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ABSTRACT: We studied the effects of treating status epilepticus
(SE) induced by lithium and pilocarpine at postnatal day 15 (P15) or
28 (P28), on the severity of acute SE and of SE-induced epilepto-
genesis. Rats received topiramate (10 or 50 mg/kg, IP) or diazepam
(5 mg/kg, IP) 20, 40 or 70 min after pilocarpine, and three months
after SE 24-h video/EEG recordings were obtained for one (P28) or
two weeks (P15) continuously.

In P15 rats, topiramate did not modify the course of SE, yet
treatment at 20 or 40 min completely prevented the development of
spontaneous recurrent seizures (SRS) while later treatment (70 min)
was partially effective in reducing the severity and frequency of SRS.
Diazepam was effective against acute SE at all time points tested.
Early (20 min) but not late treatment with diazepam had the effect of
reducing the frequency and severity of SRS.

In P28 rats, both drugs reduced the cumulative seizure time. Early
treatment (20 min) with either drug reduced the incidence of chronic
epilepsy. Late treatment (40/70 min) did not alter the incidence of
SRS, but decreased their frequency. This study demonstrates that, in
the treatment of SE, anticonvulsant and antiepileptogenic effects can
be dissociated in a development-specific manner: topiramate was
antiepileptogenic without being an effective anticonvulsant in P15
animals at the doses tested. Diazepam, on the other hand, was a better
anticonvulsant than an antiepileptogenic agent in the P15 animals at
the dose tested. Such effects were not seen in the older animals.
(Pediatr Res 59: 237–243, 2006)

Status epilepticus (SE) is a frequent neurologic emergency.
SE is common in infants and toddlers, with more than

50% of cases of SE occurring under the age of 2 y (1,2).
SE is associated with an increased risk of developing

epilepsy. 30% of children presenting with SE were found to
develop epilepsy subsequently (3). More recently, 41% of
patients with acute symptomatic SE (one-third were children)
developed epilepsy within the next 10 y (4).

SE-induced epileptogenesis is common in adult animals,
and there is considerable experimental evidence for its occur-
rence in the immature brain(5–9).
Clinical selection of anticonvulsants has traditionally been

based on their ability to block the expression of seizures, but
the recent availability of antiepileptic drugs (AEDs) that target
many novel molecular targets (10) has generated interest in
studying their potential to be antiepileptogenic (e.g., reduce
the incidence of epilepsy) or disease-modifying (e.g., reduce
the severity of epilepsy). Limited attempts have been made to
investigate the antiepileptogenic potential of existing anticon-
vulsants. Chronic treatment of humans with phenytoin or
valproic acid to prevent post-traumatic epilepsy was not suc-
cessful (11,12). Although several animal studies used chronic
drug treatment during the latent period after SE to prevent
development of epilepsy, few had positive results (13–16) On
the other hand, acute treatment of SE in adult rats can some-
times prevent chronic epilepsy or reduce its severity (16–19),
but the effect of anticonvulsants on epileptogenesis has not
been studied in immature animals.
We tested the effectiveness of topiramate or diazepam in the

acute treatment of lithium/pilocarpine SE at two distinct
stages of rat brain development: postnatal day 15 (P15) and
postnatal day 28 (P28). These ages roughly correspond to
human infancy and prepubescent childhood, respectively (20).
We tested the effect of acute treatment on both short-term
(severity of SE) and long-term functional outcome (antiepi-
leptogenic or disease-modifying effect).

METHODS

Animals. Male Wistar albino rats (Simonsen Lab, Gilroy, CA), 15 or 28 d
old (P15 and P28), were used. The day of birth was considered as day 0. Pups
were weaned at P21.

All animals were housed in a temperature- and humidity-controlled room
with 12h light- dark cycles (light cycle starts at 7 AM) and had free access to
food and water. All experiments were conducted with the approval and in
accordance with the regulations of the Institutional Animal Care and Use
Committee of West Los Angeles VA Medical Center.

