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CHLORIDE-MEDIATED INHIBITION OF THE ICTOGENIC NEURONES

INITIATING GENETICALLY-DETERMINED ABSENCE SEIZURES
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Abstract—Electroclinical investigations in human patients
and experimental studies from genetic models demonstrated
that spike-and-wave discharges (SWDs) associated with ab-
sence seizures have a cortical onset. In the Genetic Absence
Epilepsy Rat from Strasbourg (GAERS), SWDs are initiated
by the paroxysmal discharges of ictogenic pyramidal neu-
rones located in the deep layers of the somatosensory cor-
tex. However, the cellular and synaptic mechanisms that con-
trol the ictal discharges of seizure-initiating neurones remain
unclear. Here, by the means of in vivo paired electroenceph-
alographic (EEG) and intracellular recordings in the GAERS
cortical focus, we explored the participation of the intracor-
tical inhibitory system in the control of paroxysmal activities
in ictogenic neurones. We found that their firing during EEG
paroxysms was interrupted by the occurrence of hyperpolar-
izing synaptic events that reversed in polarity below action
potential threshold. Intracellular injection of Cl� dramatically
ncreased the amplitude of the paroxysmal depolarizations
nd the number of generated action potentials, strongly sug-
esting that the inhibitory synaptic potentials were mediated
y GABAA receptors. Consistently, we showed that intracel-

lularly recorded GABAergic interneurones fired, during sei-
zures, shortly after (��8 ms) the discharge of ictogenic neu-
rones and displayed a rhythmic bursting that coincided with
the inhibitory synaptic events in neighbouring pyramidal ic-
togenic cells. In contrast with other forms of epilepsy, our
findings suggest that paroxysmal activities in the cortical
pyramidal cells initiating absence seizures are negatively
controlled by a feedback Cl�-mediated inhibition likely result-
ng from the fast recurrent activation of intracortical GABAe-
gic interneurones by the ictogenic cells themselves. © 2011
BRO. Published by Elsevier Ltd. All rights reserved.
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Absence seizures, mainly occurring in children of school
age, result in transient impairments of consciousness,
without convulsion, due to the abrupt appearance of spike-
and-wave discharges (SWDs) over the cortical mantle and
thalamic nuclei (Panayiotopoulos, 1997; Williams, 1953).
Although the origin of SWDs was first attributed to func-
tional disturbances in the intrinsic circuitry of the thalamus
(Bal et al., 1995; Buzsáki, 1991), the most recent electro-
clinical studies in epileptic patients indicate that the onset
of absence seizures is correlated with early activation of
discrete cortical areas (Holmes et al., 2004; Sadleir et al.,
2006; Westmijse et al., 2009). Cortical foci initiating SWDs
have also been found in various rodent genetic models of
absence epilepsy (Meeren et al., 2002; Polack et al., 2007,
2009). In the Genetic Absence Epilepsy Rat from Stras-
bourg (GAERS; Danober et al., 1998), the paroxysmal
electrical activities first appear in a focus located within the
facial somatosensory cortex (Polack et al., 2007). The
functional inactivation of this ictogenic region prevents the
occurrence of SWDs, whereas the inhibition of its related
thalamic nuclei or remote cortical areas does not affect its
endogenous ability to generate seizure activity (Polack et
al., 2009).

Intracellular recordings in the GAERS revealed that
SWDs are initiated in layer 5-6 pyramidal neurones of the
cortical focus, which fire action potentials systematically
before distant cortical and thalamo-cortical neurones (Po-
ack et al., 2007, 2009). These ictogenic neurones display
n between SWDs a distinctive sustained membrane de-
olarization and elevated tonic firing rate. This pattern of
ctivity is converted during seizures into oscillatory-like
aroxysmal depolarizations, leading to repeated brisk fir-

ng correlated with the electroencephalogram (EEG)
pikes, superimposed on a tonic hyperpolarization lasting
or the entire SWD (Polack et al., 2007, 2009; Polack and
harpier, 2009; see also Figs. 1B and 2A3). Moreover,

intracortical or systemic injection in the GAERS of etho-
suximide, a first choice anti-absence drug, has an anti-
epileptic effect (Manning et al., 2004; Polack and Charpier,
2009) that is correlated with the conversion of the hyper-
active ictogenic cortical neurones into cortical neurones
having normal electrophysiological properties (Polack and
Charpier, 2009).

