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SUMMARY

Absence epilepsy is a form of generalized epilepsy

commonly seen in children. The neuronal process

by which ethosuximide (ETX), a first choice anti-

absence drug, prevents absence seizures is still

unresolved. Recent clinical findings have indicated

that focal cortical regions are involved during

absence seizures. Consistently, it has been shown

in genetic models of absence epilepsy that epilep-

tic discharges arise from a delimited region of the

cerebral cortex. Here, we made simultaneous

in vivo electrocorticographic and intracellular

recordings from the cortical focus of the genetic

absence epilepsy rat from Strasbourg and exam-

ined the effects of systemic injection of ETX at a

therapeutic concentration. We show that the

interruption of seizures by ETX is correlated with

a recovery, in the hyperactive focus neurons, of

physiologic values of membrane potential, firing

rate, and pattern, as measured in analogous neu-

rons from nonepileptic rats. These data suggest

that the anti-absence action of ETX results from

the conversion of ictogenic cortical neurons into

normal cortical neurons.
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Absence epilepsy is a generalized nonconvulsive
epilepsy that predominates in children of school age
(Panayiotopoulos, 1997). It is manifested by a sudden
alteration of consciousness coupled with bilateral
spike-and-wave discharges (SWDs) in the cortical and
thalamic electroencephalograms (Panayiotopoulos,
1997). Although ethosuximide (ETX) is effective as
monotherapy in controlling seizures of 80% of children
with absence epilepsy (Panayiotopoulos, 1997), its effects
on neuronal excitability are controversial and the mecha-
nism of action by which it suppresses SWDs remains
unknown. Whereas pioneering in vitro studies showed that
ETX significantly reduces the low-threshold Ca2+ current
(IT) in thalamocortical neurons (Coulter et al., 1989;
Crunelli & Leresche, 2002), more recent in vitro investi-
gations pointed out a specific attenuation of the noninacti-
vating Na+ (INaP) and Ca2+-activated K+ currents in

thalamic (Leresche et al., 1998) and cortical (Crunelli &
Leresche, 2002) cells. Moreover, ETX induces in vitro a
reduction of IT in nucleus reticularis thalami neurons
(Tsakiridou et al., 1995) of the Genetic Absence Epilepsy
Rat from Strasbourg (GAERS), a validated genetic model
of absence epilepsy (Depaulis & van Luijtelaar, 2005).
However, these disparate findings (Coulter et al., 1989;
Leresche et al., 1998; Crunelli & Leresche, 2002) were
obtained from nonepileptic animals or from GAERS imma-
ture for SWDs (<1 month old) (Tsakiridou et al., 1995).

Recent clinical studies (Holmes et al., 2004; Sadler
et al., 2006) indicated that focal cortical regions are
involved during human absences, although the exact
location of seizure initiation remains unknown. More-
over, experimental investigations from GAERS and
Wistar Albino Glaxo rat strain from Rijswijk (WAG/Rij
rats) (Meeren et al., 2002; Polack et al., 2007), another
well-recognized genetic model of absence epilepsy
(Depaulis & van Luijtelaar, 2005), strongly suggested
that absence seizures originate from focal discharges
within the cerebral cortex. In both genetic models, SWDs
start in the facial somatosensory cortex and then rapidly
generalize via intracortical and corticothalamic connec-
tions (Meeren et al., 2002; Polack et al., 2007). In vivo
intracellular recordings from GAERS further revealed
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that ictal activities are initiated by the focus deep-layer
neurons, which exhibit a specific hyperactivity and mem-
brane depolarization (Polack et al., 2007). Local applica-
tion of ETX in the GAERS cortical focus specifically
suppresses generalized SWDs (Richards et al., 2003;
Manning et al., 2004), suggesting that the anti-absence
action of ETX is due to a direct and preferential effect on
the ictogenic region.

