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Neurobiology of Disease

Multiple and Plastic Receptors Mediate Tonic GABA ,
Receptor Currents in the Hippocampus
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Persistent activation of GABA , receptors by extracellular GABA (tonic inhibition) plays a critical role in signal processing and network
excitability in the brain. In hippocampal principal cells, tonic inhibition has been reported to be mediated by a5-subunit-containing
GABA, receptors («5GABA,Rs). Pharmacological or genetic disruption of these receptors improves cognitive performance, suggesting
that tonic inhibition has an adverse effect on information processing. Here, we show that ®5GABA ,Rs contribute to tonic currents in
pyramidal cells only when ambient GABA concentrations increase (as may occur during increased brain activity). At low ambient GABA
concentrations, activation of 5-subunit-containing GABA , receptors predominates. In epileptic tissue, ®5GABA ,Rs are downregulated
and no longer contribute to tonic currents under conditions of raised extracellular GABA concentrations. Under these conditions,
however, the tonic current is greater in pyramidal cells from epileptic tissue than in pyramidal cells from nonepileptic tissue, implying
substitution of ®5GABA ,Rs by other GABA, receptor subtypes. These results reveal multiple components of tonic GABA, receptor-
mediated conductance that are activated by low GABA concentrations. The relative contribution of these components changes after the

induction of epilepsy, implying an adaptive plasticity of the tonic current in the presence of spontaneous seizures.
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Introduction
GABA mediates fast inhibition by activating synaptic ionotropic
GABA , receptors (Mohler et al., 1996; Sperk et al., 1997; Whiting
et al., 1999). Low extracellular GABA concentrations ([GABA],)
also generate tonic currents mediated by high-affinity GABA
receptors (Nusser and Mody, 2002; Yeung et al., 2003; Semyanov
et al., 2004). Tonic inhibition occurs in brain slices (Brickley et
al., 1996; Salin and Prince, 1996; Semyanov et al., 2003), neuronal
cultures (Liu et al., 1995; Bai et al., 2001), and in vivo (Chadder-
ton et al., 2004). It is developmentally regulated (Brickley et al.,
1996; Wall and Usowicz, 1997; Demarque et al., 2002), depends
on synaptic and nonsynaptic GABA release (Rossi et al., 2003),
and is modulated by GABA uptake (Semyanov et al., 2003). Its
amplitude and pharmacological profile differ among cell types
(Semyanov et al., 2003; Stell et al., 2003; Wei et al., 2003). It may
play critical roles in regulating network excitability (Semyanov et
al., 2003) and information processing (Mitchell and Silver, 2003;
Chadderton et al., 2004).

Different GABA, receptor subtypes mediate tonic inhibition,
depending on brain region and cell type (Semyanov et al., 2004;
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Farrant and Nusser, 2005). In cerebellar granule cells, it is medi-
ated by a68-containing receptors (Brickley et al., 2001; Stell et al.,
2003). Although genetic deletion of the a6 subunit abolishes this
tonic GABA, receptor-mediated current, it does not reduce the
leak conductance, which is restored by compensatory upregula-
tion ofa K™ channel (Brickley et al., 2001). 8-Subunit-containing
GABA, receptors also generate tonic currents in dentate granule
cells (Stell et al., 2003). In hippocampal pyramidal neurons, tonic
inhibition has been reported to be mediated by a5-subunit-
containing GABA, receptors (a5GABA,Rs) (Caraiscos et al.,
2004). These receptors are principally extrasynaptic and mainly
restricted to the hippocampus (Fritschy et al., 1998; Brunig et al.,
2002; Crestani et al., 2002). Deletion and point mutations of the
gene encoding for a5 improves cognitive performance (Col-
linson et al., 2002; Crestani et al., 2002), an effect that is mimicked
by an a5-selective benzodiazepine inverse agonist (Chambers et
al., 2002). Although these observations suggest that a5 in pyra-
midal cells (PC) has deleterious effects on neuronal plasticity, its
adaptive role may be to protect neurons from excessive excitation
by mediating tonic inhibition. Interestingly, experimental mod-
els of epilepsy are accompanied by decreases in a5 expression
(Fritschy et al., 1999; Houser and Esclapez, 1996, 2003), which
has prompted the speculation that reduced tonic inhibition of
pyramidal neurons contributes to epileptogenesis.

Here, we show that changing [GABA], reveals multiple com-
ponents of tonic current in pyramidal cells and that «5GABA ,Rs
increasingly contribute when [GABA], is raised experimentally
within the physiological range. We also show that the downregu-
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lation of a5 that occurs in temporal lobe epilepsy is accompanied
by a paradoxical increase in tonic currents in CAl pyramidal
neurons under conditions of elevated [GABA], (5 uM). These
results reveal previously unsuspected heterogeneity of tonic
GABA, receptor-mediated conductances in the hippocampus
and argue that increases in network excitability, such as occur in
epilepsy, can engender seemingly compensatory alterations in the
tonic current.

Materials and Methods

Epilepsy models. All animal procedures followed the United Kingdom
Animal (Scientific Procedures) Act (1986).

