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Abstract

Pilocarpine administration to rats results in status epilepticus (SE) and after a latency period to the occurrence of spontaneous seizures. The
model is commonly used to investigate mechanisms of epileptogenesis as well as the antiepileptic effects of novel compounds. Surprisingly, there
have been no video-EEG studies determining the duration of latency period from SE to the appearance of the first spontaneous seizures or the type
and frequency of spontaneous seizures at early phase of pilocarpine-induced epilepsy even though such information is critical for design of such
studies. To address these questions, we induced SE with pilocarpine in 29 adult male Wistar rats with cortical electrodes. Rats were continuously
video-EEG monitored during SE and up to 23 days thereafter. The first spontaneous seizures occurred 7.2+3.6 days after SE. During the follow-
up, the mean daily seizure frequency was 2.6+ 1.9, the mean seizure duration 47+7 s, and the mean behavioral seizure score 3.2+0.9. Typically
first seizures were partial (score 1-2). Interestingly, spontaneous seizures occurred in clusters with cyclicity, peaking every 5 to 8 days. These data
show that in the pilocarpine model of temporal lobe epilepsy the latency period is short. Because many of the early seizures are partial and the
seizures occur in clusters, the true phenotype of epilepsy triggered by pilocarpine-induced SE may be difficult to characterize without continuous
long-term video-EEG monitoring. Finally, our data suggest that the model can be used for studies aiming at identifying the mechanisms of seizure

clustering.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

In the pilocarpine model of epilepsy in rats or mice,
epileptogenesis is triggered by status epilepticus (SE) that is
induced chemically using a cholinergic substance, pilocarpine
(Turski et al., 1983, 1984). The model replicates several features
of human temporal lobe epilepsy, including similarities in
pathology, behavioral abnormalities, and occurrence of both
partial and generalized seizures (Turski et al., 1989). Currently,
it is one of the most often used models in studies investigating
the basic mechanisms of epilepsy and testing novel compounds
for treatment of epileptogenesis and epilepsy (Cavalheiro et al.,
2000).

Previous characterizations of the pilocarpine model have
used video monitoring or visual observations of seizures to
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analyze the latency period, seizure frequency, or seizure
duration. In these studies, the mean latency period varied
between 10 and 18 days and the mean seizure frequency
between 0.1 and 1.9 seizures per day, depending on the number
of hours of video monitoring or visual observation (Arida et al.,
1999; Hoexter et al., 2005; Leite and Cavalheiro, 1995; Priel et
al., 1996). Recent studies have, however, shown that without
the use of continuous video-EEG monitoring the number of
seizures can be underestimated, and also the determination of
seizure duration is unreliable. Reliable analysis of these
parameters is critical when performing studies investigating
the phase of epileptogenesis or assessing the antiepileptogenic
or antiepileptic effects of novel compounds.

In this study, we focused on the early phase of the
epileptogenic process to address the following two questions.
Firstly, what is the duration of latency period in pilocarpine-
induced model of epilepsy? Secondly, what are the seizure
characteristics at the early phase of newly diagnosed epilepsy in
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this model? To accomplish these tasks, we induced epilepto-
genesis with pilocarpine in rats and continuously video-EEG
monitored them for up to 23 days.

Materials and methods

Twenty-nine adult male Wistar rats weighing 285-350 g
were housed in a controlled environment (7 a.m./7 p.m. light/
dark cycle; 2241 °C) with free access to food and water. For
EEG recordings, screw electrodes (Plastics One Inc.) were
inserted into the skull bilaterally over the frontal cortex under
sodium pentobarbital (60 mg/kg)—chloral hydrate (100 mg/kg)
anesthesia (Nissinen et al., 2000). One week postoperatively,
rats were subjected to SE induced by pilocarpine (360 mg/kg
intraperitoneally, i.p.; P 6503, Sigma). Methyl-scopolamine
(1 mg/kg subcutaneously; Sigma) was administered 30 min
prior to pilocarpine to reduce its peripheral effects. If the rat did
not develop SE within 45 min, it received additional doses of
pilocarpine until SE started (110 mg/kg for first dose, 60 mg/kg
for further doses). Eighteen rats needed no further injections.
Four rats needed 1 additional injection of pilocarpine, 2 rats 2, 2
rats 3, 2 rats 4, and 1 rat 9 additional injections of pilocarpine in
order to develop SE. All animals received a single dose of
diazepam (20 mg/kg, i.p.; Stesolid Novum, Dumex-Alpharma)
120 min after SE onset.

