria were included in the amplitude analysis. Because the distribution
of mIPSC amplitudes is skewed, a median mIPSC amplitude was calcu-
lated for each neuron, and the mean of the medians is reported. The
10-90% rise time, the time interval between the last data point with a
value of 10% and the first data point with a value of 90% of the peak
amplitude, was determined for all selected events during the recording
period. The decay phase was calculated by fitting individual mIPSCs with
a 10-90% rise time <3 ms to a two-exponential function characterized
by two time constants (7, and 7,) and accepted if * > 0.70. For each
neuron, the decay phase was based on the first 20 current traces meeting

Goodkin et al.  Intracellular Accumulation of GABA, Receptors

these criterion. Decay phase, 10—90% rise time, and frequency values are
reported as mean = SEM. Error bars represent the SEM. Statistical com-
parisons were performed using a two-tailed Student’s ¢ test.

Fluorescence internalization assay. Cultures of living hippocampal neu-
rons 14-18 d in vitro were incubated at 4°C for 1 h in the presence of a
high concentration (20 pg/ml) of an anti-GABAR antibody (Upstate
Biotechnology, Lake Placid, NY) directed against the extracellular
epitopes of the 82/3 subunits (1-3 N-terminal, clone 62-3G1) (de Blas et
al., 1988). Because low temperature is known to inhibit endocytosis,
antibody-bound receptors stay on the surface during this incubation.
After this incubation, the neurons were washed with ice-cold 1X PBS to
remove the unbound antibody, before incubation in an antibody-free
external medium allowing antibody-bound receptors to undergo inter-
nalization, followed by fixation for 15 min with 4% paraformalde-
hyde/4% sucrose. After fixation, the neurons were exposed to a super-
saturating concentration (20 ug/ml) of the first of two secondary
antibodies (Alexa Fluor 488 goat anti-mouse; Molecular Probes, Eugene,
OR) for 2 h under a nonpermeabilized condition before permeabiliza-
tion (0.25% Triton X-100 for 10 min) and incubation with a second
secondary antibody (Alexa Fluor 594 goat anti-mouse, 4 ug/ml) for 1 h.
This process permits antibody-tagged surface receptors to be indepen-
dently identified from those antibody-tagged receptors that have been
internalized before fixation. The super-saturating concentration of the
first secondary antibody is required to limit the possibility of the second
secondary antibody recognizing unlabeled antibody-tagged surface re-
ceptors. The coverslips were mounted on slides with Gel/Mount
(Biomeda, Foster City, CA). The edge of each coverslip was sealed with
clear nail polish, and slides were stored at —20°C.

Fluorescent images of cells were captured on a Roper Scientific (Tuc-
son, AZ) Photometrics CoolSNAPcf CCD camera mounted on a Nikon
Eclipse TE200 fluorescent microscope equipped with a mercury lamp,
with excitation and emission filters optimized for separation of 488 and
594 emission spectra, driven by the MetaMorph imaging software system
(Universal Imaging Corporation, Downington, PA). Before imaging, the
quality of the experiment was assessed using a low-power objective to
assess neuronal morphology and fluorescent variability. Only those cov-
erslips in which neuronal morphology was intact were used. Although
variability in staining was observed, most neurons on a single coverslip
had similar fluorescence intensity. Morphologically intact neurons, in-
dependent of fluorescent intensity, were randomly chosen for imaging.
High-resolution digital images (16-bit) were acquired of each fluoro-
chrome using a 60X 1.4 numerical aperture lens. Image exposure times
ranged from Y0 to 2 s depending on the brightness of the fluorochrome.
The investigator was not blind to the treatment condition. Off-line anal-
ysis of immunoreactivity was performed using the MetaMorph imaging
system. For each captured neuron, the immunoreactive area of surface
and internalized antibody-tagged receptors was determined by thresh-
olding the image so that no weak diffuse background labeling was visible.
Each experiment was replicated three times for a total of 15 neurons per
time point per condition. All values are reported as mean = SEM. Error
bars represent the SEM. Statistical comparisons were performed using a
two-way ANOVA.

Results

Cultures of hippocampal pyramidal neurons on glass coverslips
were prepared per the methods of Goslin et al. (1998). Neuronal
activity in cultures 14 —18 d in vitro was assessed by current-clamp
recordings in the whole-cell recording mode with a ruptured
patch. Neurons were incubated in an extracellular medium con-
taining either 2 mm MgCl, (n = 8) or 0 mm MgCl, (n = 20). In
the presence of MgCl, (Fig. 1 A), occasional spontaneous action
potentials were observed (n = 7). In two of these seven neurons,
there were depolarizations with two or three superimposed ac-
tion potentials. These bursts were always brief, never longer than
1 s, and were rare during the 5 min recording period. In one
neuron, no action potentials were observed during the 5 min
recording period, despite injecting current to vary the membrane
potential between —50 and —100 mV. In the absence of extracel-
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Figure 1.

depolarization with multiple superimposed action potentials.

lular MgCl,, there was recurrent epileptiform bursting in these
neurons (Fig. 1B), characterized by prolonged depolarizations
with multiple superimposed action potentials. This recurrent
sustained bursting is similar to that described previously (Man-
gan and Kapur, 2004) and was observed in 80% of the recordings.