Limbic status epilepticus (SE) was induced in adult male Sprague
Dawley rats (8 weeks of age; ~250 g) by intraperitoneal injection of
pilocarpine (320 mg/kg) (Turski et al., 1989). So as to lessen peripheral
cholinergic effects, 1 mg/kg, i.p. scopolamine methyl nitrate was admin-
istered 30 min before and 30 min after pilocarpine. The onset of SE was
defined as the appearance of stage 3 (Racine, 1972) seizures followed by
continuous clinical seizure activity. Clinically overt SE was terminated
after 90 min by 10 mg/kg, i.p. diazepam. The animals were monitored
daily for the appearance of spontaneous recurrent seizures. All animals
with SE had spontaneous seizures by 2 weeks and were killed after 3 weeks
when spontaneous seizures were occurring. Sham control animals were
treated in an identical manner except that they received a subconvulsive
dose of pilocarpine (32 mg/kg).

In some experiments, SE was induced with a single intraperitoneal
injection of 10 mg/kg kainic acid (Schwarzer et al., 1997). SE was termi-
nated by 10 mg/kg, i.p. diazepam 60 min after the first generalized sei-
zure, and the rats were killed at 3 weeks.

Electrophysiology. Transverse hippocampal slices (300 wm thick) were
obtained from control rats (8—10 weeks of age), sham control rats, and
rats 3 weeks after pilocarpine- or kainate-induced status epilepticus.
These were stored in an interface chamber for >1 h before transfer to a
submersion recording chamber. The storage and perfusion solution con-
tained the following (in mm): 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,,
26.2 NaHCOs;, 1 NaH,PO,, and 22 glucose and was gassed with 95%
0,/5% CO, Whole-cell recordings were made from CAL1 stratum radia-
tum interneurons (IN) and stratum pyramidale pyramidal cells under
infrared differential interference contrast imaging as described previ-
ously (Semyanov et al., 2003).

Hippocampal cultures were prepared from 0- to 2 d-old postnatal rat
pups. The hippocampus was removed, minced, and incubated for 20 min
in trypsinated HBSS (Sigma, St. Louis, MO) at 37°C. After washing,
neurons were triturated with fire-polished Pasteur pipettes, counted with
a hemacytometer, and plated in Neurobasal medium (Invitrogen, San
Diego, CA) supplemented with 2% B-27 (Invitrogen), 1.8% HEPES, 1%
glutamax (Invitrogen), 1% penicillin/streptomycin (Invitrogen), and
0.2% B-mercaptoethanol, according to a previously described method
(Heeroma et al., 2004). Cells were maintained in culture for 14-20 d
before use. The following drugs were used in all experiments to block
AMPA/kainate, NMDA, and GABA; receptors, respectively: 2,3-
dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (25 um), DL-2-
amino-5-phosphonovalerate (50 um), and CGP52432 (5 um).

Whole-cell pipettes used to record GABAergic IPSCs contained the
following (in mwm): 120 CsCl, 8 NaCl, 10 HEPES, 2 EGTA, 0.2 MgCl,, 2
MgATP, 0.3 GTP, and QX-314 (lidocaine N-ethyl bromide quaternary
salt), pH 7.2,290 mOsm. Currents were acquired with an Axopatch 200B
amplifier (Molecular Devices, Union City, CA), and records were filtered
at 2 kHz, digitized at 5 kHz, and stored on a personal computer. The
access and input resistances were monitored throughout the experiments
using a —5 mV voltage step. The access resistance was <20 M(), and
results were discarded if it changed by >20%. To achieve the necessary
stability, neurons were recorded at 23-25°C, unless otherwise stated. The
current decay after the voltage step was used to calculate the capacitance
of the neurons.

Drugs were purchased from Tocris Cookson (Bristol, UK) or Sigma.

Data analysis. Spontaneous IPSCs (sIPSCs) and evoked IPSCs
(eIPSCs) were analyzed off-line. Data are presented as means = SEM.
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Differences were considered significant at p < 0.05, as determined by
using Student’s paired or unpaired ¢ test (when measures were normally
distributed) or Wilcoxon matched-pair or Mann—-Whitney U test (when
distributions were not normal).

Immunohistochemistry. Immunocytochemistry was performed in
three control rats and three epileptic (Ep)rats 3 weeks after SE. The rats
were given sodium pentobarbital (Lethobarb; 200 mg, i.p.) and perfused
with 50 ml of ice-cold PBS, pH 7.4, followed by 50 ml of 4% paraformal-
dehyde in PBS. The brains were postfixed for 90 min in the same fixative
at 4°C and then put into 20% sucrose in PBS (4°C) for 24 h. Brains were
frozen rapidly by immersion in —70°C isopentane (Merck, Darmstadt,
Germany) for 3 min. After evaporating the isopentane, they were stored
in tightly sealed vials at —70°C.

Horizontal sections (40 um) were cut at —18°C in a microtome, start-
ing with the ventral surface of the brain, put into Tris-HCl-buffered (50
mwm, pH 7.2) saline, 0.1% sodium azide (TBS), and kept at 4—6°C. An
affinity-purified rabbit antiserum directed against a synthetic peptide of
the a5 subunit (amino acids 2-10) coupled to keyhole limpet hemocya-
nin was used at a final concentration of 5 pg/ml. The antibody is well
characterized (Sperk et al., 1997). Indirect immunocytochemistry was
performed on free-floating sections. Sections were rinsed in TBS for 30
min and then preincubated with 10% normal goat serum (Biotrade,
Vienna, Austria) in TBS for 90 min. Incubation with the primary anti-
bodies was performed at room temperature for 24 h. Sections were sub-
sequently incubated with horseradish peroxidase-coupled goat anti-
rabbit secondary antibodies (P 0448; 1:300; DakoCytomation, Vienna,
Austria) at room temperature for 150 min and thereafter reacted with 1.4
mM 3,3"-diaminobenzidine (Fluka; Sigma, Vienna, Austria) and 0.01%
H,0, for 6-10 min. After each incubation step (except the preincuba-
tion), three 5 min washes with TBS were performed. All buffers and
antibody dilutions, except those for washing and reacting with diamino-
benzidine, contained 0.2% Triton X-100.

