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Understanding molecular mechanisms mediating epileptogenesis is critical for developing more effective therapies for epilepsy. We
recently found that the mammalian target of rapamycin (mTOR) signaling pathway is involved in epileptogenesis, and mTOR inhibitors
prevent epilepsy in a mouse model of tuberous sclerosis complex. Here, we investigated the potential role of mTOR in a rat model of
temporal lobe epilepsy initiated by status epilepticus. Acute kainate-induced seizures resulted in biphasic activation of the mTOR
pathway, as evident by an increase in phospho-S6 (P-S6) expression. An initial rise in P-S6 expression started �1 h after seizure onset,
peaked at 3– 6 h, and returned to baseline by 24 h in both hippocampus and neocortex, reflecting widespread stimulation of mTOR
signaling by acute seizure activity. After resolution of status epilepticus, a second increase in P-S6 was observed in hippocampus only,
which started at 3 d, peaked 5–10 d, and persisted for several weeks after kainate injection, correlating with the development of chronic
epileptogenesis within hippocampus. The mTOR inhibitor rapamycin, administered before kainate, blocked both the acute and chronic
phases of seizure-induced mTOR activation and decreased kainate-induced neuronal cell death, neurogenesis, mossy fiber sprouting,
and the development of spontaneous epilepsy. Late rapamycin treatment, after termination of status epilepticus, blocked the chronic
phase of mTOR activation and reduced mossy fiber sprouting and epilepsy but not neurogenesis or neuronal death. These findings
indicate that mTOR signaling mediates mechanisms of epileptogenesis in the kainate rat model and that mTOR inhibitors have potential
antiepileptogenic effects in this model.

Introduction
Epilepsy affects �1% of people and is associated with significant
morbidity and mortality. Approximately one-third of epileptic
patients are intractable to currently available treatments (Schuele
and Lüders, 2008). In responsive cases, medications can suppress
seizures symptomatically, but there is minimal evidence that ex-
isting “antiepileptic” drugs correct the underlying brain abnor-
malities causing epilepsy (epileptogenesis) or alter the natural
history of epilepsy. Thus, it is now recognized that novel thera-
peutic approaches are needed with true antiepileptogenic actions
that can prevent or reverse the cellular and molecular mecha-
nisms of epileptogenesis (Dichter, 2006; Löscher and Schmidt,
2006; Stefan et al., 2006). To develop such treatments, a better
understanding of the biological processes mediating epileptogen-
esis is required.

In many epilepsy models, an initial brain insult triggers a cas-
cade of cellular events, which, after a latent period of epileptogen-
esis, leads to chronic hyperexcitability and seizures. For example,
in pharmacological seizures models in rodents, an episode of

status epilepticus is induced by chemoconvulsant agents, such as
kainate or pilocarpine, and, after recovery from the initial pro-
voked seizures, the animals later develop spontaneous epilepsy
(Leite et al., 2002). Numerous cellular and molecular abnormal-
ities have been described during the intervening latent period
that may contribute to epileptogenesis, such as immediate early
gene activation and changes in gene expression (Dragunow and
Robertson, 1987; Elliott et al., 2003; Gorter et al., 2006), alter-
ations in neurotransmitter receptors and ion channels (Brooks-
Kayal et al., 1998; Bernard et al., 2004), axonal sprouting and
synaptic reorganization (Tauck and Nadler, 1985; Sutula et al.,
1988), necrotic and apoptotic neuronal death (Pollard et al.,
1994; Sankar et al., 1998; Tuunanen et al., 1999), and neurogen-
esis (Parent et al., 1997). However, attempts to prevent epilepto-
genesis by modulating these various cellular and molecular ab-
normalities have had only limited success (Acharya et al., 2008).

Although numerous downstream mechanisms may mediate
epileptogenesis, less is known about initial signaling pathways
that trigger the subsequent changes in the brain causing epilepsy.
The mammalian target of rapamycin (mTOR) is a serine/threo-
nine kinase that controls protein synthesis related to cell growth
and proliferation (Sarbassov et al., 2005; Sandsmark et al., 2007).
In brain, mTOR signaling may also regulate neuronal develop-
ment and synaptic plasticity (Tang et al., 2002; Kumar et al.,
2005). Altered mTOR signaling is observed in many human tu-
mors, as well as a variety of cortical malformations and neurode-
generative diseases (Inoki et al., 2005; Tsang et al., 2007). Several
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of these disorders, including tuberous scle-
rosis complex (TSC), focal cortical dyspla-
sia, hemimegalencephaly, and ganglio-
glioma, are highly associated with epilepsy
(Wong, 2008), suggesting that mTOR sig-
naling is involved in epileptogenesis.

We recently reported that mTOR sig-
naling is increased in a mouse model of
TSC and mTOR inhibition prevents the
development of epilepsy in this model
(Zeng et al., 2008). Because there could be
overlapping mechanisms of epileptogen-
esis in different types of epilepsy, in the
present study, we investigated the role of
the mTOR pathway in the kainate model
of epilepsy, a model of temporal lobe epi-
lepsy triggered by an initial episode of sta-
tus epilepticus.