Mangan and Kapur (2004) demonstrated previously that the
recurrent bursting observed in these neuronal cultures did not
alter the resting membrane potential or input resistance of the
neuron. To confirm this finding, input resistance was measured
as described previously (Mangan and Bertram, 1998; Mangan
and Kapur, 2004). In the presence of MgCl,, input resistance was
156.2 = 15.99 MQ) (n = 11). Input resistance was not signifi-
cantly altered by exposure to the nominally magnesium-free me-
dium (168.1 = 23.15 M{; n = 13; ¢ test, p > 0.05). Although
these values are slightly higher than those reported previously,
they are still in accord with that study and other studies using
patch electrodes (Spruston and Johnston, 1992).

Recurrent bursting in a nominally magnesium-free extracel-
lular medium is commonly used to study the mechanisms under-
lying seizures and seizure-induced plasticity (Sombati and De-
lorenzo, 1995; Heinemann et al., 1996; Gibbs et al., 1997; Engel et
al., 2000; Kohling et al., 2000). For the purpose of this study, these
cultures provide the unique advantage that cell-surface and intra-
cellular pools of native GABARs can be readily examined and distin-
guished using fluorescent immunocytochemical techniques.

Inhibitory synaptic transmission after prolonged
epileptiform bursting

The impact of prolonged bursting on inhibitory synaptic trans-
mission was determined by comparing the characteristics of
mIPSCs recorded from bursting-treated neurons to those re-
corded from control neurons 14-21 d in vitro. Bursting-treated
neurons were exposed for 2 h or longer to a nominally
magnesium-free external medium (0 [Mg>"],), whereas control
neurons were exposed to an extracellular medium that contained
2 mMm MgCl,. Recordings from the bursting-treated neurons
commenced during the period of exposure to 0 [Mg>*], to en-
sure that bursting was occurring. Before recording mIPSCs, the
bursting was terminated by the addition of 1 um TTX, 50 um

Recurrent paroxysmal epileptiform bursting in a nominally magnesium-free extracellular medium. A, B, Current-
clamp recordings in the whole-cell mode with ruptured membrane were obtained from cultured hippocampal neurons 14-21d
invitro. The recording was performed with the neurons bathed in either a standard, control external medium containing (in mwm)
146 Nadl, 2.5 KCl, 2.0 Mgdl,, 2.0 CaCl,, 10.0 glucose, and 10.0 HEPES (A) or in an extracellular medium devoid of magnesium (B).
Removal of magnesium from the extracellular medium resulted in the induction of recurrent bursts consisting of a prolonged
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D-APV, and 20 um DNQX. Whole-cell
ruptured patch-clamp recordings of
mIPSCs in control and bursting-treated
neurons were performed in an isotonic
chloride environment in the presence of
TTX, p-APV, and DNQX with the neuron
voltage clamped to —60 mV. The addition
of 10 uMm bicuculline abolished the re-
corded events, demonstrating that they
were mediated by GABARs (data not
shown).
mIPSCs recorded from bursting-
treated neurons were distinct from those
50 recorded from controls. mIPSC amplitude
m\y Wwas lower in bursting-treated neurons
compared with control neurons. Figure
2 A displays “averaged” mIPSCs obtained
by averaging the mIPSCs (=100, during a
5-15 min recording) recorded from one
control neuron and one bursting-treated
neuron. The mean peak amplitude re-
corded from the control neuron was
—59.0 pA and that recorded from the
bursting-treated neuron was —36.6 pA.
Because the distribution of individual mIPSC amplitudes re-
corded from a neuron tends to be skewed by larger-amplitude
mIPSCs that bias the mean, the median value is used because it is
more representative of the distribution (Edwards et al., 1990).
The amplitude distribution histograms shown in Figure 2B are
for the control and bursting-treated neurons displayed in Figure
2 A. The median amplitude of mIPSCs recorded from the control
neuron was 50.0 pA and that recorded from the bursting-treated
neuron was 34.0 pA. Recordings were obtained from 13 control
neurons and nine bursting-treated neurons. A population mean
of the median values for the control neurons was 53.9 * 1.6 pA
and that for the bursting-treated neurons was 36.2 = 1.5 pA (p <
0.01, £ test).

Compared with controls, the decay phase of mIPSCs was pro-
longed in bursting-treated neurons. The mean 7; and mean 7, of
the mIPSCs recorded from the control neuron displayed in Fig-
ure 2 A were 24 and 91 ms, respectively; those recorded from the
bursting-treated neuron were 54 and 118 ms, respectively. For the
control and bursting-treated neurons, a population mean was
obtained by averaging the mean decay constants obtained for
each neuron. The population means of mIPSCs decay constants
recorded from the control neurons were 7, = 30.3 = 2.4and 1, =
84.3 * 4.4, and those for the bursting-treated neurons were T, =
42.0 = 43 and 1, = 120.6 = 6.5 (p < 0.01, t test).