Implantation of electrodes. The animals were anesthetized with halothane.
A tripolar electrode was then connected to skull screws (the first two were
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inserted into the skull above right and left frontal cortex, the third one was
placed over the cerebellum) and anchored with dental cement. The first two
leads recorded the EEG across the hemispheres; the third was used as a
ground. After surgery, animals were placed in an observation chamber on a
temperature pad until they recovered. P15 rat pups, after recovery, were
returned to their mother.

Induction of SE and administration of vehicle: diazepam or topiramate
and/or atropine. Lithium (3mEq/kg) was administered intraperitoneally on
the day of surgery and, 20 h later, SE was induced with s.c. pilocarpine (60
mg/kg). The pilocarpine dose was established by Sankar (5) for the age groups
used in our study. Onset of first ictal activity and continuous polyspike
activity were measured. The control group was treated at 70 min after
pilocarpine with vehicle and atropine in amounts sufficient to block most
effects of pilocarpine (10 mg/kg). As a result, if treatment was effective, the
original cholinomimetic that resulted in the induction of SE was no longer
able to restart seizures. In the other groups, topiramate (10 or 50 mg/kg,
dissolved in 10% of DMSO) or diazepam (5 mg/kg) was given intraperito-
neally together with atropine sulfate (10 mg/kg), 20, 40 or 70 min after
pilocarpine. Atropine dissolved in DMSO or saline had similar effects on the
severity of SE; so these two groups were pooled. The “no SE” control group
received only lithium and vehicle. All animals were rehydrated with saline
approximately 5 h after SE (10% of body weight, s.c.). The body weight was
checked daily for 10 d after SE.

Acute video-EEG monitoring. EEG electrodes were connected to tethered
cables with swivel mounts (Plastic One, Roanoke, VA), which fed the
amplified signal to a monitoring and recording system (Harmonie Software,
Stellate System, Montreal, Quebec, Canada). We used a video-EEG system
for 24 h of continuous monitoring. This system identified seizures and 1 min
of recording before and after each seizure. Each software-recognized seizure
was reviewed manually, including time-locked video, to eliminate false
positives. We recorded baseline EEG, starting 15 min before pilocarpine
administration. The severity of SE was assessed by measuring the following
parameters: latency to seizure interruption (timed from the end of the topira-
mate, diazepam and/or atropine injection when continuous polyspike or spike
and wave activity was interrupted for at least 1 min), cumulative seizure time
(timed from the topiramate, diazepam and/or atropine injection, subtracting
interictal time), number of seizures, duration of SE (time from the onset of SE
to the end of the last seizure, including interictal time), total seizure time (total
time spent in seizures, timed from the onset of SE, subtracting interictal time),
and spike frequency (spikes per hour), using Harmonie Software. Seizures are
defined by the software as a discharge lasting at least 3 s, with a mean
frequency higher than 3 Hz, coefficient of variation �65, and amplitude 2.7
times higher than baseline. For spike detection, the amplitude threshold was
set at 4 times baseline. We also evaluated the behavioral correlates of seizures
and the effect of treatments on severity of seizures.

We used modified scale from Haas (21): 0) behavioral arrest; 1) mouth
clonus; 2) head bobbing; 3) head clonus), 4) bilateral forelimbs clonus; 5)
clonus with rearing and falling; 6) wild running and jumping with vocaliza-
tion; 7) tonus.

