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1 Spontaneous 7–10Hz spike-wave discharges (SWDs) are the electroencephalographic hallmark of
absence seizures, as can be observed in WAG/Rij as well as in GAERS, two commonly used well-
validated genetic rat models of absence epilepsy. A local upregulation of sodium channels within the
perioral region of the primary somatosensory cortex indicated an initiation site for SWDs in WAG/Rij
rats, in line with a new theory that assumes that SWDs have a cortical focal origin in the perioral
region of the somatosensory cortex. We tested whether bilateral microinfusion at this focal site of the
sodium channel blocker phenytoin, which is known to aggravate SWDs after systemic administration,
reduces SWDs in both models.

2 WAG/Rij rats and GAERS, chronically provided with cortical EEG electrodes and bilateral
cortical cannula’s, were used. The EEGs were recorded before and after or systemic or bilateral
infusion of phenytoin.

3 Microinfusion of phenytoin at the perioral region of the somatosensory cortex produced an
immediate cessation of seizure activity in WAG/Rij rats, while systemic injection produced an increase
in both genetic models. Microinfusion of the same and higher concentrations of phenytoin in GAERS
at the same stereotactic coordinates showed no effect. Phenytoin was effective in GAERS 2mm more
posteriorly.

4 The data suggest that both genetic models have a cortical area at which diametrically opposite
effects of phenytoin can be found compared to systemic injections: a decrease after local microinfusion
and aggravation after systemic administration, although the exact cortical location may be different.
Moreover, a deficit in sodium channels might be an ethiological factor underlying an increased
probability for the initiation of SWDs in the somatosensory cortex.
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Introduction

Typical childhood absence epilepsy is a generalized noncon-

vulsive epilepsy characterized by a spontaneous interruption

of consciousness accompanied by generalized bilateral syn-

chronous spike-wave discharges (SWDs) with a frequency

of 3–4Hz in the electroencephalogram (EEG) in humans

(Panayiotopoulos, 1997). Genetic absence epilepsy rats from

Strasbourg (GAERS) and WAG/Rij (Wistar Albino Glaxo

from Rijswijk) rats are considered as two valid genetic rodent

models of absence epilepsy (Marescaux et al., 1992; Crunelli &

Leresche, 2002; Coenen & van Luijtelaar, 2003; Depaulis &

van Luijtelaar, 2006). All adult rats of both strains show

SWDs (7–11Hz) in their EEG with concomitant clinical signs

during absence seizures (Depaulis & van Luijtelaar, 2006).

The thalamocortical circuit is thought to play an important

role in the pathogenesis of absence epilepsy (Avoli & Gloor,

1982; Vergnes et al., 1987). The thalamic origin for SWDs,

characteristic of absence epilepsy, has dominated earlier studies

(Avanzini et al., 1992; 2000). Particularly, the contribution of

the reticular thalamic nucleus (RTN) and the ventrobasal

complex of the thalamus were crucial in eliciting and

propagating SWDs (Avoli & Gloor, 1982; Gloor & Fariello,

1988). On the other hand, the role of the cortex in the

generation of SWDs was proposed in previous studies

(Steriade, 1974; Pinault et al., 1998; Seidenbecher et al., 1998;

Steriade & Contreras, 1998). Recently, a part of the somato-

sensory cortex has been implicated as a site from which SWDs

are initiated; from here they quickly spread over the cortex and

to thalamic structures (Meeren et al., 2002a). Local micro-

injection of ethosuximide (ETX), a first choice antiabsence

drug, into the perioral region of the primary somatosensory

cortex (S1po) but not at other cortical sites suppressed SWDs

in GAERS. However, microinfusion into the ventrobasal

thalamus and RTN was not, or much less, effective in

producing cessation of seizure activity (Manning et al., 2004).*Author for correspondence; E-mail: g.vanluijtelaar@nici.ru.nl
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Intrinsic excitability of the nervous system is dependent on

the activity of voltage-gated sodium channels (VGSCs) (Porter

& Rogawski, 1992). VGSC genes have a heterogeneous tissue

distribution within the nervous system (Catterall, 2000; Goldin

et al., 2000). In the WAG/Rij model of absence epilepsy

mRNA and protein levels for sodium channels were upregu-

lated in layer II–IV cortical neurons in the facial somatosen-

sory cortex (Klein et al., 2004). In another study, unilateral

local functional deactivation of the somatosensory cortex by

lidocaine, acting by blockage of sodium channels, reduced

SWDs in WAG/Rij rats (Sitnikova & van Luijtelaar, 2004).