Materials and Methods
Animals and drug treatment. Male Sprague
Dawley rats (Charles River Laboratories) of 6
weeks of age were used in this study. The rats
were housed in a controlled environment with
ad libitum access to food and water. All animal
experiments were performed in accordance
with guidelines approved by the Animal Studies
Committee at Washington University School of
Medicine. Rapamycin (LC Labs) was initially
dissolved in 100% ethanol, stored at �20°C,
and diluted in a vehicle solution containing 5%
Tween 80, 5% PEG 400 (low-molecular-weight
grade of polyethylene glycol) (Sigma), and 4%
ethanol immediately before injection, as de-
scribed previously (Zeng et al., 2008). A couple

of different rapamycin treatment paradigms were used. For pretreatment
studies of rapamycin before onset of status epilepticus, based on pilot
studies examining effects of rapamycin on mTOR activation/
phospho-S6 (P-S6) expression, rats were treated with rapamycin (6
mg � kg �1 � d �1, i.p.) or vehicle for 3 consecutive days before receiving
kainate. On the fourth day, both groups were injected with kainate (12
mg/kg, i.p.; Cambridge Pharma-Chem) to induce acute status epilepti-
cus. Seizure activity was monitored behaviorally and in some cases by
EEG. Behavioral seizures were graded according to a modified Racine
scale (Racine, 1972; Zeng et al., 2007): stage 1, behavioral arrest with
mouth/facial movements; stage 2, head nodding; stage 3, forelimb clo-
nus; stage 4, rearing; stage 5, rearing and falling. The latency to first
behavioral seizure activity, total seizure duration, and maximal stage
severity were measured. Rats that had stage 4 or 5 seizures for at least 3 h
were used for subsequent experiments. Some rats underwent video-EEG
studies to correlate behavioral and EEG seizure activity during acute
status epilepticus, as well as to monitor for development of chronic epi-
lepsy (see below for video-EEG recording methods). During acute status
epilepticus, EEG seizure activity was quantified by the average spike fre-
quency during stage 5 seizures and the total duration of ictal spike activity
(in cases in which the frequency of continuous, repetitive spikes gradu-
ally decreased toward the end of the status episode, the termination of
ictal activity was defined as a spike frequency of �1 spike/s). Other rats
were killed for Western blot or histological analysis at predetermined
time points, as described below. In addition to vehicle-pretreated and
rapamycin-pretreated rats receiving kainate, an additional control group
consisted of saline-treated rats that did not receive kainate.

For posttreatment studies of rapamycin after status epilepticus, rapa-
mycin injection (6 mg � kg �1 � d �1, i.p.) or vehicle was started 24 h after
the onset of kainate status epilepticus for 6 consecutive days and every
other day for the following weeks until the predefined end point of the
study. Other experimental groups involved phenobarbital pretreatment

Figure 1. Kainate-induced seizures results in biphasic activation of the mTOR pathway. A, In the acute phase of kainate status epilep-
ticus, Western blotting shows P-S6 and total S6 expression in hippocampus (top; Hip) and neocortex (bottom) at different time intervals
within the first 24 h after the onset of seizures (which lasted 6.0�1.3 h). B, Quantitative summary demonstrates that phosphorylation of
S6 was increased within 1 h of the onset of kainate-induced seizures, peaked at 3 h, and returned to baseline after 6 h in both hippocampus
and neocortex. The ratio of P-S6/S6 was normalized to rats without kainate (0 h). C, In the chronic phase after kainate status epilepticus,
Western blotting shows P-S6 and total S6 expression in hippocampus (top) and neocortex (bottom) at longer time intervals over several
weeks. D, Quantitative summary demonstrates that phosphorylation of S6 increased again at 3 d in hippocampus, but not neocortex,
peaked at 5 d, and decreased to baseline by 5 weeks. The ratio of P-S6/S6 was normalized to rats without kainate (0d). *p�0.05, **p�
0.01, ***p � 0.001 by one-way ANOVA (n � 6 rats for each time point and group).

Figure 2. Rapamycin pretreatment abolishes mTOR activation from kainate-induced sei-
zures both acutely and chronically but does not alter the acute properties of kainate status
epilepticus. A, In the acute phase of kainate status epilepticus, Western blotting shows P-S6 and
S6 expression at different time interval after kainate-induced status epilepticus in rapamycin-
pretreated (KA�, Rap�) and vehicle-pretreated (KA�, Rap�) rats in hippocampus and neo-
cortex. Vehicle-treated rats that did not receive kainate (KA�, Rap�; 0 h) serve as an addi-
tional control. B, In the chronic phase after kainate status epilepticus, Western blotting shows
P-S6 and total S6 expression at longer time intervals over several weeks in rapamycin- and
vehicle-pretreated rats in hippocampus. Note that pretreatment with rapamycin almost com-
pletely inhibits the activation of P-S6 both acutely and chronically after kainate status epilepti-
cus (n � 6 rats for each time point and group). C, Rapamycin pretreatment had no effect on the
latency, severity (stage), or duration of kainate-induced status epilepticus based on behavioral
analysis (n � 10 rats per group), as well as ictal EEG spike discharges (see Results). Veh, Vehicle.
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(30 mg/kg, i.p.; Sigma) before kainate to
suppress status epilepticus and phenobarbital
treatment (30 mg � kg �1 � d �1, i.p.) starting
the day after kainate status epilepticus for 6
consecutive days to suppress early spontaneous
seizures.

Western blot analysis. Rapamycin and
vehicle-treated rats were killed for Western blot
analysis of markers of mTOR activation at var-
ious time points (1 h, 3 h, 6 h, 16 h, 24 h, 3 d, 5 d,
1 week, 3 weeks, and 5 weeks) after onset of
status epilepticus. Western blot analysis of
phospho-S6 and S6 was performed using stan-
dard methods, as described previously (Zeng et
al., 2008). In brief, protein extracts from neo-
cortex and hippocampi were separated by SDS-
PAGE and transferred to nitrocellulose mem-
brane. After blocking with 5% skim milk, the
membranes were incubated with the rabbit
anti-phospho-S6 antibody (1:1000; Cell Signal-
ing Technology), followed by peroxidase-
conjugated secondary antibody. After the sig-
nals were visualized with ECL reagent (Pierce),
the membranes were reprobed and incubated
with the rabbit anti-S6 antibody (1:1000; Cell
Signaling Technology). Signals were quantita-
tively analyzed with NIH ImageJ software.