Results

Reduction of a5 GABA, receptor subunit immunoreactivity
in epilepsy

We first confirmed that there is a downregulation of &5 immu-
noreactivity (IR) in the hippocampus of epileptic animals (Fig.
1A). Strata oriens, radiatum, and lacunosum moleculare of the
ventral hippocampus in control rats were labeled most strongly
in CA3 and less prominently in CA2 and CA1l. In all three rats
with chronic epilepsy, after pilocarpine-induced status epilepti-
cus, a5-IR was reduced in CA1, CA3, and entorhinal cortex. This
agrees with previous observations not only in the pilocarpine
model but also in other epilepsy models (Houser and Esclapez,
1996; Schwarzer et al., 1997; Fritschy et al., 1999; Houser and
Esclapez, 2003).

Tonic current is expressed in CA1 neurons from control and
epileptic animals

The decrease in a5-IR leads to the expectation that CA1 pyrami-
dal cells from epileptic animals express a smaller tonic GABA
receptor-mediated current than control neurons. We voltage
clamped CA1 interneurons and pyramidal cells at —60 mV in
slices from epileptic and control animals in the presence of block-
ers of ionotropic glutamate receptors and GABAj receptors. We
then blocked GABA, receptors with picrotoxin (100 um) and
measured the change in holding current (AL, 4). This revealed a
tonic current in stratum radiatum interneurons and pyramidal
cells from control rats at room temperature (23-25°C) (Fig.
1B,C). There was no significant effect on the tonic current of
recording at 32°C (17.1 = 5.5 pA; n = 5; p = 0.24 compared with
tonic current at room temperature) (Semyanov et al., 2003). The
tonic current recorded under baseline conditions in stratum ra-
diatum interneurons and pyramidal cells in control animals was
not significantly different from that detected in epileptic animals
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C animals (Fig. 1 E). However, there was no

significant difference between control and
epileptic animals. Thus, the differential
expression of tonic current between CAl
interneurons and pyramidal cells nor-
mally present in control tissue is preserved
in the epileptic tissue despite a profound
decrease in the &5 subunit.

PTX (100 uM)

The decay of evoked, but not miniature
or spontaneous, IPSCs is increased in
pyramidal cells from epileptic animals
An alternative method of detecting high-
affinity, extrasynaptic receptors is to exam-
ine the decay kinetics of IPSCs. Small events
such as “miniature” IPSCs (mIPSCs) or
sIPSCs activate primarily synaptic recep-
tors, whereas synchronous release of
GABA from multiple release sites, as oc-
curs with large multiquantal IPSCs, can
activate perisynaptic and extrasynaptic
GABA,, receptors (Overstreet and West-
brook, 2003). If «a5GABA,Rs are mainly
expressed extrasynaptically, then loss of
these would be expected to result in a
change in the late decay of large IPSCs but
should have little or no effect on the kinet-
ics of small events. Neither the amplitude
nor the decay kinetics of action potential-
independent mIPSCs was altered by epi-
lepsy (Fig. 2A—C). There was also no
change in the amplitude or decay kinetics
of sIPSCs (Fig. 2D-F), arguing against a
change in synaptic GABA, receptors in
m epilepsy. We next examined the decay of
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Downregulation of o5 GABA, receptor subunitin area CAT does not resultin a reduction of the cell-type-specific tonic
GABA current. A, Inmunohistochemistry for the &5 subunit, showing decreased expression of this subunit in the hippocampus
proper and enthorinal cortex of epileptic rats compared with that of control rats. Pilo, Pilocarpine. B, Representative traces
obtained from one interneuron and one pyramidal cell from a control and an epileptic rat. Picrotoxin (PTX; 100 um) abolished
spontaneous IPSCs and reduced the baseline /, ., in all the cell types. €, Time course of /, ., before and after picrotoxin in the same
cellsasin B. D, Summary data of the change in /, ., after picrotoxin application. /,,,, was reduced to similar extents in interneurons

large stimulus eIPSCs and measured the
time taken for eIPSCs to decay to 5% of
the peak amplitude (¢ osy) (Fig. 3A,B).
Loss of a5GABA ,Rs would be expected to
lead to a shortening of t,s). This was,
however, significantly prolonged in pyra-
midal cells from epileptic animals com-
pared with control animals (p = 0.02).
This result is thus unexpected in the con-
text of the decrease in a5.

(10) (7)

and pyramidal cells from control and epileptic rats. E, Tonic current density in interneurons and pyramidal cells from control and

epileptic rats, measured as the ratio of the picrotoxin-sensitive /, , , to the capacitance of each cell. The tonic current density was
significantly larger in interneurons than in pyramidal cells. This cell-type specificity was maintained during epilepsy. **p << 0.01;

*¥%p < 0.001. Error bars represent SEM.

