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Neurobiology of Disease
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We showed previously that genetic absence epilepsy rats from Strasbourg (GAERS) resist secondary generalization of focal limbic
seizures after electrical kindling. We now investigate the effect of intra-amygdaloid injection of kainic acid, as another model of temporal
lobe epilepsy, focusing on epileptogenesis, spike-and-wave discharges (SWDs), and the transition from basal to SWD states in GAERS.
The EEG was recorded from the hippocampus and cortex of adult GAERS and Wistar rats before kainic acid injections into the basolateral
amygdala and for 3 months thereafter. EEG and video recordings monitored SWDs and convulsive seizures. We analyzed spectral changes
of the EEG during kainic acid-induced status epilepticus, SWDs, for 10 s before (silent period) and for 2 s before (transition period) SWDs.
After the injection of kainic acid, all animals experienced convulsive seizures for atleast 3 h. The first convulsive seizure was significantly
delayed in GAERS compared with Wistar rats. SWDs and increases in power of the delta, alpha, and beta frequency ranges during the
transition period disappeared after the kainic acid injection for 1-3 d and gradually reappeared. Power increases in the delta and alpha
ranges were significantly correlated with the number of SWDs, in the beta and alpha ranges with their mean duration. Neo-Timm’s
staining at the end of experiments demonstrated that mossy fiber sprouting in GAERS is less pronounced than in Wistar rats. Our findings
show that mechanisms underlying absence epilepsy and temporal lobe epilepsy interact with each other, although a site of this interaction
remains to be defined.
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Introduction

This study is concerned with a recently demonstrated relation-
ship between temporal lobe epilepsy and typical absence epilepsy.
Previous studies of kindling in models of genetic absence epilepsy
have shown a resistance to secondary generalization of focal lim-
bic seizures and an increase in number and duration of spike-
and-wave discharges after electrical kindling stimulations (Eska-
zan et al., 2002; Onat et al., 2005; Aker et al., 2006). The duration
of spike-and-wave discharges in adult genetic absence epilepsy
rats from Strasbourg (GAERS) or Wistar Albino Glaxo Rats from
Rijswijk (WAG/Rij) rats, both well validated genetic models of
absence epilepsy (Marescaux et al., 1992; Coenen and van Luijte-
laar, 2003), correlates negatively with kindling rates (Onat et al.,
2007). This demonstrates that a high level of spike-and-wave
discharge activity in absence epilepsy reduces the effectiveness of
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amygdaloid kindling. The increase in spike-and-wave discharges
immediately after kindling stimulations suggests an involvement
of the thalamic nuclei responsible for the spike-and-wave dis-
charges (Onat et al., 2007). We have further evaluated the inter-
play between absence epilepsy and limbic epilepsy by using intra-
amygdaloid injection of kainic acid in adult GAERS as another
model of temporal lobe epilepsy (Sperk, 1994) to compare with
intra-amygdaloid kindling.

A second aim of our study was to determine whether kainic
acid has any effect on spike-and-wave discharges or on the tran-
sition from basal activity to the spike-and-wave discharges. Spon-
taneous spike-and-wave discharges are a characteristic feature of
the electroencephalogram (EEG) in typical absence epilepsy (Hu-
guenard, 2000). They consist of high-voltage spike and subse-
quent wave components. The mechanisms that are responsible
for transition to spike-and-wave discharges are not clearly under-
stood. Steriade and Amzica (1994) demonstrated that cortical
neurons in cats show rhythmic spike trains that become progres-
sively more synchronized at the beginning of the spike-and-wave
discharges. Furthermore, in GAERS, precursor activity was typi-
cally recorded in cortical units, concomitant with “embryonic”
spike-and-wave seizures on the EEG, before a paroxysm was ev-
ident on the gross EEG (Seidenbecher et al., 1998). We put special
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emphasis on the spectral changes in the EEG of the transition
period shortly before the onset of spike-and-wave discharge to be
able to observe such precursor activity in the EEG.

To determine whether the effect of kainic acid injection on the
induction of temporal lobe epilepsy is modified in GAERS and
whether kainic acid has any effect on spontaneous spike-and-
wave discharges, we examined the following features: (1) behav-
ioral and EEG changes during status epilepticus in Wistar con-
trols and GAERS; (2) spontaneous convulsive seizures after status
epilepticus in Wistar controls and GAERS; (3) duration and
number of spike-and-wave discharges in GAERS before kainic
acid injection and for 3 months thereafter; (4) power spectra
related to spike-and-wave discharges and to the transition from
the interictal to the spike-and-wave discharge state in GAERS
before kainic acid injection and for 3 months thereafter; and (5)
synaptic reorganization of mossy fibers of the dentate gyrus 3
months after a kainic acid injection into the amygdaloid region in
Wistar controls and GAERS. The latter serve as a marker of epi-
leptogenesis (Cavazos et al., 2003).

