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Absence seizures consist of bilateral spike-and-wave discharges
(SWDs) occurring over widespread cortical and thalamic regions. In
genetic models of absence epilepsy, recent in vivo investigations
indicate that SWDs emerge first in the facial somatosensory cortex
and then propagate via the corticothalamocortical loop. The specific
involvement of this cortical region in ictogenic processes remained
to be established and the participation of its related thalamocortical
system in seizure initiation remained unclear. Here, using electro-
corticographic (ECoG) and intracellular recordings in vivo from
cortex and thalamus in the Genetic Absence Epilepsy Rat from
Strasbourg (GAERS), we obtained novel evidence for the cortical
focus theory of absence epilepsy. We report that blockade of action
potential discharge and synaptic activities in facial somatosensory
cortical neurons, by topical application of tetrodotoxin, prevents the
occurrence of paroxysmal activities in local and distant cortical
neurons and ECoGs, as well as in thalamocortical neurons in
register with the somatosensory cortex. In contrast, pharmacolog-
ical inhibition of a remote motor cortical region or of the related
thalamic nuclei did not suppress ictal activities in the somatosen-
sory cortex. This study demonstrates that SWDs in GAERS have
a focal origin within the facial somatosensory cortex, which is
sufficient and necessary to generate ictal activities.
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Introduction

Absence epilepsy is an idiopathic nonconvulsive generalized

epilepsy characterized by a sudden alteration of consciousness

associated with bilateral 3- to 4-Hz spike-and-wave discharges

(SWDs) in the electroencephalogram (Panayiotopoulos 1997).

SWDs, in patients as well as in animal models of absence

epilepsy, result from abnormal synchronized oscillations in corti-

cothalamic networks (for review, see Danober et al. 1998;

Timofeev and Steriade 2004). However, the specific contribu-

tion of cortical and thalamic neuronal elements in the initiation

of spike-and-wave activity has long been a matter of debate (for

review, see Timofeev and Steriade 2004; Meeren et al. 2005; van

Luijtelaar and Sitnikova 2006).

Although earlier studies attributed the origin of SWDs to

functional disturbances in intrathalamic neuronal networks

(Buzsaki 1991; Bal et al. 1995; Avanzini et al. 2000), there is

now growing evidence that the cerebral cortex exerts a

prominent role in the generation and expression of spike-and-

wave activity (Steriade and Contreras 1995; Seidenbecher et al.

1998; Steriade and Contreras 1998; D’Arcangelo et al. 2002;

Meeren et al. 2002; Pinault 2003; Manning et al. 2004; Sitnikova

and van Luijtelaar 2004; D’Arcangelo et al. 2006; Gurbanova

et al. 2006; Polack et al. 2007). In particular, recent

investigations in rodent models of absence epilepsy suggested

that SWDs originate from a restricted region of the cerebral

cortex (Meeren et al. 2002; Manning et al. 2004; Sitnikova and

van Luijtelaar, 2004; Gurbanova et al. 2006; Polack et al. 2007).

Nonlinear association analysis of cortical and thalamic electro-

encephalographic signals from the WAG/Rij rat, a genetic

model of absence epilepsy (Coenen and van Luijtelaar 2003),

revealed that SWDs were initiated in the peri-oral region of

somatosensory cortex (Meeren et al. 2002). Electrical parox-

ysms recorded from other cortical sites, or the ventrobasal

nuclei of the thalamus, consistently lagged those from this

cortical region during the first 500 ms of the seizure (Meeren

et al. 2002). Similarly, local field potentials recorded simulta-

neously from multiple cortical and thalamic sites in the Genetic

Absence Epilepsy Rat from Strasbourg (GAERS; Danober et al.

1998) showed that paroxysmal electrical activities arise from

the facial somatosensory cortex (Polack et al. 2007). In-

tracellular recordings from GAERS during absence seizures

showed that paroxysmal discharges in layer 5--6 neurons of the

facial somatosensory cortex systematically precede firing in

distant cortical neurons (Polack et al. 2007). Moreover, these

somatosensory cortex neurons fired at higher frequencies

during interictal and ictal states and could generate between

seizures short epochs of suprathreshold membrane oscillations,

both consistent with an ictogenic role for this region of the

cortex (Polack et al. 2007).

In both WAG/Rij rats and GAERS, SWDs were profoundly

altered after systemic administration, or local application in the

somatosensory cortex, of sodium channels blockers (lidocaine

or phenytoin) (Sitnikova and van Luijtelaar 2004; Gurbanova

et al. 2006). However, in these pharmacological studies, the

effect of drugs on the neuronal activity within the somatosen-

sory cortex was not assessed and the specific involvement of

this cortical region in ictogenic activities was not demonstrated

because the impact of an inactivation of other cortical areas

was not tested.

Altogether, these data suggest that a cortical focus initiates

absence seizures in GAERS and WAG/Rij rats. However, these

findings do not demonstrate that somatosensory cortical

neurons can generate paroxysmal discharges endogenously

and are indispensible for the initiation and the generalization of

SWDs, as expected for the ‘‘ictogenic neurons’’ of an epileptic

focus. Moreover, the participation of the thalamus in seizure

generation remains obscure because the activity of the

thalamocortical neurons reciprocally connected with the

cortical focus is still unknown.

Here, to directly assess the presumed specific ictogenic role

of somatosensory cortical neurons, we examined in vivo in
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GAERS the effects of a functional inactivation of somatosensory

and motor cortical neurons on the occurrence of paroxysmal

oscillations in cortical neurons, thalamocortical cells in register

with the somatosensory cortex and surface electrocortico-

grams (ECoGs). We found that blocking neuronal discharges in

somatosensory cortex by local application of tetrodotoxin

(TTX) interrupted both local and distant surface SWDs. In

contrast, inactivating motor cortex in the same way induced

only a local suppression of SWDs, without affecting the ability

of the somatosensory cortex to generate ictal activities.

Moreover, we obtained evidence that thalamocortical neurons

could not endogenously generate paroxysmal oscillations and

were not required for the occurrence of SWDs in the

somatosensory cortex. First, the functional inactivation of the

somatosensory cortex prevented paroxysmal discharges in

the related thalamocortical neurons. Second, cortical SWDs

were not systematically correlated with neuronal oscillations in

the thalamus. Finally, suppression of thalamic epileptic

oscillations following intrathalamic injection of TTX did not

prevent cortical spike-and-wave activity.

This demonstration of the specific capacity of facial

somatosensory cortical neurons to produce ictal discharges,

and their key role in the generation of distant cortical and

thalamic paroxysmal activity, provide direct evidence for the

‘‘cortical focus’’ theory of ‘‘generalized’’ absence epilepsy.

Material and Methods

Animal Preparation
All experiments were performed in accordance with local Ethical

Committee and European Union guidelines (directive 86/609/EEC),

and every precaution was taken to minimize stress and the number of

animals used in each series of experiments.

Experiments were performed in vivo on 28 adult ( >15 weeks) male

and female GAERS. Animals were initially anaesthetized with sodium

pentobarbital (40 mg/kg, i.p.; Sanofi, Libourne, France) and ketamine

(100 mg/kg, i.m.; Imalgène, Merial, France). A cannula was inserted into

the trachea, and the animal was placed in a stereotaxic frame. Wounds

and pressure points were repeatedly (every 2 h) infiltrated with

lidocaine (2%). Once the surgical procedures had been completed (see

below), analgesics were applied and rats were maintained in

a narcotized, sedated state by injections of fentanyl (3 lg/kg, i.p.;

Janssen-Cilag, Issy-les-Moulinaux, France) repeated every 20--30 min

(Simons and Carvell 1989; Pinault et al. 1998; Charpier et al. 1999;

Slaght et al. 2002; Bruno et al. 2003; Slaght et al. 2004). To obtain long-

lasting stable intracellular recordings, rats were immobilized with

gallamine triethiodide (40 mg i.m. every 2 h; Specia, Paris, France) and

artificially ventilated. The degree of anesthesia was assessed by

monitoring the ECoG and heart rate. Additional doses of fentanyl were

administered if there were any signs of arousal such as an increase in

the frequency and reduction in the amplitude of ECoG waves or an

increase in the heart rate. Body temperature was maintained (36.5--37.5

�C) with a homeothermic blanket. At the end of the experiments,

animals received an overdose of sodium pentobarbital (200 mg/kg, i.p.).