Neuronal death assays. Rapamycin- and
vehicle-treated rats were killed for histological
analysis of neuronal death by Fluoro-Jade B and
terminal deoxynucleotidyl transferase biotin-
dUTP nick end labeling (TUNEL) staining, 7 d
after kainate status epilepticus. Rats were anes-
thetized with isoflurane and transcardially per-
fused with PBS, followed by 4% paraformalde-
hyde. The brains were removed immediately
and postfixed with 4% paraformaldehyde over-
night at 4°C. After dehydrating in 30% sucrose
for at least 24 h, the brains were sectioned coro-
nally at a thickness of 50 �m with a vibratome.
Three sections selected from a one-in-six series
were collected from each animal at the same
level of hippocampus, starting at 2.8 mm pos-
terior to bregma, and were stained separately
for Fluoro-Jade B and TUNEL staining.

Staining for Fluoro-Jade B (FJB) (Histo-Chem) was performed as de-
scribed previously (Schmued and Hopkins, 2000; Zeng et al., 2007). In
brief, the sections were mounted on gelatin-coated slides and dried at
room temperature. After rehydration in 100% ethanol (EtOH) (5 min),
70% EtOH (2 min), and distilled water (dH2O) (2 min), the sections were
oxidized in 0.06% potassium permanganate for 10 min, washed with
water, and then immersed in 0.0004% FJB solution for 20 min in the
dark. Thereafter, slides were washed in dH2O, air dried, cleared, and
coverslipped. TUNEL staining was performed using the kit obtained
from Millipore Bioscience Research Reagents according to the instruc-
tions of the manufacturer and as done previously (Zeng et al., 2007). A
Carl Zeiss LSM PASCAL confocal microscope with a 10�/0.3 numerical
aperture (NA) objective was used to acquire images (920 � 920 �m fields)
within CA1, CA3, and dentate hilus at a similar location in different animals.
The number of FJB- and TUNEL-positive cells per image field in the hip-
pocampal CA1, CA3, and hilus were counted in each of the three sections per
animal by an examiner blind to experimental conditions.

5-Bromodeoxyuridine injection and labeling. Rapamycin- and vehicle-
treated rats were killed for analysis of hippocampal neurogenesis by bro-
modeoxyuridine (BrdU) staining, 7 d after kainate status epilepticus.
BrdU (Sigma) was dissolved in 0.9% NaCl. From day 3 after kainate, each
group of rats received daily injection of BrdU for 4 d (50 mg/kg at a
concentration of 15 mg/ml, i.p.). Twenty-four hours after the last dose,
the rats were killed. Tissue sections of 50 �m were cut with a vibratome.

Three sections selected from a one-in-six series were collected from each
animal at the same level of hippocampus, starting at 2.8 mm posterior to
bregma, and were stained separately for BrdU. Sections were denatured
in 2N HCl for 20 min at 37°C and then neutralized in 0.1 M borate buffer, pH
8.5, for 10 min. After thoroughly washing with PBS, the sections were
blocked with 5% normal goat serum and permeated by 0.2% Triton X-100.
Sections were then incubated with anti-mouse BrdU (1:500; Sigma) for 48 h
at 4°C, followed by an anti-mouse IgG conjugated with Alexa Fluor-488
(1:500) for 2 h at room temperature. A Carl Zeiss LSM PASCAL confocal
microscope with a 10�/0.3 NA objective was used to acquire images (920 �
920 �m fields) within dentate hilus at a similar location in different animals.
BrdU-positive cells located in the granule cell layer of the dentate gyrus (DG)
were counted in three sections per animal and averaged.

Timm’s staining. Rapamycin- and vehicle-treated rats were killed for
histological analysis of mossy fiber sprouting (MFS) by Timm’s staining,
4 weeks after kainate status epilepticus. Rats were anesthetized and tran-
scardially perfused with sulfide solution as described previously (Buck-
master, 2004). In brief, coronal serial sections of 50 �m were cut with a
vibratome, and one-in-six series of sections were mounted on slides,
dried, and developed for 60 – 80 min until the molecular layer in the DG
was clearly stained in 120 ml of 50% gum arabic, 20 ml of 2 M citrate
buffer, 60 ml of 0.5 M hydroquinone, and 1 ml of 19% silver nitrate. The
sections were then observed and photographed with a Carl Zeiss Axios-
kop microscope and AxioCamHR digital camera. Mossy fiber sprouting
was assessed according to previously published criteria (Cavazos et al.,

Figure 3. Rapamycin pretreatment decreases neuronal cell death after kainate-induced seizures. Representative sections of
Fluoro-Jade B staining in hippocampus of vehicle- (Veh�KA; A–C) and rapamycin-pretreated (Rap�KA; D–F ) rats are shown 7 d
after kainate status epilepticus. Abundant Fluoro-Jade B-positive neurons can be found in vehicle-pretreated rats in CA1, CA3, and
hilus but not in rapamycin-pretreated rats. G, Quantitative analysis demonstrates a significant decrease in Fluoro-Jade B-positive
neurons in rapamycin-pretreated rats. Scale bar, 200 �m. *p � 0.05, ***p � 0.001 by t test (n � 10 rats per group).
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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 distri-
bution between the tip and crests of the dentate gyrus; 2, more numerous
granules in the supragranular region in a continuous distribution be-
tween the tip and crests of the dentate gyrus; 3, prominent granules in the
supragranular region in a continuous pattern between the tip and crests,
with occasional patches of confluent granules between the tip and crests;
4, prominent 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. The Timm’s scores of the individual sections
were assigned by an investigator blinded to the experimental conditions
and were averaged for each animal.