Materials and Methods

Animals

Male Wistar rats (n = 11) and GAERS (n = 18) were used in the exper-
iments for short-term EEG analysis during and after kainic acid
injection-induced status epilepticus and for Neo-Timm’s staining. The
GAERS had been bred on a Wistar background (Marescaux et al., 1992).
Naive (Wistar, n = 5; GAERS, n = 5) and sham-operated (Wistar, n = 5;
GAERS, n = 5) male animals were used as controls without kainic acid
injection for the Neo-Timm’s staining. Male Wistar rats (n = 6) and
GAERS (n = 6) were used to monitor the occurrence of spontaneous
convulsive seizures after kainic acid-induced status epilepticus in the
long-term. The age of the animals was 5-12 months, and body weights
were 200-310 g. All rats were born and raised under standard laboratory
conditions in the animal unit of Marmara University. The animals were
maintained on a 12 h light/dark cycle with unlimited access to food and
water. All experiments were performed with the approval of Marmara
University Ethical Committee for Experimental Animals (60.2006.Mar).

Surgery

Animals were anesthetized with ketamine (100 mg/kg, i.p.; Ketasol; Rich-
terpharma) and chlorpromazine (0.5 mg/kg, i.p.; Largactil; Eczacibasi).
All coordinates for surgery were obtained from the stereotaxic atlas of
Paxinos and Watson (1998) with bregma as a reference point. A guide
cannula (C315G; Plastics One) was stereotaxically implanted into the
right basolateral amygdala [anteroposterior (AP), —2.3 mm; lateral (L),
—4.5 mm from bregma; ventral (V), —7.2 mm from the surface of the
skull] for the kainic acid injection. The ventral coordinate was 1 mm
dorsal to the target area for the injection. For cortical EEG recordings,
stainless-steel screws with soldered insulated wires were bilaterally placed
on the frontal (AP, +2 mm; L, =3.5 mm from bregma) and occipital
cortex (AP, —6 mm; L, 4 mm from bregma). For the hippocampal EEG
recordings, a bipolar twisted electrode was positioned into the right CA1
(AP, —4.0 mm; L, —2.0 mm from bregma; V, —2.8 mm from the surface
of the skull). A microconnector was soldered to the tips of cortical and
hippocampal electrodes and was fixed together with the cannula to the
skull with dental acrylic. Animals were monitored for vital functions
during a 1 week recovery period. Wounds were treated with iodine solu-
tion to prevent infections, and warm 0.9% NaCl (2.5 ml/100 g body
weight) was injected subcutaneously to compensate for dehydration.

Experimental protocol

EEG and video recording was performed during a 3 month experimental
period, animals were put into a Plexiglas cage, and a microconnector was
plugged to the EEG recording system via cables with swivel junctions
(SL6C; Plastics One). EEG and video recordings (EMKA Technologies)
were started after an adaptation period of 30 min. The EEG signals were
amplified, filtered between 0.3 and 500 Hz, and digitized at 1000 sam-
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ples/s. The duration of the recordings was 12 h each day. Animals had
access to food and water ad libitum during the experiments.

On the day before the kainic acid injection, the baseline EEG was
recorded for 12 h. On the morning of the first day thereafter, the animals
were given a single intra-amygdaloid injection of kainic acid (750 ng)
(Ben-Ari et al., 1980; Berger et al., 1986) during the period of EEG and
video recording. An infusion cannula (C315]; Plastics One) with a poly-
ethylene tube extension (PE 20) was put into the guide cannula and fixed
by a captive collar of the external tube to allow injections to be made in
freely moving rats. The polyethylene tube extension was connected to a
Hamilton syringe with a capacity of 1 wl. Injections were made at a flow
rate of 500 nl/min. Both Wistar rats and GAERS received 750 ng of kainic
acid (K0250; Sigma-Aldrich) in 300 nl of artificial CSF (in mm: 2.5 KCI,
125 NaCl, 1.26 CaCl,, 1.18 MgCl,, and 0.2 NaH,PO,, pH 7.0). The
infusion cannula assembly was removed 5 min after the completion of
the injection to prevent damage of the tubes during the subsequent status
epilepticus.