Given the finding that amplitude was smaller but decay was
longer in the bursting-treated neurons than in control neurons,
total charge transfer was calculated and used as the measure of
mIPSC inhibition. Total charge transfer was smaller in bursting-
treated neurons compared with controls. For each neuron, total
charge transfer was calculated as the integral over 300 ms for the
average mIPSC. For the control and bursting-treated neurons, a
population mean was obtained by averaging the total charge
transfer obtained for each neuron. The mean charge transfer for
control neurons (n = 13) during this time interval was 3789 =
274 pC and for bursting-treated neurons (n = 9) was 2901 =
125.8 pC (p < 0.05, ¢ test).

Together, the finding of a reduced mIPSC amplitude and a
corresponding reduction in total charge transfer for bursting-
treated neurons demonstrates a reduction in synaptic GABA-

125s
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Figure 2.  Diminished GABAergic synaptic transmission in bursting-treated neurons. A, Av-
eraged mIPSC traces from a control cultured hippocampal neuron and from a bursting-treated
neuron after a 3 h exposure to 0 [Mg2*],. The control and bursting-treated traces were ob-
tained from different cells voltage clamped to a holding potential of —60 mV. B, Amplitude
distribution histogram for mIPSCs recorded from the control (crosshatched bars) and bursting-
treated (black bars) neurons displayed in A.

mediated inhibition in bursting-treated neurons. Because pro-
longed seizures are known to activate excitotoxic mechanisms
resulting in neuronal injury and death, one possible mechanism
that could explain these results is a selective loss of GABAergic
synapses located proximal to the soma. When the recording pi-
pette is attached to the soma, synapses located proximal to the
soma generate signals that appear larger and decay faster than
signals from distal synapses (for review, see Spruston et al., 1994).
Thus, if prolonged bursting resulted in the selective loss of syn-
apses located close to the soma, the remaining mIPSCs would be
smaller and decay more slowly. This possibility was supported by
the observation that mIPSC frequency was reduced in bursting-
treated neurons (0.20 = 0.05 Hz; n = 9) compared with control
neurons (0.38 = 0.15 Hz; n = 13; ¢ test, p < 0.01). However, a
reduction in the contribution of proximal synapses should also
result in a slower rise time because longer rise times tend to be
associated with distal synapses. We compared the 10-90% rise
time in the 13 control and nine bursting-treated neurons. No
change in rise time occurred. The 10-90% rise time for the con-
trol neurons was 2.9 = 0.1 ms and for the bursting-treated neu-
rons 3.1 £ 0.1 ms ( p =0.1194, t test). Therefore, the reduction in
mIPSC amplitude does not appear to be related to a selective loss
of proximal synapses.

Previous studies (Kapur and Coulter, 1995; Kapur and Mac-
donald, 1997) have suggested that the postsynaptic GABAR
population is rapidly modified during SE and that one of the
consequences of this rapid modification is a reduction in GABA-
mediated inhibition. The finding that the amplitude and charge
transfer of mIPSCs recorded from bursting-treated neurons were
reduced compared with those recorded from controls is in agree-
ment with this hypothesis. We hypothesized that an increase in
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the rate of GABAR intracellular accumulation, which resulted in
areduction in the number of functional GABARs on the cellular
surfaces, was partly responsible for the reduction of GABA-
mediated inhibition observed in bursting-treated neurons.

Measurement of GABAR intracellular accumulation using an
immunocytochemical technique

To assess the rate at which the cell-surface GABAR pool is redis-
tributed to the intracellular compartment, an antibody-feeding
technique (Connolly et al., 1999; Lin et al., 2000) that permits the
cell-surface and the intracellular pools of native GABARs to be
distinguished was used. Cell-surface GABARs on living cultured
hippocampal neurons 14-18 d in vitro were tagged with antibod-
ies directed against the extracellular N terminus of the 32/3 sub-
units (clone 62-3G1) (de Blas et al., 1988). This incubation was
performed at 4°C to minimize endocytosis of tagged receptors
during the incubation process. After tagging, the neurons (con-
trol neurons) were incubated in antibody-free external control
medium at 37°C, allowing antibody-tagged receptors to undergo
endocytosis at the basal rate. The cultures were incubated at 37°C
for durations of 0, 10, 20, 30, or 60 min before fixation. After
fixation, the neurons were exposed to a supersaturating concen-
tration of the first of two fluorescent secondary antibodies before
permeabilization and incubation with a second fluorescent sec-
ondary antibody. This process permits antibody-tagged surface
GABARs to be independently identified from those antibody-
tagged GABARs that have been internalized.

Immediate fixation after incubation in anti-2/3 subunit an-
tibody resulted in robust staining of GABARs present on the
surface of the cell with visualization of punctate regions (Fig. 3,
green), which represent clusters of GABARs containing the 32/3
subunit. At this time point (0 min), there was only faint staining
of intracellular, antibody-tagged GABARs (Fig. 3, red). Incubat-
ing the cells in the antibody-free external medium at 37°C for
longer periods of time resulted in a diminution of surface reac-
tivity and an increased intracellular GABAR immunoreactivity
(Fig. 3).

