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ABSTRACT Patch—clamp recordings of CAl interneu-
rons and pyramidal cells were performed in hippocampal
slices from kainate- or pilocarpine-treated rat models of
temporal lobe epilepsy. We report that y-aminobutyric acid
(GABA)ergic inhibition in pyramidal neurons is still func-
tional in temporal lobe epilepsy because: (i) the frequency of
spontaneous GABAergic currents is similar to that of control
and (ii) focal electrical stimulation of interneurons evokes a
hyperpolarization that prevents the generation of action po-
tentials. In paired recordings of interneurons and pyramidal
cells, synchronous interictal activities were recorded. Further-
more, large network-driven GABAergic inhibitory postsynap-
tic currents were present in pyramidal cells during interictal
discharges. The duration of these interictal discharges was
increased by the GABA type A antagonist bicuculline. We
conclude that GABAergic inhibition is still present and func-
tional in these experimental models and that the principal
defect of inhibition does not lie in a complete disconnection of
GABAergic interneurons from their glutamatergic inputs.

A central issue in epilepsy research is the fate of inhibition.
Disinhibition, i.e., a decreased inhibitory drive on principal
neurons (1), is suggested to be the major factor responsible for
epileptogenesis in human temporal lobe epilepsy (TLE) and
animal models of chronic limbic seizures (2-6). However, a
paradox has been reported because <y-aminobutyric acid
(GABA )ergic inhibitory postsynaptic potentials are not seen
underlying epileptiform discharges in principal neurons
whereas they can be disclosed in the presence of glutamate
antagonists (7-14). This led to the hypothesis that inhibition
would not be present and/or functional during paroxysmal
discharges (10, 15). The aim of the present study was to test
whether spontaneous and evoked GABAergic inhibition that
impinges on principal neurons in slices from control rats is still
present and functional not only during paroxysmal discharges
but also during steady-state (outside epileptiform discharges)
in TLE. For this purpose, we have performed whole cell
recordings from morphologically identified CA1 hippocampal
interneurons and pyramidal neurons in hippocampal slices
obtained from two animal models of TLE: kainic acid (KA)-
or pilocarpine-treated rats. Most experiments were performed
in physiological conditions, i.e., without glutamatergic recep-
tor antagonists to examine the interactions between excitatory
and inhibitory drives. We report that all of the various types of
recorded interneurons, including basket cells, fire action po-
tentials in response to stimulation of their glutamatergic
synapses and provide efficient and functional GABAergic
inhibition to pyramidal cells during spontaneous and parox-
ysmal activities. We also report that spontaneous and evoked
paroxysmal discharges occur synchronously in pair recordings
of interneurons and pyramidal cells in TLE. Our observations
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suggest that the inhibitory drive on CAl pyramidal cells is
recruited in TLE and that interneurons, notably those that
innervate the soma of pyramidal cells, are readily activated by
their glutamatergic inputs.