Video-EEG recording. Rapamycin- and vehicle-treated rats were mon-
itored for spontaneous seizures by weekly video-EEG recording sessions
from weeks 1 to 6 after kainate administration (outlined in Fig. 6 A). For
surgical implantation of epidural and hippocampal depth electrodes, rats
were anesthetized with 1–2% isoflurane in a stereotaxic frame 3 d before
kainate administration. Bilateral anterior and posterior epidural cortical
screw electrodes (�1.60 mm bregma, 1.80 mm lateral and �4.0 mm
bregma, 3.0 mm lateral) and reference (�2.0 mm bregma, 1.0 mm lat-
eral) and ground (�10 mm bregma, 1.0 mm lateral) electrodes were
inserted in the skull, soldered on electronic pins, and secured with dental
cement (Parkell). In some experiments, insulated wires were positioned
bilaterally into hippocampus (�4.5 mm bregma, 3.5 mm lateral, 3.5 mm
deep) in lieu of the posterior epidural electrodes. Rats were acclimated in
cylindrical 10-inch-diameter acrylic cages for at least 1 d before monitor-
ing with a digital video-EEG acquisition system (XLTEK). Multiple-
channel EEG was acquired using standard alternating current amplifiers
with 1–70 Hz bandpass filters. Time-locked digital video was recorded
with a day–night video camera (12 h light/dark cycle). Rats were moni-
tored continuously for the first week and then an epoch of 48 h for each
week thereafter. Because of technical issues, not all rats were monitored
during every weekly time period.

Video-EEG data were analyzed by two independent trained observers.
All EEG data from each monitoring session was reviewed for electro-
graphic seizures, and video was analyzed as needed to confirm behavioral
correlates of electrographic seizures and to rule out sources of artifact.
Electrographic seizures were clearly identifiable as discrete periods of
repetitive, evolving spike discharges that lasted at least 10 s and usually
originated in hippocampus but quickly had secondary generalization to
neocortical electrodes. In addition, interictal spikes were identified and
defined as fast (�200 ms) epileptiform waveforms that were at least twice
the amplitude of the background activity. Seizure frequency (number of
seizures per 48 h period) and interictal spike frequency (number of spikes
per minute) were calculated from each 48 h epoch.

Statistics. All statistical analysis was performed using SigmaStat (Systat
Software). Quantitative differences between rapamycin- and vehicle-
treated rats were analyzed by Student’s t test when comparing two groups
and by one-way ANOVA with Tukey’s multiple comparisons post hoc
tests when comparing more than two groups. Quantitative data are ex-
pressed as mean � SEM. A value of p � 0.05 was considered significant.

Results
mTOR pathway is activated by kainate-induced seizures in a
biphasic manner
To determine whether acute kainate-induced seizures trigger
mTOR pathway signaling, the ratio of phospho-S6 to total S6
protein expression was used as a marker of activity of the mTOR
pathway and assayed by Western blotting at different time inter-
vals after seizure onset. Kainate status epilepticus resulted in a
biphasic activation of the mTOR pathway, including both acute
and chronic periods of increased P-S6 expression, correlating
with acute seizure activity and chronic epileptogenesis, respec-
tively (Fig. 1). In the acute phase (Fig. 1A,B), a significant in-
crease in the ratio of P-S6/S6 was initiated within 1 h of the onset
of kainate-induced seizures. This increase in mTOR activity
peaked �3 h and then returned to baseline after 6 h, which cor-

related closely with the resolution of acute kainate seizures (sei-
zure duration, 6.0 � 1.3 h). The kainate seizure-induced mTOR
activity was observed both in hippocampus and neocortex, re-
flecting the widespread involvement of the brain with the sei-
zures. After kainate status epilepticus, mTOR activity remained at
preseizure baseline for at least 2 d, but then subsequent assays of
P-S6 expression revealed a second period of mTOR activation,
starting �3 d after kainate injection (Fig. 1C,D). This increase in
mTOR activity reached a maximum by �5 d and gradually de-
creased over the following few weeks, returning to baseline by 5
weeks after kainate status epilepticus. Interestingly, the secondary
increase was only observed in hippocampus (Fig. 1C, top), with
no corresponding change in neocortex (Fig. 1C, bottom), sug-
gesting that chronic mTOR activation was spatially and tempo-
rally correlated with hippocampal epileptogenesis in the kainate
model. To distinguish whether the initial mTOR pathway activa-
tion was a result of the kainate-induced seizure activity or a direct
pharmacological effect of kainate, other rats were pretreated with
phenobarbital (30 mg/kg, i.p.; Sigma) before kainate injection to
suppress seizures. No seizure activity was observed in
phenobarbital-pretreated rats, and there was no increase in the
expression of P-S6 (data not shown), indicating that acute sei-
zures themselves caused the initial mTOR activation.

Rapamycin pretreatment blocks kainate seizure-induced
mTOR activation
We attempted to block the kainate seizure-induced mTOR acti-
vation with the mTOR inhibitor rapamycin. After a series of pilot
experiments testing various doses and durations of rapamycin,
we found that pretreatment of rapamycin at a dose of 6
mg � kg�1 � d�1 intraperitoneally for 3 consecutive days before
kainate injection was effective in preventing the initial increase in

Figure 4. Rapamycin pretreatment decreases neurogenesis after kainate-induced seizures.
Representative sections show BrdU staining in control (Cont) rats that did not receive kainate (A;
KA) and vehicle-pretreated (B; Veh) and rapamycin-pretreated (C; Rap) rats that received kai-
nate. D, Quantitative analysis demonstrates a significant decrease in BrdU-positive cells in the
dentate gyrus of rapamycin-pretreated rats compared with vehicle-pretreated rats after kai-
nate status epilepticus. Scale bar, 200 �m. ***p � 0.001 by one-way ANOVA (n � 3 in control
rats; n � 6 in kainate-treated rats).
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P-S6 activated over several hours by
kainate-induced seizures both in hip-
pocampus (Fig. 2A, top) and neocortex
(Fig. 2A, bottom). Similarly, rapamycin
pretreatment almost completely blocked
the delayed increase in P-S6 over several
weeks in hippocampus (Fig. 2B). In con-
trolling for the potential direct effects of
rapamycin on kainate-induced seizures,
we found that there was no difference in
behavioral seizure latency, duration, and
severity between rats with vehicle and
rapamycin pretreatment before kainate
(Fig. 2C). In addition, EEG ictal spike ac-
tivity lasted slightly longer than behavioral
seizures but also showed no significant dif-
ference between vehicle- and rapamycin-
treated rats in average spike frequency
during stage 5 seizures (2.3 � 0.1 vs 2.4 �
0.1 spikes/s) and total ictal spike duration
(7.7 � 0.7 vs 7.3 � 0.5 h). This indicates
that rapamycin directly inhibited kainate
seizure-induced mTOR activation with-
out affecting the properties of the kainate
seizures themselves.

