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Abstract

Pilocarpine-induced seizures in rats provide a widely animal model of temporal lobe epilepsy. Some evidences reported in the
literature suggest that at least 1 h of status epilepticus (SE) is required to produce subsequent chronic phase, due to the SE-
related acute neuronal damage. However, recent data seems to indicate that neuro-inflammation plays a crucial role in
epileptogenesis, modulating secondarily a neuronal insult. For this reason, we decided to test the following hypotheses: a)
whether pilocarpine-injected rats that did not develop SE can exhibit long-term chronic spontaneous recurrent seizures (SRS)
and b) whether acute neurodegeneration is mandatory to obtain chronic epilepsy. Therefore, we compared animals injected
with the same dose of pilocarpine that developed or did not SE, and saline treated rats. We used telemetric acquisition of EEG
as long-term monitoring system to evaluate the occurrence of seizures in non-SE pilocarpineinjected animals. Furthermore,
histology and MRI analysis were applied in order to detect neuronal injury and neuropathological signs. Our observations
indicate that non-SE rats exhibit SRS almost 8 (+/22) months after pilocarpine-injection, independently to the absence of initial
acute neuronal injury. This is the first time reported that pilocarpine injected rats without developing SE, can experience SRS
after a long latency period resembling human pathology. Thus, we strongly emphasize the important meaning of including
these animals to model human epileptogenesis in pilocarpine induced epilepsy.
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Introduction

Temporal lobe epilepsy (TLE) is the most common epileptic

syndrome in adult humans (see, for review, [1]); for this reason, the

neurobiological bases of TLE have been extensively studied in

preclinical research (see, i.a., [1,2]), and adequate animal models

paralleling human pathology are required. TLE refers to a chronic

condition characterized by seizures primarily involving the

temporal lobe, despite of the fact that other structures, such as

the neocortex, may be the origin of the seizures [3]. In rodents,

systemic administration of single dose of pilocarpine, a muscarinic

cholinergic agonist, lead to status epilepticus (SE) and, after a seizure-

free period, to a chronic condition determined by spontaneous

recurrent seizures (SRS). Pilocarpine has been recently used also to

model pharmacoresistance in TLE [4].

Initially, this model has been proposed as sufficiently isomorphic

with the human disease [5], but several aspects seem to differ

significantly, at least concerning the extent of damage and the

incidence of SE, as well as the inflammatory origin [6]. In fact, 2/3

of human patients suffering TLE presents hippocampal sclerosis,

whereas the remaining 1/3 presents focal limbic lesions. This latter

group does not exhibit pronounced segmental neuronal cell loss or

concomitant sclerosis [7]. On the other hand, massive SE-induced

neurodegeneration in different brain areas has been reported in

pilo-treated animals [8], as well as in other post-SE models of TLE

(e.g., kainic acid [9–11]). The pattern of the damaged structures is

similar in both models, but with different temporal profile of brain

injury [9].

It is interesting to note that systemic administration of

convulsant dose of pilocarpine (.320 mg/Kg) does not elicit SE

in all injected animals [9,12]. These animals are often repeatedly

injected until SE-onset [13,14] or used as control group [15,16],

whereas no studies are available on possible long-term EEG effects

induced by pilocarpine on these animals. Despite of the possible

relevance to the human pathology, very few experimental works

have focused their attention to this phenomenon, and results seem

contrasting. De Mello and colleagues (2005) reported that

pilocarpine-injected animals without developing SE are preserved

from age-related memory and cognitive impairment [17].

This study is aimed to assess: a) whether pilocarpine-injected

rats that did not develop SE may exhibit long-term chronic SRS;

b) pathological alterations in different time-points in the two

experimental groups (SE versus no-SE pilo-injected rats) using

structural and functional MRI; c) neuropathological evidences

studied by the mean of an accurate stereological study. Therefore,

we planned a comparison between animals injected with the same

dose of pilocarpine that developed or did not SE, and saline

treated rats (Fig. 1).
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Results

Seizure detection
The occurrence of seizures was evaluated during the first five

working days of each month per 12 months. As expected, control

rats did not show any seizure during all the evaluated registration

time, and on the other hand, since the first evaluation, pilocarpine-

treated animals that develop SE (PILOSE animals) developed SRS

that were always present until the end of the registration. On the

contrary, surprising findings were evidenced in pilocarpine-treated

animals that did not develop SE (PILOnoSE animals), in which

SRS occurred after eight months (+/22 months) of monitoring

EEG and persisted during the whole registration less frequently

(0.5–1 seizures/week) than the cyclical pattern observed in

PILOSE animals (4–6 seizures/week).