Here, we examined for the first time the effects of sys-
temic injection of ETX, at a therapeutic concentration, on
the intracellular electrophysiologic properties of cortical
neurons initiating SWDs in GAERS (Polack et al., 2007).
We found that ETX converts these hyperactive ictogenic
neurons into normal cortical neurons, as recorded from the
facial somatosensory cortex of nonepileptic rats.

Materials and Methods

All experiments were performed in accordance with
local Ethical Committee and European Union guidelines
(directive 86/609/EEC). Experiments were performed in
vivo on eight adult GAERS and four nonepileptic Wistar
rats. Detailed procedures of anesthesia and surgery have
been described elsewhere (Polack et al., 2007). Briefly,
anesthesia was induced with sodium pentobarbital (40 mg/
kg, i.p.; Sanofi, Libourne, France) and ketamine (100 mg/
kg, i.m.; Imalg�ne, Merial, France), and then maintained
by repeated injections of fentanyl (3 lg/kg, i.p.; Janssen-
Cilag, Issy-les-Moulinaux, France). Rats were immobi-
lized with gallamine triethiodide (40 mg i.m. every 2 h;
Specia, Paris, France) and artificially ventilated.

Surface electrocorticogram (ECoG), from epileptic and
normal rats, was made with silver electrodes (�60 kX)
placed on the facial region of the somatosensory cortex,
which was demonstrated as the ictogenic region (focus) in
GAERS (Polack et al., 2007), and the ipsilateral orofacial
motor cortex (Polack et al., 2007). Reference electrodes
were placed in a contralateral head muscle. Intracellular
recordings were simultaneously obtained with glass mic-
ropipettes filled with 2 M potassium acetate (50–70 MX).
Pyramidal cortical cells were recorded within the layer V–
VI of the facial somatosensory cortex (1.4–3.4 mm under
the cortical surface) (Polack et al., 2007).

Intracellular recordings were obtained under current-
clamp conditions using an Axoclamp-2B amplifier
(Molecular Devices, Union City, CA, U.S.A.). Data were
digitized for analysis at a sampling rate of 10 kHz for the
intracellular signal and 1 kHz for ECoG. Apparent mem-
brane input resistance was measured from the mean
(n ‡10) membrane potential change in response to
)0.6 nA current pulses (200 ms duration). Average mem-
brane potential was determined during interictal periods
from continuous recordings of at least 5 s. After 30 min of
control recordings in GAERS, ETX (Sigma, France) was
intraperitoneally injected at a therapeutically relevant

concentration (25 mg/kg) (Richards et al., 2003), and its
effect was subsequently analyzed on ECoG and intracellu-
lar recordings for 30–160 min.

Spectral analysis of ECoG was performed with fast
Fourier transforms using Spike2 software (Cambridge
Electronic Design, Cambridge, United Kingdom). Statisti-
cal significance was assessed with appropriate statistical
tests, Student’s unpaired t-test, one-way analysis of vari-
ance (ANOVA) and Mann-Whitney rank sum-test. Statis-
tical analyses were performed with Origin 6.0 (OriginLab
Corp., Northampton, MA, U.S.A.) and SigmaStat 3.0
(SPSS Inc., Chicago, IL, U.S.A.).

Results

We performed in vivo ECoG from GAERS (n = 8) cor-
tical focus and motor cortex simultaneously with intracel-
lular recordings from deep-layer neurons (n = 15) of the
cortical focus (Fig. 1A1), which were demonstrated to ini-
tiate absence seizures (Polack et al., 2007). Before ETX
injection, SWDs (n = 316 from eight GAERS) recurred
every 28.1 € 3.3 s (€ standard error), had a duration of
9.1 € 0.7 s (Fig. 1A1), and were composed by spike-and-
wave complexes (SWCs) having a frequency of
7.8 € 0.1 Hz (Fig. 1A2). SWCs of the cortical focus pre-
ceded those of the motor cortex by 3.1 € 0.1 ms
(Fig. 1A2), a finding consistent with the leading role of
the cortical focus during seizures (Meeren et al., 2002;
Polack et al., 2007). The intracellular activities in layers
V–VI neurons of the focus were characterized by a high-
frequency (22.1 € 4.0 Hz, n = 15 neurons) interictal
firing rate with a regular pattern, as indicated by the
coefficient of variation (CV = 0.91 € 0.05, n = 15 cells)
of interspike intervals (ISIs) (Fig. 2A top, 2B). This was
correlated with a membrane potential of )57.3 € 0.9 mV
(Fig. 1A1, 2A top, 2B) and an apparent input resistance of
18.8 € 1.4 MX (n = 15 neurons) (Fig. 2C1 before ETX).
The appearance of SWDs was accompanied in cortical
focus neurons by large-amplitude rhythmic depolarization
generating burst firing (Fig. 1A2).