Chronic video-EEG monitoring. Separate group of animals undergoing
SE at P15 or P28, without surgery, were anesthetized 3 mo later with ketamine
(60 mg/kg, IP) and xylazine (15 mg/kg, IP) and implanted with magnetically
activated implants for transmitting EEG signals (Data Science International).
The implant’s cables were connected to skull screws placed over the left
frontal and occipital cortex, and anchored with dental cement. After one week
of postoperative recovery, the animals were monitored with video-EEG for
one (P28) or two weeks (P15) continuously. Each computer-recognized
seizure was reviewed manually. The number of spontaneous recurrent sei-
zures (SRS), mean seizure duration and number of spikes, averaged over the
one week of continuous recording, were counted using Harmonie Software.
The parameters for seizures and spike detection were the same as in acute
experiments. Behavioral motor seizure activity was classified according to
slightly modified Racine scale (22): 0) electrographic seizure without any
detectable behavioral manifestation; 1) face clonus; 2) head nodding; 3)
forelimb clonus; 4) forelimb clonus and rearing; 5) forelimb clonus with
rearing and falling. We classified behavioral seizures in two categories: 1)
Nonconvulsive seizures (scores 0–2), or 2) Convulsive seizures (score 3–5).

Statistical analysis. Each group for acute experiments consisted of at least
five animals, and for chronic experiments each group consisted of at least six
animals. For acute experiments, statistical comparisons were made using
analysis of variance for multiple comparisons with Bonferroni post hoc test
for parametric and Dunn’s post hoc test for nonparametric data. Planned
comparisons with Bonferroni correction, and correlations were used for
chronic data. All tests were made using statistical software (Sigmastat, Jandel
Scientific). P-values � 0.05 were considered significant.

RESULTS
P15 rats. Mortality was 9% in the atropine group; 5%, 7%

or 10% in the topiramate 20, 40, or 70 min groups, and 5%,
8%, or 6% in the diazepam groups, respectively. We did not
see any tonic seizures. On the first day, all rats with SE lost
weight (�0.03 � 0.6g), whereas “no SE” animals gained
weight (1.6 � 0.1g). During the next three days, rats subjected
to SE gained less weight than the “no SE” animals (1.6 � 0.2g
vs. 3.1 � 0.2g). One week after SE, experimental animals did
not differ significantly from “no SE” controls.
Course of SE in atropine controls. Immediately after pi-

locarpine injection, pups developed tremor, the first epilepti-
form spikes appeared after 6.1 � 1.5 min., and the first EEG
seizure appeared after 8.2 � 1.7 min. Behavioral seizure
manifestations varied from tremor and/or head bobbing to
head and forelimbs clonus, occasionally with running sei-
zures. Continuous polyspike activity was replaced approxi-
mately 50 min after atropine injection by periodic epileptiform
discharges. Cumulative seizure time was 141.8 � 31.0 min
after atropine injection. The “no SE” pups did not seize and
mean spike frequency was 2.1 � 0.3 spikes/h.
Effect of treatment on course of SE. The 10 or 50 mg/kg

doses of topiramate did not suppress behavioral seizures, did not
shorten continuous polyspike activity, and did not reduce total
seizure time, cumulative seizure time, the number of seizures,
duration of SE, or spike frequency when compared with the
atropine group (Table 1; Fig. 1A,B and data not shown).
Treatment with 5 mg/kg of diazepam suppressed behavioral

seizures promptly, shortened continuous polyspike activity,
reduced cumulative seizure time and total seizure time, dura-
tion of SE and number of seizures at all time points tested
(Table 1; Fig. 1A,B).

Effect of treatment on epileptogenesis. When tested 3 mo
after SE, 75% of the atropine animals displayed SRS with a
mean behavioral seizure score of 1.6 � 0.3. The average
seizure frequency was 1.4 � 1.1 seizures/d with mean seizure
duration of 12.8 � 4.9s.
Early treatment with topiramate (10 mg/kg) (at 20 or 40

min) completely protected, and late treatment (at 70 min)
partially protected against development of SRS (1/7 rats had 1
isolated nonconvulsive seizure) (Table 2, Fig. 2A,B). Topira-
mate also significantly reduced spike frequency in comparison
to the atropine group (Table 2).
Topiramate at a higher dose (50 mg/kg) did not prevent

development of epilepsy at any time point tested, although it
reduced the frequency of SRS two- to seven-fold (data not
shown).
Even though diazepam was very effective against acute SE,

it only had a modest effect on epileptogenesis (Fig. 2A).
Diazepam significantly altered the incidence of SRS when
treated at 20 min, and there was a non-significant trend with a
reduction of seizure frequency in the other two groups (40, 70
min; Fig. 2B).
P28 rats. Mortality was 90% in the atropine group, 70%,