MATERIALS AND METHODS

KA and pilocarpine injections were performed on male Wistar
rats (180 g) following established procedures (4, 16). Nineteen
KA-treated and 14 pilocarpine-treated rats that had displayed
spontaneous recurrent limbic seizures for at least 2 weeks were
selected (1-12 months after drug injection). Animals that had
no apparent seizures within the last 24 h before the slice
experiment were selected. Fifteen age-matched rats were used
for control experiments. Rats were perfused with modified
artificial cerebrospinal fluid and 400 uwm-thick slices were
prepared with a Leica (Deerfield, IL) VT 1000E tissue slicer
as previously described (14). Artificial cerebrospinal fluid
contained (in mM) 124 NaCl, 3 KCIl, 1.25 KH,PO,, 26
NaHCO3, 1.3 MgS0O47H,0, 2 CaCl,, and 10 D-glucose and was
aerated continuously with 95% O, and 5% CO.. Slices from
treated animals showing burst activity were selected using
extracellular recordings following established procedures (17).
Bipolar twisted NiCr wire stimulation electrodes (trimel insu-
lated apart from 50 wm at the tip) were placed in the stratum
radiatum of the CA1 area close to stratum pyramidale and 0.5
mm from the recording electrode. Spontaneous postsynaptic
currents (PSC) and potentials (PSP) were recorded from CAl
pyramidal cells and interneurons with tight seal, whole cell
patch—clamp pipettes. Microelectrodes had a resistance of
4-12 Mohm, and internal solutions of the following compo-
sitions were used (in mM): (i) for current clamp experiments:
135 K-gluconate, 2 MgCl, 0.1 CaCl,, 1 EGTA, 2 Na,ATP, 10
Hepes, 0.5% biocytin (pH 7.25) and (ii) for voltage—clamp
experiments, K-gluconate was replaced by Cs-gluconate. Os-
molarity was between 265 and 275 mOsm. Access resistance
was monitored throughout the experiments and was found to
be constant. The temperature in the recording chamber was
maintained at 30-32°C. Cells were kept at their resting mem-
brane potential (in current clamp mode) and —60 mV or +20
mV (in voltage—clamp mode) for the analysis of glutamatergic
or GABAergic spontaneous PSCs respectively. Biocytin ejec-
tion occurred passively, and the neurons were morphologically
identified post hoc. 6-Cyano-7-nitro-quinoxaline-2,3-dione
(CNQX) and D-2-amino-5-phosphonovaleric acid (D-APV)
were a gift from Novartis (Bern, Switzerland). KA, bicuculline,
pilocarpine, and biocytin were obtained from Sigma. CNQX,
D-APYV, and bicuculline were diluted in oxygenated artificial
cerebrospinal fluid. Signals were fed to Axopatch 200A (Axon
Instruments, Foster City, CA) amplifiers. All data were digi-
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FiG. 1. Interneurons are not disconnected from their excitatory afferents. (4) Neurolucida reconstruction of a biocytin-labeled interneuron
from a KA-treated rat (3 months postinjection). This interneuron (presumed basket cell) with its soma located in CA1 stratum radiatum (SR)
exhibited an extensive axonal arborization in the pyramidal cell layer (SP). (B) The same interneuron was characterized by a lack of adaptation
on a depolarizing step. K-gluconate, resting membrane potential (RMP) —58 mV. (C) A pyramidal neuron (P) and an interneuron (I) located in
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tized (10 kHz) with a Labmaster (Axon Instruments) interface
card to a personal computer and analyzed with the ACQUIS 1
program (G. Sadoc, DIPSI, Asniéres, France). Parameters
were compared with a Student’s ¢ test for paired samples.
Because there was no statistical difference between the results
obtained from pilocarpine- or KA-treated rats, data were
pooled together. Values are expressed as means = SEM.

To specifically address the functionality of perisomatic
inhibition (18), surgical cuts were made in stratum radiatum
and stratum oriens perpendicularly to the transverse axis,
sparing stratum pyramidale. The stimulating electrode was
located in stratum pyramidale on one side of the cuts (allowing
the direct stimulation of axoaxonic and axosomatic cells) and
the recording electrode on the other side. CNQX and D-APV
were perfused in the bath to block glutamatergic neurotrans-
mission.

After electrophysiological recordings, the slices remained in
the chamber for 30-60 min to allow transport of biocytin
throughout neuronal processes, and then they were fixed
overnight at 4°C in a solution containing 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4). Slices were cryo-
protected in sucrose and quickly frozen on dry ice, and 60
pm-thick sections were cut on a cryostat. Avidin-biotinylated
peroxidase complex (Vector Laboratories) and 3,3'-
diaminobenzidine tetrahydrochloride (Sigma) as chromogen
were used to visualize filled cells. Some biocytin-injected
neurons also were visualized with fluorescence in unsectioned
slices that were processed for 24 h with avidin-D-fluorescein
isothiocyanate (Vector Laboratories) diluted in saline phos-
phate buffer (0.1 M PBS, pH 7.4) containing 0.3% Triton
X-100. Neurons were reconstructed using either a camera
lucida device or the Neurolucida system (Microbrightfield,
Colchester, VT). Interneurons were identified using morpho-
logical criteria (location of the soma, aspiny dendrites, and
axonal arborization).