The cellular and network mechanisms controlling the
paroxysmal discharges in the cortical ictogenic neurones
remain unclear. Investigations in rodent genetic models of
absence epilepsy, mostly conducted in slice preparations
where seizure activity is absent, pointed out dysregulations
in intrinsic and/or synaptic properties that could account for

the propensity of somatosensory cortical neurones to gen-
ts reserved.
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erate epileptic discharges. Specifically, the exacerbated
activity of deep-layer neurones of the cortical focus could

Fig. 1. Evidence for an inhibitory component during paroxysmal dep
depolarizing and hyperpolarizing 200-ms current pulses (bottom trace
Note the sag in membrane voltage (arrow) during current-induced h
(crossed arrow). (B) Intracellular activity of the neurone shown in (A)
occurrence of an SWD in the EEG was accompanied in the ictogenic n
a tonic membrane hyperpolarization (dashed line). (C) Pooled distribu
neurones (n�12), using the peak of the EEG spike as the zero-time ref
(r2�0.99). Here and in the following figures, the mean value of action
ecords from the experiment shown in (B). The peak of the EEG
superimposed top traces). The initial firing on the paroxysmal depolar
arrows) synaptic events. (E) Voltage-dependency of paroxysmal depo
ctogenic cell, obtained during DC injection of �1 nA, and the correspo
asterisks) followed by a brisk hyperpolarization (arrows) and subse
n�10) of the complex synaptic sequences during DC depolarization
epolarization (asterisk), was used to align the records. (E3) Same
yperpolarizing events and made emerge a large, up to 30 mV, depol

n the following figures, the value of membrane potential is indicated
result from an increased expression of voltage-gated so-
dium channels (Klein et al., 2004) and/or a reduction in the
dendritic hyperpolarization-activated inward cationic cur-

ns in ictogenic neurones. (A) Intracellular responses (top records) to
regular spiking neurone recorded in the layer 5 of the cortical focus.
ization and the rebound response at the break of the current pulse
races) simultaneously recorded with the focus EEG (top traces). The
y rhythmic paroxysmal depolarizations, which were superimposed on
e timing (�t) of all action potentials (APs; bin size, 4 ms) in ictogenic
nset). The distribution was best fitted by a single Gauss-Laplace curve
ls timing is indicated at the top of the histogram. (D) Expanded dual
s used to align the intracellular (bottom traces) and EEG records
as followed by near threshold (dashed lines) excitatory and inhibitory
s. (E1) Three successive intracellular records (bottom traces) from an
G spikes (superimposed top traces). Note the early depolarizing event
nches of small depolarizations (oblique lines). (E2) Superimposition
set of the hyperpolarizing breaks (arrow), which disrupted the initial
tation as in (E1). The DC (�1 nA) hyperpolarization abolished the
ift. In (D, E), action potentials are truncated for commodity. Here and

rowhead at the left of the intracellular record.
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NMDA-dependent conductance, together with a decrease
in GABAA receptor-mediated synaptic transmission, has
also been proposed as a potent mechanism for the parox-
ysmal depolarizing shifts in focus neurones (D’Antuono et
al., 2006). This mechanism is supported by the reduction in

Fig. 2. Activity of cortical ictogenic neurones recorded with KCl-fille
Cl�-loaded ictogenic neurones. (A1) Microphotograph of a Cl�-filled
responses (top records) of the neurone shown in (A1) to depolari
intracellular activity of the same neurone (bottom record) at the occurr
recordings as indicated by the dashed box in (A3). The horizontal d
Increase of ictal firing rate after intracellular injection of Cl�. (B1) Seiz

Ac (grey bottom trace) electrodes in the same experiment, and corre
s indicated by the dashed box in (B1). The amplitude of depolarizing
ompared to those recorded with KAc electrode (grey trace). Note th
hen the cell was loaded with Cl�. (C) Pooled distribution of the timing

(n�7), using the peak of the EEG spike as the zero-time reference (B2)
shows the superimposition of the fitting curves of firing distribution fr
electrodes.
the number and duration of SWDs after in vivo microinjec-
tion of GABAA positive allosteric modulators into the pri-
mary somatosensory cortex (Citraro et al., 2006). More-
over, the activation or blockade of group-II metabotropic
glutamate receptors has a pro- or anti-epileptic effect,
respectively, suggesting a role of these glutamate recep-

lectrodes. (A) Morphological and electrophysiological properties of
al neurone located in the layer 6 of the cortical focus. (A2) Voltage
hyperpolarizing current pulses (bottom traces). (A3) Spontaneous
n SWD in the related EEG (top record). (A4) Expansion of the paired
e indicates the membrane potential reached during the seizure. (B)
ity in ictogenic neurones, recorded with KCl (black bottom trace) and
paroxysmal EEGs (top traces). (B2) Expansion of the paired records
firing rate in the Cl�-filled neurone (black trace) were both increased

yperpolarizing events in the KAc record (arrows), which disappeared
l action potentials (APs; bin size, 4 ms) in Cl�-filled ictogenic neurones
tribution was best fitted by a Gauss-Laplace curve (r2�0.98). The inset
midal ictogenic neurones recorded with KAc (from Fig. 1C) and KCl
d microe
pyramid

zing and
ence of a
ashed lin
ure activ
sponding
shift and

e small h
(�t) of al
. The dis
tors in the pathogenesis of absence epilepsy (Ngomba et
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al., 2005). Thus, converging data strongly suggest a cru-
cial implication of the cortical glutamatergic and GABAer-
gic synaptic systems in the generation of SWDs. However,
the direct participation of a GABAergic component in the
paroxysmal activity of the ictogenic neurones during ab-
sence seizures has never been explored.