(Fig. 1B-D). In all cell types, tonic currents accounted for ap-
proximately three-fourths of the total current carried by GABA
receptors (tonic plus phasic currents, calculated as the product of
the mean charge transfer and the mean frequency of spontaneous
IPSCs: IN, 81 = 2%, n = 8; PC, 77 £ 4%, n = 9; Ep IN, 75 £ 5%,
n = 10; Ep PC, 73 = 10%, n = 7). The tonic current is thus
maintained in epilepsy, despite the downregulation of
a5GABARs.

We asked whether the difference in tonic current between
interneurons and pyramidal cells observed previously in the
guinea pig (Semyanov et al., 2003) is also present in the rat. The
current density (tonic current/cell capacitance) was greater in
interneurons than in pyramidal cells in both control and epileptic

GABA uptake is maintained in CA1
region of the hippocampus in epilepsy
Although the prolonged decay of eIPSCs
suggests increased expression of high-
affinity GABA , receptors, it could also be explained by a decrease
in GABA uptake in epileptic tissue. We repeated the e[PSC decay
time measurements in the presence of the GABA transporter in-
hibitor 1-(4,4-diphenyl-3-butenyl)-3-piperidine carboxylic acid
(SKF89976A; 30 um) (Fig. 3C,D). Inhibiting GABA uptake pro-
longed ¢y o5y by a similar degree in pyramidal cells from epileptic
and control animals (Fig. 3D). This argues against impaired
GABA uptake as the explanation for the prolonged eIPSC decay
time and instead implies changes in perisynaptic and extrasynap-
tic GABA , receptors in epilepsy.

Because GABA uptake differentially regulates tonic currents
in CAl interneurons and pyramidal cells in guinea pigs (Semy-
anov et al., 2003), we asked whether this was the case in control
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Figure 2.  Synaptic GABA, receptor-mediated currents are not altered during epilepsy. 4,

Representative mIPSC traces recorded from interneurons and pyramidal cells from control and
epileptic rats in the presence of tetrodotoxin (1 wm). B, G, Summary histograms of the ampli-
tude and decay time constant of mIPSCs recorded in different cell types. The amplitude of
mIPSCs was significantly larger in interneurons than in pyramidal cells in the epileptic hip-
pocampus. No significant change was observed across cell types between control and epileptic
rats. D, Representative sIPSC traces recorded from interneurons and pyramidal cells from con-
trol and epileptic rats. E, F, Summary histograms of the amplitude and decay time constant of
sIPSCs recorded as in D. The amplitude of sIPSCs was larger in control pyramidal cells than in
interneurons. This difference was maintained after epilepsy. The monoexponential decay time
constant of sIPSCs was similarin all the cell types. *p << 0.05; **p << 0.01; ***p << 0.001. Error
bars represent SEM.

and epileptic rats. SKF89976A (30 uM) resulted in an increase in
I}, o1 In pyramidal cells from control and epileptic animals and a
significantly smaller change in I, ;4 from interneurons from con-
trol and epileptic animals (Fig. 4 A, B). If GABA uptake were im-
paired in CA1 region of epileptic animals, then we would have
expected a lesser increase in the tonic current in pyramidal cells
from epileptic animals compared with controls; the increase of
the tonic current was, however, greater in pyramidal cells from
epileptic animals than in those from control animals, although
this did not reach significance (PC, 13.2 £ 2.5 pA, n = 5; Ep PC,
18.7 £ 6.2 pA, n = 5; p = 0.44). This indicates that in rats, as in
guinea pigs, either GABA uptake has a less pronounced effect on
interneurons than pyramidal cells, or the GABA, receptors
mediating tonic currents in interneurons are saturated under
baseline conditions. This finding further argues against decreased
GABA uptake with epileptogenesis.

Under baseline conditions, tonic currents are not mediated

by a5GABA Rs

The results presented thus far give rise to a paradox. On the one
hand, we and others have observed a robust downregulation of
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a5 in epileptic animals (Fig. 1A) (Fritschy et al., 1999; Houser
and Esclapez, 2003). On the other hand, the tonic current in
pyramidal cells of epileptic animals is no smaller than in control
animals, and if anything, the decay of large eIPSCs is prolonged
and cannot be explained by a change in GABA uptake. A possible
resolution of this paradox is that the tonic current (measured
without increasing [GABA],) is not mediated by a5GABARs.
We therefore asked whether the tonic current shows the pharma-
cological profile of ®5GABA ,Rs: low affinity for the benzodiaz-
epine agonist zolpidem and high sensitivity to the a5-specific
benzodiazepine inverse agonist L-655,708 (Caraiscos et al.,
2004). To be confident of detecting an «5GABA 4R component to
the tonic current, we used a relatively high concentration of
L-655,708 (50 M), which has been shown previously to be spe-
cific for the a5GABA R component of tonic current in pyrami-
dal cells (Caraiscos et al., 2004). Neither zolpidem (200 nM) nor
L-655,708 (50 um) had a significant effect on ;4 in pyramidal
cells from either control or epileptic animals (decrease in I 4
with zolpidem: PC, 0.16 = 3.6 pA, n = 6, p = 0.96; Ep PC,
—5.07 = 394 pA, n = 7, p = 0.24; decrease in I, 4 with
L-655,708: PC, —3.46 = 1.89 pA, n = 4, p = 0.16; Ep PC, 4.74 =+
4.29 pA, n = 4, p = 0.35). This suggests that this tonic current is
not mediated by a1-37- or a5-containing GABA , receptors. We
therefore looked for evidence for involvement of &-subunit-
containing receptors, which mediate tonic currents in cerebellar
(Brickley et al., 2001; Stell et al.,, 2003) and dentate granule
(Nusser and Mody, 2002; Stell et al., 2003; Wei et al., 2003) cells;
these can be potentiated by a low concentration of the neuroste-
roid allotetrahydrodeoxycorticosterone (THDOC) (Stell et al.,
2003). THDOC (10 or 100 nMm) significantly increased I, 4 in
pyramidal cells from both control and epileptic animals in a dose-
dependent manner (increase in I, 4 with 10 nm THDOC: PC,
7.85 £ 227pA,n=7,p=0.01;EpPC,10.44 = 3.05pA,n =38,
p = 0.01;increase in I}, with 100 nM THDOC: PC, 20.64 * 5.40
pA,n =7,p < 0.01; Ep PC, 23.11 * 6.75 pA, n = 8, p = 0.01).
This result implies that, at low GABA concentrations, the tonic
GABA, receptor-mediated current is mediated by 8-containing
and not by a5-containing GABA, receptors in pyramidal cells
from both control and epileptic rats.