Rapamycin pretreatment decreases
kainate seizure-induced cell death,
neurogenesis, and mossy
fiber sprouting
We next determined whether rapamycin
could prevent the activation of cellular/
molecular mechanisms that have been im-
plicated in the process of chronic epilepto-
genesis in the kainate model, such as neuronal death,
neurogenesis, and mossy fiber sprouting. Consistent with previ-
ous reports of neuronal death in the kainate model, all vehicle-
pretreated rats (n � 10 of 10) demonstrated evidence of neuronal
death by Fluoro-Jade B staining after kainate status epilepticus in
neurons from the dentate hilus, CA3, and CA1 pyramidal regions
(Fig. 3A–C,G). In contrast, in rats pretreated with rapamycin, 7 of
10 did not exhibit any Fluoro-Jade B-positive neurons after status
epilepticus, whereas the remaining three had only sparse positive
degenerating pyramidal neurons (Fig. 3D–G). Fluoro-Jade B la-
beling was also never observed in saline-injected control rats that
did not receive kainate (n � 0 of 3). Similar protective effects of
rapamycin against neuronal death were observed with TUNEL
staining (data not shown).

The effect of rapamycin on kainate seizure-induced neurogenesis
of dentate granule cells was assessed by BrdU labeling. There were a
small number of BrdU-positive nuclei in the granular cell layer in
saline-injected control animals that did not receive kainate. In
vehicle-pretreated rats, kainate status epilepticus caused a significant
increase in the number of BrdU-positive cells in this region, whereas
in the rapamycin-treated group, the number of BrdU-positive cells
was significantly lower (Fig. 4).

Kainate status epilepticus can lead to the development of supra-
granular MFS, which may also contribute to the development of
chronic epilepsy. To test whether rapamycin can block kainate-
induced MFS, we conducted Timm’s staining to detect evidence of
this aberrant synaptic circuit. In vehicle-treated rats, the staining in
the supragranular region was very intense after kainate status
epilepticus. Rapamycin pretreatment significantly attenuated

this MFS induced by kainate (Fig. 5). Quantitative analysis
showed that the severity score of MFS was significantly de-
creased in the rapamycin-treated group (Fig. 5D).

Rapamycin pretreatment decreases kainate-induced
spontaneous seizures
Vehicle- and rapamycin-pretreated rats were monitored for
spontaneous seizures from weeks 1 to 7 after kainate status epi-
lepticus using the protocol as in Figure 6A. On EEG analysis,
interictal epileptiform spikes were observed frequently in vehicle-
pretreated rats after kainate status epilepticus but were signifi-
cantly decreased in rapamycin-pretreated rats (Fig. 6B). In addi-
tion, whereas none of the rapamycin-pretreated rats had seizures
in the first 7 d after kainate status epilepticus, four of seven
vehicle-pretreated rats developed spontaneous motor (stage 4 or
above) seizures, which started within a few days and increased in
frequency by the end of the first week after kainate status epilep-
ticus (Fig. 6C). Over the following several weeks, all the vehicle-
treated rats had at least one spontaneous seizure, with an average
of 4.8 � 1.6 seizures per 48 h period. In contrast, no seizures were
recorded in three of eight rapamycin-pretreated rats from weeks
1 to 7, and the other rapamycin-pretreated rats had a very low
seizure frequency of 0.2 � 0.1 seizures per 48 h period (Fig. 6D).

Posttreatment with rapamycin after status epilepticus blocks
late mTOR activation and decreases mossy fiber sprouting
and spontaneous seizures
We also examined the ability of late rapamycin treatment initi-
ated 24 h after onset of kainate status epilepticus to block the

Figure 5. Rapamycin pretreatment reduces mossy fiber sprouting after kainate-induced seizures. Timm’s staining shows
mossy fiber staining from control (Cont) rats that did not receive kainate (A; KA) and vehicle-pretreated (B; Veh) and rapamycin-
pretreated (C; Rap) rats 28 d after kainate-induced status epilepticus. A1–C1 are higher magnification of boxed regions in A–C,
respectively. m, Molecular layer; g, granule cell layer. D, Quantitative analysis demonstrates a significant decrease in Timm’s score
in rapamycin-pretreated rats compared with vehicle-pretreated rats after kainate-induced status epilepticus. Scale bars: A–C, 200
�m; A1–C1, 50 �m. ***p � 0.001 by one-way ANOVA (n � 3 in control rats; n � 6 in kainate-treated rats).
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delayed increase in P-S6 in hippocampus. Late rapamycin treat-
ment was able to inhibit the second phase of mTOR activation. By
comparison, similar late phenobarbital treatment did not block
the delayed increased in P-S6 expression in the week after kainate
status epilepticus (Fig. 7A,B), despite suppressing the onset of
spontaneous seizures during this period. Late rapamycin also sig-
nificantly decreased mossy fiber sprouting as assayed by Timm’s
staining (Fig. 7C–E). However, in contrast to the effects of rapa-
mycin pretreatment, posttreatment with rapamycin after status
epilepticus had no significant effect on hippocampal neuronal
death or neurogenesis. No difference was observed in neuronal
cell death in CA1, CA3, and hilus between vehicle-treated and late
rapamycin-treated rats (Fig. 7F). There appeared to be a slight
decrease in BrdU-positive cells in dentate gyrus in rapamycin-
treated rats compared with vehicle-treated rats after status epi-
lepticus (61.3 � 10.1 vs 68.6 � 11.9 per field), but this was not
statistically significant. In chronic video-EEG monitoring stud-
ies, rapamycin posttreatment reduced the frequency of chronic
spontaneous seizures. At 6 weeks after status epilepticus, late
rapamycin-treated rats averaged 0.7 � 0.3 seizures per 48 h epoch
compared with 6.0 � 1.4 seizures per 48 h in vehicle-treated
controls (Fig. 7G).