Thus, the aim of the present study was to determine,
by the means of in vivo paired EEG and intracellular re-
cordings in the GAERS cortical focus, whether SWDs en-
compass an inhibitory synaptic component and to assess
the role played by cortical inhibitory interneurones in the
control of paroxysmal activities in ictogenic pyramidal cells.

EXPERIMENTAL PROCEDURES

All animal experiments were performed in accordance with the
European Communities Council Directive of 24 November 1986
(86/609/EEC) and every precaution was taken to minimize stress
and the number of animals used in each series of experiments.

Animal preparation

Experiments were performed in vivo on 17 adult (�15 weeks)
GAERS. Animals were initially anesthetized with sodium pento-
barbital (40 mg/kg, i.p.; Sanofi, Libourne, France) and ketamine
(100 mg/kg, i.m.; Imalgène, Merial, France). A cannula was in-
serted into the trachea, and the animal was placed in a stereotaxic
frame. Wounds and pressure points were repeatedly (every 2 h)
infiltrated with lidocaïne (2%). Once the surgical procedures had
been completed (see below), rats were analgesied and main-
tained in a narcotized and sedated state by injections of fentanyl
(3 �g/kg, i.p.; Janssen-Cilag, Issy-les-Moulinaux, France) re-
eated every 20–30 min (Charpier et al., 1999; Polack and
harpier, 2009; Polack et al., 2007, 2009). To obtain long-lasting
table intracellular recordings, rats were immobilized with gal-
amine triethiodide (40 mg, i.m., every 2 h; Specia, Paris, France)
nd artificially ventilated. The degree of anesthesia was assessed
y continuously monitoring the surface EEG and heart rate, and
dditional doses of fentanyl were administered at the slightest
hange toward an awaked pattern (i.e. an increase in the fre-
uency and reduction in the amplitude of the EEG waves and/or
n increase in heart beat rate). Body temperature was maintained
36.5–37.5 °C) with a homoeothermic blanket. At the end of the
xperiments, animals received an overdose of sodium pentobar-
ital (200 mg/kg, i.p.).

Electrophysiological recordings

Surface EEG was made with a silver electrode (�60 k�) placed
on the dura above the facial region of the somatosensory cortex,
which was demonstrated as the ictogenic region (focus) in
GAERS (Polack and Charpier, 2009; Polack et al., 2007, 2009).
Reference electrode was placed in a contralateral head muscle.
Intracellular recordings were performed using glass micropipettes
filled with 2 M KAc (50–80 M�) or 3 M KCl (30–40 M�). Pyra-
midal cells and interneurones were recorded within the layer 5-6 of
the facial somatosensory cortex from the vicinity (�200 �m) of the
EEG electrode, at the following coordinates: 7–9 mm anterior to
the interaural line, 5–6 mm lateral to the midline, and 1.1–3.3 mm
under the cortical surface (Polack and Charpier, 2009; Polack et
al., 2007, 2009).

Analysis

Intracellular recordings were obtained under current-clamp condi-
tions using an Axoclamp-2B amplifier (Molecular Devices, Union

City, CA, USA). Data were digitized for analysis at a sampling rate (
of 10 kHz for the intracellular signal and 1 kHz for EEG. Apparent
membrane input resistance was measured from the mean (n�10)
membrane potential change in response to �0.4 or �0.6 nA
urrent pulses (200 ms duration, repeated every 1.25 s) and the
orresponding membrane time constant was the time taken for the
embrane potential to reach 63% of its final value. Average
embrane potential was determined during interictal periods from

ontinuous recordings of at least 10 s. The voltage threshold of
ction potentials was measured as the membrane potential at
hich the dV/dt exceeded 10 V.s�1 (Polack et al., 2009). Their
mplitude (50–70 mV) was calculated as the potential difference
etween the voltage threshold and the peak of the waveform, and
heir total duration was measured from the threshold to the return
o this voltage reference.

Numerical values are given as means	SEM. Statistical sig-
ificance was assessed with appropriate statistical tests, Stu-
ent’s unpaired t-test, Mann–Whitney rank sum-test or Levene
edian test. In some measurements, a Gauss-Laplace fit was
erformed. Statistical analyses and curve fitting were performed
ith Origin 7.5 (OriginLab Corporation, Northampton, MA, USA).

Morphological identification

Some of recorded neurones were labelled using an intracellular
injection of 1% neurobiotin tracer (Vector Laboratories, Burlin-
game, CA, USA) added to the pipette solution. Depolarizing cur-
rent pulses (0.5–1 nA; 100–200 ms duration) were applied at a
frequency of 1–2 Hz for a 15 min period. The histochemical
methods used to reveal the morphology of neurobiotin-filled neu-
rones are described in detail elsewhere (Polack and Charpier,
2006). The location of labelled neurones within the facial somato-
sensory cortex was determined using the atlas of Paxinos and
Watson (1986).