60% and 50% in the groups treated with topiramate at 70 min,
40 min and 20 min, respectively, and 10%, 13%, and 20% in
the 20, 40 or 70 min diazepam groups. On average, death
occurred within 103.3 � 3.5 min after pilocarpine and was
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always preceded by tonic extension. The increased suscepti-
bility of rats to pilocarpine around third week of life has been
previously reported (23). The mortality rate was not dependent
on the topiramate dose, in contrast to a previous report (24).
During the three days after SE, extra feeding and hydration

were necessary. On the first day after SE, atropine controls as
well as treated animals, lost weight (�4.4 � 3.9g), whereas
“no SE” animals gained weight (5.0 � 0.4g). The next day, SE
animals gained weight (6.6 � 2.6g), and on the third day after
SE, they became comparable with “no SE” animals.
Course of SE in atropine controls. Pilocarpine induced the

first spikes in 5.2 � 2.3min, the first discrete seizure after 8.2
� 2.1min, and continuous polyspike activity after 15.5 � 2.5
min. Pups developed head and forelimbs clonus, with rearing
and falling accompanied by high frequency spikes (10–13
Hz). By approximately 2 h after atropine, the animals dis-
played less severe seizure behavior (head bobbing, twitching
of vibrissae, facial myoclonus), accompanied by spike-and-
wave complexes of decreasing frequency and amplitude. Con-
tinuous polyspike activity was replaced after 185.7 � 21.1
min by multiple intermittent seizures 65.4 � 19.3 during 24 h
of continuous recording with head and forelimb clonus as
motor correlates. Cumulative seizure time was 211.7 � 21.3
min. The “no SE” animals did not develop SE and had a mean
spike frequency of 3.6 � 0.7 spikes/h.
Effect of treatment on course of SE. Topiramate (10

mg/kg) attenuated both behavioral and electrographic expres-
sion of SE in a time-dependent manner. It also reduced latency
to seizure interruption, cumulative seizure time, total seizure
time and spike frequency in comparison to the atropine con-
trols (Table 1, Fig. 3A) at all time points tested. Only early
treatment (20 or 40 min) decreased the number of seizures.
Late seizures persisted, so the duration of SE did not change
(Table 1). The latency to seizure interruption was highly
dependent on the time of topiramate treatment (Fig. 3B).
Diazepam suppressed behavioral seizures, shortened con-

tinuous polyspike activity and reduced cumulative seizure
time at all time points tested (Table 1).

Figure 1. Effect of topiramate (10 mg/kg) or diazepam treatment (given 70
min after pilocarpine) on severity of lithium/pilocarpine SE in P15 rats.
(A) Time-course of topiramate, diazepam and/or atropine effects on seizure
activity (seizure time subtracting interictal time) atropine (�); topiramate
�atropine (Œ); diazepam �atropine (Œ) (B) Representative EEG recorded
from skull electrodes in P15 rats, taken 25 min and 2 h after topiramate,
diazepam and/or atropine injection. Values are means.

Table 1. Acute parameters describing the severity of lithium/pilocarpine SE in P15 and P28 rats

Latency to seizure
interruption (min
after treatment)

Cumulative
seizure

time (min
after treatment)

Number of
seizures

Duration of
SE (min after
onset of SE)

Total
seizure time
(min after

onset of SE)

Spike
frequency
(spikes/h) N

P15
Atropine (10 mg/kg) 70 min 52.7 � 16.0 141.8 � 31.0 78.1 � 23.1 1057.0 � 71.6 196.2 � 30.5 13.0 � 5.3 10
Topiramate (10 mg/kg) � atropine 20 min 74.6 � 16.8 136.7 � 34.7 49.3 � 11.8 826.6 � 197.7 151.7 � 34.5 11.8 � 3.1 7