Systemic injection of ETX (n = 5 experiments)
resulted in a complete disappearance of cortical parox-
ysms in four GAERS (Fig. 1A, B). In the remaining
experiment, SWDs could persist without significant
(p = 0.8) modification in their internal frequency, but
with a shorter duration (p = 0.002) and higher period of
recurrence (p < 0.001). Concomitantly with the anti-
absence action of ETX, cortical focus neurons showed a
significant hyperpolarization (membrane potential =
)61.3 € 0.7 mV, n = 9 cells, p = 0.005), a reduced spon-
taneous firing rate (9.6 € 4.0 Hz, n = 9 cells, p = 0.04),
and a disruption in its regularity (CV of ISIs =
1.24 € 0.12, n = 9 cells, p = 0.01) (Fig. 2A, B).

We compared the electrophysiologic parameters of cor-
tical focus neurons from untreated and treated GAERS to
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those measured from deep-layer neurons (n = 7) located
in the facial somatosensory cortex of normal rats (n = 4)
(Fig. 2). We found that membrane potential
()62.8 € 1.2 mV, n = 7 cells), spontaneous firing rate
(7.8 € 1.9 Hz, n = 7 cells), and CV of ISIs (1.25 € 0.17,
n = 7 cells) of normal somatosensory cortical neurons
were significantly different from those measured from the
epileptic GAERS (p < 0.03 for all parameters) and similar
(p > 0.2 for all parameters) to those calculated from
GAERS successfully treated by ETX (Fig. 2A, B).
GAERS cortical focus neurons also recovered a normal
intrinsic excitability after ETX injection, as demonstrated
by the comparison of the current-evoked firings in cortical
focus neurons from treated GAERS and in the somatosen-
sory cortical neurons from nonepileptic rats (Fig. 2C1,

C2). Moreover, apparent input resistances of cortical neu-
rons from normal rats (25.9 € 4.5 MX, n = 6 cells), epi-
leptic (see above) and treated GAERS (22.8 € 2.1 MX,
n = 9 cells) (Fig. 2C1) were not significantly different
(p > 0.10) (Fig. 2C1).

Discussion

The present results demonstrate that the disappearance
of SWDs following ETX injection is concomitant with a
recovery in cortical focus neurons of physiological electri-
cal properties, as measured from the analogous neuronal
population in normal rats. The ETX-induced membrane
hyperpolarization and decrease in firing rate provide
a powerful antiictogenic process preventing focal

Figure 1.

Ethosuximide (ETX) suppresses spike-and-wave discharges (SWDs) and neuronal epileptic discharges in GAERS.

(A1, A3) Surface electrocorticogram (ECoG) from the cortical focus and motor cortex (MoCx) (top traces) simul-

taneously recorded with the intracellular activity (Intra Focus) of a layer V neuron of the cortical focus (bottom

trace), before (A1) and 30 min after systemic injection of ETX (A3). The mean values of the interictal membrane

potential are indicated by the arrowheads. (A2) Expansion of the ECoG and intracellular records as indicated in

(A1). (B) Time course of epileptic activity, measured as the incidence of spike-and-wave complexes (SWCs) per

5 min, at indicated times, before (Control) and after ETX injection. Each data point represents the average SWC inci-

dence (± standard error, n = 5 experiments) calculated as the percent of the mean baseline value. *p < 0.05. Results

depicted in (A1)–(A3) are from the same triple recording.
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Figure 2.