RESULTS

SWD properties

The intra-SWD frequency was of 7.6	0.2 Hz (n�598
SWDs from 17 GAERS). SWDs had a duration of
14.9	2.4 s and recurred once every 19.9	3.8 s. These
temporal properties of SWDs, as well as the shape of
individual spike-wave complexes, are similar to those de-
scribed previously under analogous experimental condi-
tions (Charpier et al., 1999; Paz et al., 2007; Polack et al.,
2007, 2009; Polack and Charpier, 2009) and in freely
moving GAERS (Danober et al., 1998; Polack et al., 2007).

The paroxysmal depolarizations in ictogenic
neurones contain an inhibitory component

We first made in vivo intracellular recordings (using KAc
electrodes) from the deep-layer pyramidal neurones
(n�12 from eight GAERS) of the GAERS cortical focus,
which were previously demonstrated as the neuronal trig-
ger for cortico-thalamic SWDs (Paz et al., 2009; Polack
and Charpier, 2009; Polack et al., 2007, 2009). Although
the firing profile of focus pyramidal cells may vary in a
state-dependent fashion, they displayed preferential cur-
rent-evoked firing patterns, either regular spiking (Fig. 1A,
n�6 neurones from five GAERS) or intrinsic bursting (n�6
eurones from three GAERS). Their mean input resistance
nd membrane time constant were 25.1	4.3 M� (n�11
eurones) and 7.4	1.0 ms (n�11 neurones), respectively

Fig. 1A). In most neurones (n�11), injection of large
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amplitude hyperpolarizing current pulses disclosed a de-
polarizing sag (Fig. 1A arrow), likely due to Ih, followed by

post-anodal depolarization (Fig. 1A crossed arrow), pos-
ibly provoked by the slow kinetics of Ih and/or by a low

voltage-activated Ca2� current (IT). Interictal activity of
ictogenic cells was characterized by a noisy-like fluctuating
membrane potential, averaging �58.2	0.7 mV (n�12
neurones) and generating a sustained discharge of action
potentials (13.5	1.8 Hz; n�12 neurones) (Fig. 1B) having
a mean voltage threshold of �52.3	0.7 mV (n�12 neu-
rones).

The occurrence of an SWD was accompanied in focus
neurones with rhythmic paroxysmal depolarizations, which
had the same frequency as that of EEG spikes (7.5	0.2
Hz, n�12 neurones), superimposed on a tonic membrane
hyperpolarization, which lasted for the entire seizure and
reached an average value of �69.9	1.6 mV (from �77.2
to �61.6 mV, n�132 SWDs from 12 neurones) (Fig. 1B).
The paroxysmal rhythmic depolarizations coincident with
the EEG spikes were mostly (93%, n�8826 EEG spikes,
n�12 neurones) suprathreshold, generating one to eight
action potentials (1.8	0.3 action potentials). The corre-
sponding mean firing rate during seizures was of 10.8	1.7
Hz (from 5 to 22.6 Hz, n�12 neurones) (Fig. 1B). The
mean latency of the first action potential, relative to the
peak negativity of the corresponding EEG spike (Fig. 1C,
inset), was �24.4	1.5 ms (from �32 to �13 ms, n�8719
action potentials from 132 SWDs, n�12 neurones) (Fig.
4D1 inset, grey line). A similar analysis using all action
potentials led to a unimodal distribution with a mean value
of �19.5	1.4 ms (n�23,627 action potentials from 132
SWDs, n�12 neurones) (Fig. 1C). The patterns of neuro-
nal activity, membrane properties and temporal relation-
ships between cell discharge and EEG spikes, described
above, are similar to those previously reported for icto-
genic neurones initiating SWDs in the GAERS (Polack et
al., 2007, 2009; Polack and Charpier, 2009).

A careful examination of the intracellular events con-
omitant with the EEG paroxysm (the “spike” component)
evealed that the firing of ictogenic cells was interrupted by
ear threshold (��51 mV) upward and downward mem-
rane potential fluctuations (Fig. 1D) resembling a mixture
f excitatory and inhibitory synaptic events (Fig. 1D, ar-
ows). To confirm the presence of an inhibitory component
uring EEG spikes, we made intracellular injection of DC
epolarizing current (from 0.3 to 1 nA, n�5 neurones) to
rive the membrane potential toward values (between �52
nd �40 mV) expected to be less negative than the rever-
al potential of GABAA receptor-mediated inhibitory post-
ynaptic potentials (IPSPs) in somatosensory cortex pyra-
idal neurones, as calculated in vivo (��60 mV; Wilent
nd Contreras, 2004). This procedure unveiled a succes-
ion of synaptic events composed by an initial short depo-
arization (Fig. 1E1, E2, asterisks) abruptly interrupted by a
yperpolarization of 3–15 mV (Fig. 1E1, E2, arrows) hav-

ng a fast kinetic (rise time �10 ms; Fig. 1E2, arrow)
onsistent with that previously described for Cl�-depen-
ent IPSPs in cortical neurones in vivo (Contreras et al.,