Electrophysiological Recordings
ECoG recordings were made with low impedance (~60 kX) silver

electrodes placed on the dura above one or both facial somatosensory

cortices (8.5--9.0 mm anterior to the interaural line; 7.0 mm lateral to the

midline) and orofacial motor cortex (12 mm anterior to the interaural

line; 3.5--4 mm lateral to the midline) (Paxinos and Watson 1986).

Reference electrodes were placed in a contralateral head muscle.

Intracellular recordings were obtained with glass micropipettes filled

with 2M potassium acetate (50--70 MX). Cortical cells of the facial

somatosensory cortex were recorded at sites anterior to the local ECoG

electrode at the following coordinates: 8.5--9.0 mm anterior to the

interaural line, 5.0--5.5 mm lateral to the midline, and 1.4--3.8 mm under

the cortical surface. Cortical cells located in the orofacial motor cortex

were recorded close to the local ECoG electrode at the following

coordinates: 12 mm anterior to the interaural line, 3.6--3.8 mm lateral to

the midline, and 0.9--2 mm under the cortical surface. The depths of

cortical intracellular records, in both somatosensory and motor

cortices, indicate that recorded cells were located in the layers 5--6

(deep layers). Intracellular recordings of thalamic relay neurons were

made from the ventro-posterior medial (VPM) and posterior medial

(POm) nuclei in register with the facial somatosensory cortex (see

Results). The corresponding stereotaxic coordinates were: 5.2--5.4 mm

anterior to the interaural line, 2.5--2.8 mm lateral to the midline, and

5.2--6.0 mm (VPM) or 4.5--5.2 mm (POm) ventral to the brain surface.

In all experiments, intracellular recordings were coupled with ECoG

recordings from ipsilateral somatosensory and motor cortices. In some

experiments (see Fig. 3), intracellular activity of somatosensory cortical

neurons was monitored simultaneously with ECoG recordings from

both ipsi- and contralateral somatosensory cortices.

TTX Experiments
The sodium channel blocker TTX (1mM TTX, tetrodotoxin citrate in

0.9% saline, Tocris, UK) was applied by topical superfusion (50--100 lL)
to the cortical surface, close to the intracellular pipette, in order to

completely suppress the local generation of action potentials. The

disappearance of synaptic and firing activities in deep-layer cortical

neurons was used to assess the progress of this inactivation during TTX

superfusion. In separate experiments, TTX was either applied above

facial somatosensory cortex or orofacial motor cortex and its effect was

determined on the occurrence of SWDs in ECoG recordings. Assuming

an isotropic diffusion of the drug (Myers 1966; Papadopoulos et al.

2005), the diffusion velocity was calculated in each experiment from

the depth of the intracellular recording and the time until action

potential and synaptic activity was completely blocked in the recorded

cortical neurons. These estimates of the time needed for TTX diffusion

to recorded sites provided assurance that actions at greater distances

did not result from an intracerebral spread of the drug.

Intrathalamic injections of TTX (30 lL, 100lM) were made via a steel

cannula (tip diameter, 250 lm) fitted to a 50-lL Hamilton syringe

inserted at the boundary between the POm and VPM nuclei, with the

following stereotaxic coordinates: 5.4 mm anterior to the interaural

line, 2.5 mm lateral to the midline, and 5.5 mm ventral to the brain

surface. The corresponding thalamic local field potential was moni-

tored by a thin (125 lm of diameter) silver electrode cemented to the

injection cannula and the ipsilateral somatosensory ECoG was

simultaneously recorded (see above).

Anatomical Procedures
Microiontophoretic injections of wheatgerm agglutinin--

horseradish peroxidase complex (WGA--HRP, 2.5% in 0.9% saline; Sigma)

were made in the facial somatosensory cortex (8.5 mm anterior to the

interaural line, 5.5 mm lateral to the midline, 2.5 mm ventral to the

brain surface) using glass micropipettes of internal tip diameter 15 lm
and positive current pulses of 5 lA for 10 min. Following a survival

period of 48 h, animals were deeply anaesthetized with pentobarbital

(100 mg/kg, i.p.) and intracardially perfused with 100 mL of 0.9% saline

followed by 500 mL of 3.5% glutaraldehyde in 0.1M phosphate buffer

(PB) (pH 7.4) and 200 mL of a 10% sucrose solution in 0.1M PB (pH

7.4). Brains were removed and stored overnight in this buffer before

cutting frontal sections with a freezing microtome. Sections were

processed for histochemistry using the tetramethyl benzidine method

of Mesulam (1978), mounted on chrome-alum-coated slides and

counterstained with safranin. Injection sites and retrogradely labeled

neurons were observed under bright-field illumination.

Intracellularly recorded neurons were labeled using 1% neurobiotin

(Vector Laboratories, Burlingame, CA) added to the intracellular

solution. 1--2 h after the injection, the animal received a lethal dose

of pentobarbital and was perfused with 500 mL of a physiological

solution followed by 500 mL of 0.3% glutaraldehyde and 4% para-

formaldehyde in 0.1M PB (pH 7.4). Brains were postfixed for 2 h in the

same fixative solution without glutaraldehyde and then immersed in
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30% sucrose PB at 4 �C until sectioning. Frozen sections of fixed brains

were cut at 50--70 lm in the frontal plane and serially collected in PB.

Neurobiotin was revealed by incubating sections in the avidin--biotin

peroxidase complex (1:100; Vector Laboratories) in PB containing

0.3%Triton X-100 for at least 12 h at 4 �C. Sections were then immersed

in a solution containing 0.005% 3,3’-diaminobenzidine tetrahydrochlor-

ide (Sigma, St Louis, MO), 0.4% nickel-ammonium sulfate, and 0.0006%

H2O2. After several rinses in PB, sections were mounted on gelatin-

coated slides, counterstained with safranin, and dehydrated through

alcohol to xylene for light microscopic examination. The location of

labeled neurons within the VPM and POm thalamic nuclei was

confirmed using the atlas of Paxinos and Watson (Paxinos and Watson

1986).

Data Acquisition and Analysis
Intracellular recordings were obtained under current-clamp conditions

using the active bridge mode of an Axoclamp-2B amplifier (Molecular

Devices, Union City, CA). Data were stored on-line on a DRA 800 digital

tape recorder (Biologic, Claix, France) and digitized for analysis at

a sampling rate of 10 kHz for the intracellular signal and 1 kHz for the

ECoG. Measurements of apparent membrane input resistance and time

constant were based on the linear electrical cable theory applied to an

idealized isopotential neuron (Rall 1969). Apparent membrane input

resistance was measured from the linear portion of the voltage--current

(V--I) relationships or from the mean (n > 10) membrane potential

change at the end of hyperpolarizing current pulses of low intensity (–

0.4 nA, 200 ms duration, applied every 1.25 s). The membrane time

constant was determined from an exponential fit to the hyperpolariza-

tion. Average membrane potential of cortical and thalamic neurons was

determined during interictal periods, from continuous recordings of at

least 5 s. Membrane potential values were corrected by subtracting the

extracellular tip potential measured immediately after the loss of

intracellular recordings.