Phenytoin (PHT) exerts its anticonvulsant effect primarily by

blocking voltage-VGSCs (Tunnicliff, 1996; Xie et al., 2001). It

is an effective drug against partial and generalized convulsive

epilepsies (Kwan et al., 2001; Deckers et al., 2003). However,

PHT appears to be ineffective in generalized nonconvulsive

epilepsy and even exacerbates SWDs in rats as well in man

(Micheletti et al., 1985; Peeters et al., 1988; Genton, 2000). The

mechanism of SWD aggravation by PHT is poorly understood

(Osorio et al, 2000).

The purpose of this study is to examine and compare the

effect on absence seizures of locally injected PHT into the

cortical representation of the perioral region of GAERS and

WAG/Rij rats in order to investigate whether GAERS and

WAG/Rij rats share an area sensitive for sodium channels in

the S1po. Local blockage of sodium channels is expected to

result in a reduction of the SWDs, whereas systemic injection

will increase SWDs.

Methods

Adult male WAG/Rij rats (46 months old, n¼ 7) weighing

370–450 g and GAERS (44 months old, n¼ 11) weighing

230–300 g were used in the experiments. Animals were

maintained on a 12-h light/dark cycle (light out from 08:00

to 20:00) with unlimited access to food and water.

All the experiments were carried out with the approval of

Marmara University Ethical Committee for Experimental

Animals (61.2002.Mar) and RU-DEC Radboud University

Nijmegen in accordance with the European Communities

Council Directive of 24 November 1986 (86/609/EEC).

Surgery

In WAG/Rij rats, a tripolar EEG electrode set (MS 333/2A,

Plastics One, Roanoke, VI, U.S.A.) and two guide cannulae

(C312G, Plastics One, Roanoke, VI, U.S.A.) were stereo-

taxically placed under isoflurane anesthesia (5% for induction

and 2.5% for maintenance) after premedication with atropine

sulfate (0.1ml, intramuscularly (i.m.)). One of the poles of the

recording electrode was stereotaxically placed on the frontal

cortex (AP þ 2, ML �3.5mm), another on the occipital cortex

(AP �6, ML �4mm) and the third (ground electrode) over the

cerebellum (without specific coordinates). Stainless-steel guide

cannulas were bilaterally implanted into the S1po (AP �0, ML

75.5mm: V �0.5mm from the surface of the cortex)

(Figure 1). These coordinates were originally described by

Meeren et al. (2002a) and later by Klein et al. (2004) on the

basis of their study of the expression of sodium channels in

WAG/Rij rats (see Discussion). Ventral coordinates were

1mm dorsal to the target area.

GAERS were anesthetized with ketamine (100mg kg�1,

intraperitoneally (i.p.)) and chlorpromazine (0.5mg kg�1

(i.p.)). Animals were equipped with stainless-steel screws

connected by insulated wires to a microconnector for EEG

recordings and two guide cannulae (C312G, Plastics One,

Roanoke, VI, U.S.A.). Cortical coordinates for EEG record-

ings were the same as for the WAG/Rij group. Stainless-steel

guide cannulae were bilaterally implanted into S1po. Micro-

injections in GAERS were made at two different sites in S1po.

In Group I (n¼ 5), the same coordinates as for the WAG/Rij

rats were used (AP �0, ML 75.5mm: V �0.5mm from the

surface of cortex) (Klein et al., 2004). In Group II (n¼ 6),

cannulas were bilaterally implanted into S1po at AP �2.1,

ML75.5mm: V�1.3mm from the surface of cortex (Figure 1),

according to Manning et al. (2004). This is slightly more

posterior and deeper than for the first group.

All coordinates were from the stereotaxic atlas of Paxinos &

Watson (1998) with bregma as reference point. Electrode and

cannula assemblies were attached to the skull with dental

acrylic. Body temperature was kept at 371C with a heating pad

during surgery; following surgery, the rats were allowed to

recover for at least 1 week.

Drugs

PHT and ETX were purchased from Sigma-Aldrich, the

Netherlands.

Solutions

The concentrations of PHT for intracortical injections were

equivalent to those used for systemic administration (Wang

& Patsalos, 2003). The concentrations of ETX were obtained

from the Manning et al. (2004) study.