The intracellular accumulation of GABARs was quantified by
measuring the cell-surface and internalized GABAR immunore-
activity. The GABAR intracellular accumulation ratio was de-
fined as the ratio of immunoreactivity resulting from intracellu-
lar receptors (Fig. 3, red) to total immunoreactivity, in which
total immunoreactivity is the sum of antibody-tagged surface
(Fig. 3, green) and intracellular receptor immunoreactivity. The
GABAR intracellular accumulation ratio obtained for living hip-
pocampal cultures at 37°C in the control extracellular medium
(basal activity) for 0, 10, 20, 30, and 60 min is displayed in Figure
4] (filled circles). Each data point was obtained by averaging the
GABAR intracellular accumulation ratio for 15 neurons selected
randomly from three replicates. The intracellular accumulation
appears to plateau at ~50% after 30 min, suggesting that a new
equilibrium between the surface and intracellular compartments
had been reached.

To determine the rate at which GABARs were redistributed to
the intracellular compartment, the GABAR intracellular accu-
mulation ratio was fitted to the following single-exponential
growth equation: GABAR intracellular accumulation ratio
(time) = Y, + [Yinaw — Yonin] [1 — K7 5m9] where Y, . is the
minimum derived GABAR intracellular accumulation ratio at
time 0, Y,,,, is the maximum derived GABAR intracellular accu-
mulation ratio, and K represents the rate constant of GABAR
intracellular accumulation in minutes ~'. The rate constant de-
scribes the rate at which GABARs are removed from the surface
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Figure3.
antibody directed against the N terminus of these subunits. After tagging, the cells were incubated in an antibody-free standard,
control external medium (see Materials and Methods) at 37°Cfor 0 min (A-C), 10 min (D—F), 20 min (G—I), 30 min (J-L), and 60
min (M—0) before fixation. The neurons were then sequentially exposed to secondary antibodies before and after permeabiliza-
tion, allowing antibody-tagged surface (4, D, G, J, M) and internalized (B, E, H, K, N) receptors to be independently identified.
Color-merged images of the antibody-tagged surface and internalized receptors are displayed in ¢, F, I, L, and 0.

and accumulate in the intracellular compartment. Dividing 0.693
(In 2) by the rate constant (0.693/K) provides the time for the
intracellular receptor population to increase to 50% of the Y, ..
[half-life (7,,,)]. At 37°C, the rate constant for GABAR intracel-
lular accumulation was 0.072 = 0.002 min ~'. This rate constant
corresponds to a 7;,, of 9.6 min.

To validate this technique, the GABAR intracellular accumu-
lation ratio was calculated under two conditions expected to in-
hibit the basal rate of GABAR endocytosis: (1) reduced tempera-
ture and (2) hyperosmolar medium (Hansen et al., 1993; Kittler
etal.,2000). At room temperature (24°C), GABARs did redistrib-
ute to the intracellular compartment (Fig. 4 D-F). However, at
24°C, there was an ~25-30% decrease (n = 15 from 3 replicates;
ANOVA, p < 0.01) in the GABA , receptor intracellular accumu-
lation ratio at each time point (10, 20, 30, and 60 min) and a
corresponding decrease in the rate constant (0.051 = 0.004
min ') compared with controls (Fig. 4A—C, J). The effect of
hyperosmolar sucrose on GABAR redistribution was studied by

Rapid Intracellular accumulation of GABARs. A-0, GABARSs containing the 32/3 subunits were tagged with a primary
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measuring the GABAR intracellular accu-
mulation ratio after 30 min of incubation
in a 350 mM sucrose external medium at
37°C. Whereas hyperosmolar sucrose at
this concentration did not result in com-
plete inhibition (Fig. 4G-I), there was a
43% reduction (n = 15 from 3 replicates;
ANOVA, p < 0.01) in the GABAR intra-
cellular accumulation ratio at 30 min com-
pared with controls (Fig. 4A-C, K).

The rate of GABAR intracellular
accumulation correlated with

neuronal activity

To test the hypothesis that the redistribu-
tion of GABARSs to the intracellular com-
partment is modulated by seizure activity,
the rate at which GABARs accumulate
within the intracellular compartment was
examined during bursting and compared
with that obtained for control neurons
(basal activity). After antibody feeding for
1 h at 4°C, the bursting-treated neurons
were incubated at 37°C in 0 [Mg>*],, pro-
moting recurrent epileptiform bursting.
Color-combined images of control and
bursting-treated neurons incubated for 10
and 30 min at 37°C after completion of
antibody feeding are shown in Figure
5A-D. At both 10 and 30 min, GABARs
have redistributed to the intracellular
compartment under both conditions, as
demonstrated by the intracellular immu-
noreactivity (red). However, the surface
immunoreactivity (green) at 10 and 30
min is greater for the control neurons than
the bursting-treated neurons, suggesting
that a greater percentage of the antibody-
tagged receptors of the bursting-treated
neurons have redistributed to the intracel-
lular compartment.