MRI data
T2-weighted (T2-w) signal changes were also consistently

observed in the epileptic animals (24 h PILOSE, 1 year PILOSE

and 1 year PILOnoSE groups; Fig. 2). Hyperintense areas were

identified in the neocortex, rhinal and piriform cortices, as well as

in the hippocampus and anteromedial thalamus. T2-w images

analysis clearly showed a similar pattern of changes in the epileptic

rats, highlighting the signal increase throughout the cortex,

hippocampus and thalamus over other brain structures (Figs. 2–

3). Particularly, we found a significant increase of the signal in

somatosensory and piriform cortices of PILOSE animals compare

to both, control and PILOnoSE (p,0.001) 24 h after pilocarpine

injection, and the same differences but less noted (p,0.05) were

observed in hippocampus at the same time point (24h). But the

most interesting result was observed in medial thalamic nuclei,

where, although at 24 h the signal was significantly increased

(p,0.001) in PILOSE animals with regard to the control and

PILOnoSE ones, it appeared an opposite signal increasing when

evaluating 1 year later the same groups, being highly significant

the increase of the signal in the PILOnoSE group compare to the

control (p,0.01) and PILOSE group (p,0.001).

Regarding rCBV evaluation, we observed interesting findings in

cerebral cortex and thalamus (Fig. 2; Fig. 4). Less marked

differences were found in hippocampus. Specifically, only the

24 hours study provides statistically significant results except for

the inferior layers of the somatosensory cortex where rCBV value

was significantly increased (p,0.05) in PILOSE and PILOnoSE

animals compare to control ones after 1 year of follow up (Fig. 4).

Thus, after 24 h of the pilocarpine/saline injection, the increase of

the value was highly significant in superficial layers of the

somatosensory cortex for both, PILOSE and PILOnoSE animals

(p,0.001) compare to control ones, being at the same time equally

significant the increase of the value for PILOSE animals (p,0.001)

respect to PILOnoSE animals. Also in medial thalamus we found

significance (p,0.001) for PILOSE and PILOnoSE animals

compare to control animals and, in hippocampus only PILOSE

animals showed higher values (p,0.05) respect the others. It is

clear that rCBV results thus in a more predictive and sensible

method to detect and forecast future structural and functional

alterations that will appear only many months later. Furthermore,

these data indicate that PILOnoSE animals do not show any

structural alterations during the acute phase, whereas vascular

alterations are more precocious.

Histopathological data
Histopathological data were analyzed and compared with MRI

data. In Nissl-stained sections, tissue and cell changes in

pilocarpine injected animals brains exhibited a closed topograph-

ical correspondence with the areas of T2W hyperintensity (Figs. 2–

3). In the cerebral cortex of PILOSE animals, edematous

Figure 1. Schematic representation of the experimental design relative to all the different conditions and techniques performed.
doi:10.1371/journal.pone.0005759.g001

SRSs Do Not Require SE
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alterations were found throughout SS cortex 24 h and 1 year of

pilocarpine injection (Fig. 2). In the acute phase (24 h after SE-

onset) pyramidal neurons appeared shrunken with a fusiform

shape showing a typical picnotic conformation (Fig. 2). Rarefac-

tion of neurons and dilated intercellular spaces were also detected

in the hippocampus. In PILOnoSE animals non significant

alterations have been observed both quantitatively and qualita-

tively, with no evident signs of neuronal suffering or degeneration.