The behavior of rats during the kainic acid-induced status epilepticus
was evaluated on the basis of a six-stage scale (Veliskova, 2006): stage 1,
staring with mouth clonus; stage 2, automatisms (scratching and wet-
dog shake); stage 3, unilateral forelimb clonus; stage 4, bilateral forelimb
clonus; stage 5, bilateral forelimb clonus with rearing and falling; and
stage 6, generalized tonic-clonic seizures. Stage 1 and 2 seizures are non-
convulsive limbic seizures, whereas stages 3—6 are convulsive.

According to Dudek et al. (2006), the duration of status epilepticus
with repetitive convulsive seizures induced by the kainic acid injection
should be at least 3 h for the model to be fully established. In our exper-
iments, the status epilepticus was stopped by an injection of zolazepam
(10 mg/kg, i.p.; Zoletil 50; Virbac) at the end of 3 h of intense convulsive
seizures. In cases of extreme agitation or complete immobility of the rats,
which indicated severe neurotoxic effects of the kainic acid, the animals
received injections of zolazepam (10 mg/kg, i.p.) before the end of 3 h.
For several days after the kainic acid injections, the body weights of the
animals were monitored, and warm 0.9% NaCl (2.5 ml/100 g body
weight) was injected subcutaneously to prevent dehydration. If the con-
dition of the animals did not improve, they were killed by an injection of
thiopental sodium (0.2 mg/kg, i.p.; Pental; I. E. Ulagay) and not included
in the data analysis

After the status epilepticus, all surviving animals were monitored for
EEG activity and concomitant behavior for continuous 12 h periods on
alternate days during an additional 3 months. The data were evaluated
for the following periods only: the preinjection day, injection day, the
third day, the end of the first, second, and third weeks, and the end of the
first, second and third months.

Data analysis
Evaluation of the spike-and-wave discharges. Spike-and-wave discharges
were detected visually in the EEG before and after kainic acid injection.
Criteria for spike-and-wave discharges were high-amplitude asymmetric
synchronized rhythmic activity expressed as spike-and-wave complexes
lasting at least 1 s (Midzianovskaia et al., 2001). The spike-and-wave
discharges were analyzed over a 12 h period divided into 12 1-h intervals.
The number, mean duration, and cumulative total duration of the spike-
and-wave discharges for each 1 h interval were evaluated. The mean
duration of the spike-and-wave discharges was calculated as the ratio of
cumulative total duration to the number of spike-and-wave discharges.
Evaluation of the nonconvulsive and convulsive limbic seizures. Short-
term observations included the following. The number of nonconvulsive
and convulsive seizures per hour during kainic acid-induced status epi-
lepticus was obtained from video recordings. The times to the first non-
convulsive and convulsive seizures during and after the kainic acid-
induced status epilepticus were calculated. Long-term observations
included the following. The occurrence of the first convulsive seizures
and the number of convulsive seizures per hour after kainic acid injection
were obtained from video recordings. The results were expressed as
mean * SEM and statistically evaluated by ANOVA (GraphPad Software
Prism 4.0). Two-way ANOVA followed by the post hoc Bonferroni’s test
was used to compare the number and duration of (1) spike-and-wave
discharges before and after kainic acid injection in GAERS and (2) the
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nonconvulsive and convulsive seizures in
Wistar controls and GAERS for both the short-
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and the long-term observation data.
Evaluation of the spectral characteristics of the
EEG. The spectral changes during the 3 h period
after completion of kainic acid injection were
displayed in the form of spectrograms based on
the power spectrum for each 2 s epoch. Kainic
acid-induced changes in the frequency spec-
trum of the EEG during spike-and-wave dis-
charges and during the transition period from
the interictal to the ictal state of spike-and-wave
discharges were analyzed by computing the

power spectrum with the fast Fourier transform Silent
(MathWorks Matlab 6.5). The first spike of a period

spike-and-wave discharge complex with an am- e o
plitude at least twofold higher than the basal © 28

EEG was accepted as the spike-and-wave dis-
charge onset. The 2 s periods chosen for a spec-
tral analysis are shown in Figure 1: that is, the
first (“silent period”) and the last (“transition
period”) 2 s epochs of the 10 s before the first
spike of the spike-and-wave discharge and also 2 s epoch after the first
spike of the spike-and-wave discharge (“spike-and-wave discharge pe-
riod”) were computed (Fig. 1). Thus, we picked 10 segments of 2 s length
out of the whole 12 h EEG recording of each evaluation time point for
spectral estimation. The mean power spectrum of 10 spike-and-wave
discharge complexes was computed for each animal and each evaluation
period. Because the number and length of EEG segments used were the
same across all evaluation time points and across all animals, we assume
that the results are comparable without an additional normalization on a
per spike-and wave discharge or per hour basis. The area under the curve
for each frequency range of interest was calculated to represent the signal
energy in that frequency band. A one-way ANOVA test was used to
compare the total power of each frequency band between the transition
period and the silent period. The change in the power was calculated by
subtracting the power of the silent period from that of the transition
period for the frequency bands that showed significant differences. Cor-
relations between these power differences and either the number or the
mean duration of spike-and-wave discharges were tested using the Pear-
son’s correlation analysis.