The beginning (or the end) of a SWD was taken as the first (or the

last) spike-wave complex, with amplitude for the spike of at least 2

times the peak-to-peak amplitude of baseline ECoG fluctuations (Polack

et al. 2007). Spectral analysis of the ECoG was performed with fast

Fourier transforms applied using Spike 2 software (Cambridge

Electronic Design, Cambridge, UK). The amplitude of action potentials

was calculated as the potential difference between their voltage

threshold, measured as the membrane potential at which the dV/dt

exceeded 10 V x s
–1 (Fricker et al. 1999; Mahon et al. 2003), and the

peak of the spike. Numerical values are given as means ± SEM. Statistical

significance was assessed with appropriate statistical tests, Student’s

paired or unpaired t test, one-way ANOVA and Mann--Whitney rank sum

test. Statistical analysis and curve fitting were performed with Origin

6.0 (OriginLab Corp., Northampton, MA) and SigmaStat 3.0 (SPSS Inc.,

Chicago, IL).

Results

Deep-Layer Somatosensory Cortical Neurons Lead Spike-
and-Wave Activity

We recorded in vivo in GAERS the intracellular activity of

neurons located in deep layers of the facial part of the

somatosensory cortex (Fig. 1A) or of the orofacial motor cortex

(Fig. 1B), simultaneously with the ECoG activities of the related

cortical regions. Spontaneous episodes of SWDs had a mean

duration of 11.1 ± 0.6 s (n = 1084 SWDs from 23 GAERS) with

interictal periods of 15.3 ± 1.1 s (n = 1055 SWDs from 23

GAERS). The mean frequencies of oscillations during surface

paroxysms recorded from the somatosensory (8.0 ± 1.1 Hz, n =
1084 SWDs from 23 GAERS) and motor (7.8 ± 1.0 Hz, n = 1084

SWDs from 23 GAERS) areas were not significantly different

(P > 0.5; unpaired t-test). These temporal properties of SWDs,

as well as the shape of individual spike-wave complexes, were

similar to those previously reported in similar experimental

conditions (Pinault et al. 1998; Pinault 2003; Slaght et al. 2004;

Paz et al. 2007; Polack et al. 2007) as well as in freely moving

GAERS (Marescaux et al. 1992; Deransart et al. 2003; Polack

et al. 2007).

During interictal periods, somatosensory cortical neurons

fired at a high frequency (31.6 ± 5.9 Hz, n = 10 cells) associated

with a sustained membrane depolarization (–56.2 ± 0.7 mV, n =
10 cells) (Fig. 1A). SWDs were associated with suprathreshold

rhythmic depolarizations of somatosensory cortical neurons

(Fig. 1A) superimposed on a tonic membrane hyperpolarization

(8.5 ± 0.9 mV, n = 10 cells) lasting for the entire SWD (Fig. 1A).

Virtually all ECoG spikes were associated with 1--8 action

potentials (firing probability = 0.99 ± 0.01, n = 161 SWDs from

10 cells) corresponding to a mean ictal firing rate of 25.9 ± 5.1

Hz (n = 10 cells) (Fig. 1A, C, and D).

Between SWDs, cortical motor neurons (Fig. 1B) exhibited,

a less depolarized membrane potential (–60.3 ± 0.9 mV, n = 7

cells; P < 0.01; unpaired t-test) and a lower firing rate (6.9 ± 1.4

Hz, n = 7 cells; P < 0.01; unpaired t-test) than somatosensory

cortical neurons. They were also less likely to fire in association

with ECoG spikes during SWDs (probability 0.34 ± 0.07, n = 7

cells; P < 0.01; unpaired t-test) (Fig. 1B, C, and D).

Temporal relations between the firing of deep-layer somato-

sensory and motor cortical neurons during SWDs were

determined by measuring the timing (Dt) of individual action

potentials relative to the peak negativity of the corresponding

spike component in the somatosensory ECoG (Fig. 1C).

Throughout seizures, somatosensory cortical neurons consis-

tently fired before motor neurons. Action potential latencies in

somatosensory and motor cortical neurons were unimodally

distributed, with a mean delay of –17.9 ms ± 0.1 ms

(n = 20 301 action potentials from 161 SWDs, n = 10 cells)

and –5.7 ± 0.6 ms (n = 1885 action potentials from 55 SWDs, n =
7 cells), respectively (Fig. 1D).

These results confirm that deep-layer neurons of the

somatosensory cortex are hyperactive compared with other

cortical cells (Polack et al. 2007) and support their leading role

during SWDs.

Inactivation of Somatosensory Cortical Neurons Prevents
Generalized Spike-and-Wave Activity

The role of deep-layer somatosensory cortical neurons in the

initiation and generalization of ictal activities was first examined

by studying the effects of the inactivation of these cells on the

occurrence of SWDs in local and distant cortical regions.

Blockade of activity in somatosensory cortical neurons was

obtained 20 min after topical application of TTX to the cortical

surface. The efficacy of this treatment was confirmed by

recording the intracellular activity of underlying deep-layer

cortical neurons (Fig. 2A). Cessation of local ECoG spike-and-

wave activity was correlated with the blockade of spontaneous

(Fig. 2A) and current-evoked (Fig. 2B) action potentials in

individual cortical neurons. As expected from the interruption

of propagated activity in the related synaptic networks, there

was a dramatic decrease in the number and amplitude of

membrane potential fluctuations in recorded cells (Fig. 2Ab,

Bb, and C). We quantified the alteration in membrane potential

fluctuations, partly due to spontaneous synaptic inputs, by

comparing the standard deviation of interictal membrane

potential values in control and after TTX application. Across

cells (n = 5), this parameter was reduced from 6.5 ± 0.9 mV to
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0.5 ± 0.1 mV (P < 0.05; Mann--Whitney rank sum test) (Fig. 2C).

The effective blockade of network activities within the

somatosensory cortex was also demonstrated by a considerable

reduction in the power of high frequencies ( >10 Hz) in the

corresponding ECoG signal (Fig. 2D).

TTX-induced changes in network activity were associated

with modifications in the membrane electrical properties of

affected cells. As previously reported (Pare et al. 1998;

Destexhe and Pare 1999), a pronounced drop in membrane

potential (Control, –56.2 ± 0.7 mV, n = 10 cells; after TTX,

–67.9 ± 1.1 mV, n = 5 cells; P < 0.01; unpaired t-test; Fig. 2A--C)

and an increase in the apparent input resistance (Control, 17.5

± 2.2 MX, n = 10 cells; after TTX, 25.2 ± 1.6 MX, n = 5 cells;

P < 0.05; unpaired t-test) were observed after TTX application

(Fig. 2B).