a5GABA ,Rs are recruited by increasing [GABA],

An important difference between the present results and previous
studies that have reported a major role for o5 subunits is that we
have not increased the ambient GABA concentration (Semyanov
et al., 2003; Stell et al., 2003; Wu et al., 2003; Caraiscos et al.,
2004). We therefore added 5 um GABA to the perfusate and again
measured I, 4. This manipulation significantly increased I, , 4 in
pyramidal cells from control animals (Fig. 54, B).

We then determined the proportion of the tonic current in 5
uM GABA perfusion that was attributable to a5GABA,Rs (Fig.
6A,B). Addition of the a5-specific inverse agonist L-655,708 (50
M) resulted in a significant reduction in I, 4 in pyramidal cells
from control rats ( p = 0.01), corresponding to 44 = 11% of the
picrotoxin sensitive I, 4 (Fig. 6 A, B). This observation is consis-
tent with a previous report that tonic inhibition in pyramidal
neurons has a5 pharmacology (Caraiscos et al., 2004), although,
importantly, in the present study, an elevation of [GABA], was
required to detect it. Thus, tonic currents can be mediated by
more than one set of receptors depending on [GABA],,.

One problem with the experiments thus far is that in slices, the
GABA concentration detected by the neurons will differ from the
GABA concentration in the perfusate because of GABA uptake
and release. Furthermore, this may vary between species and with
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age. So what range of GABA is being de-
tected by the neurons in the slice, and over
what range are «5GABA ,Rs recruited? To
address this question, we took advantage
of the observation that the qualitative ex-
pression and localization of major GABA
receptor subtypes are retained in primary
cultures of hippocampal neurons (Brunig
et al., 2002). We therefore made whole-
cell patch recordings from pyramidal-like
neurons in hippocampal cell cultures
from rats.

We perfused different concentrations
of GABA, which evoked an increase in the
holding current, and compared the effect
of L-655,708 (50 uMm) on the current in
each case. By adding picrotoxin (100 um)
at the end of the experiment, this allowed
the fraction of the picrotoxin-sensitive
current blocked by L-655,708 to be plotted
against [GABA],,. Figure 6C shows that, at
low micromolar GABA concentrations
(<0.3 uM), L-655,708-sensitive receptors
made a minimal (<10%) contribution to
the tonic current. Indeed, at 0.1 um
GABA, there was a significant tonic cur-
rent (21 = 4 pA;n = 3; p = 0.03) to which
L-655,708-sensitive receptors made no
detectable contribution. Only when
[GABA], was increased to 2 um did
1-655,708 block the tonic current to a sim-
ilar extent as in the slice preparation per-
fused with 5 uM GABA (37 = 3%, n = 4in
cultures; 44 = 11%, n = 8 in slices; p =
0.66).

These results argue that «5GABA,Rs
are only recruited by GABA concentra-
tions >0.3 uM and, if receptor expression
is similar in cultures and acute slices, im-
ply that the ambient GABA concentration
in acute slices is less than this concentra-
tion. A potential weakness of this argu-
ment is that the concentration of
L-655,708 used in this study and the study
by Caraiscos et al. (2004) was deliberately
chosen to be higher than the binding affin-
ity for a5GABA sRs (Casula et al., 2001) to
maximize the sensitivity of this assay.
However, it raises the possibility of non-
specific actions of L-655,708 [although 50
M L,655-708 had no detectable effect in
a5GABA,R '~ mice (Caraiscos et al.,
2004) and on the amplitude of sIPSCs in
our experiments; p = 0.12]. We therefore
repeated experiments on cultured neu-
rons exposed to 2 uM GABA and asked
whether applying increasing concentra-
tions of L-655,708 ranging from 0.5 nM to
50 uM blocks an increasing fraction of the
picrotoxin current. L-655,708, in fact, had
no greater an effect at 50 um than at low
nanomolar concentrations (Fig. 6C), fur-
ther arguing against a nonspecific effect.
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Figure3. The late component of elPSCs increases in pyramidal cells after status epilepticus. A, Average of the decaying phase