For continuous recording of EEG activity and for detection
of spontaneous seizures, a video-supported EEG monitoring
system was used [Nervus EEG recording system with Nervus
Magnus (—32/8) Amplifier (Taugagreining), Time Lapse VCR
and Panasonic Video Camera; for details, see Nissinen et al.,
2000]. To assess the severity and duration of SE, spike analysis
was done from a digitized EEG of the first 24 h after SE onset
(spike duration <70 ms; Clampfit 9.0). For the detection of
spontaneous seizures, EEG was screened visually on the
computer screen. Electrographic seizure was defined as a
discharge with frequency > 5 Hz, amplitude > 2x baseline, and
duration > 10 s. If an electrographic seizure was detected, the
behavioral severity was determined from the video recordings
and classified according to the scoring system for focal seizures
with secondary generalization for pilocarpine-induced seizures
as defined by Veliskova (2006): score 1: staring with mouth
clonus; score 2: automatisms; score 3: unilateral forelimb
clonus; score 4: bilateral forelimb clonus; score 5: bilateral
forelimb clonus with rearing and falling; score 6: tonic—clonic
seizure. Seizures were further classified into 2 categories: (1)
partial seizures (scores 1-3) or (2) secondarily generalized
seizures (scores 4—6).

Results

Sixteen of 29 rats died in the course of pilocarpine-induced
SE (average dose 443 mg/kg (360-919 mg/kg)). In the
present study all rats had generalized SE. Thirteen survivors
were continuously monitored for 15 days (2=5) or 23 days
(n=3).

To assess the severity and duration of SE, we counted the
number of spikes during the first 24 h after the beginning of SE

(Fig. 1A). The number of spikes spontaneously decreased in
both groups, with a trend towards faster reduction in the group
of animals that did not develop recurrent spontaneous seizures
(i.e., epilepsy) during the follow-up (p=0.07 at 3 h-time point,
Student’s #-test). Administration of diazepam at 2 h after SE
resulted in the disappearance of spiking within 3—4 h. Spiking
activity resumed slightly in both groups within the next 6—7 h.

Spontaneous seizures occurred in 10 of 13 animals (77%)
(Figs. 1B and C). In the rat group with a single dose of
pilocarpine 83% developed epilepsy, and in the rat group with
multiple doses of pilocarpine 71% (no difference, y°-test). The
average seizure-free period lasted for 7.2+3.6 days (mean+SD,
range 5.2—17.2, median 6.1, n=10) (Table 1). Cumulative
analysis of seizures over time showed an average frequency of
2.6+1.9 seizures per day. 67+21% of the seizures occurred
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Fig. 1. (A) Number of epileptiform spikes (y-axis, mean+standard deviation) at
different time points after induction of status epilepticus (SE) (x-axis, blue
dashed line shows the administration of diazepam). Blue line indicates the data
collected from the group of animals that developed spontaneous seizure
(n=10) and the red line from the group that did not (n=3). Note that the
number of spikes decreased in both groups within 1-2 h after administration of
diazepam but the decrease tended to be more rapid in rats that did not develop
epilepsy. (B, C) Number of spontaneous seizures per day (y-axis) at different
time points after SE (x-axis). One animal only had a single seizure (17 days
after SE) and is not included in the figure. Note that the first spontaneous
seizures typically appeared at 5-7 days after SE in all 9 remaining animals.
Furthermore, seizures occurred in cyclic pattern in all animals (peak of seizure
frequency every 5—8 days).
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Table 1
Characteristics of spontaneous seizures in epileptic animals in pilocarpine model
Average Median SD  Range
Duration of epileptogenesis (days) 7.2 6.1 36 52-172
Number of seizures per day 2.6 2.5 1.9 0.04-54
Seizure duration (seconds) 47.0 47.3 7.0 352-51.2
Behavioral score 3.2 3.2 09 13-5.0
% of seizures with lights on 66.9 64.7 20.7 42.6—-100.0
% of secondarily generalized seizures 55.8 59.1 27.4  0.0-100.0