997; Timofeev et al., 2002). This fast hyperpolarization
as followed by a cluster of small amplitude synaptic
epolarizations (Fig. 1E1, oblique lines) and a slow repo-

arization lasting 40–50 ms. Consistent with intermingled
xcitatory and inhibitory synaptic events, a steady hyper-
olarization (between �80 and �90 mV) of neurones by
C injection (�1 nA, n�5 neurones) resulted in a dramatic

ncrease in the amplitude of the depolarizing shift (Fig.
E3), likely caused by a reversion of GABAergic currents
ogether with an augmentation in the driving force of glu-
amatergic events.

ffects of intracellular injection of Cl� on the activity
of ictogenic neurones

We demonstrated the existence of a Cl�-dependent con-
ductance in cortical focus pyramidal neurones (Fig. 2A1)
during EEG paroxysms, and estimated its temporal prop-
erties, by making intracellular recordings (n�7 neurones
from five GAERS) with KCl-filled microelectrodes. The
mean interictal membrane potential of Cl�-loaded neu-
ones (�56.3	1.0 mV, n�7 neurones) was analogous to
hat calculated from neurones recorded with KAc elec-
rodes (P�0.2). Their current-induced voltage responses
ere also similar (Fig. 2A2), with a roughly equal propor-

ion of intrinsic bursting (n�3) and regular spiking (n�4)
eurones (Fig. 2A2). However, Cl�-filled neurones had a
igher mean interictal firing rate (33.5	6.8 Hz, n�7 neu-
ones; P�0.05) (Fig. 2A3), likely due to the occurrence of
epolarizing Cl�-dependent IPSPs, a process that is con-

sistent with the sustained spontaneous discharge of inhib-
itory interneurones in between seizures (see Fig. 4A).

During SWDs, Cl�-loaded neurones displayed rhyth-
ic depolarizations (Fig. 2A3, A4), systematically suprath-

eshold and time-locked to the spike-and-wave complexes
n the EEG (Fig. 2A4), superimposed on a tonic hyperpo-
arization reaching a mean value of �71.4	2.4 mV
n�109 SWDs from seven neurones) (Fig. 2A3, A4). The
yperpolarizing envelop was maintained throughout the
eizure (Fig. 2A3), indicating that it was not due to a
l�-dependent conductance but rather to a synaptic dis-

acilitation, that is, a transient interruption in the tonic de-
olarizing synaptic drive (Charpier et al., 1999). As illus-
rated in the experiment shown in Fig. 2B, in which pyra-
idal neurones were recorded with KCl (black records)
nd KAc electrodes (grey records), the amplitude of par-
xysmal depolarizing shifts was enhanced by Cl� infusion,
rovoking an increase in the number of action potentials
er EEG spike (3.6	0.6 action potentials, from 4 to 11
ction potentials, n�7 neurones; P�0.009) (Fig. 2B1, B2)
hat led to an augmentation in the mean ictal firing rate
25.7	4.6 Hz; n�7 neurones, P�0.04) (Fig. 2B1).

In Cl�-loaded neurones, action potential discharge
started �33.9	6.6 ms (from �54.6 to �18.3 ms, n�7
neurones) relative to the spike component of SWDs, a
value similar to that measured with KAc electrode (P�0.2)
(see aligned records in Fig. 2B2). Although the cell firing in
association with the EEG spikes was increased after Cl�

injection (see Fig. 2B1, B2), the mean latency of all action
potentials (�21.8	3.2 ms, from �30.0 to �11.2 ms,

n�32,777 action potentials from 109 SWDs, n�7 neu-
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rones) (Fig. 2C) remained unchanged (P�0.2) (Fig. 2C
inset). Moreover, we did not find any significant difference
(P�0.05) between the temporal dispersions of action po-
tential distributions in ictogenic cells recorded with KAc
and KCl electrodes. Thus, the increase of firing rate in
Cl�-filled neurones was due to additional depolarization
eflecting a postsynaptic Cl�-dependent conductance,
ikely GABAA-mediated and temporally confined to the de-
polarizing shift associated with the EEG spike.

Rhythmic bursting in focus interneurones during
absence seizures

We tested the hypothesis that the Cl�-sensitive conduc-
tance in ictogenic neurones originated from intracortical
GABAergic interneurones. We recorded from the two ma-
jor classes of deep-layer GABAergic interneurones, the
fast-spiking (FS) and low-threshold spiking (LTS) cells
(Kawaguchi and Kubota, 1996, 1997), which produce a
robust perisomatic and distal dendritic GABAA receptor-

ediated inhibition of layer 5 pyramidal cells, respectively
Xiang et al., 2002; Markram et al., 2004). These cells
n�7 from six GAERS) were identified on the basis of
lectrophysiological criteria (Markram et al., 2004), includ-

ng the characteristics of their action potential and their
istinctive current-evoked firing patterns, which were in
ccordance with their non-pyramidal morphology, closely
esembling that of layer 5 GABAergic basket cells (Fig.
A1) (Kawaguchi and Kubota, 1997).