of eIPSCs normalized by their peak amplitude ininterneurons and pyramidal cells from control (black traces; IN,n = 7;PC,n =7)
and epileptic (gray traces; EpIN, n = 7; Ep PC, n = 8) rats. elPSCs in pyramidal cells from epileptic animals had a more prolonged
time course than in pyramidal cells from control rats. B, Summary data of the time at which the amplitude of the elPSCs had
decayed to 5% of the peak amplitude (y os,). After epilepsy, elPSCs recorded from pyramidal cells had a slower time course. C,
Averaged decaying phases of elPSCs recorded from the same cells as in A in the presence of SKF89976A (30 wum). D, Summary data
0f g o5 recorded in the presence of SKF89976A. Blocking GABA transporters prolonged the decay of elPSCs to a similar extentin all
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Figure5. The effect of increasing [GABA], on the tonic current in pyramidal cells from epi-
lepticand control animals. A, Time course of | ;.4 in a pyramidal cell from a control rat and from
an epileptic rat after perfusion with 5 M GABA. Insets show example traces obtained at the
steady state of each drug application. PTX, Picrotoxin. B, Histogram summarizing the increase in
Ihorg in pyramidal cells induced by adding GABA (5 i) to the perfusing solution in pyramidal
cells from control, epileptic animals induced with pilocarpine (Ep PC), and epileptic animals
induced with kainic acid (KA PC). The increase was significantly greater in pyramidal cells from
epileptic animals (whether generated with pilocarpine or kainic acid) compared with those
from control animals. **p << 0.01; ***p < 0.001. Error bars represent SEM.

Tonic current in pyramidal cells from epileptic animals

Because there is a downregulation of «5GABA,Rs in epilepsy
(Fig. 1A), we asked whether increasing [GABA], resulted in a
lesser increase in the tonic current in pyramidal cells from epilep-
tic animals. Surprisingly, the increase in current was threefold
greater in pyramidal cells from epileptic animals than from con-
trol animals (p < 0.01) (Fig. 5A, B), consistent with increased
expression of high-affinity GABA , receptors in epileptic animals.

Do a5GABA Rs contribute to the increased tonic current in
pyramidal neurons from epileptic rat slices perfused with 5 um
GABA? Application of L-655,708 had no significant effect (p =
0.24) on the tonic current in pyramidal cells from epileptic ani-
mals recorded during the continued perfusion of 5 um GABA
(Fig. 6A,B). Thus, in the epileptic hippocampus, although the
tonic current was increased profoundly by increasing the
[GABA],, this did not show the pharmacological profile of
a5GABA R. Although we found no deficit in GABA uptake when
perfusing with a solution containing no GABA (Fig. 3), we
checked that the greater increase in tonic current in epileptic
tissue was not caused by a deficit in GABA uptake when extracel-
lular GABA was increased. We therefore investigated the effect of
blocking GABA uptake with SKF89976A (30 um) on I ;14 during
the continued perfusion of 5 um GABA. Application of
SKF89976A (30 um) resulted in a marked increase in holding
current in CA1 pyramidal cells from both control and epileptic
tissue. This increase was greater in epileptic tissue, although it did
not reach significance (Al 4 Ep PC, 160.3 = 33.4 pA, n = 7; PC,
89.6 £ 19.2 pA, n = 8). This finding is not consistent with a
deficit of GABA uptake in the CAl region of epileptic tissue.
These results are consistent with downregulation of a5 in epilep-
tic tissue and argue for an increase in other receptor subtype(s),
which more than compensate for the loss of a5.

A potential confounding factor is that the handling and hous-
ing of the control animals differ from that of the epileptic ani-
mals, and handling and social isolation can alter GABA , receptor
subtypes (Hsu et al., 2003). We therefore repeated these experi-
ments in tissue from rats that had been treated in an identical
manner to the epileptic rats except that they had received a sub-
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creases in [GABA], in pyramidal cells from control and epileptic animals. 4, Time course of /4
in pyramidal cells from control and epileptic animals recorded in the presence of [GABA], = 5
jum. L-655,708 (50 wm), an inverse agonist of ae5GABA,Rs, reduced /, ;. in control but not in
epileptic principal cells. Picrotoxin (100 tum) was added at the end of each experiment to esti-
mate the total amount of GABAergic /,,,,4 within each cell. B, Summary histogram of the effect
of L-655,708 on ;4 recorded in the presence of GABA (5 um). L-655,708 (50 um) reduced by 44
and 36% the picrotoxin-sensitive /, . 4 recorded from control and sham (S PC) pyramidal cells,
respectively ( p = 0.6 for difference). Consistent with the downregulation of «5 in epilepsy,
L-655,708 changed/, 4 by +7%in pyramidal cells from pilocarpine epilepsy model (EP PC) and
by —29% in pyramidal cells from kainic acid epilepsy model (KA PC), indicating that the increase
in tonic current induced in these cells by increasing [GABA], is not mediated by ar5GABA,Rs.
Error bars represent SEM. C, The top panel shows representative examples of the time course of
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tions (left, 0.1 wum; right, 1 um). Each dot represents the average == SEM of three consecutive
data points acquired every 4 s, normalized by the picrotoxin-sensitive tonic current measured at
each [GABA],.. L-655,708 (50 ) blocks a bigger fraction of the picrotoxin-sensitive /, . 4 at
higher GABA concentrations. The hottom panel summarizes the proportion of the picrotoxin-
sensitive /, ;s mediated by «e5GABA,Rs at five different GABA concentrations. The contribution
of a5GABA,Rs to /,,,,4 becomes detectable for concentrations of GABA >0.3 um and progres-
sively increases to ~40% when [GABA], = 2 uum. Each point represents the average == SEM of
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convulsive dose of pilocarpine (sham controls; see Materials and
Methods). In tissue from the sham controls, the magnitude of the
tonic current in 5 uM GABA was not significantly different from
that observed in naive rats (naive, 30.6 = 5.4 pA; sham, 45.4 = 8.4
pA; p = 0.15 for difference). Furthermore, the proportion of the
tonic current mediated by a5GABA,Rs was no different from
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that observed in naive controls but was still significantly different
from that observed in the epileptic animals (Fig. 6 B). These re-
sults imply that the changes are not a function of the handling of
the animals but are caused by the epileptogenic process per se.

