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Summary: Purpose: The kindling model in rats with genetic
absence epilepsy is suitable for studying mechanisms involved
in the propagation and generalization of seizure activity in the
convulsive and nonconvulsive components of epilepsy. In the
present study, we compared the amygdala kindling rate and af-
terdischarge characteristics of the nonepileptic Wistar control rat
with a well-validated model of absence epilepsy, the WAG/Rij
rat, and demonstrated the effect of amygdala kindling on spike-
and-wave discharges (SWDs) in the WAG/Rij group.

Methods: Electrodes were stereotaxically implanted into the
basolateral amygdala of rats for stimulation and recording and
into the cortex for recording. After a recovery period, the an-
imals were stimulated at their afterdischarge thresholds. EEG
was recorded to analyze SWDs and afterdischarge durations.
The seizure severity was evaluated by using Racine’s 5-stage
scale.

Results: All nonepileptic control and four of seven WAG/Rij
animals reached a stage 5 seizure state, whereas three animals
failed to reach stage 3, 4, or 5 and stayed at stage 2 after applica-
tion of 30 stimulations. Interestingly, WAG/Rij rats, resistant to
kindling, demonstrated a significantly longer duration of SWDs
on the first day of the experiment before kindling stimulation
than did the kindled WAG/Rij animals. Additionally, the cumu-
lative total duration and the number of SWDs after the kindling
stimulation were statistically increased compared with SWDs
before kindling stimulation.

Conclusions: The results of our study demonstrate that the
progress of amygdala kindling is changed in rats with genetic
absence epilepsy, perhaps as a consequence of the hundreds
of daily SWDs. Key Words: Absence epilepsy rats—Spike-
and-wave discharge—Generalized epilepsy—Partial epilepsy—
Convulsion—GAERS.

Models of convulsive seizures and convulsive events
offer unique opportunities for understanding the patho-
physiology of epileptogenesis in animals and perhaps, by
extrapolation, in humans. A recent kindling study in rats
with genetic absence epilepsy from Strasbourg (GAERS)
showed that GAERS failed to progress beyond stage 2,
even after the maximum number of stimulations. Only
nonepileptic control animals reached a stage 5 general-
ized convulsive seizure state. This suggests that GAERS
are resistant to secondary generalization of limbic seizures
during amygdala kindling (1). These results provide evi-
dence for a thalamolimbic interaction and the involvement
of limbic structures in absence epilepsy, even though this
part of the brain circuitry is generally not involved in the
expression of spike-and-wave discharges (SWDs) (2,3).
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fonat@marmara.edu.tr

SWDs are consistently recorded from the thalamus and
the cortex, whereas no SWDs are recorded from the limbic
structures including the amygdala in GAERS (3). Several
thalamic nuclei are thought to have a neuromodulatory
role in the physiology of limbic structures. Midline tha-
lamic stimulation produces strong excitatory responses in
the CA1 region of the hippocampus (4–6). Furthermore,
a recent study suggests that circuits involving the midline
thalamus and limbic structures are simultaneously acti-
vated in the early stages of seizure initiation (7).

Clinically, the occurrence of partial epilepsy has been
reported to be less than 1% of the overall population with
idiopathic generalized epilepsy (8,9). The mechanism un-
derlying this rare coexistence of partial temporal lobe and
idiopathic generalized epilepsies is not well understood,
and the rat model can be seen as an opportunity for ex-
ploring the relationship.

To provide a more solid experimental basis for the un-
common coexistence of partial epilepsy and idiopathic
generalized epilepsy, we studied the amygdala kindling
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rate and afterdischarge characteristics in another model
of genetic absence epilepsy, the WAG/Rij rat (10). The
validity of the WAG/Rij rats as a model of absence
epilepsy is supported by the pharmacologic response to
the antiepileptic drugs (AEDs). Further support is pro-
vided by the prevalence of the SWDs during drowsiness
and the existence of similar disturbances in perception of
time during SWDs in humans and rats (11–15). Second,
we aimed to examine whether the delayed development
of amygdala kindling is indeed a property of rats with the
genetic type of absence epilepsy or whether it is unique
for GAERS. Third, the relation of the epileptogenesis in-
duced by kindling to the numbers and the durations of the
first type of SWDs was investigated in WAG/Rij animals.
It was previously shown that first type of SWDs was asso-
ciated with absence epilepsy in WAG/Rij rats (10,15,16).