Discussion

We hereby report for the first time that animals injected with

pilocarpine that did not exhibit SE acutely (PILOnoSE) developed

late-onset SRS many months after pilo injection. Differently to

PILOSE animals, SRS can be unrelated to previous acute MRI

detectable cellular or tissue damage. However, perfusion MRI

demonstrated to be highly sensible to vascular alterations ongoing

in the first 24 h after pilocarpine injection. In fact, even in absence

of a clear structural degeneration, an augmented cerebral blood

volume in cortical and limbic areas of PILOnoSE animals has been

detected. In addition, we reported evidences that cortico-thalamic

domains can be deeply involved in the pathogenesis of pilocarpine-

induced epilepsy.

Our data cofirm previous evidences, that long-term neuronal

consequences of high-dose cholinergic activation are not necessarily

derived from prolonged seizure activation (as seen in SE) [18].

The present data disconfirm that an initial neurodegeneration is

the responsible for epileptogenesis in the pilocarpine model.

However, there is a wealth of data indicating that SE, with a

minimal duration of 30–60 min is required for epileptogenesis

[19,20]; consequently, SRS has mainly been considered as

functional response of the abnormal neuronal circuitry subsequent

to post-SE brain damage [19,20]. The necessity of SE in order to

establish chronic SRS is a crucial point in the evaluation of the

relevance of this experimental model to the human pathology. As

recently reported, translation of experimental SE data to the clinical

situation should be made with caution [21]. Status epilepticus in

animal models has different pathological features in relation to

human condition, and the extent of neuronal damage is likely to be

overestimated in experimental studies [21]. We should reason that,

whereas in pilocarpine model all animals (100%) that develop SE

will experience chronic SRS, in humans SE does not necessarily

carry an increased risk of consequent chronic epilepsy [22]. In fact,

the risk of epilepsy following acute symptomatic SE was reported by

Hesdorffer et al. [23] to be less than K (42% of cases), 10 years later.

These data suggest that, differently from the animal models, in

human patient SE cannot be considered a sufficient condition for

epileptogenesis. However, there is substantial evidence in humans

indicating that the presence of additional risk factors can contribute

to greater chance of developing epilepsy in case of more diffuse

damage [24,25]

Concerning MRI, it is interesting that similar T2-w signals were

observed between early stages (24 h) of epileptogenesis in PILOSE

and long-term (1 year) effects of PILOnoSE animals. T2-w increase

is usually associated to an increase in interstitial water associated

with the development of vasogenic edema (see, as review, [26]);

such alteration can be detected several weeks after the initial insult

[27]. Seizure-induced neurodegeneration in the medial thalamus

has been linked to short- and long-term consequences, such as

chronic SRS [28]. The fact that PILOnoSE show MD alterations

Figure 2. MRI (T2 and rCBV) and histological (low-power vs higher magnifications) data are presented. The three histological areas used
for the cell density evaluation reported above are, respectively, cerebral cortex, pyramidal layer of CA1 and hilus of the dentate gyrus.
doi:10.1371/journal.pone.0005759.g002

SRSs Do Not Require SE
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after 1 year of pilocarpine injection, proximal to SRS-onset,

suggest that the epileptogenic mechanisms in these animals can be

similar to PILOSE, but extended for a longer period. It is

interesting to note that other brain areas of PILOnoSE rats do not

show any significant T2-w alterations, pointing out a crucial role of

the thalamus. To this regard, evidence in literature suggest that the

high metabolic activity detected in this region after 24 h of

pilocarpine administration may reflect a sustained increase in

inhibitory activity for seizure control, taking part in the chronic

epileptic phenomena [29]. Furthermore, the observed cell loss

after 1 year in PILOnose would be coherent with the destruction of

a structure involved in seizure inhibition [30].

Regional perfusion levels provide critical information on the

development of tissue damage [26]. Perfusion-weighted technique

has been applied to the study of experimental epilepsy (see, i.a.,

[31,32]), indicating a crucial role of vascular alterations in the

pathophysiology of pilocarpine-induced epilepsy. Parametrical

rCBV maps supply quantitative information on physiological

and/or pathological blood volume, providing thus a functional

parameter that can be also independent to structural lesions.