We also asked whether the change in tonic GABA, receptor-
mediated signaling is specific to the pilocarpine model of epilep-
togenesis. We repeated this set of experiments in a different
model of temporal lobe epilepsy in which SE was induced with
kainic acid (see Materials and Methods). Tissue from these rats
demonstrated the same upregulation of tonic current and loss of
the a5 component seen in the pilocarpine-treated rats, implying
that this phenomenon is not model specific (Figs. 5B, 6 B) but
again related to epilepsy itself.

Could the increase in the tonic current in high [GABA], in
CA1 pyramidal cells from epileptic animals be mediated by an
increase of 8-containing GABA, receptors? To answer this, we
applied THDOC (10 nMm) in the continued presence of GABA (5
puM). This increased I,y by no more than was observed at low
ambient GABA concentrations (Ep PC, 7.7 £ 4.2 pA, n = 5;
10.4 = 3.1 pA, n = 8, respectively; p = 0.6 for difference). This
implies that the increase in tonic current with higher [GABA],
cannot be explained by the recruitment of more 8-containing
GABA, receptors but is consistent with the recruitment of an
additional subset of GABA , receptors.

Thus, perfusing GABA reveals an a5GABA ,R-mediated tonic
current in pyramidal cells from control animals but results in a
larger change in I, ;4 in pyramidal cells from epileptic animals,
which is not mediated by a5- or 8-containing GABA , receptors.

Discussion

The observations that «5GABA ,Rs mediate a tonic current in
CA1 pyramidal cells (Caraiscos et al., 2004) and that a5 is con-
sistently downregulated in CAl pyramidal cells in epilepsy
(Houser and Esclapez, 1996, 2003; Fritschy et al., 1999) (this
study) led to the prediction that tonic inhibition should decrease
in epilepsy. We found instead that tonic currents recorded in the
absence of added GABA are in fact no smaller in CA1 pyramidal
cells from epileptic animals than in cells from control animals.
Instead, two lines of evidence point to an increase in GABA sen-
sitivity in epilepsy: the tails of eIPSCs are prolonged, and the tonic
current is enhanced by perfusing GABA to a greater extent than in
control tissue. These paradoxical results are explained by the dis-
covery that the tonic current has multiple components. In con-
trol animals, the current recorded in baseline conditions is sensi-
tive to the 8-subunit-preferring modulator THDOC, but when
GABA is elevated, a contribution from a5GABA,R is detected.
We confirmed this in hippocampal cell cultures in which we
could more accurately clamp [GABA],. In epileptic tissue, on the
other hand, the current that emerges when GABA is elevated
remains insensitive to the a5-selective benzodiazepine inverse
agonist (consistent with loss of a5 subunits).

GABA , receptor-mediated tonic currents have been variably
recorded in CA1 pyramidal cells (Bai et al., 2001; Semyanov et al.,
2003; Stell et al., 2003; Wu et al., 2003; Caraiscos et al., 2004).
Potential confounding factors in such studies of tonic currents in
the hippocampus are that they have been performed with differ-
ent [GABA], in different species. In vivo [GABA], has been esti-
mated to be of the order of 0.8 uM (Lerma et al., 1986) but may
rise substantially during behavioral and pathological states (Mi-
namoto et al.,, 1992; During and Spencer, 1993; Bianchi et al.,
2003). In an attempt to reflect the in vivo state in vitro, it has been
commonplace to increase [GABA], by inhibiting GABA break-
down (Wu et al., 2003; Caraiscos et al., 2004) uptake (Semyanov
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et al., 2003) or by perfusing slices with 5 um GABA (Stell et al.,
2003; Wei et al., 2003). However, these manipulations may raise
the extracellular GABA concentration surrounding neurons
within acute brain slices to different extents, depending on the
degree to which transporters are able to clear the neurotransmit-
ter from the extracellular space.

In adult rats, we were able to detect a tonic current in CA1
pyramidal cells in control and epileptic animals under baseline
conditions. Although the tonic current is small, it contributes to
three-quarters of the total inhibitory input (integrated tonic and
phasic GABA currents) onto pyramidal cells in our experimental
conditions. Importantly, the tonic current corrected for cell ca-
pacitance (cell size) was greater in interneurons than in pyrami-
dal cells, and this difference was preserved in neurons from epi-
leptic animals. This differential expression of the tonic current
possibly contributes to homeostatic regulation of network excit-
ability (Semyanov et al., 2003).