between 7 a.m. and 7 p.m., when lights were on. The mean
seizure duration was 47.0+7.0 s (mean+SD, range 35.2-51.2,
n=10) (Table 1). In all rats, seizures appeared in clusters (i.e.,
>3 seizures per day) (Arida et al., 1999), which were followed
by a ‘seizure-free’ period. Furthermore, spontaneous seizures
occurred in a cycle with a peak of seizure activity every 5—
8 days (Figs. 1B and C). Behaviorally, spontaneous seizures
were characterized by head nodding, forelimb clonus, rearing,
and falling. In 8 of 10 animals, the first spontaneous seizure was
partial, corresponding to stage 1 or 2 (Veliskova, 2006). In the
remaining 2 animals, the first detected seizure was secondary
generalized, corresponding to stage 4 or 5 (Veliskova, 2000).
The average behavioral score of all seizures was 3.2+0.9. When
the animals were compared as a group, the behavioral score was
significantly lower during the first 5 days of the chronic
epileptic phase compared to the rest of the monitoring period
(p=0.03 as determined by one-way ANOVA with Bonferroni
correction), indicating an increase in seizure severity as the
epilepsy continued. Of all seizures, 56+27% were secondary
generalized. The frequency and duration of seizures did not
change significantly over time.

Discussion

As the present and previous studies show, one drawback of
pilocarpine model of temporal lobe epilepsy is that a single
high dose of pilocarpine does not always induce SE.
Furthermore, a single high dose administration of pilocarpine
is associated with a high mortality rate (Glien et al., 2001). In
the present study, even though SE was interrupted with
diazepam after 120 min, the mortality rate was still 55%.
Interestingly, we did not observe a correlation between the
dose of pilocarpine and the mortality. On the contrary, the
average pilocarpine dose in survivors tended to be higher than
that administered to rats that died (p=0.056). This points to a
high variability in the individual sensitivity to the convulsant
action of pilocarpine. Whether this relates to a genetic
variation within the Wistar rat strain remains to be studied
(Glien et al., 2001).

We observed spontaneous seizures in 77% of the surviving
rats which is lower than in most of the previous studies, where
mostly all animals developed spontaneous seizures (Cavalheiro
et al., 1991; Mello et al., 1993; Priel et al.,, 1996). On the
contrary, dos Santos et al. only reported 61% of animals to
develop spontaneous seizures (dos Santos et al., 2005). It is
possible that more animals would have become epileptic if we
had monitored them for a longer period of time. Interestingly,

there was no difference in the dose of pilocarpine given to
animals that did and did not develop epilepsy. The number of
spikes counted during SE, however, tended to decrease more
rapidly in the group of animals that did not develop epilepsy as
compared to those who did, which is in line with previous
studies in the perforant pathway model (Gorter et al., 2003;
Pitkénen et al., 2005). Thus, it appears that independent of the
SE model, the risk of epileptogenesis is associated with the
duration and severity of SE in adult rats.

Previous analyses based on video or visual observation of
animals suggest that the mean latency from SE to the
appearance of spontaneous seizures varies from 10 to 18 days
(Arida et al., 1999; Hoexter et al., 2005; Leite and Cavalheiro,
1995; Priel et al., 1996). In the present video-EEG study, the
mean latency was only 7 days with substantial variability, which
emphasizes the use of continuous video-EEG monitoring when
there is a need of definition of the duration of latency period.
The importance of continuous video-EEG monitoring was
recently also emphasized by Williams et al., using radio-
telemetry to investigate pharmacotherapy in epilepsy and
epileptogenesis (Williams et al., 2006).