Figure 3. Bar graphs for T2 ratio in different brain areas. T2 ratio was calculated dividing T2 values for each region of interest (ROI) for the
baseline (muscle levels). Data were evaluated with one-way analysis of variance (ANOVA), following LSD post-hoc test, setting the significance at p,.05.
doi:10.1371/journal.pone.0005759.g003

SRSs Do Not Require SE
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Regional CBV alterations can suggest a direct effect of

pilocarpine on the endothelial cells. It is interesting to note that

vascular alterations, and in particular leukocytes recruitment, have

been recently reported to play a key role for epileptogenesis [6].

Furthermore, recent works demonstrated a direct effect of

pilocarpine on endothelial cells [33,34]. In particular, it has been

demonstrated that seizure-like activity was obtained in vivo only in

case of blood brain barrier (BBB) leakage. Furthermore, Marchi

and collaborators reported that focal BBB leakage and increased

serum levels of IL-1 b occur in vivo after pilocarpine injection

Figure 4. Bar graphs for rCBV values in the same brain areas that were identified for T2 analysis.
doi:10.1371/journal.pone.0005759.g004

SRSs Do Not Require SE
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prior to the development of SE and despite of methyl-scopolamine

pretreatment [33]. These evidences, all together, point out a

peripheral action of systemic pilocarpine injection when inducing

epilepsy and could explain the vascular alterations found after

24 hours of the pilocarpine injections in PILOnoSE rats.

Our histopathological data are in agreement with Scharfman

and collaborators [12]. These Authors used PILOnoSE animals for

slice experiments from approximately 1 to 7 months after

pilocarpine administration, finding in K of the animals a small

degree of cell loss in the entorhinal cortex, as well as, in one

animal, mossy fiber sprouting, usually observed in PILOSE animals

during latent period [12].

Regarding the absence of neuronal damage in PILOnoSE

animals after 24 h of the pilo injection, it would be important to

take in account that juvenile rats experiencing SE show no cell

death and no recurrent seizures. Whereas, in older rats, the

experienced seizures and the acute inflammatory reaction suffered

would become chronic and excessive, as reflected by the microglial

activation in hippocampus and would be accompanied by seizure-

induced cell death and development of SRS [35]. In addition,

Brandt and collaborators demonstrated that effective neuropro-

tection (blockade of cell death) after SE did not prevent the

development of SRS in adul rats. This report evidences the

distinction and the different contribution in epileptogenesis of two

processes, inflammation and neuronal death, that could not be

consequent, but subsequent processes [36].

We should also consider that animals that not evolve to SE after

pilocarpine injection may have a ‘‘natural’’ lower sensitive for

seizures (higher threshold), justifying the long-term epileptogenic

required time and their lower frequency of SRS (when compared

to PILOSE); it becomes thus important to identify the individual

susceptibility to electrical alterations in new experiments.

Concluding, in this experiment we have evidences for the first

time, that pilocarpine injected rats without developing SE, can

experience SRS after a long latency period resembling human

pathology. For these reasons, we strong emphasize the importance

of including these animals in the study of epileptogenesis modeling

human epilepsy. It remains unclear how other mechanisms can

contribute to the appearance of chronic seizures in the pilocarpine

model, and further investigations are required.

Materials and Methods

We used 2-moths-old male adult Wistar rats weighing 250–

300 g. kept under controlled environmental parameters (temper-

ature 2363.0uC, humidity 50–60% and 12 h inverted light-dark

cycles) and veterinarian control. The experiments were conducted

following the principles of the NIH Guide for the Use and Care of

Laboratory Animals, and the European Community Council (86/

609/EEC) directive.

Animals were injected with methyl-scopolamine (Sigma, 1 mg/

kg, i.p) 30 min prior pilocarpine injection (Sigma, 380 mg/kg, i.p)

to minimize peripheral cholinergic effects. Control rats received

saline instead of pilocarpine. Immediately, rats were video recorded

for 24 hours and during this time, or until 15 days after, depending

on the SE occurrence, pilocarpine injected animals were subdivided

in SE (PILOSE) or non-SE (PILOnoSE) groups (see [10]). Four hours

after pilocarpine/saline injection, all animals received diazepam

administration (single 4 mg/kg i.p. injection) in order to standardize

the duration of seizure activity in SE animals. In all groups, the time

points investigated were 24 h and 1 year after pilocarpine/saline

injection to correlate short and long-term effects.