MATERIALS AND METHODS

Experiments were carried out with nonepileptic Wis-
tar control (n = 6) and WAG/Rij (n = 7) rats, aged 5
to 9 months. The animals were housed in a temperature-
controlled room (20 ± 3◦C) with a 12-h light–dark cycle.
Animals were maintained in groups of four per cage be-
fore the stereotaxic surgery. After the surgery, animals
were housed individually, one animal per cage, to prevent
the problems in housing conditions due to the microcon-
nector fixed on the skull and kindling-induced changes in
behavior. All animals were allowed free access to commer-
cial rat pellets and tap water. The experimental protocol
was approved by the Animal Care and Use Committee of
Marmara University (March 12, 2004).

Surgery
One week before the kindling experiments, the animals

were anesthetized with ketamine [100 mg/kg, intraperi-
toneally (i.p.)] and chlorpromazine (0.5 mg/kg, i.p.). The
head of each animal was placed in a stereotaxic instru-
ment (Stoelting model 51600, Stoelting, Wood Dale, Ill.,
U.S.A.). The scalp was longitudinally incised, and the
skull was leveled between lambda and bregma. Stainless
steel electrodes, insulated except at the tip for stimulation
and recording, were implanted bilaterally into the baso-
lateral amygdala (BLA; 2.6 mm posterior, 4.8 mm lateral
from bregma and 8.5 mm ventral). All coordinates were
obtained from the stereotaxic atlas of Paxinos and Watson
(17) with bregma as the reference point. Stainless steel
screws, used for extradural ground and recording elec-
trodes, were placed bilaterally in the skull over frontal
and occipital cortex. Electrodes were connected by insu-
lated wires to a microconnector for EEG recordings. All of
the electrodes were fixed to the skull with dental acrylic.
The animals were allowed to recover from surgery for ≥7
days before the first day of stimulation.

Kindling
On the day of the experiment, the animals were placed

in Plexiglas cages. After an hour-long adaptation period,
a baseline EEG was recorded for ≥30 min from the
nonepileptic control and WAG/Rij rats. Then to determine
the afterdischarge threshold, the right BLA of the rats was
stimulated with an initial stimulation of 50 µA (monopha-
sic, square-wave pulses of 80 Hz, each 1 ms in duration, for
a total duration of 2 s). This was continued with 50-µA
increments until an initial afterdischarge was obtained.
Next, the animal was stimulated twice daily at the cur-
rent afterdischarge threshold. Seizure stages observed af-
ter each stimulation were classified by using Racine’s stan-
dard five-stage scale (18): stage 1, facial movements; stage
2, rhythmic head movements, head nodding; stage 3, uni-
lateral forelimb clonus; stage 4, bilateral forelimb clonus
and rearing; stage 5, falling and clonic convulsion. The an-
imals were stimulated until they reached stage 5 seizure
state. All the nonepileptic Wistar animals had at least two
stage 5 seizures, but the data of 15 stimulations were given
in the study. Additionally, because it is accepted that after
the observation of a stage 5 seizure, animals will readily
continue to have stage 5 seizures with the following stim-
ulations, observation of stage 5 seizure was accepted as
the end point of the study. If the animals did not reach
stage 5, electrical stimulations were terminated after the
30th stimulation. That is, the maximum number of stimu-
lations was 30. Minimal duration of afterdischarge activity
was accepted as spike discharge lasting ≥2 s immediately
after the stimulation (19).

Experimental protocol
Kindling was performed in nonepileptic Wistar control

and WAG/Rij rats. Electrical activity of the stimulated re-
gion of the amygdala and cortex was amplified (through
BioAmp ML 136) and recorded with a PowerLab 8S Sys-
tem running Chart v. 5, (ADI Instruments, Oxfordshire,
U.K.) before and after each stimulation.