At low ambient GABA concentrations in our experiments,
a5GABA ,Rs do not contribute to the tonic current in pyramidal
cells. The resistance to zolpidem and the sensitivity to THDOC
that we observed are consistent with involvement of GABA re-
ceptors containing the & subunit and/or the a4 subunit (Brown et
al., 2002). 6-Containing receptors mediate a tonic current in den-
tate (Nusser and Mody, 2002; Stell et al., 2003) and cerebellar
granule (Brickley et al., 2001; Stell et al., 2003) cells and are ideally
suited to detecting submicromolar [GABA],, because they have a
high affinity, slow desensitization rates (Saxena and Macdonald,
1996; Brown et al., 2002), and are expressed extrasynaptically
(Nusser et al., 1998). Although a4-containing GABA , receptors
are also sensitive to THDOG, their affinity for GABA is substan-
tially increased when they are combined with the & subunit
(Brown etal., 2002). Indeed, the most likely subunit combination
mediating the tonic current in CA1 pyramidal cells is 46 (Liang
et al., 2004). These findings are consistent with the findings in
cultured hippocampal neurons (Mangan et al., 2005) but, at first
hand, appear at odds with the finding of Caraiscos et al. (2004)
that the tonic current in CA1 pyramidal cells is primarily medi-
ated by a5GABA,Rs. The cited study was, however, performed
on hippocampal neuronal cultures treated with the GABA
transaminase inhibitor vigabatrin for 24 h before recording and
thus in conditions of raised [GABA],,. From their results in mice,
it is apparent, however, that a proportion of the tonic current is
mediated by non-a5-containing GABA , receptors.

When we increased the [GABA],, the tonic current increased
in pyramidal cells from control and epileptic rats. In the control
animals, the increase was, as predicted, mediated primarily by
a5GABA,R. This result was confirmed in neurons in hippocam-
pal culture and was relevant over the [GABA], range measured by
others in vivo (Cavelier et al., 2005). It thus appears that multiple
GABA , receptor subtypes mediate the tonic current. Such heter-
ogeneity may extend the dynamic range over which GABA can be
detected (Semyanov et al., 2004). This is important, because
GABA concentrations can vary twofold to threefold during phys-
iological activities (e.g., exploration) (Bianchi et al., 2003) and
fivefold in pathological states (e.g., during kindling or seizures)
(Minamoto et al., 1992; During and Spencer, 1993; Smolders et
al., 2004). Thus, ®5GABA,Rs probably minimally contribute to
the tonic current in resting conditions and only come into play
during periods of activity.

In two animal models of epilepsy, the increase in tonic current
in pyramidal cells with increased [GABA], was significantly
larger than that observed in control animals but was mainly me-
diated by GABA, receptors that do not express the a5 subunit.
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This increased responsiveness was not attributable to decreased
efficacy of GABA uptake, because inhibiting GABA uptake had a
similar effect in control and epileptic animals on both tonic cur-
rent and also the late decay of eIPSCs. This is in keeping with
animal and human data, which support a decrease in clearance of
synaptically released extracellular GABA in the dentate gyrus
(Patrylo et al., 2001) but preserved GABA uptake in the CAl
region in epilepsy (Frahm et al., 2003).

Thus, the increased tonic current is most likely to be mediated
by an increase in the expression or activity of high-affinity
GABA, receptors. Our observation that there was no change in
the mIPSC or sIPSC amplitude and decay time constant in CA1
pyramidal cells from epileptic animals suggests that the main
receptor changes occurred extrasynaptically. The decay time con-
stant of small IPSCs is determined by single-channel kinetics
and/or diffusion from the cleft, whereas release of GABA from
many sites (i.e., during a large evoked IPSC) can result in spillover
of GABA onto GABA, receptors beyond the activated synapses
(Overstreet and Westbrook, 2003). Thus, our finding of a pro-
longed decay of large evoked IPSCs with an unchanged decay of
smaller spontaneous IPSCs in the epileptic tissue is consistent
with an increased expression of high-affinity, extrasynaptic
GABA , receptors. Alternatively, it could be explained by the ex-
pression of novel extrasynaptic receptors with different kinetics.

What is the functional relevance of the increased tonic current
in epileptic animals? Tonic currents modulate both the conduc-
tance threshold (and current threshold) for firing and the firing
pattern of neurons (Semyanov et al., 2004). When excitation is
mediated by random trains of synaptic conductance waveforms,
tonic currents act as a multiplicative function on the input—out-
put properties of the neuron (Mitchell and Silver, 2003). Thus,
the increase in tonic current that occurs with increased [GABA],
(such as can result during increased network activity) may lead to
acompensatory decrease in CA1 neuronal excitability. This could
play a role in curtailing seizure activity. An alternative, but as yet
untested, hypothesis is that hyperpolarization caused by the tonic
current could remove the inactivation of sodium and calcium
channels resulting in a paradoxical increase in excitability.

Our results have important implications for drugs selective for
specific GABA, receptors. Drugs that act specifically on
a5GABA ,Rs may have a maximal action during active physiolog-
ical states. Furthermore, modulators of GABA, receptors (e.g.,
neurosteroids, zinc) may only affect specific components of the
tonic current. The change in the subunits mediating tonic current
at high GABA concentrations in epileptic animals impacts on the
treatment of epilepsy and on the use of drugs that target
a5GABA,Rs in patients with epilepsy. Furthermore, the en-
hanced sensitivity to GABA of the tonic current in pyramidal cells
from epileptic animals may impair learning and memory in these
animals. Thus, although the enhanced pyramidal cell tonic cur-
rent in epilepsy may prevent or curtail seizure activity, it could be
detrimental to cognitive performance and may contribute to the
cognitive deficits and decline observed in human temporal lobe

epilepsy.
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