40 min 47.4 � 17.5 95.7 � 29.1 37.3 � 10.2 811.6 � 223.6 130.7 � 29.4 15.6 � 3.1 7
70 min 34.0 � 7.8 108.0 � 30.5 50.6 � 12.6 817.1 � 200.4 173.2 � 30.5 11.9 � 4.4 9

Diazepam (5 mg/kg) � atropine 20 min 13.8 � 0.6* 13.8 � 0.6* 1 � 0* 13.8 � 0.6* 28.8 � 0.7* 10.2 � 5.1 5
40 min 12.7 � 1.5* 12.7 � 1.5* 1 � 0* 12.7 � 1.5* 47.7 � 1.4* 18.1 � 8.2 5
70 min 10.7 � 1.4* 11.1 � 1.6* 1.4 � 0.3* 248.1 � 114.8* 76.2 � 1.5* 15.2 � 5.4 7

P28
Atropine (10 mg/kg) 70 min 185.7 � 21.1 211.7 � 21.3 65.4 � 19.3 1087.7 � 86.2 268.0 � 20.6 134.3 � 13.3 6
Topiramate (10 mg/kg) � atropine 20 min 29.7 � 11.3* 33.3 � 15.0* 2.7 � 1.7* 357.0 � 338.5 40.0 � 14.1* 10.7 � 4.3* 5

40 min 45.3 � 21.5* 55.3 � 20.0* 9.3 � 7.4* 414.0 � 345.2 80.8 � 19.1* 10.8 � 1.6* 5
70 min 64.5 � 7.7* 93.3 � 21.8* 32.5 � 8.3 775.0 � 173.7 149.6 � 21.4* 52.7 � 22.5* 6

Diazepam (5 mg/kg) � atropine 20 min 12.3 � 3.7* 12.3 � 3.7* 1 � 0* 12.3 � 3.7* 17.8 � 3.4* 12.2 � 6.3* 5
40 min 10.3 � 2.9* 10.3 � 2.9* 1 � 0* 10.3 � 2.9* 36.3 � 2.6* 5.8 � 1.3* 6
70 min 17.0 � 3.2* 60.5 � 15* 63.7 � 22.4 963 � 147.5 114.6 � 14.5* 14.4 � 3.0* 6

Parameters of the severity of lithium/pilocarpine SE in P15 or P28 rats were measured over 24 hours of continuous video-EEG recording using Harmonie
Software: latency to seizure interruption (timed from the end of the topiramate, diazepam and/or atropine injection when continuous polyspike or spike and wave
activity was interrupted for at least 1 min), cumulative seizure time (timed from the topiramate, diazepam and/or atropine injection, subtracting interictal time),
number of seizures, duration of SE (time from the onset of SE to the end of the last seizure, including interictal time), total seizure time (total time spent in
seizures, timed from the onset of SE, subtracting interictal time), and spike frequency (spikes per hour).
N � number of animals * p �0.05 versus atropine controls. Values are means � SEM.
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Effect of treatment on epileptogenesis. When recorded 3
mo later, 92% of atropine control animals had developed SRS
with mean behavioral seizure severity 2.8 � 0.6, and 69% of
animals developed convulsive seizures (stage 3-5). The aver-

age seizure frequency was 17.5 � 5.1 seizures/d with mean
individual seizure duration of 26.9 � 7.3s.
Early treatment with topiramate (10 mg/kg) or diazepam (5

mg/kg) reduced seizure frequency (Table 2, Fig. 4B) and
significantly reduced the incidence of chronic epilepsy (Table
2): 17% in both groups vs. 92% in atropine controls. Late
treatment (40 and 70 min) did not alter the incidence of
chronic recurrent seizures, but decreased their frequency (Ta-