FS interneurones (n�4 from three GAERS) fired action
otentials of 0.7	0.1 ms duration, with pronounced and
rief after-hyperpolarizations (Fig. 3A2, B). FS cells dis-
layed current-evoked trains of action potentials, with little
daptation and instantaneous frequencies of up to 500 Hz,
hich could be transiently interrupted by a slowly depolar-

zing ramp (Fig. 3B), as previously observed (Kawaguchi
nd Kubota, 1996). LTS cells (n�3 from three GAERS)
roduced action potentials of longer duration (1.1	0.1 ms,
ig. 3A2) and fired repetitively, with a marked adaptation,
hen the depolarizing current pulse was applied from the

est (��58 mV) (Fig. 3C). In LTS cells, a low-threshold
epolarization (Fig. 3C, arrow), which could provoke typi-
al burst-like discharge (Fig. 3C, inset), was generated at
he break of hyperpolarizing pulses (Fig. 3C) or in re-
ponse to depolarizing pulses only when applied from a
yperpolarized membrane potential (below �65 mV, not
hown). FS and LTS interneurones had an apparent input
esistance of 25.8	5.8 (n�4 neurones) and 21.1	5.5 M�
n�3 neurones), respectively.

Both types of interneurones exhibited during interictal
eriods background membrane potential fluctuations, av-
raging �61.0	1.4 mV (n�7 neurones), which provoked a
pontaneous firing of 11.1	4.4 Hz (Fig. 4A). As observed
n pyramidal cells (see Fig. 1B), SWDs were concomitant
n interneurones with rhythmic suprathreshold depolariza-
ions, time-locked with the EEG spikes, superimposed on a
embrane hyperpolarization (�69.2	3.2 mV, n�7 neu-

ones) that persisted throughout the seizure (Fig. 4A). The
aroxysmal depolarizations in FS neurones were progres-

ively sculpted by the temporal summation of small syn- r
ptic events (Fig. 4B1, oblique lines and C, middle re-
ords), generating 2–11 action potentials with an instanta-
eous frequency ranging from 200 to 400 Hz (Fig. 4B1, C,
iddle records). In LTS cells, the paroxysmal shifts were

omposed of temporally summating high-frequency depo-
arizing synaptic potentials (Fig. 4B2, oblique lines) and a
ubsequent low-threshold spike giving rise to bursts of two
o eight action potentials (Fig. 4B2).

In the experiments (n�2) in which regular spiking (py-

Fig. 3. Morpho-functional identification of GABAergic interneurones.
(A1) Microphotograph of the somatodendritic region of a Neurobiotin-
filled layer 5 neurone that displayed the morphological features of
GABAergic basket cells (see Kawaguchi and Kubota, 1996). (A2)
Superimposition of single action potentials recorded from RS, LTS and
FS neurones. Amplitude of action potentials was normalized to high-
light their different durations and distinct after-hyperpolarizations. (B)
The FS cell showed an abrupt (arrow) discharge of high-frequency
train of action potentials (top record), which could be momentary
suspended by a slow depolarizing ramp (crossed arrow), in response
to suprathreshold current pulses (bottom trace). (C) Voltage re-
sponses of an LTS cell to negative and positive current pulses. The
LTS cell showed a firing pattern with a marked adaptation when
activated from rest (�58 mV). Note the post-anodal depolarization
(arrow) at the break of the largest hyperpolarizing current, which could
generate a burst of action potentials (inset, 200 ms-current pulse of �1
nA).
amidal) and FS neurones were recorded in the same
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GAERS (Fig. 4C), the paroxysmal firing of the presumed
GABAergic interneurones shortly followed that of the py-
ramidal cells and coincided with the late mixed synaptic
potentials, which contain the inhibitory Cl�-mediated syn-
aptic component (see Figs. 1D and 2B2). The relatively

Fig. 4. Activity of cortical focus interneurones during SWDs. (A) Simul
as in Fig. 3B) (bottom trace) and of the corresponding EEG (top trace
the EEG spike (top records), recorded in FS (B1) and LTS (B2) neuro
summation of brief depolarizing synaptic events (oblique lines), which w
crowned by a burst of action potentials. (C) EEG spikes (top records) a
(black traces) and in an RS neurone (grey traces) during the same
interneurones in relation with EEG paroxysms. (D1) Pooled histogram
ction potentials (APs) (n�7 interneurones) relative to the peak negat
D1) using all action potentials during seizures (n�7 interneurones, bin
ndicated. The insets in (D1, D2) show the superimpositions of Gauss-L
nterneurones (Int., black lines).
elayed discharge of inhibitory interneurones during sei- �
ures was statistically confirmed by the latency of their first
ction potential, using the EEG spike as the temporal
eference (as indicated in Fig. 1C), which averaged
18.2	3.3 ms (n�3939 action potentials from 289 SWDs,
�7 neurones) (Fig. 4D1), corresponding to a time-lag of