The experimental design has been summarized in Fig. 1. Two

animals belonged to each group were followed up for 12 months

by telemetry system as previous studies [5]. After two weeks of the

pilocarpine/saline injection, animals were implanted i.p. with the

telemetry transmitter TA11CTA-F40 (Data Science International,

Arden Hills, MN, U.S.A) for cortical sub-dural above the parietal

cortex. EEG recording, locomotor activity and temperature

monitoring. These devices continuously sense, process and

transmit information from the animal to a data storing system.

Prior to the surgery all animals received medetomidine (Dormi-

torH 0.05 mg/kg s.c) as sedative 5 min before the anesthetic

tiletamina+zolacepam (ZoletilH 20 mg/kg i.p), then the analgesic

carprofen (RimadylH 5 mg/kg s.c), and amoxicilina (ClamoxylH
LA 150 mg/kg s.c) as prophylactic antibiotic. The same dose of

the antibiotic was given the day after the surgery. Animals were

allowed to recover for one week after surgery. Four equivalent

non-implanted rats per group were subjected to MRI technique

and Nissl staining to detect morphological features correlated to

the data monitoring (Fig. 1).

In the acute study (24 h after pilocarpine-injection), MRI and

histological techniques were used to describe neurophatological

signs in the groups analyzed. Hyperventilation was observed

during SE but ended after its arrest, and all animals exhibited

normal spontaneous breathing at the time of MRI analysis. MRI

technique has been widely used in studies of experimental epilepsy.

MRI experiments were performed using a Bruker Biospec

Tomograph equipped with an Oxford, 33-cm-bore, horizontal

magnet operating at 4.7T. The data are analyzed with T2W

RARE sequences. Animals were anesthetized with 1% halothane

in 1 L of oxygen in air per minute (initial dose: 4% halothane);

rectal temperature and heart rate were monitored and were

similar in control, PILOSE and PILOnoSE animals.

Regional cerebral blood volume (rCBV) mapping was carried

out using the same Biospec system used structural MRI analysis. In

these animals, anesthetized as indicated above, the tail vein was

catheterized for contrast medium administration. SineremH, an

ultra small particle iron oxide (USPIO) contrast agent (kindly

supplied by Guerbet, Aulnay-Sous-Bois, France) was used.

SineremH has an iron-oxide core of about 6 nm diameter coated

by dextran (coated particle dimensions of about 20 nm) and is

characterized by a blood half-time longer than 2 h in rats [12].

SineremH was dissolved in saline and injected at a 6 mg/kg dose

(mg are referred to iron) and images were acquired with gradient-

echo sequence before and after USPIO administration.

At the end of MRI analysis, the anesthesia was implemented

with barbiturates (Tionembutal, 50 mg/kg, ip) and the rats were

perfused via the ascending aorta with PBS followed by 4%

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB). Brains

were then removed from the skull, left in 30% sucrose overnight

and coronal cut (40 mm thickness) on a freezing microtome

(Reichert-Jung, Vienna, Austria). All sections were collected,

divided in 3 adjacent series and mounted on 2% gelatin-coated

slides. The first series were Nissl-stained, dehydrated, and cover

slipped. Nissl-stained sections were examined under a microscope

under bright-field illumination. The rat atlas of Swanson (1992)

was used to match in all animals the same levels of sections

selected for further analysis [11].

Histological data (neuronal density) and MRI data (T2W and

rCBV values) obtained in the three experimental groups, were

analyzed with one-way analysis of variance (ANOVA), followed by

the LSD post hoc test, setting the significance at P,0.05.

Acknowledgments

We would like to acknowledge Guerbet (Aulnay-Sous-Bois, France) for

kindly providing SineremH.