We next investigated the impact of the inactivation of facial

somatosensory cortical neurons on the incidence of SWDs in

distant cortices (n = 5 experiments). As shown in Figures 1Aa,

2Aa, and 3Aa, the transition from interictal to ictal states was

correlated with the appearance of rhythmic clusters of action

potentials in deep-layer somatosensory cortical neurons

(Fig. 3Aa) and generalized spike-wave complexes at ~7.5 Hz

Figure 1. Deep-layer neurons of the somatosensory cortex lead cortical spike-and-wave activity. (A) and (B) Intracellular activity (lower traces) of a layer V somatosensory (A,
Intra SoCx) and motor (B, Intra MoCx) cortical neuron simultaneously recorded with the corresponding somatosensory (ECoG SoCx, middle trace) and motor (ECoG MoCx, top
trace) ECoGs during a spontaneous SWD. Note the elevated ictal and interictal firing rate characteristic of the deep-layer somatosensory cortical neurons in GAERS (see also
Polack et al. 2007). (C and D) Temporal relationship between action potential discharge in somatosensory and motor cortical neurons during SWDs. (C) Superimposition of
suprathreshold depolarizations (bottom) recorded from somatosensory (black trace) and motor (gray trace) cortical neurons and the corresponding somatosensory (middle traces)
and motor (top traces) spike-wave complexes. The peaks of the somatosensory ECoG spikes were used to align the records. (D) Pooled distribution of the timing (Dt) of all action
potentials (AP; bin size, 1 ms) recorded in somatosensory (dark gray bars, n 5 20 301 action potentials from 10 cells) and in motor (light gray bars, n 5 1885 action potentials
from 7 cells) cortical neurons relative to the peak of the somatosensory ECoG spike, which was taken as the zero-time reference (C). The distributions were best fitted by single
Gaussian curves (r2 5 0.941 for both fits). The mean latency of the first action potential was �26.5 ± 0.2 ms for SoCx neurons (n 5 10 cells) and �6.9 ± 0.6 ms (n 5 7
cells) for MoCx neurons. Here and in the following figures, the value of membrane potential is indicated at the left of the intracellular record. The voltage calibration in (A) applies
to (B).
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(Fig. 3Aa and Ba). After TTX application, the suppression of

cellular activity in the somatosensory cortex resulted in

the concomitant disappearance of SWDs in ipsilateral somato-

sensory and motor cortices (Fig. 3Ab).

In 4 experiments, we examined the effects of unilateral

application of TTX to somatosensory cortex on ECoG activity

in the contralateral homotypic region. Contralateral SWDs

(Fig. 3Aa, top trace) were replaced by periods of residual

‘‘ictal-like’’ oscillations (Fig. 3Ab, top trace), of shorter duration

(9.1 ± 4.3 s, n = 4; P < 0.05 for each experiment; Mann--

Whitney rank sum test) and longer interictal periods (100.6

± 46.3 s, n = 4; P < 0.05 for each experiment; Mann--Whitney

rank sum test), than full-blown SWDs (control duration, 24.5

± 7.3 s; control inter-SWD interval = 23.1 ± 11.2 s, n = 4).

Moreover, in this set of experiments, the internal frequency of

residual oscillations (7.9 ± 0.3 Hz, n = 4) was slightly but

significantly (P < 0.05 for each experiment; Mann--Whitney

rank sum test) increased from the control frequency during

SWDs (7.3 ± 0.2 Hz, n = 4) (Fig. 3B, top panels). This remaining

‘‘ictal-like’’ activity was completely abolished after local

application of TTX to the contralateral somatosensory cortex

(result not shown).

Inactivation of Motor Cortex Neurons Does Not Alter the
Occurrence of SWDs in the Somatosensory Cortex

The fact that pharmacological inactivation of somatosensory

cortical neurons prevents generalized SWDs does not demon-

strate that this region is specifically involved in seizure

initiation. It could simply indicate that the functional integrity

of the cortex is required for the initiation and expression of

ictal activities. Thus, we directly assessed the putative ictogenic

role for somatosensory cortex by testing, for the first time (see

Figure 2. ECoG and intracellular activities from the somatosensory cortex before and after local application of TTX. (A) Intracellular activity of a deep-layer neuron from the
somatosensory cortex (bottom trace) simultaneously recorded with the corresponding ECoG (ECoG SoCx, top trace), before (Control, Aa) and after (Ab) surface application of TTX.
Ab, the disappearance of local SWDs was concomitant in the recorded cell with the occlusion of spontaneous action potentials and ongoing synaptic activity. Inset, expansion of
short periods of intracellular activities in control and after TTX application. Action potentials in the control record have been truncated for clarity. (B) Voltage responses (top traces)
of the neuron shown in A to hyperpolarizing and depolarizing current pulses (bottom traces), before (Ba) and during (Bb) TTX treatment. A pronounced outward rectification in the
depolarizing direction was revealed after blockade of sodium channels. (C) Distributions of the membrane potential values (bin 5 0.2 mV; continuous record of 5 s) during
interictal periods in control conditions (control) and after application of TTX. Both distributions were best fitted by unimodal Gauss--Laplace fits (Control, continuous line,
center 5 �53.5 ± 5.9 mV, r2 5 0.736; TTX, dashed line, center 5 �72.1 ± 0.4 mV, r2 5 0.974). (D) Fast Fourier Transform (FFT) performed on the somatosensory ECoG
during interictal periods, in control (control, black) and after drug application (TTX, gray). All results depicted in this figure are from the same neuron.
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Sitnikova and van Luijtelaar 2004; Gurbanova et al. 2006), its

capacity to generate paroxysmal discharges during partial

synaptic deafferentation. In 5 experiments, we examined how

the inactivation of motor cortex neurons affected the in-

cidence of local and somatosensory cortical SWDs, which were

recorded at a distance of 5.2 mm from the site of drug

application. Intracellular activity of neurons from deep layers of

motor cortex was recorded simultaneously with the motor and

ipsilateral somatosensory ECoGs, before (Fig. 4Aa) and during

TTX application to the motor cortex (Fig. 4Ab). As observed in

somatosensory cortex, after 10 min of diffusion TTX sup-

pressed spontaneous action potential discharge and synaptic

activity in motor cortex neurons, producing a significant

membrane hyperpolarization (Control, –60.3 ± 0.9 mV,

n = 7 cells; after TTX, –68.5 ± 2.0 mV, n = 6 cells; P < 0.01;

unpaired t-test) (Fig. 4Ab). As illustrated in Figure 4B, TTX

abolished the generation of action potentials by current

injections and caused a small increase in the apparent input

resistance (Control, 21.4 ± 3.7 MX, n = 7 cells; after TTX, 24.8 ±
3.8 MX, n = 6 cells; P = 0.54; unpaired t-test).

The interruptionof activity inmotor cortical networks resulted

in the cessation of SWDs in the local surface ECoG, but paroxysmal

discharges in the ipsilateral somatosensory cortex remained

unchanged (Fig. 4Ab). Somatosensory SWDs after TTX-induced

inhibitionof themotorcortexhadaduration (23.7±14.0 s,n=117
SWDs from5experiments), an internal frequency (8.1±0.4Hz,n=
117 SWDs from5 experiments) and amean interictal period (16.6

± 2.6 s, n = 114 SWDs from 5 experiments) similar (P > 0.05 for

each parameter; unpaired t-test) to those calculated during the

corresponding control conditions.

We can exclude that the disappearance of SWDs in motor

cortex after TTX application on the somatosensory area was

due to a spread of the drug. First, the velocities of TTX diffusion

when applied on the somatosensory (1.8 lm/s) and motor (2.1

lm/s) cortices were similar (P > 0.5; unpaired t-test). Second,

the blockade of SWDs in the motor cortex was concomitant

with the inactivation of the somatosensory cortex whereas

epileptic discharges were recorded in the somatosensory

cortex after inactivation of the motor region.