The GABAR intracellular accumula-
tion ratio for bursting-treated neurons was
compared with that for control neurons
(Fig. 5E), and it was increased at 10, 20, 30,
and 60 min (n = 15 from 3 replicates; ANOVA, p < 0.01). At 30
and 60 min, the GABAR intracellular accumulation ratio mea-
sured for the bursting neurons was ~14% greater than controls.
Bursting resulted in a nearly 65% increase in the intracellular
accumulation rate constant (Kyysing = 0.102 = 0.003 min “lys
K onwor = 0.062 = 0.002 min ~").

To confirm that the increase in the rate of GABAR intracellu-
lar accumulation was an effect of increased neuronal activity,
GABAR redistribution to the intracellular compartment was also
assessed by inducing bursting by increasing the extracellular po-
tassium concentration. Concentrations of KCl above 6.5 mm
have been used previously to increase neuronal activity and in-
duce recurrent epileptiform bursting (Rutecki et al., 1985;
Traynelis and Dingledine, 1988; Jensen and Yaari, 1997). After
antibody feeding, the neurons were incubated in an external me-
dium with a potassium concentration of 10 mm (10 [K 7],). The
GABAR intracellular accumulation ratio for neurons incubated
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in 10 [K™], at 37°C was measured at 10,
20, and 30 min after antibody feeding and
compared with controls (Fig. 5F). Incuba-
tion in 10 [K *], resulted in an increase of
the GABAR intracellular accumulation ra-
tio at each time point (n = 15 from 3 rep-
licates; ANOVA, p < 0.01) and an increase
of the rate of GABAR redistribution to the

intracellular compartment (Kyg
0.103 = 0.004 min "' vs K, ;.o = 0.052 +
0.004 min ).

We tested whether inhibition of burst-
ing would block the effect of bursting
on the intracellular accumulation of
GABARs. Inhibition of bursting in 0
[Mg?™], requires the presence of both the
NMDA receptor antagonist D-APV and
the AMPA receptor antagonist DNQX
(Mangan and Kapur, 2004). After anti-
body feeding, neurons were incubated in
either 0 [Mg>"], (bursting) or 0 [Mg>"],
and 50 uM D-APV and 20 um DNQX
(bursting + D-APV/DNQX). The GABAR
intracellular accumulation ratio for the
bursting and bursting + D-APV/DNQX
neurons at 37°C was measured at 30 min
after antibody feeding. Compared with the
bursting neurons (intracellular accumula-
tion ratio, 0.574 * 0.006; n = 15 from 3
replicates), the GABAR intracellular accu-
mulation ratio for bursting + D-APV/

(7]

Sucrose

Intracellular
accumulation ratio
(=]
)
L

o
-
T
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B Internalized

DNQX neurons was smaller (intracellular 0 10
accumulation ratio 0f0.470 = 0.06;n = 15
from 3 replicates; ¢ test, p < 0.01) (Fig. 6)
and similar to that observed previously at
30 min for control neurons incubated in
the standard, control external medium.
The results of this experiment and the ex-
periment performed in 10 [K "], strongly
suggest that the increase in GABAR intra-
cellular accumulation observed in the
nominally magnesium-free environment
is likely the result of the recurrent bursting
and not a nonspecific result of incubation
in 0 [Mg**],.

Endocytosis can be inhibited in a hy-
perosmolar medium; therefore, GABAR
intracellular accumulation in 0 [Mg**], supplemented with 350
mM sucrose was measured. GABAR internalization occurs pre-
dominantly via clathrin-dependent endocytosis, and this process
can be inhibited by incubation in a hyperosmolar medium (Han-
sen et al., 1993; Kittler et al., 2000). After antibody feeding, neu-
rons were incubated in either 0 [Mg>"], (bursting) or 0 [Mg>"],
and 350 mM sucrose (bursting + sucrose). The GABAR intracel-
lular accumulation ratio for the bursting and bursting + sucrose
neurons at 37°C was measured at 30 min after antibody feeding.
Compared with the bursting neurons (intracellular accumula-
tion ratio, 0.577 = 0.006; n = 15 from 3 replicates), the GABAR
intracellular accumulation ratio for bursting + sucrose neurons
was smaller (0.424 * 0.007; n = 15 from 3 replicates; f test, p <
0.01) (Fig. 7). Although incubating in the hyperosmolar medium
reduced the intracellular accumulation at 30 min in 0 [Mg*"],,
GABAR intracellular accumulation was still observed, suggesting