RESULTS

Morphological and Electrophysiological Properties. So-
matic patch—clamp recordings from CAl interneurons (n =
14) and pyramidal cells (n = 195) were performed in hip-
pocampal slices from spontaneously epileptic rats 1-12 months
after parenteral injection of pilocarpine or intracerebroven-
tricular injection of KA. The 14 interneurons morphologically
identified included: (i) two interneurons with a soma in the
stratum oriens—alveus border, a horizontally oriented dendritic
tree, and an axon that arborized in stratum oriens and stratum
radiatum, (if) three interneurons in stratum pyramidale in-
cluding two perisomatic neurons (presumed basket or chan-
delier cells) with a pyramidal shape cell body, dendrites
spanning all layers, and an axon arborization that was confined
to stratum pyramidale (Fig. 1C); the third one exhibited a
fusiform cell body and a bipolar dendritic tree with an apical
dendrite reaching stratum lacunosum moleculare; its axonal
arborization was mainly distributed to stratum oriens and
stratum radiatum, (iii) seven interneurons had their cell body
located in stratum radiatum: They included two presumed
perisomatic interneurons with an ovoid cell body giving rise to
several aspiny dendrites and a main axon terminal field in
stratum pyramidale (Fig. 1A); the other five interneurons
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displayed an axonal arborization restricted to stratum radia-
tum, and (iv) two interneurons had their soma in stratum
lacunosum moleculare and the axon collaterals in stratum
radiatum. None of the 14 interneurons exhibited adaptation to
depolarizing pulses (Fig. 1B); 9 of 14 interneurons fired
spontaneously (outside spontaneous epileptiform discharges)
in the cell attached configuration at a frequency of 0.07 = 0.03
Hz. The firing consisted of single spikes, doublets, or triplets.
The responses of these interneurons after the activation of
their excitatory afferents are described at the end of Results.

Stimulation in stratum radiatum evoked typical graded
epileptiform bursts in almost all of the pyramidal neurons (190
of 194). Spontaneous bursts were observed in 68 of 70 pyra-
midal neurons recorded in pilocarpine rats but in only 3 of 125
in kainate rats. Spontaneous and evoked epileptiform dis-
charges were reduced after application of the N-methyl-D-
aspartate receptor antagonist D-APV and were suppressed
after treatment with both CNQX and D-APV (not shown), as
we and others have reported (14).

In keeping with earlier studies, paired-pulse inhibition was
present in control but not in epileptic slices (8, 15, 17). This was
readily shown using cell attached recordings (Fig. 24) or the
whole cell configuration (not shown). A large facilitation was
observed in TLE (rn = 195) when the two stimuli were applied
at 20-ms intervals, in contrast to control cells (n = 15) in which
the second spike was always abolished. Also in agreement with
previous reports (7-14), inhibitory PSPs (IPSPs) were not seen
during epileptiform discharges (n = 5; Fig. 1D but see ref. 14).
However, in the presence of glutamate receptor antagonists
(CNQX 10 uM plus APV 50 uM) to pharmacologically isolate
GABAergic responses, a focal stimulation evoked an IPSP
(Fig. 2C) or an inhibitory PSC (IPSC) (Fig. 34).

Functional GABAergic Inhibition in Pyramidal Cells. The
following observations suggest that GABAergic inhibition is
functional in pyramidal neurons:

(i) GABAergic inhibition plays an important role during
steady—state by providing a continuous background level of
inhibition to the principal cells driving their membrane po-
tential away from firing threshold. The frequencies of spon-
taneous IPSCs measured at the reversal potential of glutama-
tergic events (+20 mV) in control (16.8 = 2.2 Hz, n = 10) and
in TLE (17.3 = 5.5 Hz, n = 22) were not statistically different
(P =0.9; Fig. 2B). These IPSCs were GABAergic because they
were totally blocked after bicuculline application (Fig. 2B).
Therefore, the ongoing GABAergic drive on pyramidal cells
does not appear modified in TLE.