Table 2. Chronic parameters describing the severity of epilepsy three months later

% of
animals
with SRS

% of
animals with

convulsive SRS
Number of
SRS/week

Mean seizure
duration (sec)

Spike
frequency
(spikes/h)

Behavioral
seizure
score N

P15
Atropine (10 mg/kg) 70 min 75% 25% 10.1 � 6.9 12.8 � 4.9 40.8 � 10.8 1.6 � 0.3 8
Topiramate (10 mg/kg) �atropine 20 min 0 n/a 0* n/a 14.4 � 3.5* n/a 6

40 min 0 n/a 0* n/a 20.2 � 4.7* n/a 7
70 min 14%* 0 0.1 � 0.1* n/a 16.7 � 4.2* n/a 7

Diazepam (5 mg/kg) �atropine 20 min 17%* 0 0.2 � 0.2* n/a 16.8 � 2.0* n/a 6
40 min 33% 17% 1.6 � 0.7 12.1 � 9.2 19.4 � 4.0* 1.5 � 1.5 6
70 min 50% 17% 1.2 � 0.5 10.2 � 5.2 21.2 � 5.8* 1.8 � 1.1 6

P28
Atropine (10 mg/kg) 70 min 92% 69% 123.1 � 35.5 26.9 � 7.3 104.3 � 26.1 2.8 � 0.6 13
topiramate (10 mg/kg) �atropine 20 min 17%* 0 0.2 � 0.2* n/a 20.8 � 2.1* n/a 6

40 min 71% 29% 21.9 � 9.8* 33.5 � 4.6 137.3 � 48.2 1.9 � 0.7 7
70 min 88% 63% 28.6 � 12.2* 37.5 � 2.0 79.7 � 25.2 2.2 � 0.5 8

Diazepam (5 mg/kg) �atropine 20 min 17%* 16% 1.3 � 1.3* n/a 35.0 � 2.1* n/a 6
40 min 67% 33% 15.0 � 4.2* 32.3 � 14.5 100.0 � 20.0 1.3 � 0.7 6
70 min 100% 30% 19.6 � 5.8* 25.5 � 6.6 150.2 � 50.2 1.7 � 0.6 10

Parameters of the severity of epileptogenesis were measured over one week of continuous video-EEG recording using Harmonie Software.
Incidence of SRS (spontaneous recurrent seizures), incidence of convulsive SRS (score 3-5), the number of SRS per week, mean seizure duration, spike

frequency (spikes /hour) and mean behavioral seizure score.
N, number of animals; * P � 0.05 versus atropine controls. Values are means � SEM.

Figure 2. (A) Acute vs. chronic outcome of acute topiramate (10 mg/kg) or
diazepam treatment given 20, 40 or 70 min after pilocarpine in P15 rats.
Topiramate did not reduce cumulative seizure time, but blocked development
of SRS. Diazepam reduced cumulative seizure time and did not prevent
development of SRS, atropine ( ); topiramate�atropine (e);
diazepam�atropine (3). (B) Just early treatment with diazepam (20 min)
reduced frequency of SRS. *p � 0.05 vs. atropine controls. Values are
means� SEM 20 (n � 6), 40 (n � 7), 70 (n � 7) topiramate, 20 (n � 6), 40
(n � 6), 70 (n � 6) min diazepam, atropine (n � 8).

Figure 3. Effect of topiramate (10 mg/kg) treatment given 20, 40 or 70 min
after pilocarpine on severity of lithium/pilocarpine SE in P28 rats. (A)
Time-dependent effect of topiramate treatment (10 mg/kg) given 20, 40 or 70
min after pilocarpine on seizure activity of SE in P28 rats, atropine (�); 20
min topiramate �atropine (Œ); 40 min topiramate �atropine (e); 70 min
topiramate�atropine (�). (B) Representative EEG recordings taken 90 min
after topiramate and/or atropine treatment. Continuous polyspike activity
persisted in 70 min topiramate animal and atropine control, while single spike
activity appeared in 20 or 40 min topiramate animals. Values are means.
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ble 2, Fig. 4B). Topiramate was more effective in reducing the
severity of acute SE in P28 rats when compared with P15 rats,
but reduction of SRS was much greater in the younger group
(Fig. 4A).
High-dose topiramate (50 mg/kg) did not prevent develop-

ment of epilepsy at any time points tested (data not shown),
although there was a nonsignificant 3- to 4-fold reduction of
seizure frequency.