Figure4.
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GABARintracellularaccumulationisinhibited at a reduced temperature and ina hyperosmolar extracellular medium.
A-I, Neurons incubated in standard, control external medium at 37°C (A—(), at 24°C (D—F), or in standard, control external
medium supplemented with 350 mm sucrose at 37°C (G-/) for 30 min after antibody tagging of the GABARs. Images of antibody-
tagged surface (green; 4, D, G) and internalized (red; B, E, H) receptors are merged in the images in C, F, and /. J, Quantification
of the GABAR intracellular accumulation for neurons incubated in standard, control external medium at either 37°Cor 24°C for 0,
10, 20, 30, and 60 min after antibody tagging of the GABARs The intracellular accumulation ratio was defined as the ratio of
intracellular (red) to total immunoreactivity (red plus green). The ratio at each time point was obtained by pooling data from 15
neurons (3 replicates). The time course was fitted by the least-squares method to a single-exponential growth equation with rate
constant K. Solid line, Time course of GABAR intracellular accumulation at 37°C (> = 0.85). Dotted line, Time course of GABAR
intracellular accumulation at 24°C (r2 = 0.79). *p < 0.01. K, Quantification of the GABAR intracellular accumulation for neurons
incubated at 37°Cin either standard, control external medium or in standard, control external medium supplemented with 350
mu sucrose for 30 min after antibody tagging of the GABARs. *p << 0.01. Incubating at 24°Cor in the presence of 350 m sucrose
reduced intracellular accumulation.

that a subset of GABAR internalization may occur via a clathrin-
independent mechanism (Cinar and Barnes, 2001).

An increase of the rate of GABAR redistribution under con-
ditions of prolonged bursting raised the question of whether a
reduction in the rate of intracellular accumulation would occur
during periods of decreased neuronal activity. Such activity mod-
ulation of receptor trafficking has been demonstrated previously
for the AMPA receptor (Ehlers, 2000). Neuronal activity was in-
hibited by the addition of the fast sodium channel blocker tetro-
dotoxin (2 um TTX) to the extracellular environment. The
GABAR intracellular accumulation ratio for neurons in the pres-
ence of TTX was measured at 10, 20, 30, and 60 min (Fig. 8).
Compared with control neurons, the GABAR intracellular accu-
mulation ratio was decreased at these time points (n = 15 neu-
rons from 3 replicates; ANOVA, p < 0.01). At 30 and 60 min, the
GABAR intracellular accumulation ratio measured for neurons
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Figure 5. Epileptiform bursting accelerated intracellular accumulation of GABAR. A-D,

Color-merged images of antibody-tagged surface (green) and internalized (red) receptors for
neurons incubated in standard, control external medium (4, €) or with neuronal activity in-
creased in 0 [Mg 2+]0 (B, D) at 37°Cfor 10 min (4, B) and 30 min (C, D) after antibody tagging
of the GABARs. E, Quantification of the GABAR intracellular accumulation ratio for neurons
incubated in either standard, control external medium orin 0 [Mg 2 *1, at 37°Cfor 0, 10, 20, 30,
and 60 min after antibody tagging. Solid line, Time course of GABAR intracellular accumulation
in standard, control external medium (r> = 0.97). Dotted line, Time course of GABAR intracel-
lular accumulationin 0 [Mg® "1, (r2 = 0.98). Compared with control neurons, the intracellular
accumulation ratio wasincreased at 10, 20, 30, and 60 min, and there was a nearly 65% increase
in the intracellular accumulation rate constant. *p << 0.01. F, Quantification of the GABAR
intracellular accumulation ratio for neurons incubated in either standard, control external me-
diumorin 10 [K 1, at 37°Cfor 0, 10, 20, 30, and 60 min after antibody tagging of the GABAR.
Solid line, Time course of GABAR intracellular accumulation in standard, control external me-
dium (r2 = 0.94). Dotted line, Time course of GABAR intracellular accumulation in 10 [KCI],
(r? = 0.97). Bursting induced by a high external potassium concentration also increased the
intracellular accumulation at 10, 20, and 30 min and the intracellular accumulation rate con-
stant. *p < 0.01.

Bursting

B Bursting + D-APV/DNQX

Figure 6. Inhibition of excitatory neurotransmission reduced the intracellular accumulation
of GABARsin the 0 [Mg”]0 condition. A, B, Color-merged images of antibody-tagged surface
(green) and internalized (red) receptors for neurons incubated in either 0 [Mg],, (A, Bursting) or
0 [Mg], with excitation blocked (B, Bursting -+ p-APV/DNQX) at 37°C for 30 min after antibody
tagging of the GABARs. Compared with bursting neurons, the excitatory block resulted in a
reduction in the intracellular accumulation.

in the presence of TTX was ~30% less than that of controls.
Blocking action potential-dependent activity resulted in a 22%
decrease in the intracellular accumulation rate constant (K =
0.056 * 0.003 min ~* vs K;,.c = 0.072 * 0.002 min ). In total,
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Bursting