(ii) One of the functions of perisomatic inhibition is to
control the firing of Na* spikes in the soma of pyramidal
neurons, as recently demonstrated by Miles et al. in the CA3
area (18). Using the same paradigm in CA1 pyramidal cells, we
first verified, in control slices, that the pharmacologically and
surgically isolated GABA type A (GABAA) receptor-
mediated IPSP evoked by focal stimulation blocked the firing
of Na™* spikes elicited by a depolarizing step (Fig. 2C; 3.2 = 0.4
blocked spikes, n = 5). In TLE CAl pyramidal cells, evoked
GABAergic IPSPs were as efficient as in control (Fig. 2C;
3.0 = 0.3 blocked spikes, n = 5, P = (0.7 between TLE and
control).

Persistence of GABAergic Inhibition During Epileptiform
Discharges. The following observations suggest that GABAer-

CALl were recorded simultaneously in a slice obtained from a KA-treated rat (2 months postinjection). The biocytin-filled cells were detected by
fluorescence and are illustrated in the two panels. Stimulation in stratum radiatum evoked simultaneous epileptiform discharges in the pyramidal
cell and the interneuron recorded in the cell attached configuration. Responses are shown below each frame. As in the following figures, arrowheads
indicate stimulus artifact. D-APV treatment reduced the duration of the epileptiform discharge. On the right, the camera lucida reconstruction
of the interneuron is illustrated. This interneuron (presumed chandelier or basket cell) displays a soma with a triangular shape located within stratum
pyramidale (SP) and a smooth dendritic arborization that extends to all layers. The main axon originates from a proximal dendrite and ramifies
exclusively throughout the pyramidal cell layer. (D) Spontaneous paroxysmal discharges recorded in the cell attached (Left) and current clamp mode
(Right) in a stratum radiatum interneuron in a slice obtained from a pilocarpine-treated rat. K-gluconate, resting membrane potential (RMP) —61
mV. Note the apparent lack of IPSP underlying the burst in the current clamp mode.
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F1G. 2. Pyramidal cells still receive inhibition despite the failure of
paired pulse inhibition in TLE. (4) Pyramidal neurons were recorded
in the cell attached configuration. (Left) Response of a pyramidal cell
in control tissue to a paired pulse stimulation in stratum radiatum
(interval 20 ms). Note the absence of a second discharge. (Right)
Recording from a TLE pyramidal neuron. A large facilitation occurs
after the second stimulus, indicating a failure of inhibition. (B)
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gic inhibition is present and functional during paroxysmal
discharges in physiological conditions.

(i) GABAergic and glutamatergic currents were measured
during evoked and spontaneous paroxysmal discharges. In
whole cell recordings from pyramidal cells in the voltage—
clamp mode, fast GABAergic events reversed between —55
and —65 mV, and glutamatergic events reversed between +10
and +20 mV. All neurons recorded from KA- and pilocarpine-
treated rats (n = 195) were characterized by evoked polysyn-
aptic excitatory PSCs (recorded at —60 mV) and large IPSCs
(recorded at +20 mV). Biphasic currents were recorded
between these two potentials (Fig. 34). More direct evidence
was obtained from the analysis of spontaneous interictal events
recorded in pilocarpine-treated rats (Fig. 3B). Pyramidal cells
(n = 68) showed a large inward current when recorded at —60
mV and a large outward current at +20 mV. These currents
were respectively blocked by CNQX/D-APV (Fig. 34) and
bicuculline (not shown but see Fig. 2B), respectively.