PHT is a poorly soluble substance. Therefore, the pH of

PHT and control solutions was adjusted with sodium

hydroxide. The pH of the PHT solutions (720mM and

3.6mM) for intracortical injections was 9 and 9.8, respectively;

the pH of the PHT solutions (40 and 80mgkg�1) for i.p.

injections was 10.5 and 11.5, respectively. Ringer solutions

(intracortically) with pH of 6, 9, 9.8 and saline (i.p.) with pH of

Figure 1 Coronal sections of rat brain taken at 0.0 and �2.1mm
relative to bregma. Black spots indicate infusion cannula placement.
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7.4, 10.5 and 11.5 were used as control. No effect of different

pH of these solutions on SWDs was observed. Therefore, in

this study, all the results of Ringer and saline solutions were

pooled and called ‘Ringer’ and ‘Saline’, respectively.

Experimental protocol

WAG/Rij rats PHT was injected either i.p. (40mgkg�1)

(Peeters et al., 1988) or into S1po (720mM per side). The same

volume of saline (i.p.) or Ringer (intracortically) as for control

solutions was injected. In half of the animals, randomly

chosen, PHT was given first, and was followed by the control

solution after a washout period of 2–3 days, and the reverse

procedure was used in the other animals. The order of the i.p.

and intracortical injections was also reversed in half of the

animals.

GAERS PHT (40 and 80mgkg�1) and ETX (100mg kg�1)

were injected i.p. (Micheletti et al., 1985). The same volume of

saline as of control solution was injected (i.p.). PHT (720 mM
and 3.6mM per side), ETX (40 and 400mM per side) and

Ringer solution (500 nl per side) were bilaterally injected into

the S1po in both groups. The dose of 80mgkg�1 of PHT (i.p.)

was administered in GAERS since 40mg kg�1 (i.p.) was not

sufficient to aggravate SWDs. In line with this, two

concentrations (low and high) of PHT were administered

intracortically in the GAERS groups.

Intracortical injections were made with a Hamilton syringe

at a flow rate of 500 nlmin�1.

EEG

The EEG signals were amplified, filtered between 1 and

100Hz, digitized at 200 samples s�1 and stored on a hard disk

for offline analyses. The EEG was continuously recorded in

freely moving rats for 2 h before and 2 h after each injection.

SWDs (type I) (van Luijtelaar & Coenen, 1986; Midzianovs-

kaia et al., 2001) were detected automatically using software

developed by P.L.C. van den Broek (NICI, University of

Nijmegen, The Netherlands) in WAG/Rij rats and manually in

GAERS. Numbers and cumulative total durations of SWDs

over 20-min time periods were calculated. The mean duration

of SWDs is the ratio of cumulative total duration to the

number of SWDs.

Histological verification

To determine cannula placement for all experiments, the

animals were decapitated and the brains were placed in a

formaline/sucrose mixture. Thick frozen sections (40 mm) were

cut on a cryostat and stained with thionine. Only the animals

with correct cannula placements were included in the study.

Statistical analysis

The results were expressed as mean7s.e.m. Data were

statistically evaluated by repeated measures analysis of

variance, if appropriate, followed by post hoc Bonferroni tests.
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***Po0.001.

1078 A.A. Gurbanova et al Cortical infusion of PHT in absence epileptic rats

British Journal of Pharmacology vol 148 (8)



The level of statistical significance was considered to be

Po0.05.

Results

I.p. injection of PHT significantly increased the total

cumulative duration and number of SWDs both in WAG/Rij

rats and GAERS (Figures 2a, b and 3a, b). The effect of PHT

after i.p. administration started within the first 20min in both

groups. In GAERS, it reached a maximum during the first

20min after the injection, but in WAG/Rij rats, it did not

reach a maximum until 40–60min (Figure 2d). The dose of

PHT required to enhance the cumulative duration and number

of SWDs in GAERS (80mg kg�1) was double that needed for

WAG/Rij rats (40mg kg�1). I.p. injection of ETX completely

abolished SWDs in GAERS (Figure 3d).

In contrast to the above, intracortical administration of

PHT suppressed the occurrence of SWDs in WAG/Rij rats

immediately after the injection (Figure 2d). No SWDs were

observed for the first 100min, but some animals showed

several SWDs 100–120min after local administration. The

mean duration of these late complexes was similar to those

observed after a control injection (Figure 2c).