With respect to the phenotypical characteristics of the
seizures, we found a similar seizure frequency, seizure du-
ration and diurnal variation of seizures as described by
Cavalheiro et al. (1991) and Arida et al. (1999), with
frequencies of 1.9 and 1.4 seizures per day, respectively and
seizure duration lower than 50-60 s. It is noteworthy that
there was a large variability between animals concerning the
absolute number of seizures per day. For example, one animal
only had one seizure during the entire monitoring period,
while another animal had 45 seizures over a 24-h period.
There was no relation between the severity of SE (number of
spikes during the first 24 h) and the subsequent seizure
frequency. As described earlier, seizures appeared in clusters
followed by a ‘seizure-free’ period (Arida et al., 1999;
Cavalheiro et al.,, 1991, 2006; Mello et al., 1993). Interest-
ingly, also in humans with temporal lobe epilepsy seizures
can appear in clusters in a subpopulation of patients (Balish et
al.,, 1991; Haut et al., 2002; Haut, 2006). Furthermore, we
found that in the pilocarpine model, seizure clusters occur in
a cyclic pattern of 5-8 days. Again, similar patterns have
been described in humans with partial and secondarily gene-
ralized seizures in up to 50% of patients (Balish et al., 1991;
Bauer and Burr, 2001). In humans, the cyclicity can obey a
circadian (Bowman et al., 1984), circaseptin (6—8 days), or
quasi-monthly pattern (Bauer and Burr, 2001). There is no
general explanation for the phenomenon of seizure clustering
or periodic patterns of seizure occurrence. Our study shows
that studies using pilocarpine model could provide insights
into both specific mechanisms of seizure clustering and
cyclicity.

Similar to Cavalheiro et al. (1991), we found a progression in
the severity of spontaneous seizures with mainly partial seizures
during the first days after the development of spontaneous
seizures and a significant increase in the average behavioral
score in further monitoring episodes. Also after the first
secondarily generalized seizure had occurred, rats remained
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Table 2

Comparison of seizure characteristics in different SE models of epilepsy in rat
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Nissinen et al., 2000

Mazarati et al., 2002

Gorter et al., 2001

Dudek et al., 2006

Method Electrical stimulation Electrical stimulation
of amygdala of angular bundle
Latency 33 (6-85) days 28 (20-32) days
Seizure 0.006-0.6 seizures/day 1-2 seizures/day
frequency progressing to 3.8—7.2 progressing to

Evolution of

seizures/day
Increase during the first

>4 seizures/day
Initial increase reaching

Electrical tetanic stimulation
of hippocampus

7-9 days

0.24-4.1 seizures/day

Increase in 67% of animals
during the first 2 months

For the first 2 months
seizures are secondary

generalized (Racine class IV-V),

thereafter class I-III

Systemic administration
of kainic acid

1-2 weeks, may be longer
0.7 seizures/hour, seizures
occur in clusters

Increase over time after SE

Motor seizures, Racine
class I1I-V

1 min 1-3 min

seizure 3 months—stable a stable plateau
frequency during the next 3 months
Behavioral During the first 10 weeks In 30% of rats the first
appearance of 79% of seizures are seizure is partial with
spontaneous secondary generalized. evolution to secondarily
seizures Thereafter, 77% of generalized seizure after
seizures are partial. 14 seizures.
In 70% of rats the first
seizure is secondary generalized,
no evolution.
Duration 49 (7-252) s No data

having a mixture of partial and secondarily generalized seizures.
We did not find a significant change in the seizure frequency
and duration over time.

An overview of the main phenotypical characteristics of
other models of spontaneous seizures is given in Table 2. It is
noteworthy that there is a wide spread in the mean latency
period going from 1 week to 1 month and in the seizure
frequency with higher values in the kainate model. All models
show an increase in seizure frequency during the first weeks of
monitoring until a plateau has been reached. Thereafter, the
seizure frequency stays more or less stable. The seizure
duration is similar throughout the different models. In models
using electrical stimulation, seizures are mainly secondary
generalized during the first months, but decrease in severity as
the epilepsy continues. Interestingly, if the first seizures after
SE are partial, there is an increase in seizure severity over the
next seizures until secondarily generalized seizures appear.
Most animals, however, remain having a combination of
partial and secondarily generalized seizures. This behavioral
evolution is similar to the one described in the pilocarpine
model.

The present study shows that the latency period is short in
pilocarpine model of temporal lobe epilepsy. Continuous
long-term video-EEG monitoring is of great help to reliably
define the interindividual variability in seizure frequency,
seizure type, and occurrence of cyclicity. Our data also
suggest that the pilocarpine model can offer a useful tool for
studies aiming at understanding the mechanisms of seizure
clustering.
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