Figure 1.

Histology

Neo-Timm’s staining was used to demonstrate the extent of hippocam-
pal synaptic reorganization. Synaptic reorganization of mossy fiber ter-
minals has been recognized as an indicator of increased hippocampal
excitability in temporal lobe epilepsy (Cavazos et al., 2003; Cavazos and
Cross, 2006). Mossy fiber synaptic terminals contain large amounts of
zinc, which can be stained by Timm’s method (Danscher, 1981). In view
of the correlation of Timm’s staining and the degree of hippocampal
synaptic reorganization (Cavazos and Cross, 2006), we have compared
the Timm’s staining in GAERS relative to Wistar controls for naive,
sham-operated, and kainic acid-injected groups.

Three months after the kainic acid injections, all animals were
killed and perfused for neo-Timm’s staining. The perfusion method
was modified after Shetty and Turner (1999) and Wenzel et al. (1997).
Rats were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine
hydrochloride (20 mg/kg, i.p.; Alfazyne; Alfasan) and perfused
through the aorta with an infusion pump (50 ml/min) as follows
(Wenzel et al., 1997; Shetty and Turner, 1999): (1) 150 ml of 0.09%
NaCl; (2) 100 ml of 1% sodium sulfide (30854; Lachema) in 0.1 m PBS
(P4417; Sigma-Aldrich); (3) 100 ml of fixative containing 4% para-
formaldehyde (P6148; Sigma), 0.1% glutaraldehyde (104239; Merck),
and 0.1% picric acid (324 K2636721; Merck) in 0.1 M PBS; and (4) 50
ml of 1% sodium sulfide in 0.1 M PBS. After decapitation, brains were
removed and incubated overnight in the same fixative.

Coronal serial sections (40 wm) were cut on a Leica VT 1000S vi-
bratome, and every fifth section was collected on 1% gelatin-coated slides
and dried at room temperature overnight. For the visualization of mossy
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Figure2. A, Short-term observations: nonconvulsive and convulsive limbic seizures during
kainic acid-induced status epilepticus in Wistar rats (n = 5) and GAERS (n = 9). **p < 0.01,
the first convulsive seizure was significantly delayed in GAERS compared with the Wistar
group. B, Long-term observations: time to the first spontaneous convulsive seizures and num-
ber of spontaneous convulsive seizures after kainic acid injection in the long-term period in
Wistarrats (n = 6) and GAERS (n = 6). *p << 0.05, the first convulsive seizure was significantly
delayed in GAERS compared with the Wistar group.

fiber sprouting, sections were developed using the following solution: 60
ml of 50% gum arabic (G9752; Sigma), 10 ml of 2 M sodium citrate buffer
[sodium citrate: S4641 (Sigma); citric acid monohydrate: 645 K2656443
(Merck), pH 3.7], 15 ml of 5.67% hydroquinone (H7148; Sigma), and 15
ml of 0.73% silver lactate (L7771; Sigma) (Wenzel et al., 1997). The
physical development was performed in the dark at room temperature
for 120 min with continuous gentle agitation. The reaction was stopped
by using 5% sodium thiosulphate (106512; Merck) for 12 min, followed
by arinse in tap water and then in distilled water. The sections were then
stained with thionin, dehydrated, cleared, and coverslipped in Entellan
(107961.0100; Merck), observed and photographed with an Olympus
BX51TF photomicroscope.

The assessment of mossy fiber sprouting was made using a semiquan-
titative method according to the criteria used by Cavazos et al. (1991) as
follows: 0, no granules between the tip and crests of the dentate gyrus; 1,
sparse granules in the supragranular region in a patchy distribution be-
tween the tip and crests of the dentate gyrus; 2, more numerous granules
in the supragranular region in a continuous distribution between the tip
and crests of the dentate gyrus; 3, prominent granules in the supragranu-
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than in the Wistar group.

lar region in a continuous pattern between the tip and crests, with occa-
sional patches of confluent granules between the tip and crests; 4, prom-
inent granules in the supragranular region that form a confluent dense
laminar band between the tip and crests; and 5, a confluent dense laminar
band of granules in the supragranular region that extends into the inner
molecular layer. These scores were recorded for the dentate gyrus in
coronal sections from the ipsilateral dorsal hippocampus by an observer
who was blind to the groups. The scores of the individual sections for
each animal in the groups were averaged, and the differences between
group mean scores were analyzed with a two-way ANOVA, followed by
the post hoc Bonferroni’s test.