Conversion of hyperactive ictogenic neurons into normal neurons after ethosuximide (ETX) injection. (A) Each

paired record shows the electrocorticogram (ECoG) (top trace) and the corresponding interictal intracellular activi-

ties (bottom trace) recorded in a layer V neuron from GAERS focus, before and 30 min after ETX injection, and from

a layer V cortical neuron located in the facial somatosensory cortex of a nonepileptic Wistar rat. The lower panel

shows the corresponding interspike intervals (ISIs) measured from the cortical focus neuron, before and after ETX

treatment, and from the cortical cell of the nonepileptic rat. (B) Pooled values of mean membrane potential,

interictal firing rate, and coefficient of variation (CV) of ISIs in deep-layer neurons from GAERS focus, before (n = 15

neurons; red circles) and after ETX injection (n = 9 neurons; blue circles), and in deep-layer somatosensory cortical

neurons of nonepileptic rats (n = 7 neurons, green circles). The thickness of the yellow strip represents the standard

errors of the values measured from normal rats. All the neuronal parameters measured from the GAERS recovered

normal values after ETX treatment. (C) Focus neurons from ETX-treated GAERS recovered a normal intrinsic

excitability. (C1) Voltage responses (top traces) to a series of hyperpolarizing ()0.6 nA) and depolarizing (+0.2 nA)

current pulses (bottom traces) in a deep-layer neuron from GAERS focus, before (Before ETX) and after blockade of

seizures by ETX (ETX + 30 min), and in deep-layer somatosensory cortical neurons of a nonepileptic rat. Traces rep-

resent an average of 10 successive trials, except for the suprathreshold response evoked by a single current pulse.

Note the decreased current-evoked firing rate in the treated GAERS, which became similar to that obtained from

the nonepileptic rats. (C2) Pooled data showing the mean firing rate evoked by a 0.2-nA current pulse in the three

neuronal groups [same representation as in (B)].

Epilepsia ILAE

1819

Ethosuximide Abolishes Ictogenic Activity

Epilepsia, 50(7):1816–1820, 2009
doi: 10.1111/j.1528-1167.2009.02047.x



discharges and subsequent generalization of electrical par-
oxysms in corticothalamic networks. Therefore, it is likely
that the antiabsence action of ETX, which specifically tar-
gets the cortical focus in GAERS (Manning et al., 2004),
results from a direct inhibitory effect on the deep-layer
neurons of the focus, which initiate absence seizures
(Polack et al., 2007).

It is difficult at present to propose a molecular mecha-
nism of action of ETX on focus neurons. However, it is
plausible that the membrane hyperpolarization, and the
associated decrease in spontaneous and current-evoked
firing rate, found in deep-layer neurons of the focal region
after ETX treatment are caused, at least in part, by a reduc-
tion of INaP. Indeed, ETX induces in vitro a robust hyper-
polarization in gastrointestinal smooth muscle cells
(Sirakov et al., 2005), reduces INaP in layer V cortical neu-
rons (Crunelli & Leresche, 2002), and is responsible for a
small membrane hyperpolarization in a subset of thalamic
neurons (Leresche et al., 1998). It is likely that the anti-
absence action of phenytoin, when locally applied in the
cortical focus of WAG/Rij rats (Gurbanova et al., 2006),
results from similar alteration in the activity of cortical
focus neurons via an inhibition of voltage-sensitive
sodium channels (Tunnicliff, 1996).

Our study strongly suggests that the antiepileptic action
of ETX is mediated by a specific disruption of the hyper-
activity of ictogenic neurons, which recover a physio-
logical activity preventing paroxysmal discharges and
absence seizure initiation.
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