Morphofunctional Properties of Thalamocortical
Neurons Projecting to the Somatosensory Cortex

Thalamocortical neurons could contribute to the appearance of

epileptic discharges in the somatosensory cortex. We assessed

possible participation of thalamocortical inputs in the initiation

of seizures, by comparing the intracellular activity of thalamic

neurons projecting to the facial somatosensory cortex in

Figure 3. Impact of TTX application on the somatosensory cortex upon spike-and-wave activity. (A) Intracellular activity of a deep-layer neuron of the somatosensory cortex
(bottom trace) simultaneously recorded with the ECoG waves from ipsilateral somatosensory cortex (SoCx ipsi), motor cortex (MoCx ipsi) and contralateral somatosensory cortex
(SoCx contra), before (Aa) and after (Ab) application of TTX on the ipsilateral somatosensory cortex. Note that TTX affected spike-and-wave activity in all ECoG records. (B) Power
spectra of the ECoG signals shown in A, before (Ba) and after TTX application (Bb). In control conditions (Ba), spectral analyses were performed in between (Interictal) and during
(Ictal) SWDs. After TTX application (Bb), the spectral profile of ECoG records was determined in between (Background activity) and during (Residual oscillations) periods of
residual oscillations, which were prominent only in the contralateral somatosensory cortex (dashed box in Ab). All results illustrated in this figure are from the same quadruple
recording.
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control conditions and during pharmacological inhibition of

the ipsilateral somatosensory cortex.

Injections of WGA--HRP in the facial somatosensory cortex

were performed to determine the location of cells providing

their thalamocortical inputs (Fig. 5Aa). Consistent with pre-

vious anatomical studies (Emmers 1988), the somata of

retrogradely labeled thalamocortical neurons were situated in

the medioventral part of the POm thalamic nucleus and in the

VPM thalamic nucleus (Fig. 5Ab and Ac). VPM and POm

thalamic cells intracellularly labeled with neurobiotin exhibited

typical morphological features of thalamocortical relay neurons

(Sawyer et al. 1989; Steriade et al. 1997), including a fusiform

perikaryon with at least 3--7 visible stout proximal dendrites,

which branched to form more slender distal dendrites (Fig.

5Ba and Ca, bottom panels).

As classically described for relay thalamic cells (Steriade et al.

1997; Sherman 2001; Destexhe and Sejnowski 2003), VPM and

POm thalamic neurons fired tonically in response to depolarizing

current pulses applied from the resting potential (Fig. 5Bb and

Cb). VPM thalamic neurons had a slightly higher apparent input

resistance (VPM, 45.0 ± 5.7 MX, n = 4 cells; POm, 34.7 ± 2.6 MX,
n = 7 cells; P = 0.09; unpaired t-test) and a shortermembrane time

constant (VPM, 8.4 ± 0.9 ms, n = 4 cells; POm 17.0 ± 2.3 ms, n = 7

cells; P < 0.05; unpaired t-test), than POm neurons. Both cell

types exhibited, in response to negative current pulses of high

intensity, a slow depolarizing sag (Fig. 5Bb and Cb) indicative of

the presence of the hyperpolarization-activated inward cationic

current Ih (McCormick and Pape 1990). Large-amplitude

current-induced hyperpolarizations were systematically fol-

lowed by a rebound depolarization (Fig. 5Bb and Cb), likely

resulting from Ih (McCormick and Pape 1990; Destexhe and

Sejnowski 2003) and/or from the low-threshold activated

calcium current (IT) (Jahnsen and Llinás 1984a, 1984b; Steriade

et al. 1997; Destexhe and Sejnowski 2003).

Figure 4. Local application of TTX on the motor cortex does not affect the occurrence of SWDs in the somatosensory cortex. (A) Intracellular activity of deep-layer motor cortex
neuron simultaneously recorded with the corresponding ECoGs from the motor (MoCx) and ipsilateral somatosensory (SoCx) cortices, before (Aa) and after (Ab) topic application
of TTX on the motor cortex. SWDs persisted in the somatosensory cortex whereas they were abolished in the motor region. Inset, expanded periods of the intracellular activity, in
control and after TTX treatment. Action potentials in the control record are truncated for clarity. (B) Voltage responses (top traces) of the same neuron to hyperpolarizing and
depolarizing current pulses (bottom traces), before (Ba) and after (Bb) application of TTX.
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Activity of Thalamocortical Neurons during SWDs

VPM and POm thalamic neurons had similar mean interictal

membrane potentials (VPM, –57.7 ± 1.4 mV, n = 4 cells; POm,

–58.0 ± 1.4 mV, n = 7 cells; P > 0.05; unpaired t-test) and

discharged action potentials irregularly at low frequencies

between seizures (VPM, 2.0 ± 1.0 Hz, n = 4 cells; POm, 0.5 ± 0.2

Hz, n = 7 cells; P > 0.05; unpaired t-test) (Fig. 6A,B).

Spontaneous transitions between interictal and ictal periods

were accompanied in VPM thalamic neurons by membrane

potential oscillations, temporally correlated with spike-wave

complexes in the ECoG and superimposed on a large tonic

hyperpolarization (10.6 ± 0.3 mV, n = 32 SWDs from 4 cells;

Fig. 6A). In all recorded VPM neurons, single action potentials

were triggered on SWD-associated rhythmic membrane depo-

larizations (Fig. 6C, VPM), with a low probability of firing (0.12

± 0.09, n = 517 action potentials from 32 SWDs) in association

with each ECoG spike. In contrast, POm neurons exhibited

a large-amplitude (15.5 ± 0.8 mV, n = 39 SWDs from 7 cells)

asymmetric hyperpolarizing envelope during SWDs (Fig. 6B). It

was associated with robust membrane oscillations that could

trigger bursts of action potentials (Fig. 6C, POm). During SWDs,

all POm neurons could fire action potentials and their mean

firing rate was 1.3 ± 0.4 Hz (n = 7 cells), corresponding to

a firing probability in association with each ECoG spike of

0.16 ± 0.04 (n = 7 cells).

The temporal relationship between the firing of somatosen-

sory cortical neurons and related thalamic cells during SWDs

was first determined by measuring action potential timing

relative to the peak negativity of the somatosensory ECoG spike

(Fig. 6C). Action potentials were generated in both groups of

thalamic cells before the peak of the ECoG spike (–9.2 ± 0.7 ms,

n = 71 SWDs from 11 VPM-POm cells) but followed the firing of

somatosensory cortical neurons by about 9 ms (Fig. 6D).

The directionality of information flow between VPM-POm

thalamic nuclei and the related cortical region was further

analyzed by measuring the strength of association (h2) and

temporal delays between somatosensory cortex ECoG and

thalamic intracellular signals (see Supplementary Methods).

The degree of association between ECoG and thalamic

intracellular activities was low (from 0.066 to 0.143; mean =
0.098 ± 0.005, n = 13 paired recordings) during interictal

periods (Supplementary Fig. S1A and S1B). In both VPM and

POm neurons, h2 gradually increased just prior to the cortical

SWD and was maintained at an elevated value (from 0.207 to

0.535; mean = 0.420 ± 0.026, n = 13 paired recordings;

P < 0.001; paired t-test) during the seizure (Supplementary Fig.

S1A and B). Higher values of h
2 during the seizure were

Figure 5. Morphofunctional properties of thalamic relay neurons projecting to the facial region of the somatosensory cortex. (A) Location of retrogradely labeled neurons in the
thalamus after WGA--HRP injection in the facial region of the somatosensory cortex. (Aa) Microphotograph of the WGA--HRP injection site (arrow) in the somatosensory cortex at
the indicated anteriority. (Ab) Microphotograph of a coronal section (anteriority: 5.4 mm with respect to the interaural line) showing the spatial distribution of the retrogradely
labeled thalamic neurons (arrow). As shown by the expanded view, thalamic neurons were located in the VPM and POm thalamic nuclei (Ac). (Ba and Ca) Schematic localization
(top) and microphotographs (bottom) of a VPM (Ba) and a POm (Ca) thalamic neurons intracellularly filled with neurobiotin. Asterisks in top panels indicate the position of the
corresponding cell bodies. The fusiform perikaryons and the numerous varicose dendrites are characteristic of thalamocortical neurons (bottom panels). (Bb and Cb) Voltage
responses (top traces) to hyperpolarizing and depolarizing current pulses (bottom traces) of the thalamic neurons shown in (Ba) and (Ca), respectively. The responses induced by
hyperpolarizing current pulses are an average of 10 successive trials.
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associated with more stable time delays. In 13 paired record-

ings (VPM-ECoG, n = 5; POm-ECoG, n = 8), oscillatory activity

in VPM and POm thalamic cells lagged spike-and-wave activity

in the somatosensory cortex by 7.7 ± 2.8 s during the first

second of the seizure (Supplementary Fig. S1A and C). No

preferential directional coupling was evident during the later

components of the SWD (Supplementary Fig. S1A and C).