Results
Short-term behavioral and EEG changes during status
epilepticus in Wistar controls and GAERS
After the kainic acid injection, a status epilepticus developed, and
convulsive seizures lasted at least for 3 h in all animals in the
Wistar and GAERS groups. Alternating periods of irregular
spikes and baseline activity in the EEG were observed during the
first h after the kainic acid injections. After the first hour, the
amplitude and rhythmicity of spikes increased and developed
into a continuous high-voltage epileptiform activity. These
changes in the EEG were accompanied by the following signs:
masticatory movements, orofacial automatisms, wet-dog shakes,
head nodding, salivation, rearing, running, jumping, circling,
barrel rotation, falling with subsequent tonic-clonic seizures, and
complete immobility. Five of the 11 Wistar rats (45%) and 9 of
the 18 GAERS (50%) survived after the kainic acid-induced sta-
tus epilepticus.

Although there was no significant difference between Wistar

Time (min)

== 0-40 min
=32 40-80 min
I 100-140 min

A, Spectral characteristics of the EEG during kainic acid-induced status epilepticus in Wistar rats and GAERS. The color
scales represent the power of the signal (square millivolts). B, Time-dependent changes of relative power of the gamma range
(25—45Hz) in Wistar rats (n = 5) and GAERS (n = 9). *p << 0.05; **p << 0.01; ***p << 0.001, significant increase in power during
40~ 80and 100—140 min compared with 0— 40 min. **p < 0.001, power of the gammarangeis significantly lowerin GAERS

Wistar group (39.6 * 10.1 min). The

number and mean duration of convulsive

seizures during the 3 h were not signifi-

cantly different for the two groups (Fig.
0 2A). The spectral changes of the EEG dur-
ing the first 3 h after the kainic acid injec-
tion were analyzed using spectrograms
based on Fourier analysis of 2 s epochs for
the 3 h period (Fig. 3A). In the spectro-
grams, a steep amplitude increase in the
gamma range (25-45 Hz) was present
within the first 40 min in both the Wistar
and GAERS groups. In the Wistar group,
this was the point at which convulsive sei-
zures first occurred.

Figure 3A shows that this increase
continued for an additional 40 min pe-
riod in the Wistar but not in the GAERS
group. The increase in the gamma range
remained almost constant for the rest of
the 3 h period for the Wistar rats. In the
GAERS group, even after the first con-
vulsive seizure occurred, the activity in
the gamma range remained below the
Wistar level (Fig. 3A, B). To analyze this
pattern quantitatively, the power of
the gamma range (25-45 Hz) after the
kainic acid injection relative to the
power before the injection was calcu-
lated. Figure 3B shows the mean values for this ratio for the
first 40 min after the kainic acid injection and for 40 min
intervals after the start of the convulsive seizures in the Wistar
and GAERS groups (40—80 and 100-140 min, respectively).
An ANOVA showed that, although initially the gamma range
power increased equally rapidly in both groups, a significant
difference appeared between the groups: there was a signifi-
cantly lower power in the GAERS group after the start of the
convulsive seizures in the Wistar group at ~40 min (p <
0.001). Even after the start of the convulsive seizures, the
power in the gamma range did not increase further in the
GAERS group and remained below the Wistar level for the rest
of the period recorded ( p < 0.001).

Long-term behavioral changes after the kainic acid injection
in Wistar controls and GAERS

The time interval between the kainic acid injection and the first
spontaneous convulsive seizure is shown in Figure 2 B. The first
spontaneous convulsive seizure was observed on the 13.33 =*
0.76 d in the Wistar group in contrast to the GAERS in which the
first seizure occurred on the 20.14 = 2.61 d. This difference was
significant ( p < 0.05). After the occurrence of the first sponta-
neous convulsive seizure, there was no difference between the
Wistar and the GAERS groups in terms of the number of convul-
sive seizures per hour (Fig. 2 B). Thus, the animals in both groups
became epileptic, although this was delayed for the GAERS rela-
tive to the Wistar group.
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Spike-and-wave discharges before and after kainic acid
injection in GAERS