EEG analysis
EEGs in the nonepileptic Wistar control and WAG/Rij

groups were recorded continuously for 1 hour before and
after the kindling stimulations. The electrode placed into
the right BLA was used for stimulations and afterdischarge
recording; the electrode placed in contralateral BLA was
used to record propagated afterdischarge activity. After-
discharge duration was taken to be the total duration of
spikes in the EEG recorded from right BLA electrode after
the stimulation period. Afterdischarge durations recorded
from the contralateral BLA reached the ipsilateral side af-
ter a few stimulations. Therefore afterdischarge durations
from ipsilateral BLA were reported in the present study.

In the WAG/Rij rats, the first and second types of SWDs
were determined as previously described (10,16). Because
it has been reported that the first type of SWD is related to
absence epilepsy (10,15,16), EEG analysis was performed
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only for the first type of SWD in the present study. A SWD
complex was identified as such if its duration was ≥1 s
with a train of sharp spikes and slow waves (7.5–9 Hz) and
an amplitude of at least twice the background amplitude
of the EEG.

The cumulative total duration of SWDs, the number of
SWD complexes, and the mean duration of SWD com-
plexes were measured over 10-min periods. The cumula-
tive total duration of the SWDs within a 20-min period
on the first day of the experiment before the first kindling
stimulation is expressed as “SWD duration on the first day
of the experiment.”

Histologic verification
After all experiments, the animals were decapitated to

determine electrode placement. The brains were placed
in a formalin/sucrose mixture, and 40-µm frozen sections
were cut in a cryostat and stained with thionine. Only the
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FIG. 1. Seizure stage (A) and duration of
afterdischarge in the ipsilateral amygdala
(B) of nonepileptic Wistar control (n = 6)
and WAG/Rij (n = 7) rats. Data are ex-
pressed as mean ± SEM. Two-way anal-
ysis of variance was performed for the
first 15 stimulations of both groups be-
cause all the animals in the control Wistar
group reached stage 5 seizures and were
not stimulated beyond the 15th stimula-
tion. ∗p < 0.05, ∗∗∗p < 0.001, significant
differences between Wistar control and
WAG/Rij groups.

animals with correct electrode placement were included
in the study.

Data analysis
WAG/Rij rats reaching the stage 5 seizure state are re-

ferred as the kindled subpopulation of WAG/Rij animals.
WAG/Rij rats displaying only stage 2 seizures and not hav-
ing stage 3, 4, or 5 seizures are referred as the kindling-
resistant subpopulation of WAG/Rij animals.

The results are expressed as mean ± SEM. Data were
statistically evaluated by analysis of variance with re-
peated measures (ANOVA). A two-way ANOVA followed
by the post hoc Bonferroni test was used to compare time–
response curves (the kindling rate and afterdischarge du-
rations) obtained from nonepileptic Wistar and WAG/Rij
groups.

One-way ANOVA followed by the post hoc Dunnett test
was used to analyze prestimulation and poststimulation
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FIG. 2. A: The mean number of stimula-
tions for the development of first stage 2,
3, and 5 seizure states of nonepileptic Wis-
tar (n = 6) and kindled subpopulation of
WAG/Rij (n = 4) animals. B: The mean du-
ration of afterdischarges at first stage 2, 3,
and 5 seizure states of nonepileptic Wis-
tar (n = 6) and kindled subpopulation of
WAG/Rij (n = 4). Data are expressed as
mean ± SEM. ∗∗p < 0.01, significant differ-
ences between Wistar control and WAG/Rij
groups compared with the Mann–Whitney
test.

cumulative total duration, number, and mean duration of
SWDs within 10-min periods. The mean numbers of stim-
ulations needed to reach the first stage 2, 3, and 5 seizure
state were compared by the Mann–Whitney test. Student’s
t test was used to compare (a) the mean duration of after-
discharges during the first stage 2, 3, and 5 seizures; and
(b) “SWD duration on the first day of the experiment” for
kindled and kindling-resistant subpopulation of WAG/Rij
rats. The level of statistical significance was considered to
be p < 0.05.