B Bursting + Sucrose

Figure 7.  Hyperosmolar solutions reduced intracellular accumulation of GABARs during
bursting. A, B, Color-merged images of antibody-tagged surface (green) and internalized (red)
receptors for neurons incubated in either 0 [Mg], (4, Bursting) or 0 [Mg], supplemented with
350 mm sucrose (B, Bursting + Sucrose) at 37°C for 30 min after antibody tagging of the
GABARs. Compared with bursting neurons, the addition of sucrose resulted in a reduction of the
intracellular accumulation.
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Figure8. Inhibition of neuronal activity reduced GABAR internalization. A-D, Color-merged
images of antibody-tagged surface (green) and antibody-tagged internalized (red) receptors
for neurons incubated in standard, control external medium (A, €) or with neuronal activity
inhibited through the addition of 2 um TTX to the standard, control external medium (B, D) at
37°Cfor 10 min (4, B) and 30 min (C, D) after antibody tagging of the GABARs. E, Quantification
of the GABAR intracellular accumulation ratio for neurons incubated in either standard, control
external medium or with neuronal activity inhibited by the addition of 2 um TTX to the stan-
dard, control external medium at 37°Cfor 0, 10, 20, 30, and 60 min after antibody tagging of the
GABARs. Solid line, Time course of GABAR intracellular accumulation in standard, control exter-
nal medium (r = 0.85). Dotted line, Time course of GABAR intracellular accumulation in TTX
(r* =0.75). Compared with control neurons, the intracellular accumulation ratio for TTX neu-
rons was decreased at 10, 20, 30, and 60 min, and there was a 22% decrease in the intracellular
accumulation rate constant. *p << 0.01.

these findings demonstrate that the rate at which GABARs are
redistributed to the intracellular compartment is, in part, affected
by the level of neuronal activity.

Discussion

The major findings of this study were (1) that GABA-mediated
synaptic inhibition in a network of cultured hippocampal neu-
rons was diminished after a period of prolonged epileptiform



5518 - J. Neurosci., June 8, 2005 - 25(23):5511-5520

bursting, and (2) that the intracellular accumulation of GABARs
was modulated by neuronal activity.

Plasticity of GABAergic synaptic transmission during SE
Although previous studies have implied that the reduction of
GABA-mediated inhibition that occurs during SE is the result of
rapid modification of GABARs (Kapur and Coulter, 1995; Gibbs
et al., 1997; Kapur and Macdonald, 1997), the effect of SE on
GABAergic synaptic transmission has not been studied in the
past. This study directly demonstrates that prolonged epilepti-
form bursting results in a modification of GABAergic synaptic
transmission. There were profound changes in inhibitory synap-
tic transmission in neurons subjected to prolonged bursting: am-
plitude and charge transfer were reduced, decay was prolonged,
and frequency was decreased.

These findings help to partially explain the rapid loss of effi-
cacy of drugs during SE. Current treatment of SE uses drugs such
as the benzodiazepines and barbiturates that act on GABARs (Lo-
wenstein and Alldredge, 1998; Kapur, 2002). Although benzodi-
azepines are quite effective during the early phase of SE, they fail
to control prolonged self-sustained, subtle SE (Treiman et al.,
1998; Mayer et al., 2002). The development of resistance to ben-
zodiazepines during SE has also been observed in experimental
models of SE in which the benzodiazepine diazepam controlled
brief seizures but failed after prolonged SE (Walton and Treiman,
1988). In these animal models, the development of resistance to
benzodiazepine was quite rapid (Kapur and Macdonald, 1997;
Jones et al., 2002; Goodkin et al., 2003). The development of drug
resistance during SE in both clinical SE and in animal models of
SE could result from the rapid modification of inhibitory synap-
tic transmission during SE demonstrated in this study.

Plasticity of GABAR intracellular accumulation during SE
The basal rate of intracellular accumulation of GABARs was rapid
(11, = 9.6 min) and reached a plateau of ~50% by 30 min.
Increasing synaptic activity in the form of epileptiform bursting
resulted in both faster kinetics and an increase in the percentage
of receptors that accumulated in the intracellular space. Reducing
synaptic activity had the converse effect: the kinetics were slower
and there was a decrease in the percentage of internalized recep-
tors. Whereas the kinetics of surface GABARSs has not been mea-
sured directly in the past, studies have suggested that the redistri-
bution of GABA, receptors between surface and intracellular
compartments can be rapid. For example, both BDNF (Brunig et
al., 2001) and insulin (Wan et al., 1997) have been shown to
rapidly alter synaptic transmission by redistributing surface and
internalized GABARSs.

Rapid basal intracellular accumulation of AMPA receptors
and NMDA receptors has been measured previously using bioti-
nylation assays and immunofluorescent techniques (Ehlers,
2000; Lin et al., 2000). The 7;,, of AMPA receptors was found to
be similar to that measured for GABARs in this study, ranging
between ~7 and 10 min. However, in the basal condition, only
between 16 and 25% of surface AMPA receptors were removed
from the surface when the internalization reached a plateau
(Ehlers, 2000; Lin et al., 2000). Similarly, NMDA receptors also
have a short basal 7, , of 7 min, but the extent of internalization is
limited to 6% (Ehlers, 2000). In contrast to NMDA and AMPA
receptors, a much larger fraction of GABARs, 50% of the recep-
tors, have internalized at the time of plateau, suggesting that a
larger fraction of surface GABA, receptors are subjected to
trafficking.

The internalization of GABARs was modulated by neuronal

Goodkin et al.  Intracellular Accumulation of GABA, Receptors

activity; recurrent bursting enhanced it, and activity blockade
reduced it. The effect of activity on GABAR internalization has
not been studied in the past; however, neuronal activity is known
to enhance internalization of AMPA receptors but not NMDA
receptors.