All GAERS showed spike-and-wave discharges with the previ-
ously defined pattern in their preinjection baseline EEG (Fig. 1).
After the kainic acid-induced changes had appeared in the EEG,
the intensive spike-and-wave discharge activity was completely
suppressed. The duration of this disappearance of spike-and-
wave discharges ranged from 1 to 3 d. The cumulative total du-
ration of spike-and-wave discharges per hour was 656 = 140 s
during the preinjection period as opposed to 23.8 = 13.9 s on the
third day and 177.3 % 50.6 s by the end of first week (Fig. 4A). By
the end of second month after the kainic acid injections, the
cumulative total duration of the spike-and-wave discharges per
hour returned to approximately the baseline level (564.3 = 224.4
s) but declined again in the third month (116.5 = 114.5 s) (Fig.
4 A). Both the number and mean duration of the spike-and-wave
discharges showed significant decreases after the kainic acid in-
jection, but they showed different temporal patterns. The num-
ber of spike-and-wave discharges was 41.5 £ 5.9 during the pre-
injection baseline and dropped to zero immediately after the
kainic acid injection (Fig. 4 B). Thereafter, the number of spike-
and-wave discharges gradually increased; it was 5.8 = 3.4 on the
third day and 14.6 = 3.9 on the first week but did not reach
the baseline levels even after 2 months (31.8 = 6.8) (Fig. 4 B). The
decrease of the mean duration of spike-and-wave discharges was
only significant for the first ( p < 0.001) and third ( p <0.05) days
after the injection (Fig. 4C).

The power spectrum of the spike-and-wave discharge period
before and after kainic acid injections in GAERS

The power spectrum of the spike-and-wave discharge period be-
fore the kainic acid injection consisted mainly of a peak at 7-9 Hz
and its first and second harmonics at 14—18 and 21-27 Hz, re-
spectively (Fig. 5A). This is the typical spectral pattern of the
spike-and-wave discharge complex (Drinkenburg et al., 1993).
The total power of the frequency spectrum decreased clearly after
the kainic acid injection without significant changes in the spec-
tral characteristics of the power spectrum (Fig. 5A). Because the
power of specific peaks changed across the different evaluation
time points, the power in the peaks of 7-10, 1420, and 21-30 Hz
frequency ranges (Fig. 5B—D) was quantified to test the signifi-
cance of the power changes after the kainic acid injection. Figure
5, Band C, shows that the decrease after the kainic acid injection
relative to the preinjection baseline in the power of the 7-10 and
14-20 Hz frequency ranges was significant in the records for
GAERS for the third day, first week, second month, and third
month ( p < 0.01). The power of the 21-30 Hz frequency range
significantly decreased on the third day, first week, second week,
first month, second month, and third month after kainic acid
injection ( p < 0.01) (Fig. 5D).

The power spectrum of the silent and transition periods
before and after kainic acid injections in GAERS

Figure 6 A shows that, in GAERS before the kainic acid injections
(preinjection baseline), the power spectrum of the transition pe-
riod clearly differed from that of the silent period in the delta
(1-4 Hz), alpha (8-12 Hz), and beta (14-20 Hz) frequency
ranges. The area under the curve for each of these three frequency
ranges was calculated. During the transition period, the power of
these frequency ranges significantly increased relative to the ear-
lier silent period (ANOVA: delta, p < 0.05; alpha, p < 0.05; beta,
p < 0.01). To follow the spectral changes after the kainic acid
injections in GAERS, the same analysis was performed for the
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Figure 4. Cumulative duration (4), number (B), and mean duration (C) of spike-and-wave
discharges (SWDs) per hour before and after kainic acid injection in GAERS (n = 9). *p << 0.05;
*¥*p < 0.01;***p << 0.001, there was a significant decrease in the number and duration of the
spike-and-wave discharges compared with the preinjection baseline.

third day, first, second, and third weeks, and first, second, and
third months after the injection (see Materials and Methods).
The spike-and-wave discharges partially recovered on the third
day after injection with a progressive increase in their number
and mean duration until the second month. In line with this, the
power difference between the transition and the silent periods
disappeared after the injection and progressively increased with
time until the second month. The power difference between the
transition and the silent periods in the alpha and beta bands
reached significance in the second month as for the preinjection
values ( p < 0.05) (Fig. 6B-H).

We tested whether this power difference between the transi-
tion and the silent periods is correlated with the number and
mean duration of spike-and-wave discharge complexes at the
defined times (preinjection day, third day, first, second, and third
weeks, and first, second, and third months after the injection).
The Pearson’s correlation analysis showed that the power in-
creases in the delta and alpha frequency ranges in the transition
period were significantly correlated with the number of spike-
and-wave discharge complexes (Fig. 7A) (r = 0.84, p < 0.01;r =
0.76, p < 0.05, respectively), whereas the beta and alpha fre-
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Figure 5. A, The total power spectrum of the spike-and-wave discharges (SWDs) before kainic acid injections (preinjection)

and after 1week (Wk 1), 2 months (Mth 2), and 3 months (Mth 3) in GAERS (n = 9). The power of 7-10Hz (B), 14 -20 Hz ((), and
21-30 Hz (D) frequency bands of the SWD periods before and after kainic acid injections. *p << 0.05, **p << 0.01, significant

decrease of total power compared with preinjection baseline.

quency ranges were significantly correlated with their mean du-
ration (Fig. 7B) (r = 0.85, p < 0.01; r = 0.80, p < 0.05,
respectively).