Discussion
The molecular mechanisms that lead to the development of epi-
lepsy after an initial precipitating injury of the brain are incom-
pletely understood. In the present study, we implicate involve-
ment of the mTOR signaling pathway in mediating
epileptogenesis in a rat model of temporal lobe epilepsy after an

episode of status epilepticus. We first dem-
onstrated that the mTOR pathway is
strongly activated with a biphasic time
course after kainate-induced status epilep-
ticus, and this mTOR activation could be
blocked by rapamycin treatment. Second,
although not altering the acute character-
istics of status epilepticus, rapamycin pre-
treatment counteracted known effects of
kainate status epilepticus on neuronal
death, neurogenesis, and mossy fiber
sprouting, which may represent cellular
mechanisms causing epileptogenesis in
this model. Finally, both pretreatment and
posttreatment with rapamycin signifi-
cantly decreased the development of
chronic epilepsy, indicating that mTOR
signaling is involved in epileptogenesis
and that mTOR inhibitors could be useful
as “antiepileptogenic” therapy.

mTOR is a serine/threonine kinase that
activates a cascade of downstream effec-
tors involved in numerous biological pro-
cesses, including protein synthesis, ribo-
somal biogenesis, and cell growth and
proliferation (Sandsmark et al., 2007).
Through these cellular actions, mTOR sig-
naling has been implicated in controlling
physiological responses to environmental
and metabolic stresses, is dysregulated in a
variety of disorders, including diabetes,
obesity, cardiovascular disease, cancer,
and neurological diseases (Kwiatkowski,
2003; Inoki et al., 2005; Sarbassov et al.,
2005; Tsang et al., 2007), and may be well

suited for mediating mechanisms of epileptogenesis. In the
present study, the initial injurious stimulus of status epilepticus
leads to a biphasic activation of mTOR, with the first peak of
activation occurring in both hippocampus and neocortex acutely
within a few hours during the seizure activity and a second, de-
layed peak occurring several days later within hippocampus only.
Because mTOR can be triggered by glutamate receptor stimula-
tion (Lenz and Avruch, 2005; Gong et al., 2006), it is not surpris-
ing that the initial widespread mTOR activation occurs with sta-
tus epilepticus, which causes massive glutamate release. The
trigger for the second, delayed peak in mTOR activation is less
clear, but the timing and selective hippocampal localization cor-
relate with initial cellular changes that have been implicated in
epileptogenesis within hippocampus during the latent period af-
ter status epilepticus and before the onset of limbic epilepsy in the
kainate model. Thus, both the temporal and spatial distribution
of mTOR activation suggests that mTOR could be central to epi-
leptogenesis in this model. Furthermore, because mTOR inhibi-
tion by rapamycin attenuated the development of epilepsy and
other downstream cellular abnormalities implicated in epilepto-
genesis in the kainate model, these data support that mTOR plays
a primary causal role in epileptogenesis and may serve as an initial
central signaling trigger that activates multiple downstream epi-
leptogenic pathways and processes.

The known biochemical functions of the mTOR pathway are
well suited for mediating mechanisms of epileptogenesis. Cellular
and molecular changes in neurotransmitter receptors and ion
channels, synaptic reorganization, programmed cell death, and

Figure 6. Rapamycin pretreatment reduces KA-induced epilepsy in rats. A, Experimental design demonstrating timing of drug
treatment and video-EEG monitoring. B, Representative EEG background and interictal epileptiform spikes in vehicle- and
rapamycin-pretreated rats. Note there are significantly more epileptiform spikes in vehicle-pretreated rats. **p � 0.01, ***p �
0.001 by t test. C, Number of spontaneous seizures per day in vehicle- and rapamycin-pretreated rats during the first week after
status epilepticus. D, Representative electrographic seizure is shown (top). Rapamycin postponed spontaneous seizure onset and
reduced seizure frequency. Seizures started to develop within 1–2 weeks after kainate administration and became more frequent
in vehicle-pretreated rats, whereas only rare seizures occurred in rapamycin-pretreated rats. *p � 0.05 by two-way ANOVA (n �
6 – 8 rats per time point and group). KA, Kainate; Rap, rapamycin; Veh, vehicle.
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neurogenesis have been proposed to pro-
mote the development of epilepsy in the
kainate model. Most of these putative
mechanisms of epileptogenesis are depen-
dent on protein synthesis and other bio-
chemical processes that could be regulated
by mTOR signaling. In support of this
idea, we found that inhibition of mTOR
with rapamycin pretreatment could re-
duce the amount of apoptosis, neurogen-
esis, and mossy fiber sprouting after status
epilepticus. mTOR signaling has been im-
plicated in apoptosis in other systems and
may have both proapoptotic and anti-
apoptotic actions (Castedo et al., 2002; As-
naghi et al., 2004a), but, to our knowledge,
a relationship of mTOR in programmed
cell death has not been reported previously
in epilepsy models per se. Although
mTOR activation may be neuroprotective
in some situations, such as ischemic brain
injury (Koh et al., 2008), in many other
neuronal and non-neuronal systems,
mTOR-mediated protein synthesis pro-
motes apoptosis (Castedo et al., 2001; As-
naghi et al., 2004b; Thyrell et al., 2004;
Shacka et al., 2007; Chen et al., 2008), con-
sistent with our finding that rapamycin
protects against neuronal death in the kai-
nate model. The inhibition of cell death by
rapamycin indicates that mTOR functions
upstream from cell death mechanisms in
these systems. Similarly, the established
role of mTOR in regulating cell prolifera-
tion has been related to neurogenesis
within the brain (Han et al., 2008) but
again not specifically linked to epilepsy. In
comparison, a recent preliminary study
indicated a connection between mTOR
and mossy fiber sprouting after pilo-
carpine status epilepticus (Buckmaster and Ingram, 2007). Inter-
estingly, although rapamycin can attenuate mossy fiber sprout-
ing, previous attempts to block mossy fiber sprouting by using
other protein synthesis inhibitors have failed (Williams et al.,
2002; Toyoda and Buckmaster, 2005). Thus, mTOR signaling
may have a relatively specific role in some brain abnormalities oc-
curring during epileptogenesis.