DISCUSSION

This study demonstrates that the anticonvulsant and anti-
epileptogenic properties of a drug can be dissociated, and that
the extent of this dissociation can vary with the degree of brain
maturation. It also suggests that some new generation anti-
convulsants may have antiepileptogenic potential, and that a
comparative evaluation in humans is imperative. Further it
confirms the strong relationship between duration of SE and
long-term consequences.
A comparison of the effects of topiramate vs. diazepam in

the P15 rats suggests a dissociation between anticonvulsant
and antiepileptogenic effects of acute treatment of SE: topira-

mate had no effect on the duration or severity of SE (mean
latency to seizure cessation of three groups was 113 min vs.
141 in atropine controls), while diazepam reduced the latency
to seizure cessation in the three groups to 13 min on average.
In spite of this nine-fold reduction of mean latency to seizure
cessation (13 vs. 113 min) by diazepam, 17% of rats in the 20
min group, 33% treated at 40 min and 50% treated at 70 min
developed SRS, which contrasts with the development of SRS
in only 1 of 20 rats in the topiramate-treated group. In the 40
min group, the topiramate-treated animals averaged 130 min
of total seizure time but none developed SRS, while the
diazepam rats experienced only 47 min of SE, and 33% of
them developed SRS. A comparison of topiramate effects at
two different ages supports that same conclusion: topiramate
was a more effective anticonvulsant in P28 than in P15 rats,
reducing mean latency to seizure cessation to 60 min vs. 212
min in atropine controls, but 17% of rats in the 20 min group,
71% in the 40 min group and 88% in 70 min group developed
SRS.
A limitation of our study is that we did not manage phar-

macokinetic variables, and our conclusions pertaining to an-
tiepileptogenic effects are based on acute treatment with a
single dose of the test drug. Continuous treatment with topi-
ramate for several weeks after initial dose may produce dif-
ferent results.
We are not aware of any other study showing dissociation

of anticonvulsant from antiepileptogenic effects in SE models
in immature animals. However, Koh showed, in a hypoxia-
induced seizure model in P10 rats, that topiramate exerted
antiepileptogenic action when administered shortly following
seizures (25). In adult rats, Prasad (18) showed that MK-801
had a modest effect on SE when compared with phenobarbital,
but had a slightly wider window for the prevention of epi-
lepsy. Fujikawa (26) showed that ketamine failed to stop
seizures but was neuroprotective when administered after the
onset of SE. In vitro, Khalilov showed that in the intact
neonatal rat hippocampus, blockade of NMDA receptors does
not block seizures but efficiently prevents the epileptogenic
process (27).
At P28, early treatment with topiramate as well as diazepam

partially protected the brain from development of SRS and
later treatment had a disease-modifying effect, i.e., reduced the
severity of epilepsy. The beneficial effects of topiramate treat-
ment might have resulted in part, from the reduction in severity
of SE or may be representative of bias introduced by the high
mortality. The efficacy of topiramate treatment declined as the
duration of SE increased. This is a phenomenon that has been
reported with other anticonvulsants as well (18,28).
Paradoxically, the lower dose topiramate (10 mg/kg) was

more effective in preventing of development of SRS than the
higher dose (50 mg/kg). We chose these two doses based on
our preliminary studies (unpublished data) and previous data,
which showed that doses higher than 50–60 mg/kg did not
offer additional protection from any of the acute or chronic
consequences of SE, and on the anticonvulsant ED50 in
several seizure models (24,29). Reduction of anticonvulsive as
well neuroprotective effect with increasing dose has been
reported previously (24,30,31).