RESULTS

The mean afterdischarge threshold for the Wistar con-
trol animals was 175µA, and was 150µA for the WAG/Rij
rats. The amygdala kindling rates of nonepileptic Wistar
and WAG/Rij rats are shown in Fig. 1. All of the nonepilep-
tic control animals reached the stage 5 seizure state by the
14th stimulation. Of the seven WAG/Rij rats, four animals
showed stage 5 seizures, but three failed to reach stage
3, 4, or 5 seizures and stayed at stage 2 after application

of 30 stimulations (Fig. 1A). The two-way ANOVA with
post hoc Bonferroni multiple comparison test showed a
significant difference between the kindling rates of Wis-
tar and WAG/Rij groups (p < 0.001). The mean number
of stimulations for the development of the first stage 5
seizure was 11.8 ± 0.4 in the nonepileptic Wistar rats,
whereas the mean number of stimulations for the kin-
dled WAG/Rij animals was 25.0 ± 2.5 (Fig. 2A). Sta-
tistical analysis revealed a significant difference in the
mean number of stimulations for the development of the
first stage 3 and 5 seizures between the nonepileptic con-
trol and the kindled subpopulation of WAG/Rij rat groups
(p < 0.01). Table 1 shows the kindling progression of the
WAG/Rij rats. Afterdischarge threshold was 131.2 ± 18.3
µA for kindled WAG/Rij rats and 166.7 ± 23.6 µA for
the kindling-resistant group. No significant difference was
found between the afterdischarge threshold of kindled and
kindling-resistant WAG/Rij rats.

Afterdischarge durations of nonepileptic Wistar and
WAG/Rij groups are shown in Fig. 1B. The mean after-
discharge duration at stimulation 15 was 40.4 ± 6.1 s in
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TABLE 1. SWD durations and the number of stimulations required to reach first stage 2, 3, 4 and 5 seizures state for kindled and
kindling-resistant subpopulations of WAG/Rij rats

Number of stimulations required to reach
SWD duration on the

Animals first day (s)∗ Stage 2 Stage 3 Stage 4 Stage 5 Total no. of stimulations

Kindled WAG/Rij 3 3.8 9 16 – 17 17
WAG/Rij 12 6.6 3 23 – 25 25
WAG/Rij 9 12.6 6 29 – 30 30
WAG/Rij 2 20.6 3 – 27 28 28

Kindling-resistant WAG/Rij 11 33.6 4 – – – 30
WAG/Rij 10 53.6 7 – – – 30
WAG/Rij 7 62.0 8 – – – 30

∗“SWD duration on the first day of experiment” is the mean cumulated total duration of the SWDs within 20-min period before stimulations on the
first day of the experiment.

the nonepileptic Wistar and 25.7 ± 1.3 s in the WAG/Rij
rats (Fig. 1B). Afterdischarge durations in the WAG/Rij
group were shorter than those seen in nonepileptic Wis-
tar animals. This difference was statistically significant at
stimulation 15 when analyzed by two-way ANOVA with
the post hoc Bonferroni multiple comparison test (p <

0.05). The mean duration of afterdischarges during the
first stage 5 seizures in nonepileptic Wistar animals was
34.2 ± 4.4 sec and 30.3 ± 9.4 s in the kindled subpopula-
tion of WAG/Rij rats (Fig. 2B).

SWD duration on the first day of the experiment was
significantly shorter in the kindled subpopulation (10.9 ±
3.2 s) compared with that in the kindling-resistant sub-
population (49.7 ± 6.9 s) of WAG/Rij rats (p < 0.01)
(Fig. 3).

The cumulative total duration of SWDs of WAG/Rij rats
in the prestimulation period showed no significant changes
for the 30 stimulations (Fig. 4A). The cumulative total du-
ration of SWDs increased significantly for the (0–10 min)
poststimulation period when compared with the prestim-
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FIG. 3. Spike–wave discharge duration on the first day of the ex-
periment of kindled (n = 4) and kindling-resistant (n = 3) subpopu-
lations of WAG/Rij animals. Data are expressed as mean ± SEM.
∗∗p < 0.01, significant difference between groups compared with
Student’s t test.

ulation period. The cumulative total duration of SWDs
did not differ significantly from the prestimulation values
in the poststimulation (10–20 min) period. Amygdala-
kindling stimulation significantly enhanced the number
of SWDs in the EEGs of all WAG/Rij rats (Fig. 4B). The
mean duration of one SWD complex was increased only
during the last interval of electrical stimulations (Fig. 4C).