Despite the documented effects of status epilepticus in causing
cellular and molecular changes in the brain, the causal role of
these abnormalities in leading to the development of chronic
epilepsy is still controversial, and attempts to block epileptogen-
esis by regulating these processes have had only limited success.
For example, NMDA glutamate receptor antagonists, adminis-
tered just before status epilepticus, can block neuronal death and
chronic epilepsy in the pilocarpine model (Rice and DeLorenzo,
1998). However, NMDA antagonists applied immediately after
status epilepticus in the kainate model could only block neuronal
death and not chronic epileptogenesis (Brandt et al., 2003). Sim-
ilarly, many clinically used seizure medications have been tested
for antiepileptogenic effects in animal models, as well as in peo-
ple. A few animal studies suggest that available seizure drugs, such
as phenobarbital, valproate, and topiramate, may have antiepi-
leptogenic properties (Bolanos et al., 1998; Prasad et al., 2002;

Kudin et al., 2004; Suchomelova et al., 2006), but in most of these
cases, it is difficult to differentiate between the direct anticonvul-
sant (seizure-suppressing) actions of these drugs versus true an-
tiepileptogenic effects. Many other animal studies have found no
evidence that current seizure medications can prevent epilepto-
genesis (Mikati et al., 1994; Rigoulot et al., 2004; Brandt et al.,
2006, 2007), despite sometimes having neuroprotective effects
against cell death or other cellular effects of the initial precipitat-
ing injury. Furthermore, clinical trials in people have also shown
that conventional seizure medications, such as phenytoin and
valproate, can suppress acute symptomatic seizures but do not
prevent the development of chronic epilepsy in head trauma
patients (Temkin et al., 1990, 1999). Thus, there is still a dire
need for the identification of better, clinically available, anti-
epileptogenic drugs.

In the present study, rapamycin most likely has true antiepi-
leptogenic actions rather than simply an anticonvulsant effect.
First of all, rapamycin pretreatment had no measureable effect on
the severity or duration of acute kainate-induced seizures, and a
relatively brief duration of rapamycin administration was re-
quired. Previous studies have also shown minimal to no direct
effects of rapamycin on neuronal excitability (Daoud et al., 2007;
Rüegg et al., 2007). From a pathophysiological standpoint, the

Figure 7. Rapamycin posttreatment after status epilepticus blocks the late phase on mTOR activation and reduces mossy fiber
sprouting and epilepsy but not cell death. A, B, Rats were treated with vehicle (KA�, Rap�) or rapamycin (KA�, Rap�) starting
24 h after onset of kainate status epilepticus for 6 consecutive days. As assayed at 1 week after status epilepticus, rapamycin
posttreatment blocked the late phase of mTOR activation. In contrast, as an additional control, phenobarbital, which can suppress
acute seizure activity, had no effect of kainate-induced mTOR activation (KA�, PB�). *p � 0.05 compared with KA�Veh and
KA�PB by one-way ANOVA (n�4 rats per group). C–E, Rapamycin posttreatment (KA�Rap) reduced mossy fiber sprouting and
Timm’s score in dentate gyrus after kainate status epilepticus compared with controls (KA�Veh). *p � 0.05 by t test (n � 6 rats
per group). F, Rapamycin posttreatment had no significant effect on neuronal death in hippocampus after kainate status epilep-
ticus. G, Rapamycin posttreatment reduced frequency of spontaneous seizures up to 6 weeks after kainate status epilepticus.
*p � 0.05 by one-way ANOVA (n � 7 rats per time point for rapamycin group; n � 7–10 rats per time point for vehicle group).
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most likely mechanism of action of rapamycin, involving inhibi-
tion of mTOR-mediated protein synthesis, could have long-term
consequences on epileptogenesis, without acute, direct anticon-
vulsant actions. However, it is difficult to rule out other actions of
rapamycin that affect either neuronal excitability or epileptogen-
esis. The ability of rapamycin pretreatment to decrease or block
the effects of kainate seizures on neuronal death, neurogenesis,
and mossy fiber sprouting is evidence that mTOR functions as an
upstream regulator of these cellular processes but does not prove
that reversal of these downstream mechanisms causally mediates
the antiepileptogenic effects of rapamycin. In contrast to pre-
treatment, rapamycin applied after status epilepticus blocked the
late phase of mTOR activation and reduced mossy fiber sprout-
ing but not neuronal death or neurogenesis. Because rapamycin
posttreatment was able to reduce chronic spontaneous seizures,
this suggests that mossy fiber sprouting may be more important
for epileptogenesis and is more dependent on the late phase of
mTOR activation. However, the relationship between mossy fi-
ber sprouting and epilepsy in these studies is only correlative. It
will be important for future studies to more specifically identify
the necessary downstream targets mediating epileptogenesis that
are reversed by rapamycin. Independent of the specific down-
stream mechanisms involved, the partial effectiveness of late
rapamycin treatment is encouraging from a clinical standpoint in
suggesting that mTOR inhibitors could have antiepileptogenic
actions even when administered after the onset of the initial pre-
cipitating injury.