SWDs in the Somatosensory Cortex do not Require
Paroxysmal Thalamic Oscillations

Arguing against the hypothesis that intrathalamic networks

could be an important epileptogenic source (see Bessaih et al.

2006; Toth et al. 2007), we could record, in between seizures,

short epochs (1.37 ± 0.15 s, n = 16) of paroxysmal oscillations

(11.3 ± 0.6 Hz, n = 16) in the somatosensory and motor ECoGs

(Fig. 7A), correlated with suprathreshold rhythmic depolariza-

tions in the related cortical neurons (data not shown), which

were not concomitant with robust membrane potential

oscillations in the recorded thalamocortical neurons (3 POm

cells and 1 VPM cells) (Fig. 7B). This lack of correlation

between ECoGs and intracellular activities could be found in

thalamic neurons that yet exhibited rhythmic membrane

depolarizations in association with the full expression of

cortical SWDs (Fig. 7A). These cells did not exhibit impairment

in their intrinsic excitability, with typical current-induced

firing patterns and membrane input resistance (40.0 ± 5.2 MX,
n = 4 neurons) (Fig. 7C) similar (P > 0.05; unpaired t-test) to

that of the overall neuronal population.

To ascertain whether the somatosensory cortex is capable of

generating epileptic patterns in absence of thalamocortical

inputs, we made unilateral intrathalamic injections of TTX at

the boundary between POm and VPM nuclei (n = 3 experi-

ments) and we simultaneously recorded local thalamic field

potentials and ipsilateral somatosensory ECoGs (Fig. 8A). TTX

injections abolished paroxysmal oscillations in the thalamus,

whereas long sequences of spike-and-wave activity persisted in

the somatosensory cortex, but with lower internal frequencies

(6.9 ± 0.1 Hz, n = 3 GAERS) compared with control recordings

(8.7 ± 0.3 Hz, n = 3; P < 0.001 in each experiment; Mann--

Whitney rank sum test) (Fig. 8B). The specificity of TTX

injection in the blockade of thalamic paroxysms was attested

by the lack of thalamic field potential changes after intra-

thalamic vehicle injections (0.9% NaCl; 30 lL; n = 2 experi-

ments) (Fig. 8C). Duration of cortical SWDs (before vehicle, 4.8

± 0.8 s; after vehicle, 4.8 ± 0.9 s; n = 2 GAERS) as well as their

internal frequency (before vehicle, 8.7 ± 1.2 Hz; after vehicle,

8.8 ± 0.9 Hz, n = 2) was not significantly modified by the vehicle

injection (P > 0.1 for both parameters in each experiment;

Mann--Whitney rank sum test).

Altogether, these findings demonstrate that somatosensory

cortical SWDs can occur without concomitant paroxysms in

the related thalamic nuclei, strongly refuting the hypothesis

that thalamocortical projections could act as a causal factor for

cortical seizures.

Lack of Paroxysmal Oscillations in Thalamocortical Cells
following Inactivation of the Somatosensory Cortex

In 4 experiments, we investigated the effect of TTX application

to somatosensory cortex on the intracellular activity of related

thalamic neurons. In all cells tested (1 VPM and 3 POm cells),

pharmacological blockade of somatosensory cortical SWDs

resulted in the complete disappearance of paroxysmal mem-

brane oscillations in thalamocortical neurons (Fig. 9A). This

was concomitant with a decrease in the amplitude of

membrane potential fluctuations (Fig. 9A), as attested by the

reduced variability of membrane potential distributions after

TTX application, in the absence of change in mean membrane

potential (Control, –57.9 ± 1.0 mV, n = 11 cells; after TTX, –57.3

± 1.3 mV, n = 4 cells; P > 0.05; unpaired t-test) (Fig. 9B). The

extinction of thalamic ictal oscillations did not result from

altered intrinsic properties of thalamic neurons, as their

apparent input resistance (Control, 37.8 ± 2.8 MX, n = 11

cells; after TTX, 31.5 ± 7.2 MX, n = 4 cells; P > 0.05; unpaired t-

test) and membrane time constant (Control, 13.9 ± 2.0 ms, n =
11 cells; after TTX, 9.7 ± 0.9 ms, n = 4 cells; P > 0.05; Mann--

Whitney rank sum test) were not significantly modified after

drug application. Moreover, action potentials, with amplitude,

duration and voltage threshold similar to those measured in

control conditions (P > 0.05 for all parameters) could be

triggered in thalamic cells under cortical TTX treatment

(Fig. 9Ab). This demonstrates that the drug did not spread to

the recorded thalamic site and suggests that changes in

Figure 6. Intracellular activity of VPM and POm thalamic neurons during SWDs. (A)
and (B) Intracellular activity of a VPM (A) and a POm (B) thalamic neuron (bottom
traces) simultaneously recorded with the motor (MoCx) and the somatosensory
(SoCx) ECoGs (top traces). Cortical SWDs were concomitant with large-amplitude
membrane potential oscillations superimposed on a sustained hyperpolarization. (C
and D) Temporal relationship between the firing of VPM and POm neurons and the
corresponding ictal activity in the cerebral cortex. (C) Typical examples of
simultaneous recordings from the intracellular activity (bottom) in VPM (left) and
POm (right) neurons and from the spike-and-wave complexes in the corresponding
somatosensory ECoG (top). (D) Histogram (gray bars) and Gauss--Laplace distribution
(black line) of the timing (Dt) of all action potentials (AP; bin size5 1 ms) recorded in
VPM and POm thalamic neurons (n5 1155 action potentials from 11 cells) relative to
the SoCx ECoG spike component taken as the zero-time reference (as shown in C).
The mean latency of the first action potential was �9.0 ± 0.7 ms (n5 11 cells). The
dashed gray line represents the firing probability of somatosensory cortical neurons
(data taken from Fig. 1D).
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thalamic cell activity resulted exclusively from the loss of

activity in cortical afferents.

Discussion

This study tested the hypothesis that the facial somatosensory

cortex acts as a focal site for the initiation of generalized SWDs

in the GAERS genetic model of absence seizures (Meeren et al.

2002; Depaulis and Van Luijtelaar 2005; Meeren et al. 2005; van

Luijtelaar and Sitnikova 2006; Polack et al. 2007). Using

intracellular and ECoG recordings in vivo, we obtained new

evidence on several points. First, blockade of firing and synaptic

activities in facial somatosensory cortical neurons, following

topical application of TTX, suppresses paroxysmal discharges

in 1) neurons and ECoG of the somatosensory cortex, 2) motor

cortex ECoG, and 3) thalamocortical neurons in register with

the somatosensory cortex. Second, an identical pharmacolog-

ical inhibition within the motor cortex or the related thalamic

nuclei did not abolish spike-and-wave activity in the somato-

sensory cortex. Third, somatosensory cortex could generate

paroxysmal oscillations despite a lack of rhythmic discharge in

the related thalamocortical cells. Finally, measurements of

temporal relationships between ECoGs and intracellular signals

indicate a consistent sequential activation of first the somato-

sensory cortex, then its thalamic targets and finally distant

cortical areas during a seizure.