SRSs Do Not Require SE

PLoS ONE | www.plosone.org 6 June 2009 | Volume 4 | Issue 6 | e5759



Author Contributions

Conceived and designed the experiments: PB FO AS PFF. Performed the

experiments: GNM AC EN PM. Analyzed the data: GNM PFF. Wrote the

paper: GNM PFF.

References

1. Sander JW (2003) The epidemiology of epilepsy revisited, Curr. Opin. Neurol.
16: 165–170.

2. Zhang X, Cui SS, Wallace AE, Hannesson DK, Schmued LC, et al. (2002)

Relations between brain pathology and temporal lobe epilepsy. J. Neurosci. 22:
6052–6061.

3. Arzimanoglou A, Hirsch E, Nehlig A, Castelnau P, Gressens P, et al. (2002)
Epilepsy and neuroprotection: an illustrated review. Epileptic Disord. 4:

173–182.

4. Chakir A, Fabene PF, Ouazzani R, Bentivoglio M (2006) Drug resistance and
hippocampal damage after delayed treatment of pilocarpine-induced epilepsy in

the rat. Brain Res. Bull. 71: 127–138.
5. Cavalheiro EA, Santos NF, Priel MR (1996) The pilocarpine model of epilepsy

in mice. Epilepsia. 37: 1015–1019.
6. Fabene PF, Navarro Mora G, Martinello M, Rossi B, Merigo F, et al. (2008) A

role for leukocyte-endothelial adhesion mechanisms in epilepsy. Nat Med.

14(12): 1377–83.
7. Majores M, Eils J, Wiestler OD, Becker AJ (2004) Molecular profiling of

temporal lobe epilepsy: comparison of data from human tissue samples and
animal models. Epilepsy Res. 60: 173–178.

8. Turski L, Ikonomidou C, Turski WA, Bortolotto CA, Cavalheiro EA (1989)

Review: cholinergic mechanisms and epileptogenesis. The seizures induced by
pilocarpine: a novel experimental model of intractable epilepsy. Synapse. 3:

154–171.
9. Covolan L, Mello LE (2000) Temporal profile of neuronal injury following

pilocarpine or kainic acid-induced status epilepticus. Epilepsy Res. 39: 133–152.

10. Chuang YC, Chang AY, Lin JW, Hsu SP, Chan SH (2004) Mitochondrial
dysfunction and ultrastructural damage in the hippocampus during kainic acid-

induced status epilepticus in the rat. Epilepsia. 45: 1202–1209.
11. Fujikawa DG, Shinmei SS, Cai B (2000) Kainic acid-induced seizures produce

necrotic, not apoptotic, neurons with internucleosomal DNA cleavage:
implications for programmed cell death mechanisms. Neuroscience 98: 41–53.

12. Scharfman HE, Smith KL, Goodman JH, Sollas AL (2001) Survival of dentate

hilar mossy cells after pilocarpine-induced seizures and their synchronized burst
discharges with area CA3 pyramidal cells. Neuroscience. 104: 741–759.

13. Goffin K, Nissinen J, Van LK, Pitkanen A (2007) Cyclicity of spontaneous
recurrent seizures in pilocarpine model of temporal lobe epilepsy in rat. Exp

Neurol. 205: 501–505.

14. Glien M, Brandt C, Potschka H, Voigt H, Ebert U, Loscher W (2001) Repeated
low-dose treatment of rats with pilocarpine: low mortality but high proportion of

rats developing epilepsy. Epilepsy Res. 46: 111–119.
15. Mello LE, Cavalheiro EA, Tan AM, Kupfer WR, Pretorius JK, et al. (1993)

Circuit mechanisms of seizures in the pilocarpine model of chronic epilepsy: cell
loss and mossy fiber sprouting. Epilepsia. 34: 985–995.

16. Priel MR, dos Santos NF, Cavalheiro EA (1996) Developmental aspects of the

pilocarpine model of epilepsy. Epilepsy Res. 26: 115–121.
17. De-Mello N, Souza-Junior IQ, Carobrez AP (2005) Pilocarpine prevents age-

related spatial learning impairments in rats. Behav Brain Res 158: 263–268.
18. Blanco MM, Dos Santos Jr JG, Perez-Mendes P, Kohek SR, Cavarsan CF, et al.