The potential clinical applications of rapamycin for prevent-
ing epileptogenesis are significant and immediate. Similar to the
present study, rapamycin was shown recently to have strong an-
tiepileptogenic effects in a mouse model of TSC (Zeng et al.,
2008). As a leading genetic cause of epilepsy and a disease that can
often be identified before the onset of seizures, TSC represents an
ideal candidate for antiepileptogenic treatment with rapamycin.
Although TSC involves genetic mutation of proteins that directly
regulate mTOR, it is probable that other types of epilepsy attrib-
utable to other etiologies may share similar downstream mecha-
nisms of epileptogenesis. Thus, the potential clinical utility of
mTOR inhibitors for preventing epileptogenesis should be con-
sidered in many types of epilepsy, such as TSC, symptomatic
temporal lobe epilepsy, and posttraumatic epilepsy. Given the
current lack of proven antiepileptogenic agents, mTOR inhibi-
tors could ultimately have significant benefits for many epilepsy
patients.
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Löscher W, Schmidt D (2006) New horizons in the development of antiepi-
leptic drugs: innovative strategies. Epilepsy Res 69:183–272.

Mikati MA, Holmes GL, Chronopoulos A, Hyde P, Thurber S, Gatt A, Liu Z,
Werner S, Stafstrom CE (1994) Phenobarbital modifies seizure-related
brain injury in the developing brain. Ann Neurol 36:425– 433.

Zeng et al. • mTOR Mediates Epileptogenesis J. Neurosci., May 27, 2009 • 29(21):6964 – 6972 • 6971



Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowenstein
DH (1997) Dentate granule cell neurogenesis is increased by seizures
and contributes to aberrant network reorganization in the adult rat hip-
pocampus. J Neurosci 17:3727–3738.

Pollard H, Charriaut-Marlangue C, Cantagrel S, Represa A, Robain O, Mo-
reau J, Ben-Ari Y (1994) Kainate-induced apoptotic cell death in hip-
pocampal neurons. Neuroscience 63:7–18.

Prasad A, Williamson JM, Bertram EH (2002) Phenobarbital and MK-801,
but not phenytoin, improve the long-term outcome of status epilepticus.
Ann Neurol 51:175–181.

Racine RJ (1972) Modification of seizure activity by electrical stimulation.
II. Motor seizure. Electroencephalogr Clin Neurophysiol 32:281–294.

Rice AC, DeLorenzo RJ (1998) NMDA receptor activation during status
epilepticus is required for the development of epilepsy. Brain Res
782:240 –247.

Rigoulot MA, Koning E, Ferrandon A, Nehlig A (2004) Neuroprotective
properties of topiramate in the lithium pilocarpine model. J Pharmacol
Exp Ther 308:787–795.
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Boon PA, Theodore WH, Moshé SL (2006) Epileptogenesis and rational
therapeutic strategies. Acta Neurol Scand 113:139 –155.

Suchomelova L, Baldwin RA, Kubova H, Thompson KW, Sankar R, Waster-
lain CG (2006) Treatment of experimental status epilepticus in imma-
ture rats: dissociation between anticonvulsant and antiepileptogenic ef-
fects. Pediatr Res 59:237–243.

Sutula T, He XX, Cavazos J, Scott G (1988) Synaptic reorganization in the
hippocampus induced by abnormal functional activity. Science
239:1147–1150.

Tang SJ, Reis G, Kang H, Gingras AC, Sonenberg N, Schuman EM (2002) A
rapamycin-sensitive signaling pathway contributes to long-term synaptic
plasticity in the hippocampus. Proc Natl Acad Sci U S A 99:467– 472.

Tauck DL, Nadler JV (1985) Evidence of functional mossy fiber sprouting in
hippocampal formation of kainic acid-treated rats. J Neurosci
5:1016 –1022.

Temkin NR, Dikmen SS, Wilensky AJ, Keihm J, Chabal S, Winn HR (1990)
A randomized, double-blind study of phenytoin for the prevention of
post-traumatic seizures. N Engl J Med 323:497–502.

Temkin NR, Dikmen SS, Anderson GD, Wilensky AJ, Holmes MD, Cohen W,
Newell DW, Nelson P, Awan A, Winn HR (1999) Valproate therapy for
prevention of posttraumatic seizures: a randomized trial. J Neurosurg
91:593– 600.

Thyrell L, Hjortsberg L, Arulampalam V, Panaretakis T, Uhles S, Dagnell M,
Zhivotovsky B, Leibiger I, Grandér D, Pokrovskaja K (2004) Interferon
alpha-induced apoptosis in tumor cells is mediated through the phospho-
inositide 3-kinase/mammalian target of rapamycin signaling pathway.
J Biol Chem 279:24152–24162.

Toyoda I, Buckmaster PS (2005) Prolonged infusion of cycloheximide does
not block mossy fiber sprouting in a model of temporal lobe epilepsy.
Epilepsia 46:1017–1020.

Tsang CK, Qi H, Liu LF, Zheng XF (2007) Targeting mammalian target of
rapamycin (mTOR) for health and diseases. Drug Discov Today
12:112–124.

Tuunanen J, Lukasiuk K, Halonen T, Pitkänen A (1999) Status epilepticus-
induced neuronal damage in the rat amygdaloid complex: distribution,
time-course and mechanisms. Neuroscience 94:473– 495.

Williams PA, Wuarin JP, Dou P, Ferraro DJ, Dudek FE (2002) Reassessment
of the effects of cycloheximide on mossy fiber sprouting and epileptogen-
esis in the pilocarpine model of temporal lobe epilepsy. J Neurophysiol
88:2075–2087.

Wong M (2008) Mechanisms of epileptogenesis in tuberous sclerosis com-
plex and related malformations of cortical development. Epilepsia
49:8 –21.

Zeng LH, Xu L, Rensing NR, Sinatra PM, Rothman SM, Wong M (2007)
Kainate seizures cause acute dendritic spine loss and actin depolymeriza-
tion in vivo. J Neurosci 27:11604 –11613.

Zeng LH, Xu L, Gutmann DH, Wong M (2008) Rapamycin prevents epi-
lepsy in a mouse model of tuberous sclerosis complex. Ann Neurol 63:
444 – 453.

6972 • J. Neurosci., May 27, 2009 • 29(21):6964 – 6972 Zeng et al. • mTOR Mediates Epileptogenesis