A few animals from both kindled and kindling-resistant
subpopulations of WAG/Rij animals had the second type
of SWDs (data not shown).

DISCUSSION

In the present study, all of the nonepileptic control and
four of seven WAG/Rij animals reached a stage 5 gener-
alized convulsive seizure state. Of the four WAG/Rij rats,
the mean number of stimulations needed for the develop-
ment of stage 5 seizures was 2.1-fold higher than that for
the nonepileptic control group. Of the seven WAG/Rij an-
imals, three rats failed to reach stage 3, 4, or 5 seizures and
stayed at stage 2 after the application of 30 stimulations.
The failure to develop stage 5 seizures in three of seven
WAG/Rij rats suggests a subpopulation of WAG/Rij rats
that has a resistance to amygdala kindling. Comparable to
the interindividual differences found in the present study,
earlier reports showed that about 25% of the WAG/Rij rats
showed sensitivity to audiogenic seizures (20), and 60%
showed a second type of SWD (10,16,21). In our study,
the second type of SWD was not found to be correlated
with the rate of kindling in either the kindled or kindling-
resistant subpopulations of WAG/Rij rats. Interestingly,
the kindling-resistant subpopulation of WAG/Rij animals
showed significantly longer durations of SWD compared
with the kindled WAG/Rij rats. The intensity of SWDs in
the WAG/Rij rats correlated negatively with the suscep-
tibility to amygdala kindling. Moreover, GAERS in our
previous study showed an apparently higher intensity of
SWDs than did the WAG/Rij rats that displayed a lower
intensity of epileptic activity. The complete resistance to
kindling in GAERS and the presence of partial resistance
in WAG/Rij could be explained by the difference of the
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FIG. 4. The mean of cumulated total du-
ration (A) and number (B) of spike-wave
discharges (SWDs) before (prestimula-
tion) and after (poststimulation) kindling
electrical stimulations. The mean of the
cumulative total duration and number of
SWDs of five consecutive electrical stim-
ulations in the WAG/Rij group (n = 7)
were calculated for each animal and ex-
pressed as mean ± SEM; The mean du-
ration of one SWD complex (C) is the ratio
of SWD duration to the number of SWDs
in five consecutive electrical stimulations.
∗p < 0.05, ∗∗p < 0.01, significant differ-
ences between prestimulation and post-
stimulation periods within the same stim-
ulation interval compared with repeated
measures of one-way analysis of vari-
ance followed by post hoc Dunnett test.

total duration of daily SWDs. However, direct comparative
studies between GAERS and WAG/Rij rats have been lim-
ited. The possibility that the results in GAERS are specific
to just the one model of absence epilepsy has now been
excluded. Our findings indicate that resistance to kindling
is more general and not limited to the GAERS.

It has been accepted that typical absence epilepsy is re-
lated to a predominance of inhibitory activity (22,23). In
contrast to this, generalized convulsive and focal seizures
are characterized by an excess of excitatory activity (24).
The fact that in both of the rat models the resistance to
kindling shows a relation to the total duration of SWDs

suggests that the inhibitory mechanisms underlying the
SWD activity may have an antagonistic effect on the pro-
cess of kindling. Burchfiel et al. (25,26) described that
kindling antagonism, which involves the concurrent, al-
ternate stimulation of two limbic structures, represents an
arrest of the normal kindling process in adult rats. The
interaction between two developing kindling foci defines
two critical transitions. The first gate, which controls “ab-
solute antagonism,” is from stage 1 and 2 to stage 3, and the
second gate, which is involved in “relative antagonism,”
is from stage 3 to stages 4 and 5. In the kindled subpopu-
lation of the WAG/Rij group animals in the present study,
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stage 3 motor seizures were apparently delayed. This sug-
gests that the mechanism involved in the delay of stage
3 seizures in WAG/Rij rats may be associated with the
mechanisms underlying absolute antagonism.