The Facial Somatosensory Cortex as a Cortical Focus for
Absence Seizures: Experimental Evidence

An epileptic focus is defined by a number of anatomo-

functional properties which promote the initiation of ictal

activity which then propagates to distant brain regions. These

local ictogenic properties can be summarized as follows: 1) the

existence in a restricted cerebral region of network and/or

cellular alterations contributing to excessive, hypersynchro-

nous activity, 2) paroxysmal firing of ictogenic cells can initiate

epileptic discharges at remote sites to ensure seizure propa-

gation, and 3) the functional inactivation of the focal region, or

its anatomical resection, suppresses local and propagated

seizure activity. According to these criteria, the present

findings strongly support the hypothesis that the facial

somatosensory cortex of GAERS contains an epileptic focus

where SWDs are initiated and then spread throughout cortico-

thalamic networks. Our intracellular recordings demonstrate

that during and in between spike-and-wave activity deep-layer

Figure 7. Lack of rhythmic activity in thalamocortical neurons during interictal ECoG paroxysmal oscillations. (A and B) Simultaneous recordings of ipsilateral motor (MoCx ipsi)
and somatosensory (SoCx ipsi) ECoGs, contralateral somatosensory (SoCx contra) ECoG and of the intracellular activity of a POm thalamic neuron (Intra POm). The full expression
of the SWD was correlated with robust oscillations in the intracellularly recorded thalamic neuron. However, as shown in (B) by the expansion of the record framed in (A), the
occurrence in between seizures of paroxysmal ECoG oscillations (~10 Hz, 2.5 s of duration) had no reflection in the thalamic intracellular activity. (C) Voltage responses (top
traces) to a hyperpolarizing (�0.8 nA) and depolarizing (þ0.8 nA) current pulse (bottom traces) of the thalamic neuron illustrated in (A, B), showing the typical
electrophysiological properties of thalamocortical neurons (see Fig. 5).
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neurons of the facial somatosensory cortex discharge at

frequencies significantly higher than do neurons of the motor

cortex. Moreover, ictal discharges in somatosensory cortical

cells precede by about 12 ms the corresponding firing in motor

cortex neurons (see Fig. 1D). These results confirm previous

findings obtained in GAERS showing that layer 5/6 neurons of

the facial somatosensory cortex exhibit a distinctive hyperac-

tivity and lead the firing of remote cortical cells during the

epileptic discharge (Polack et al. 2007). The directional

propagation of cortical seizure activity from the somatosensory

area to distant cerebral regions is further supported by our

pharmacological experiments. SWDs in the motor cortex

disappeared following TTX application to the somatosensory

region, but an identical treatment of motor cortex had no

effect on epileptic activity in somatosensory cortex. Consis-

tently, it has been shown in WAG/Rij rats and GAERS that

epileptic discharges are suppressed by microinjection of

sodium channel blockers, such as lidocaine (Sitnikova and van

Luijtelaar 2004) or phenytoin (Gurbanova et al. 2006), in the

primary somatosensory cortex. However, in these studies, the

effect of the drugs on the activity of cortical focus neurons was

not demonstrated and the impact of the inactivation of remote

cortical regions was not investigated. The ability of ethosux-

imide, a anti-absence drug, to abolish SWDs when applied into

the peri-oral region of the primary sensory cortex of GAERS

also support the involvement of this brain region in the

initiation of absence seizures (Manning et al. 2004).

The persistence of residual ‘‘ictal-like’’ oscillations in the

untreated hemisphere after complete abolition of SWDs by

TTX application to the other, may point to an involvement of

crossed interactions between somatosensory cortical areas in

the genesis of spike-and-wave activity (see Fig. 3Ab). This

finding, together with the disruption of coherent SWDs

between both hemispheres after callosotomy in GAERS (Vergnes

et al. 1989), indicate that both somatosensory cortices have

ictogenic properties but that the full expression and bilateral

synchronization of spike-and-wave activities require functional

interactions between both foci.

The leading role of cortical somatosensory neurons in the

related corticothalamic loop during SWDs is further demon-

strated by our intracellular recordings of VPM and POm

thalamocortical cells showing a delayed firing (~ +9 ms, see

Fig. 6D) relative to somatosensory cortex neurons. Moreover,

interictal and ictal firing rates of thalamic cells were consid-

erably lower than those of corresponding corticothalamic

neurons. In addition, multisite local field potentials from the

Figure 8. Persistence of SDWs in the somatosensory cortex after intrathalamic
injection of TTX. (A) Experimental arrangement. Injection of TTX (30 lL, 100lM) was
made at the boundary of POm and VPM thalamic nuclei. Thalamic (Thal) local field
potential (LFP) was recorded at the vicinity of the injection site and ECoG of the
ipsilateral somatosensory cortex (SoCx) was simultaneously recorded. (B) Cortical
SWDs persisted after intrathalamic injection of TTX. (Ba) Paired recordings of
somatosensory ECoG (top trace) and thalamic field potential (bottom trace) before
TTX injection. Note that cortical SWDs were correlated with paroxysmal thalamic
oscillations. (Bb) TTX injection resulted after 10 min in a disappearance of thalamic
oscillations (bottom trace) whereas the corresponding ECoG still exhibited sustained
spike-and-wave activity (top trace). Calibration in (Bb) applies to (Ba). (C)
Intrathalamic application of a vehicle solution did not affect neither the thalamic
oscillations nor cortical SWDs. Examples of cortical (top traces) and thalamic (bottom
traces) recordings in control (Ca) and 10 min after vehicle injection. Calibration in (Cb)
applies to (Ca). Results depicted in (B) and (C) are from 2 separated experiments.

Figure 9. TTX application on the somatosensory cortex suppresses paroxysmal oscillations in thalamocortical neurons. (A) Simultaneous recordings of motor and somatosensory
ECoGs and of the intracellular activity of a POm thalamic neuron, before (Aa) and after (Ab) local application of TTX on the somatosensory cortex. Inset, superimposition of
suprathreshold voltage responses (top traces) of a thalamic neuron to depolarizing current pulses (bottom trace) in control (black trace) and after TTX application on SoCx (gray
trace). Calibration bars: 10 mV, 50 ms. (B) distributions of membrane potential values (bin5 0.2 mV; continuous record of 5 s) during interictal periods, in control (dark gray) and
after pharmacological interruption of SWDs (light gray). Control histogram was best fitted by a bimodal Gauss--Laplace fit (black line, centers: �59.5 ± 5.1 mV and �54.6 ± 3.3
mV, r2 5 0.703), whereas TTX treatment led to a narrow unimodal Gauss--Laplace curve (gray line, center 5 �57.5 ± 2.7 mV, r2 5 0.775).
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freely moving GAERS showed that the occurrence of SWDs in

the ventrobasal complex of the thalamus systematically follows

the appearance of paroxysmal activities in the somatosensory

cortex (Polack et al. 2007). Consistently, we showed in the

present study the complete disappearance of paroxysmal

oscillations in VPM and POm thalamic neurons following

pharmacological inactivation of the somatosensory cortex. A

further demonstration of the ability of cerebral cortex to

generate epileptic-like activity in absence of thalamic oscil-

lations was the occurrence of spontaneous ECoG paroxysms

without counterpart in thalamic neurons (see Fig. 7A,B). This is

also confirmed by the persistence of cortical spike-and-wave

activity after functional inactivation of the related thalamic

nuclei (see Fig. 8), a finding consistent with the long sequences

of continuous cortical spike-and-wave activity in the athalamic

cat with cortical seizures (Steriade and Contreras 1998).