ecordings of the intracellular activity of an FS interneurone (same cell
mples of paroxysmal depolarizations (bottom traces), coincident with
oth cell types, the initial depolarization was sculpted by the temporal

wed in the LTS cell by a low-threshold spike-like depolarization (arrow)
ponding intracellular paroxysmal events (n�2) recorded in an FS cell
nt. Action potentials are truncated. (D) Temporal firing properties of
ms) and Gauss-Laplace fit (r2�0.90) showing the timing (�t) of first

e EEG spike (taken as time 0, see Fig. 1C). (D2) Same analysis as in
2 of Gauss-Laplace fit�0.93). The mean values of the distributions are
ts computed from ictogenic pyramidal cells (Pyr., grey lines) and focus
taneous r
). (B) Exa
nes. In b
ere follo
nd corres
experime

(bin�4
ivity of th
�4 ms; r
aplace fi
7.9 ms compared to the pyramidal cells (Fig. 4D1, inset).
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Using all action potentials, the pooled distribution of firing
probability in cortical interneurones was unimodally distrib-
uted with a mean value of �6.3	6.0 ms (8693 action
potentials, from 289 SWDs, n�7 neurones) (Fig. 4D2),
orresponding to a significant (P�0.003) temporal delay of
13.3 ms compared to paroxysmal discharges in pyrami-
al ictogenic neurones (see Fig. 4D2, inset). Altogether,

hese findings indicate that the ictal firing of cortical in-
erneurones shortly follows that of pyramidal ictogenic neu-
ones and coincides with the Cl�-mediated synaptic

events.

DISCUSSION

The purpose of the present study was to explore the pos-
sible participation of the intracortical inhibitory system in
the paroxysmal activity of cortical neurones initiating ge-
netically-determined absence seizures. First, we found
that DC depolarization of the ictogenic cells during sei-
zures unmasked brief synaptic depolarizations disrupted
by hyperpolarizing events, which may reflect GABAA re-
ceptor-mediated IPSPs. This was subsequently confirmed
by intracellular injection of Cl� that dramatically increased
the amplitude of the rhythmic depolarizations and the num-
ber of generated action potentials. The Cl�-dependent
onductance, overlapping the paroxysmal depolarization
f ictogenic cells and limiting their firing rate, was corre-

ated with the discharge of intracellularly recorded cortical
nterneurones. These findings suggest that epileptic dis-
harges in ictogenic pyramidal cells are negatively controlled
y a fast feedback Cl�-dependent inhibition resulting from the

recurrent activation of GABAergic interneurones.

GABAergic control of SWDs

The present study provides the first evidence for an inhib-
itory synaptic component in the cortical paroxysms during
spontaneous, genetically-determined, SWDs. In a previ-
ous in vivo investigation from a pharmacological cat model
of cortically-generated spike-and-wave activity, mimicking
the Lennox–Gastaut seizures, it has been shown that the
repeated firing of cortical GABAergic interneurones during
seizures produced a prolonged opening of Cl� channels in
neighbouring pyramidal neurones, which resulted in an
increase in the intracellular concentration of Cl� and a
ositive shift in its reversal potential (Timofeev et al.,
002). In such a condition, the IPSPs become depolarizing
nd facilitate the development of seizures.

Here, we found that a Cl�-dependent synaptic compo-
nent coincides with the paroxysmal shift in ictogenic neu-
rones but becomes inhibitory when the membrane poten-
tial approaches action potential threshold. Although the
exact value of Cl� reversal potential was not measured in
ur study, hyperpolarizing synaptic events could not be
etected at potentials lower than ��62 mV but were
learly identified at potentials just below or slightly above
ction potential threshold (��51 mV) (see Figs. 1D, E1,
2 and 4C), strongly suggesting a reversal potential close
o that calculated in vivo from non-epileptic somatosensory i
ortex pyramidal neurones (��60 mV; Wilent and Contre-
as, 2004).

According to the findings obtained in the present study,
e can propose the following sequence of intracellular
xcitatory and inhibitory events in ictogenic neurones dur-

ng SWDs. During a spike-and-wave complex, the initial
omponent of the paroxysmal depolarizing shift is likely
ue to excitatory synaptic interactions between glutama-
ergic deep-layer pyramidal neurones of the focus, since
his cell population fires before the other sources of excit-
tory inputs, such as pyramidal neurones located in the
pper layers of the focus, pyramidal cells in distant cortical
reas and thalamo-cortical afferents (Polack et al., 2007,
009). We cannot exclude the subsequent participation of
xcitatory thalamic inputs, although the discharge of
halamo-cortical cells during absence seizures has been
ound relatively moderate (Paz et al., 2009; Polack et al.,
009). It is also plausible that the synaptic depolarization of
ocus pyramidal neurones be amplified by an increase in
ersistent voltage-gated Na� current (González-Burgos
nd Barrionuevo, 2001; Klein et al., 2004), which could
lso account for their elevated tonic firing and bursting
ctivity (Aracri et al., 2006; Hutcheon et al., 1996). The
embrane depolarization could be further facilitated by the