Neuronal activity could modulate the endocytosis of GABARs
by either ligand-dependent or -independent mechanisms
(Barnes, 2001). GABAR internalization is known to occur di-
rectly in response to the administration of GABA. Tehrani and
Barnes (1991) demonstrated that the percentage of intracellular
GABARs increased in response to incubation of cultured cortical
neuronsin 1 uM GABA for 1-2 h. Calkin and Barnes (1994) have
demonstrated that incubation of cortical chick neurons for 2 h in
200 um GABA also resulted in internalization of GABARs.

GABAR ligand-independent mechanisms could be activated
by stimulation of NMDA receptors and the subsequent influx of
calcium. NMDA receptor stimulation is known to be an impor-
tant feature of SE (Borris et al., 2000). Several studies have dem-
onstrated that stimulation of NMDA receptors can reduce
GABA-mediated inhibition (Stelzer et al., 1987; Stelzer, 1990; Lu
et al., 2000), and blocking NMDA receptors during SE prevents
the loss of inhibition (Kapur and Lothman, 1990). Although the
link between NMDA activation and the reduction of GABA-
mediated inhibition has not been fully characterized, Stelzer and
Shi (1994), Chen and Wong (1995), and Lu et al. (2000) have
provided evidence that the activation of phosphatase 2B (cal-
cineurin) is involved with this pathway. Whereas Jones and West-
brook (1997) demonstrated that calcineurin had a direct effect on
the functional properties of GABARs, Wang et al. (2003) have
suggested that the induction of long-term depression at CAl
inhibitory synapses resulted in a reduction in the number of syn-
aptic GABARs and that this reduction was dependent on
calcineurin. This link between NMDA activation and internaliza-
tion of GABARs may not be limited to activation of calcineurin
because other second-messenger systems are capable of modulat-
ing GABAR trafficking (Chapell et al., 1998; Connolly et al., 1999;
Filippova et al., 2000; Cheng and Yeh, 2003; Jovanovic et al.,
2004).

A seizure-induced increase in internalization of GABARSs is
the likely explanation for the diminished mIPSC amplitude
observed in bursting-treated neurons
It has been proposed that each vesicle of GABA released by the
presynaptic terminal contains enough GABA to result in com-
plete occupancy of the synaptic GABAR population (De Koninck
and Mody, 1994; Poncer et al., 1996). Under this saturating con-
dition, the number and type of postsynaptic GABARs will influ-
ence the mIPSC amplitude. An increase in the percentage of
internalized receptors and a concomitant decrease in the number
of postsynaptic GABARs would explain the reduction in mIPSC
amplitude observed in the bursting-treated neurons. The conclu-
sion that an increase in the rate of GABAR intracellular accumu-
lation during SE contributes to diminished synaptic strength is
supported by previous studies that have demonstrated that the
postsynaptic GABAR population is modified during SE (Kapur
and Coulter, 1995; Gibbs et al., 1997; Kapur and Macdonald,
1997). However, the saturation theory is debated and no consen-
sus has thus far emerged (Frerking et al., 1995; Frerking and
Wilson, 1996), and a reduction of presynaptic vesicular content
could also contribute to the reduction of mIPSC amplitude (Hill
et al., 1998).

In addition to diminished amplitude and charge transfer, the
mIPSC decay was prolonged in the bursting-treated neurons.
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Because the mIPSC decay is shaped in part by GABAR desensiti-
zation and thus GABAR subunit composition (Jones and West-
brook, 1995; Haas and Macdonald, 1999), the prolonged mIPSC
decay in the bursting treated-neurons suggests that the GABARs
occupying the synapse after bursting were different from those in
control neurons. A similar change in the properties of the synap-
tic GABAR population has been postulated to occur after chronic
drug exposure (Hsu et al., 2003; Liang et al., 2004). GABARs with
distinct subunit composition and properties are present in syn-
aptic and extrasynaptic membrane (Brunig et al., 2001; Christie
and de Blas, 2002; Christie et al., 2002; Caraiscos et al., 2004;
Mangan et al., 2005), and it is possible that extrasynaptic recep-
tors move into synapses during bursting, thus altering the decay
properties of mIPSCs. A similar mechanism is described during
long-term potentiation, in which extrasynaptic AMPA receptors
are incorporated into silent synapses (for review, see Poncer,
2003).

The finding that mIPSC frequency was reduced in bursting-
treated neurons could potentially be explained by the reduction
in mIPSC amplitude, resulting in a higher frequency of mIPSCs
falling below the level of detection. Alternatively, the reduction in
frequency could support a presynaptic modification in vesicular
release. Additional studies designed to study the effect of SE on
the probability of GABA vesicle release and content are required.

In summary, we found that the rate of GABAR intracellular
accumulation was modulated by activity. An increase in the rate
of GABAR intracellular accumulation may be one of the mecha-
nisms by which GABA inhibition is reduced during the pro-
longed seizures of SE. Future experiments are required to deter-
mine the mechanism by which neuronal activity modulates
GABAR trafficking, as well as to explain the other changes in
GABAergic synaptic transmission that occur as a result of pro-
longed paroxysmal bursting.
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