Altogether, these findings agree with previous studies

suggesting a prominent role of cortical neurons in thalamo-

cortical epileptic oscillations in GAERS (Pinault 2003) and in

the cat pharmacological model of spike-and-wave activity

(Steriade and Contreras 1998) and refute the possibility that

absence seizures are initiated in the thalamus (see Bessaih et al.

2006; Toth et al. 2007). However, although corticothalamic

SWDs in GAERS arise from the deep-layer neurons of the

cortical focus (Polack et al. 2007; present study), we cannot

exclude that the epileptic discharges in these ictogenic

neurons are, at least partially, under control of neuronal inputs

external to the corticothalamic loop.

Putative Mechanisms of Initiation, Generalization, and
Termination of SWDs

Although several lines of evidence indicate that SWDs are

initiated from the somatosensory region of cortex in rodent

genetic models of absence epilepsy (Meeren et al. 2002, 2005;

Manning et al. 2004; van Luijtelaar and Sitnikova 2006; Polack

et al. 2007; present study), the cellular and network ictogenic

mechanisms remain unclear.

InWAG/Rij rats, an abnormal pattern of dendritic arborizations

has been demonstrated in primary somatosensory cortex (Kar-

pova et al. 2005). However, no anomalous morphological

properties were apparent for the different neuronal populations

in the homologous epileptic zone of GAERS (Polack et al. 2007).

Alternatively, the abnormal hyperactivity of somatosensory

cortical layer 5/6 neurons (Polack et al. 2007, see also Fig. 1A

vs. B), as well as their propensity to generate epileptic

oscillations, could result from a dysregulation in their intrinsic

and/or synaptic properties. A consistent feature of cortical

neurons activity during SWDs, including that of deep-layer

neurons of the focus, is the maintenance of a sustained

membrane hyperpolarization (Charpier et al. 1999; Paz et al.

2005, 2007; Polack and Charpier 2006; Polack et al. 2007;

present study). This is likely due to a transient interruption of

the tonic excitatory synaptic drive, leading to a cell polarization

toward the resting potential and an increase in membrane input

resistance (Charpier et al. 1999), both favoring rhythmic

synaptic depolarizations and postinhibitory rebounds of intrinsic

excitation. The exacerbated activity of deep-layer neurons of the

cortical focus could be due to an increased expression of

voltage-gated sodium channels (Klein et al. 2004), which may

cause elevated tonic and bursting activities and favor the

occurrence of SWDs (Blumenfeld and McCormick 2000). A

reduction in the dendritic Ih current, as found in pyramidal

neurons of WAG/Rij rats (Strauss et al. 2004; Kole et al. 2007),

would facilitate the temporal summation of repetitive synaptic

inputs (Strauss et al. 2004) and the generation of high-frequency

burst firing (Kole et al. 2007). Such modifications in membrane

excitability could act in synergy with changes in synaptic

systems to promote epileptic discharges. For instance, a decrease

in GABAA receptor-mediated synaptic transmission, associated

with an increase in glutamatergic NMDA-dependent conductan-

ces, as found in the deep layers of WAG/Rij rats’ focus

(D’Antuono et al. 2006), provides a powerful potential mecha-

nism for inducing and/or amplifying paroxysmal activities within

the somatosensory cortex.

Once the SWD is initiated in the cortical focus, epileptic

discharges rapidly propagate to the intracortical networks and

related thalamic regions, dynamic processes that will engage

the corticothalamocortical loops in abnormal synchronized

oscillations. It is likely that the relative low firing rate in most

thalamocortical cells during spike-and-wave activity (Pinault

et al. 1998; Charpier et al. 1999; Pinault 2003; Timofeev and

Steriade 2004; Polack and Charpier 2006; Paz et al. 2007; see

also Figures 6A,B and 7A) originate from a powerful GABAergic

inhibition arising from the bursting of nucleus reticularis

thalami neurons (Slaght et al. 2002; Pinault 2003; Timofeev

and Steriade 2004), which are mainly driven by their cortical

inputs. However, in the few active thalamocortical neurons, the

SWD-associated hyperpolarization deinactivates IT and the

resulting low-threshold calcium potential, in association with

cortical synaptic inputs, will be able to generate repetitive

bursting (Pinault 2003; Polack and Charpier 2006; Paz et al.

2007; see also Fig. 6A--C). Transmission of this rhythmic

thalamic excitation to the cerebral cortex may tend to reinforce

coherent seizure activity in widespread cortical areas, including

the focal region. This hypothesis is consistent with the

slight slowing of cortical focus spike-and-wave activity after

pharmacological blockade of thalamocortical inputs (see Fig. 8).

Mechanisms for the termination of spike-and-wave activity

remain enigmatic (Timofeev and Steriade 2004). It is plausible

that paroxysmal discharges during SWDs (see Fig. 1A) induce

an intracellular calcium influx, that would tend to activate

calcium-dependent potassium currents (Sah and Faber 2002),

decreasing cellular excitability and interrupting epileptic

activities (Timofeev and Steriade 2004). A decreased extracel-

lular calcium concentration would also tend to weaken

synaptic transmission (Katz and Miledi 1970), and might also

contribute to SWD termination (Massimini and Amzica 2001).

Alternatively, the transition from ictal to resting state could be

controlled by a negative feedback due to a slow adaptation

sodium-dependent potassium current (Compte et al. 2003). In

addition to these ionic changes, recent in vivo investigations in

GAERS strongly suggest that the basal ganglia, via their

feedback pathway to the cerebral cortex, provide an on-line

control system for absence seizures (Deransart and Depaulis

2002; Slaght et al. 2004; Paz et al. 2005, 2007). Specifically, the

propagation of cortical epileptic discharges through the basal

ganglia circuits (Slaght et al. 2004; Paz et al. 2005, 2007) should

act to desynchronize activity in their thalamocortical neuronal

targets, decreasing cellular excitability in the cerebral cortex

and thus contributing to seizure termination (Paz et al. 2007).

Such a participation of thalamocortical inputs in the expression

of cortical SWDs is also supported by our results showing that

the inactivation of thalamic nuclei, related to the cortical focus,
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results into long sequences of spike-and-wave activity in the

facial somatosensory ECoG (see Fig. 8Bb).

Toward a Novel Electroclinical Classification of Absence
Epilepsy?

An increasing number of experimental investigations in

pharmacological and genetic models of absence epilepsy,

including the present study, indicate that the cerebral cortex

plays a fundamental role in the initiation of SWDs with a focal

onset from a restricted cortical region. In human patients, the

‘‘generalized’’ nature of absence seizures may be a clinical

convention rather than a concept firmly based on electroen-

cephalographic evidence. For instance, an accurate source

analysis from dense-array surface electrodes demonstrates that

the onset of absence seizures in human is associated with early

activation of discrete, often unilateral, frontal or orbital cortical

areas (Holmes et al. 2004). The authors concluded that absence

seizures in these patients were not truly ‘‘generalized,’’ with

immediate and global cortical involvement, but rather were

initiated, then propagated, from specific cortical networks

(Holmes et al. 2004). This hypothesis is supported by recent

data showing that surface electrical paroxysms in human

absence seizures did not have a ‘‘generalized onset’’ but rather

were initiated by focal discharges largely restricted to the

frontal cortex (Sadleir et al. 2006).

The reconciliation of experimental and clinical findings,

that absence seizures are not ‘‘generalized’’ in the sense of

homogenous and simultaneous cortical activation but involve

local ictogenic processes within a confined cortical region,

might eventually lead to a reconsideration of the electroclinical

classification of absence epilepsy.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/.
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