(iii) The previous results suggest that GABAergic inhibition
underlies epileptiform discharges at resting membrane poten-
tial. We then tested its efficacy in damping excitation. In all of
the pyramidal cells tested (n = 15), perfusion of bicuculline
increased the duration of both evoked and spontaneous epi-
leptiform discharges (Fig. 3C). The number of action poten-
tials was increased by 45 = 14% after bicuculline treatment,
suggesting that GABAergic inhibition was still active in pyra-
midal cells.

Glutamatergic Inputs to Interneurons. Because GABAer-
gic currents can be measured during glutamate-dependent
epileptiform discharges and because bicuculline increases the
duration of these discharges, inhibitory interneurons should
fire action potentials via activation of their glutamatergic
synapses during paroxysmal discharges. Indeed, stimulation in
stratum radiatum evoked typical graded epileptiform bursts in
12 of the 14 recorded interneurons (Fig. 1C) and a single action
potential in the other two. Spontaneous bursts were observed
in four of five interneurons (Fig. 1D) recorded in pilocarpine
rats. Spontaneous and evoked epileptiform discharges were
reduced after application of the N-methyl-D-aspartate recep-
tor antagonist D-APV (Fig. 1C) and were suppressed after
treatment with both CNQX and D-APV (not shown). Finally,
we have performed double patch—clamp recordings from four
pairs of CAl interneurons and pyramidal cells (not synaptically
connected). Synchronized epileptiform discharges were
evoked in three pairs (Fig. 1C); in the fourth one, the inter-
neuron responded with a single action potential.

Thus, all recorded interneurons were active after the stim-
ulation of their excitatory glutamatergic inputs during parox-
ysmal discharges in pyramidal cells.

DISCUSSION

The principal conclusion of the present study is that the various
elements of the GABAergic inhibitory circuit are still opera-
tive in TLE. (i) There is a powerful spontaneous inhibitory
drive that impinges on pyramidal cell somata because the
frequency of on-going GABAergic currents is identical to that

Spontaneous GABAergic activity is not modified in TLE. Spontane-
ous IPSCs were recorded from the somata of CA1 control (Upper) and
TLE (Lower) pyramidal neurons. Continuous 4-s recordings of IPSCs
are displayed. Neurons were voltage clamped at the reversal potential
for glutamatergic currents, around +20 mV, Cs-gluconate. Bicuculline
(10 uM) blocked all spontaneous activity. In this case, the time scale
bar corresponds to 1 s (i.e., 10-s sweep). (C) Perisomatic inhibition
blocked the generation of Na™ spikes in control [resting membrane
potential (RMP) —64 mV] and TLE (RMP —67 mV) pyramidal cells
(current clamp mode, K-gluconate). IPSPs were evoked by electrical
stimulations applied in stratum pyramidale in the presence of gluta-
matergic antagonists (CNQX 10 uM and D-APV 50 uM).
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paroxysmal discharges in TLE. (4) A pyramidal neuron (KA model)
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of controls. In control neurons, as much as 50% of this activity
is network-driven, i.e., spike-dependent (19). This suggests that
the firing of interneurons is partly responsible for the spon-
taneous GABAergic drive that impinges on CA1l pyramidal
cells in TLE. (ii) Direct stimulation of GABAergic interneu-
rons still prevents the generation of action potentials in
pyramidal cells. (iif) Most importantly, in contrast to previous
conclusions (15), the inhibitory circuit is also active during
paroxysmal discharges in physiological conditions. Thus, par-
oxysmal activities were recorded in interneurons and were
synchronous with those recorded simultaneously in pyramidal
cells. (iv) The paroxysmal discharges of interneurons generate
large IPSCs in pyramidal cells reflecting the functionality of
the GABAergic synaptic inputs to pyramidal neurons. And (v)
finally, these IPSCs are still efficient because bicuculline
increases the duration of the discharges.