Synaptic reorganization of mossy fibers of the dentate gyrus
in Wistar controls and GAERS

The neo-Timm’s sulfide/silver method demonstrated the distri-
bution of the zinc reaction product in the hippocampus of naive,
sham-operated, and kainic acid-injected Wistar rats and GAERS
(Fig. 8 A). Scoring of mossy fiber sprouting in the supragranular
region of kainic acid-injected Wistar rats and GAERS showed
significantly ( p < 0.001) increased sulfide/silver staining com-
pared with their controls (Fig. 8 A, B). However, this increase was
less pronounced in kainic acid-injected GAERS than in kainic
acid-injected Wistar rats ( p < 0.001) (Fig. 8 B).

Discussion

The induction of status epilepticus in Wistar controls

and GAERS

Our results show that, after kainic acid injections, status epilep-
ticus and, over the long term, spontaneous convulsive seizures
developed in both groups. The similarity in onset of the first
nonconvulsive seizures for the two strains indicates comparable
activation of local events and circuits at the injection site and
suggests that equivalent convulsant doses were obtained in each
group. However, the first convulsive seizure was significantly de-
layed in GAERS compared with Wistar rats. Furthermore, the
delay to the first convulsive seizure in the long-term period was
greater in GAERS than Wistar animals. Vergnes et al. (2000)
showed that the first seizure induced by low kainic acid doses (5
mg/kg, i.p.) was less severe and had a longer latency in GAERS
than in nonepileptic controls. Kindling studies by Eskazan et al.
(2002) and Aker et al. (2006) showed that, when the animals are
stimulated at their afterdischarge thresholds, the transition from

Total power of SWDs (7-10 Hz)
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stage 2 to stage 3 is absent or delayed in
GAERS and WAG/Rij models. The resis-
tance to secondary generalization in re-
sponse to kindling and the increase in the
spike-and-wave discharges after each kin-
dling stimulation in the genetic absence
epilepsy models show an interplay be-
tween limbic and absence epilepsy mecha-
nisms (Onat et al, 2007). Although
GAERS showed convulsive seizures after
kainic acid injections, which are not seen
after kindling, the time to the first convul-
sive seizure was significantly longer than
for the Wistar group. Although the two
models of epileptogenesis are not readily
comparable, because kainic acid produces
more severe neuronal losses than kindling
(Morimoto et al., 2004; Cavazos and
Cross, 2006), the present study strength-
ens the hypothesis that absence epilepsy
rats are resistant to secondary generaliza-
tion of focal limbic seizures, no matter
how induced. The resistance to secondary
generalization of focal limbic seizures in
GAERS is not absolute and can be broken
down. This breakdown may depend on the
greater severity of the insult with kainic
acid. Kainic acid or kindling models in rats
with absence epilepsy provide an opportu-
nity for understanding and exploring the
fact that it is extremely uncommon for idiopathic generalized and
temporal lobe epilepsy to coexist in the same patient (Koutrou-
manidis et al., 1999; Sofue et al., 2003).

The power spectrum of the EEG during status epilepticus in
Wistar controls and GAERS