As mentioned above, GAERS were divided into two groups;

Group I had the same coordinates for intracortical injections

as the WAG/Rij rats, and Group II had coordinates in which

ETX was previously found to be effective (Manning et al.,

2004). Although the coordinates were the same as for the

WAG/Rij rats, the effect of PHT after intracortical adminis-

tration in Group I was completely different. No significant

changes in duration and number of SWDs were found after

two different concentrations of PHT in Group I (Figures 4

and 5a), the concentrations given were effective in WAG/Rij

rats. As for the injection of PHT, no effect on SWDs was seen

after intracortical injections of ETX in this group. In order to

examine whether intracortical injections of PHT was ineffec-

tive in GAERS in contrast to WAG/Rij rats or whether the

injection site was relevant, intracortical injection of ETX in

two different concentrations were given.

Group II differed from Group I in its responses to

intracortical injections of either PHT or ETX. The concentra-

tion of 40mM of ETX significantly decreased the total

cumulative duration and the number of SWDs, whereas a

higher concentration (400mM) of ETX completely abolished

SWDs (Figure 5b). Both concentrations of PHT also

diminished the total cumulative duration and the number of

SWDs, a higher concentration (3.6mM) was more effective

(Figure 4a–c). None of the injections caused significant

changes in the mean durations of SWDs as well (Figure 4c).

Discussion

In this study, we have demonstrated that microinjection of

PHT (720mM) into the somatosensory cortex of WAG/Rij rats
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produces an immediate cessation of SWDs, whereas systemic

administration (40mg kg�1) induces diametrically opposite

effects: it increases the number and cumulative duration of

SWDs. In GAERS, intracortical injections of PHT and ETX

are effective only at a different site within the somatosensory

cortex. Thus, in Group I neither PHT nor ETX produces

significant changes in both cumulative duration and number

of SWDs. However, microinjection of ETX (40 and 400mM)

completely abolishes SWDs, and PHT (720mM, 3.6mM)

significantly decreases the number of SWDs in rats of Group

II. Systemic injections of PHT aggravate SWDs in WAG/Rij

rats, injection of the same dose of PHT is ineffective in

GAERS; however, a higher dose (80mgkg�1), indeed,

aggravates absence activity.

The decrease in the number of SWDs after microinjections

of PHT is in agreement with a recent study in which ‘local

functional deactivation of the somatosensory cortex’ by

lidocaine reduced SWDs in WAG/Rij rats (Sitnikova & van

Luijtelaar, 2004). Lidocaine is acting via blockage of sodium

channels (Shankaran & Quastel, 1972; Castañeda-Castellanos

et al., 2002). On the other hand, exacerbation of absence

activity both in animals and humans by systemic administra-

tion of carbamazepine, another sodium channel-blocker, was

shown in previous studies (Micheletti et al., 1985; Peeters et al.,

1988; Genton, 2000). There are no data demonstrating effects

of systemic administration of lidocaine and intracortical
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injection of carbamazepine on absence seizures. Klein et al.

(2004) found that only certain types of sodium channel were

upregulated in the cortex of WAG/Rij rats. There may be a

preferential effect of PHT on different subtypes of Naþ

channels (Song et al., 1996). The different selectivity of sodium

channels in the cortex and other brain areas may underlie the

distinct response after systemic and cortical injections. It is

clear that, from a functional point of view, sodium channels

are not all the same: different channels can have different

physiological characteristics, and can play different roles in the

physiology of excitable cells (Waxman et al., 2000).

Opposite effects after local and systemic injections of certain

drugs were found earlier: the g-aminobutyric acid (GABA)A
agonist muscimol decreases SWDs when injected in the RTN,

whereas systemic injections of GABA-mimetics such as

tiagabine dose-dependently increase SWDs (Coenen et al.,

1995; Danober et al., 1998). In line with this is that

benzodiazepines reduce absence seizures by selective augmen-

tation of function of GABAA receptors in the RTN, but not

the thalamus itself (Coulter, 1997).

In contrast to this, other mechanisms of action of PHT may

also be involved in this dual effect on SWDs. CBZ is thought

to aggravate absence seizures acting on the ventrobasal

complex of the thalamus, and that activation of GABAA

receptors is important in the mechanism of this effect (O’Brien

et al., 2005). Granger et al. (1995) showed that PHT and

carbamazepine potentiate GABA-induced Cl� currents in

human embryonic kidney cells and in cultured rat cortical

neurons.

Another finding in this study is that the cortical focus of

absence seizures in GAERS and WAG/Rij rats seems to have

different localizations within the somatosensory cortex. The

cortical focus for SWDs in WAG/Rij rats was determined by

signal analysis of field potentials (Meeren et al., 2002a), and

Klein et al. (2004) showed that the mRNA and protein levels

for some sodium channels were upregulated only at this site.