How can the presence of a functional inhibition be recon-
ciled with the failure of paired pulse inhibition and the
occurrence of spontaneous and evoked paroxysmal dis-
charges? Two major, nonexclusive hypotheses have been pro-
posed: (i) A major element that must be taken into account is
the sprouting and the formation of novel glutamatergic syn-
apses that would tip off the balance between inhibition and
excitation in favor of the latter. Extensively described in the
mossy fiber pathway (20-25), recent data indicate that sprout-
ing also takes place in CA1 (26), supporting the hypothesis that
an enhanced excitatory drive could facilitate the occurrence of
epileptiform discharges. (i) The “dormant basket cell” hy-
pothesis suggests that disinhibition is due to a partial (15) or
complete (10) disconnection of interneurons, in particular the
basket cells, from their glutamatergic inputs. Therefore, in-
terneurons would not be able to provide an efficient inhibitory
drive to the pyramidal cells. The result at the origin of the
hypothesis was that GABAergic interneurons did not degen-
erate in the dentate gyrus (2) or in the CAl area (195).
However, the use of more sensitive techniques recently dem-
onstrated a clear loss of some populations of interneurons in
both regions (4, 27). Our recordings from interneurons, in-
cluding basket cells, exclude the complete disconnection the-
ory (10) and cannot be readily reconciled with the dormant
basket cell hypothesis, which suggests a “decreased direct
activation of CA1 basket cells” (15). Finally, because the
probable disconnection of interneurons from some of their
excitatory afferents does not prevent their hyperexcitability (at
least those we have recorded from), we suggest that this
disconnection may not play a major role in the disinhibition of
principal cells.

Other mechanisms affecting the strength of inhibition could
also result in disinhibition of principal neurons: (i) a decrease
of GABA release from GABAergic terminals and (ii) postsyn-
aptic mechanisms such as a modification of the efficacy by
Zn** (6) or Ca?* (28) or the density of GABAA, receptors. In
fact, a recent study reported that the conductance of GABAA
receptors is reduced by 50% in isolated CAl hippocampal

was recorded in the whole cell configuration and voltage clamped
(Cs-gluconate). Stimulation of stratum radiatum evoked a large glu-
tamatergic current at the reversal potential of GABAA receptor-
mediated currents (—60 mV) and a large GABAergic one at the
reversal potential of a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid/N-methyl-D-aspartate receptor-mediated currents (0 mV).
Biphasic currents were measured between these potentials. Applica-
tion of CNQX (10 uM) and D-APV (50 uM) disclosed isolated IPSCs
that reversed at —60 mV. Note the presence of spontaneous IPSCs. (B)
Spontaneous paroxysmal discharges recorded (same protocol as in A)
in a pyramidal cell of a pilocarpine rat. Note the large GABAergic
current at +20 mV and the biphasic pattern at —40 mV. (C)
Bicuculline treatment increased the duration of evoked epileptiform
discharges in a KA pyramidal cell recorded in the cell attached
configuration.
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neurons in the pilocarpine model, providing the first direct
evidence of a functional deficit of inhibition at the postsynaptic
level (29). Such a deficit and the loss of interneurons projecting
to the dendrites (27) could directly explain the occurrence of
paroxysmal discharges in CA1 pyramidal cells if excitation is
not sufficiently damped by inhibition anymore. It must be
pointed out that the mechanisms resulting in disinhibition may
be area-specific. Indeed, Gibbs et al. reported that, in contrast
to CA1 pyramidal cells, the conductance of GABAA, receptors
was increased in dentate granule cells (29).

In conclusion, the remaining inhibition is still efficient and
functional enough to keep CA1l pyramidal cells “under con-
trol” most of the time. However, the alterations affecting
inhibition would lead to an unstable steady—state in which a
slight perturbation would be sufficient to tilt the balance
toward paroxysmal activities.

We thank Dr. G. L. Holmes for critical reading of the manuscript,
D. Diabira for providing the lesioned animals, and Novartis (Bern,
Switzerland) for the gift of CNQX and D-APV. This work was
supported by Institut National de la Santé et de la Recherche Médicale
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