The power of the gamma frequency range (25-45 Hz) was in-
creased during the first 3 h after the kainic acid injection in both
groups, but it was lower in GAERS than Wistar rats. This lower
increase of gamma activity in GAERS corresponded to the delay
of the convulsive seizures in this group. In Wistar rats, an addi-
tional increase in the power of the gamma frequency range
started after the convulsive seizures, but this was not seen in
GAERS. Medvedev et al. (2000) reported that an injection of
kainic acid increases the gamma activity in rats. An increased level
of gamma activity before epileptic seizures has been described in
animals and humans (Herrmann and Demiralp, 2005). In vivo
and in vitro studies (Whittington et al., 1995; Martin, 2001) sug-
gest that gamma activity is produced by glutamatergic cells in rat
hippocampus and neocortex. Although a conclusive interpreta-
tion of the significance of the gamma oscillations in the genera-
tion of epileptic seizures is not possible at present, the increase of
gamma activity seems to reflect the increase of synchronized ex-
citation in cortex, leading to convulsive seizures (Herrmann and
Demiralp, 2005). Brenner et al. (2005) showed that, in the dentate
gyrus, calcium-activated potassium channels act as low-pass fil-
ters blocking gamma activity and thus protecting against the hy-
perexcitability that leads to temporal lobe seizures. Calcium-
activated potassium currents are also involved in the
pathogenesis of absence epilepsy (Lorenz et al., 2007) and are one
of the targets for anti-absence drugs (Broicher et al., 2007). These
results suggest that the gamma oscillations after the kainic acid
injection reflect the level of synchronization in the cortex, which
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We found increases in power of delta (1-4
Hz), alpha (8—12 Hz), and beta (14-20
Hz) activity during the transition period
preceding the abrupt initiation of spike-and-wave discharges in
the macroscopic EEG of untreated GAERS. Recent studies have
also shown that there are changes in the spectral characteristics of
the EEG during this transition period. Inouye et al. (1990) re-
ported that the EEG changes occurring just before the spike-and-
wave discharges in human absence epilepsy last 1.5-4.5 s and
generally show a gradual increase in the power of the alpha fre-
quency. Pinault et al. (2001) suggested that spike-and-wave dis-
charges in GAERS were generated from medium-voltage 5-9 Hz
oscillations and that these spectral changes may correspond to a
transition state from the basal activity to the spike-and-wave dis-
charges. Polack et al. (2007) showed that 9—11 Hz cortical oscil-
lations preceding spike-and-wave discharges can generate these
discharges in GAERS. The present and previous studies confirm
that the increases in these frequency ranges are critical for the
spike-and-wave discharge onset.

A kainic acid-induced decrease and a gradual recovery in the
power of the transition period preceding spike-and-wave dis-

(n=29).

charges were in parallel with the changes in the mean duration
and the number of spike-and-wave discharges. This suggests that
the kainic acid-induced status epilepticus may alter the mecha-
nisms that produce the transition from the interictal to the spike-
and-wave state of absence epilepsy. Additional analysis of the
spectral changes that precede the spike-and-wave discharges
shows that the delta activity is correlated with the number of
spike-and-wave complexes, whereas the beta activity is correlated
with the mean duration of spike-and-wave complexes. The alpha
band displays an intermediate character and correlates with both
the number and the duration of the spike-and-wave discharge
complexes. Considering that the delta oscillations are mainly
produced in thalamocortical loops whereas fast oscillations in the
beta and gamma ranges are produced by the internal circuitry of
the cortex through the rhythmic activation of inhibitory inter-
neurons and their interaction with the pyramidal cells (Steriade
et al., 1990; Whittington et al., 1995), these findings could shed
light on the generation and maintenance of spike-and-wave dis-
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charge complexes. Thus, the cortico-thalamo-cortical circuit
may trigger the spike-and-wave discharge generation, whereas
the duration of the complexes would be modulated by the cortical
circuitry. Kainic acid-induced status epilepticus can impair either
the initiation or the maintenance mechanisms (or both) of spike-
and-wave discharges.

Synaptic reorganization of mossy fibers of the dentate gyrus
in Wistar controls and GAERS

GAERS showed a delay in secondary generalization of the focal
limbic seizures after kainic acid injections, and, 3 months there-
after, mossy fiber sprouting occurred in these animals compara-
ble with that seen in human temporal lobe epilepsy and in other
experimental models (Isokawa et al., 1993; De Biasi and Bendotti,
1998; Cavazos and Cross, 2006). The reduced amount of mossy
fiber sprouting seen in GAERS relative to the Wistar controls is
thus in accord with the reduced effectiveness of the kainic acid
injections in producing secondarily generalized convulsive sei-
zures and confirms that the responses of the hippocampal forma-
tion of GAERS animals differ from those in normal Wistar ani-
mals. However, it is relevant that there have been reports
indicating that mossy fiber sprouting is not necessary for the
production of spontaneous seizures (Elmer et al., 1997; Longo
and Mello 1998).

Conclusion

Our findings suggest an interplay between mechanisms underly-
ing absence epilepsy and temporal lobe epilepsy. Additional evi-
dence for a mutual cross-inhibition of the circuits involved in
limbic versus generalized absence epilepsy is demonstrated by
our observations. These include particularly the delayed convul-
sive seizures in the short-term (during kainic acid-induced status
epilepticus) and long-term periods, the loss and reappearance of
the spike-and-wave discharges, the changes that occur in the
power spectrum of the EEG activity during the transition period,
and the spike-and-wave discharges as well as the reduced sprout-
ing of mossy fibers in GAERS.
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