(2009) Assessment of seizure susceptibility in pilocarpine epileptic and

nonepileptic Wistar rats and of seizure reinduction with pentylenetetrazole
and electroshock models. Epilepsia 50(4): 824–831.

19. Cavalheiro EA (1995) The pilocarpine model of epilepsy. Ital J Neurol Sci. 16:

33–37.
20. Curia G, Longo D, Biagini G, Jones RS, Avoli M (2008) The pilocarpine model

of temporal lobe epilepsy. J Neurosci Methods. 172: 143–157.
21. Meierkord H (2007) The risk of epilepsy after status epilepticus in children and

adults. Epilepsia. 48 Suppl 8: 94–95.

22. Holtkamp M, Matzen J, van LF, Buchheim K, Meierkord H (2005) Transient
loss of inhibition precedes spontaneous seizures after experimental status

epilepticus. Neurobiol Dis. 19: 162–170.
23. Hesdorffer DC, Logroscino G, Cascino G, Annegers JF, et al. (1998) Risk of

unprovoked seizure after acute symptomatic seizure: effect of status epilepticus.
Ann Neurol. 44: 908–912.

24. Kwong KL, Sung WY, Wong SN, So KT (2003) Early predictors of medical

intractability in childhood epilepsy. Pediatr Neurol. 29: 46–52.
25. Hauser WA (1990) Status epilepticus: epidemiologic considerations. Neurology.

40: 9–13.
26. Dijkhuizen RM, Nicolay K (2003) Magnetic resonance imaging in experimental

models of brain disorders. J Cereb Blood Flow Metab. 23: 1383–1402.

27. Fabene PF, Sbarbati A (2004) In vivo MRI in different models of experimental
epilepsy. Curr. Drug Targets. 5: 629–636.

28. Cassidy RM, Gale K (1998) Mediodorsal thalamus plays a critical role in the
development of limbic motor seizures. J Neurosci. 18: 9002–9009.

29. Scorza FA, Sanabria ER, Calderazzo L, Cavalheiro EA (1998) Glucose

utilization during interictal intervals in an epilepsy model induced by
pilocarpine: a qualitative study. Epilepsia. 39: 1041–5.

30. Hamani C, Mello L (2002) Thalamic neuropathology in the chronic pilocarpine
and picrotoxin model of epilepsy. Thalamus and related systems 2: 49–53.

31. Fabene PF, Marzola P, Sbarbati A, Bentivoglio M (2003) Magnetic resonance
imaging of changes elicited by status epilepticus in the rat brain: diffusion-

weighted and T2-weighted images, regional blood volume maps, and direct

correlation with tissue and cell damage. Neuroimage. 18: 375–389.
32. Fabene PF, Merigo F, Galie M, Benati D, Bernardi P (2007) Pilocarpine-induced

status epilepticus in rats involves ischemic and excitotoxic mechanisms. PLoS
ONE. 2: e1105.

33. Marchi N, Oby E, Batra A, Uva L, de CM, Hernandez N (2007) In vivo and in

vitro effects of pilocarpine: relevance to ictogenesis. Epilepsia. 48: 1934–1946.
34. Uva L, Librizzi L, Marchi N, Noe F, Bongiovanni R, et al. (2008) Acute

induction of epileptiform discharges by pilocarpine in the in vitro isolated
guinea-pig brain requires enhancement of blood-brain barrier permeability.

Neuroscience 151: 303–312.
35. Rizzi M, Perego C, Aliprandi M, Richichi C, Ravizza T, et al. (2003) Glia

activation and cytokine increase in rat hippocampus by kainic acid-induced

status epilepticus during postnatal development. Neurobiol Dis. 14: 494–503.
36. Brandt C, Glien M, Potschka H, Volk H, Loscher W (2003) Epileptogenesis and

neuropathology after different types of status epilepticus induced by prolonged
electrical stimulation of the basolateral amygdala in rats. Epilepsy Res. 55:

83–103.

SRSs Do Not Require SE

PLoS ONE | www.plosone.org 7 June 2009 | Volume 4 | Issue 6 | e5759