Figure 4. (A) Acute vs. chronic outcome of acute topiramate (10 mg/kg)
treatment given 20, 40 or 70 min after pilocarpine in P15 or in P28 rats.
Topiramate was a better anticonvulsant when given to P28 rats; topiramate
was antiepileptogenic in P15 rats, (B) Effect of topiramate (10 mg/kg) or
diazepam treatment during SE in P28 rats on epileptogenesis, evaluated 3 mo
later. Early treatment (20min) partially protected against development of SRS
and significantly reduced the frequency of SRS. Late treatment (40 or 70 min)
reduced the frequency of SRS (disease-modifying effect). * p � 0.05 vs.
atropine controls. Values are means� SEM. Topiramate�atropine P15 (e);
topiramate �atropine P28 ( ); diazepam�atropine P28 (3); atropine P28
( ). 20 (n � 6), 40 (n � 7), 70 (n � 8) topiramate, 20 (n � 6), 40 (n � 6),
70 (n � 10) min diazepam, atropine (n � 13).
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There are only a limited number of reports showing the
effect of topiramate in immature animals. One showed that
topiramate given for 4 wk following a series of neonatal
seizures or lithium/pilocarpine SE induced in P20 pups im-
proved cognitive function after SE model only, and had no
effect on histologic damage (32). In other studies, pretreatment
with topiramate 30 min before or repeated doses given for 48
h after hypoxia-ischemia in P10 pups prevented the increase in
susceptibility to kainate induced seizures and hippocampal
injury later (25,31).
In mature animals, diazepam given 2 h after the onset of SE

was able to reduce the occurrence and severity of later sei-
zures. The dose of diazepam used in those studies was much
higher (4�) than the dose used in our study which produced
an effective anticonvulsant effect (19). Diazepam as well as
other antiepileptic drugs can trigger apoptotic neurodegenera-
tion in immature animals younger than those used in the
present study (33). On the other hand, Glier recently reported
that topiramate (40 mg/kg) had no such effect when given to
P14 rats (34).
It is not clear whether the antiepileptogenic or disease-

modifying properties of topiramate in immature rats are re-
lated to its neuroprotective effect. In experimental models of
stroke, topiramate reduced infarct volume (35) and CA1 dam-
age (36). Acute treatment with topiramate in different models
of SE reduced acute damage in CA1, CA3 and the hilus (24,
9). Topiramate given for one week after lithium/pilocarpine
SE reduced damage in CA1 and CA3 without any effect on
epileptogenesis (24), as reported also for other agents (37,38).
The neuroprotective mechanism of topiramate is not com-

pletely understood. The mechanism potentially includes: in-
hibition of voltage- gated calcium channels (N-, P-, and R-
type calcium channels), effect on GluR5 kainate receptor-
mediated synaptic current, antagonistic action at AMPA-R
mediated responses, blockade of voltage-gated sodium chan-
nels, potentiation of GABAergic signaling, and inhibition of
carbonic anhydrase, particularly isozymes II and IV (39). The
differential antiepileptogenic effect of topiramate on P15 and
P28 rats may be related to the importance of calcium-
permeant AMPA receptors in the younger animals (40). The
ontogeny of GluR2 subunit expression in the CA1 subfield of
the hippocampus is associated with reduced calcium perme-
ability as the brain matures (40). This may mean that the
AMPA antagonism of topiramate may be more important in
the epileptogenic process in P15 animals.
The dissociation between anticonvulsive and antiepilepto-

genic effects at specific stages of development suggests that a
systematic study of the antiepileptogenic properties of all
anticonvulsant drugs is needed to guide future clinical studies.
It also suggests that the treatment of SE might benefit from
polytherapy where the anticonvulsive efficacy of one drug
would be complemented by the antiepileptogenic efficacy of
another.
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