ast activation, from the hyperpolarizing envelop, of Ih,
hich has been disclosed in the ictogenic cells during

njection of negative current (Polack et al., 2009; see also
ig. 1A). Altogether, these synaptic and intrinsic processes
ould underlie the paroxysmal depolarization and the dis-
harge of action potentials in ictogenic neurones during
WDs. The synaptically-induced firing of interneurones

hat rapidly follows (��8 ms) the discharge of ictogenic
eurones (see Fig. 4D1) strongly suggests a fast recurrent
ctivation of interneurones by focus pyramidal neurones
Silberberg, 2008). In turn, the repeated bursting of in-
erneurones during cortical paroxysms, while the mem-
rane depolarization of postsynaptic pyramidal neurones
xceeds the reversal potential of Cl�, will produce a hy-

perpolarizing synaptic inhibition interfering with the synap-
tic excitation and limiting the firing of ictogenic cells. Such
a negative GABAergic control of ictogenic neurones during
paroxysmal depolarizing shifts is corroborated by the fast
hyperpolarizing events that interrupt cell discharge (see
Fig. 1D), the large-amplitude synaptic hyperpolarization
unmasked by DC depolarization (see Fig. 1E1, E2), the
firing of interneurones that largely coincides with the IPSPs
and the strong Cl�-dependent conductance in ictogenic
cells (see Figs. 2B, C vs. 4D).

Somatosensory cortical neurones from non-epileptic
ats, as well as GAERS cortical pyramidal neurones re-
orded outside the cortical focus, are more hyperpolarized
nd less active, during and in between SWDs, compared
o GAERS pyramidal focus neurones (Polack et al., 2007,
009; Polack and Charpier, 2009). It is thus plausible that
he GABAergic inhibitory transmission within the focus,
lthough efficient to limit the firing rate of ictogenic cells as
emonstrated in this study, is partially altered (D’Antuono
t al., 2006) compared to other cortical regions. Moreover,
t is possible that the recruitment of rhythmic inhibitory
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interneurones partly participates to the progressive slow-
ing of the internal frequency of focus SWDs, from 10 to 12
Hz at the onset of paroxysm to a relatively stable 7 Hz
oscillation during the main body of the seizure (Polack et
al., 2007). Indeed, the relatively high amplitude and long
duration of inhibitory synaptic conductance, compared to
excitatory events (Haider et al., 2006), can rapidly de-
crease the frequency of cortical oscillations on a cycle-to-
cycle basis (Atallah and Scanziani, 2009).

Functional consequences

The present findings demonstrate an active Cl�-mediated
ynaptic inhibition of cortical cells during SWDs. This con-
rasts with other forms of ictal activities, such as temporal
obe seizures, in which a depolarizing shift in the Cl�

reversal potential in ictogenic neurones is responsible for a
depolarizing and pro-epileptic effect of GABAA synaptic
nputs (Khalilov et al., 2003; Huberfeld et al., 2007). The
pposite effect of the GABAergic system in these two
orms of epilepsy could also account, at least in part, for
he relative exacerbated depolarization and firing rate in
pileptogenic pyramidal hippocampal neurones in vivo as
ompared to GAERS cortical focus neurones (Fig. 2C in
anglois et al., 2010 vs. Fig. 1B).

During absence seizures, the rhythmic spiking activity
f cortical GABAergic interneurones evokes a substantial
ostsynaptic inhibition allowing ictogenic neurones to re-
trict their discharge within a relatively tight temporal win-
ow at the initial phase of the paroxysmal depolarization.
his could effectively phase firing and oscillatory behaviour

n the ictogenic pyramidal cells (Cobb et al., 1995) at the
requency of SWDs. Moreover, this GABAergic mecha-
ism could also promote the firing coherence among icto-
enic pyramidal cells, by constraining the discharge of the
yramidal neurones population within a fixed time window,
nd thus facilitate the propagation and the generalization
f epileptic activities in the cortico-thalamic networks (Paz
t al., 2009; Polack et al., 2009).

The presynaptic inhibitory interneurones could also
rovide a potent intracortical system for seizure cessation.
he transition from bursting to tonic discharge in thalamo-
ortical neurones in the GAERS (Paz et al., 2007), which
pontaneously occurs just before the end of the seizure
Paz et al., 2009), results in an interruption of SWDs that is
orrelated in layer 5 cortical neurones with a membrane
yperpolarization, a diminution in their firing rate and a
eduction in their membrane input resistance. It is plausible
hat the increased tonic activity of thalamo-cortical cells,
round the termination of seizures, causes a widespread
eed-forward cortical inhibition by the massive recruitment
f cortical GABAergic interneurones (Swadlow, 2003).
his would thus result in an increase in the membrane
onductance of cortical ictogenic neurones and a powerful
hunting inhibition of their excitatory synaptic inputs (Sta-

ey and Mody, 1992), repressing their endogenous propen-
ity to maintain ictal activities.
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