The relation between the daily occurrence of SWDs and
the resistance to kindling points to an interaction between
the limbic system and the thalamic circuitry that is in-
volved in the generation or spread of SWDs. Nanobashvili
et al. (27) reported that costimulation of the thalamic
reticular nucleus during hippocampal kindling stimula-
tion reduced the number and the duration of generalized
convulsions. They concluded that stimulation of the thala-
mic reticular nucleus suppressed limbic motor seizures in
hippocampal kindling. This observation provided a new
approach for seizure control in temporal lobe epilepsy.
Similarly, in patients with partial complex seizures, a sig-
nificant decrease in generalized tonic–clonic convulsions
was observed in a long-term study with electrical stimula-
tion of the centromedian thalamic nucleus. This result sug-
gests that the propagation of epileptic activities involved
the thalamic nuclei or the diffuse thalamic projection sys-
tem or both (28).

An increase in total duration and particularly in the
number of spontaneously occurring SWDs in the post-
stimulation (0–10 min) period was found to be associated
with the kindling rate of WAG/Rij rats. The increase in
the total duration and particularly in the number of SWDs
after kindling stimulations suggests the activation of the
cortical system by means of the mechanism involved in
the onset of SWDs (29–31). Kindling with repeated elec-
trical stimulations might gradually cause an increased ex-
citability of cortex in the WAG/Rij group. Likewise, the
cortical excitability was demonstrated to be different in
WAG/Rij animals compared with the nonepileptic control
rats. WAG/Rij animals exhibit the lowest threshold for the
spread of epileptic activity into limbic structures in com-
parison with ACI and Wistar rats (32). In the present study,
the mean baseline afterdischarge threshold of WAG/Rij
rats was lower than that seen in Wistar nonepileptic con-
trol animals, although they were not statistically different.
Those findings are consistent with our previous report,
which shows that the mean baseline afterdischarge thresh-
old for amygdala stimulation in Wistar control was higher
than that seen in GAERS (33). All these results suggest
that the excitability of the limbic system is increased in
genetically absence epileptic rats, but that the process of
epileptogenesis, as induced by kindling, is slowed.

One possible explanation underlying the difference be-
tween WAG/Rij rats and GAERS might be the kindling
parameters (80 Hz instead of 60 Hz, 2-s duration of stim-
ulation instead of 1 s). The development of kindling and
motor seizures was previously shown to be dependent
on the number of afterdischarges observed during the
electrical stimulations rather than the intensity (34,35).
Furthermore, Goddard stated in his original article (36),

“sine wave, capacitatively coupled rectangular pulses, and
biphasic rectangular pulses, at frequencies ranging from
20 to 200 pulse/s, were all found to be effective in elicit-
ing the phenomenon.” Therefore the difference observed
in kindling resistance between the two strains cannot be
attributed to the minor differences in kindling protocols
used in the experiments.

In conclusion, no observation of stage 3–5 seizures in
a subpopulation of WAG/Rij animals and a slow progres-
sion from stage 2 to stage 3 in the kindled subpopulation of
WAG/Rij rats support the hypothesis that the mechanisms
underlying generalized absence seizures may be respon-
sible for the resistance to the secondary generalization of
limbic seizures during amygdala kindling.
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33. Onat FY, Eşkazan E, Aker R. Experimental absence versus amyg-
daloid kindling. In:Corcoran M, Moshe S, eds. Kindling 6. New
York: Springer, 2005:37–47.

34. Racine RJ. Modification of seizure activity by electrical stimulation,
I: after-discharge threshold. Electroencephalogr Clin Neurophysiol.
1972;32:269–279.

35. Moshe SL, Ludvig N. Kindling. In: Pedley TA, Meldrum BS, eds.
Recent advances in epilepsy. New York: Churchill Livingstone,
1988:21–44.

36. Goddard GV. Development of epileptic seizures through brain stim-
ulation at low intensity. Nature 1967;214:1020–1021.

Epilepsia, Vol. 47, No. 1, 2006