Injection of PHT into this cortical site in WAG/Rij rats

dramatically reduced SWDs; however, this was ineffective in

GAERS. Even injection of ETX into the same site caused no

effect on SWDs in GAERS. However, both PHT and ETX

suppressed SWDs in a distinct site within the somatosensory

cortex in GAERS. Based on these findings, it is thought that

the cortical focus for absence seizures in GAERS might be

different from WAG/Rij rats. However, a similar signal

analytical approach of cortical propagation of SWDs and

studies aimed at establishing the expression of mRNA and

protein levels of sodium channels in specific cortical site in

GAERS has not been taken place.

In our study, injections of PHT and ETX at two distinct

sites of the somatosensory cortex in GAERS produced

different responses. Similarly, it has been shown that ETX

injected into the somatosensory cortex of GAERS reduced

SWDs, whereas injection into the motor cortex produced no

effect (Manning et al., 2004). Distinct parts of RTN, important

component of thalamocortical circuit involved in generating

or sustaining SWDs, seem to have different effect in the

regulation of SWDs (Meeren et al., 2002b). These regional

functional differences might also be present in the somatosen-

sory cortex. However, whether the two different cortical zones

in the two models also represent functional differences need

to be established. The body weight of the two strains was

different and body weight and age might have contributed to

the differences between the strains in the localization of the

cortical focal zone. In WAG/Rij rats, functional studies were

carried out and its outcomes demonstrate that the perioral

region contains the focus (Meeren et al., 2002a).

Dose and concentration of PHT for systemic and cortical

injections to exert effect on SWDs tended to be different (no

ED50’s were statistically evaluated) in GAERS and WAG/Rij

rats. This could be explained by different intensities of baseline

absence activity in GAERS and WAG/Rij rats, a higher

incidence and longer mean duration in GAERS than in WAG/

Rij rats (Depaulis & van Luijtelaar, 2006). Therefore, it is

possible that in GAERS, higher doses/concentrations of PHT

are required to get a similar effect as observed in WAG/Rij.

Other differences between the two models are the age of

onset of SWDs, which is earlier in GAERS than in WAG/Rij

rats (Danober et al., 1998; Coenen & van Luijtelaar, 2003).

In another study, the distribution of D2-like DA receptors

in GAERS and WAG/Rij rats was found to be different

(Birioukova et al., 2005). Differences in the kindling process

between GAERS and WAG/Rij rats were shown in our recent

study (Aker et al., 2006). Finally, genes controlling SWDs were

located at chromosomes 5 and 9 in WAG/Rij rats and at

chromosome 4, 7 and 8 in GAERS (Gauthier et al., 2004). It

seems that although these two genetic models share a lot of

properties of absence epilepsy such as a cortical focus, they are

not identical in all respects.

A part of this study was supported by the CISP (Faculty of Social
Sciences, Radboud University Nijmegen). We thank Ray Guillery for
his critical review in the preparation of the manuscript.

References

AKER, R.G., YANANLI, H.R., GURBANOVA, A.A., OZKAYNAKCI,
A.E., ATES, N., VAN LUIJTELAAR, G. & ONAT, F.Y. (2006).
Amygdala kindling in the WAG/Rij rat model of absence epilepsy.
Epilepsia, 47, 33–40.

AVANZINI, G., DE CURTIS, M., MARESCAUX, C., PANZICA, F.,
SPREAFICO, R. & VERGNES, M. (1992). Role of the thalamic reti-
cular nucleus in the generation of rhythmic thalamo–cortical activities
subserving spike and waves. J. Neural. Transm., 35 (Suppl), 85–95.

AVANZINI, G., PANZICA, F. & DE CURTIS, M. (2000). The role of the
thalamus in vigilance and epileptogenic mechanisms. Clin. Neuro-
physiol., 111 (Suppl 2), S19–S26.

AVOLI, M. & GLOOR, P. (1982). Interaction of cortex and thalamus in
spike and wave discharges of feline generalized penicillin epilepsy.
Exp. Neurol., 76, 196–217.

BIRIOUKOVA, L.M., MIDZYANOVSKAYA, I.S., LENSU, S., TUOMIS-

TO, L. & VAN LUIJTELAAR, G. (2005). Distribution of D1-like and
D2-like dopamine receptors in the brain of genetic epileptic WAG/
Rij rats. Epilepsy Res., 63, 89–96.
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