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Neurobiology of Disease

Epileptogenesis Provoked by Prolonged Experimental
Febrile Seizures: Mechanisms and Biomarkers

Céline M. Dubé,1,2 Teresa Ravizza,4 Mark Hamamura,3 Qinqin Zha,1,2 Andrew Keebaugh,1,2 Kimberly Fok,1,2

Adrienne L. Andres,1,2 Orhan Nalcioglu,3 Andre Obenaus,5 Annamaria Vezzani,4 and Tallie Z. Baram1,2

Departments of 1Anatomy and Neurobiology and 2Pediatrics, 3Tu and Yuen Center for Functional Onco-Imaging, University of California, Irvine, Irvine,

California 92697, 4Department of Neuroscience, Laboratory of Experimental Neurology, Mario Negri Institute for Pharmacological Research, 20157 Milan,

Italy, and 5Department of Radiation Medicine, Loma Linda University School of Medicine, Loma Linda, California 92324

Whether long febrile seizures (FSs) can cause epilepsy in the absence of genetic or acquired predisposing factors is unclear. Having

established causality between long FSs and limbic epilepsy in an animal model, we studied here if the duration of the inciting FSs

influenced the probability of developing subsequent epilepsy and the severity of the spontaneous seizures. We evaluated if interictal

epileptifom activity and/or elevation of hippocampal T2 signal on magnetic resonance image (MRI) provided predictive biomarkers for

epileptogenesis, and if the inflammatory mediator interleukin-1� (IL-1�), an intrinsic element of FS generation, contributed also to

subsequent epileptogenesis. We found that febrile status epilepticus, lasting an average of 64 min, increased the severity and duration of

subsequent spontaneous seizures compared with FSs averaging 24 min. Interictal activity in rats sustaining febrile status epilepticus was

also significantly longer and more robust, and correlated with the presence of hippocampal T2 changes in individual rats. Neither T2

changes nor interictal activity predicted epileptogenesis. Hippocampal levels of IL-1� were significantly higher for �24 h after prolonged

FSs. Chronically, IL-1� levels were elevated only in rats developing spontaneous limbic seizures after febrile status epilepticus, consistent

with a role for this inflammatory mediator in epileptogenesis. Establishing seizure duration as an important determinant in epilepto-

genesis and defining the predictive roles of interictal activity, MRI, and inflammatory processes are of paramount importance to the

clinical understanding of the outcome of FSs, the most common neurological insult in infants and children.

Introduction
Whether long febrile seizures (FSs) can cause epilepsy in the absence
of genetic or acquired predisposing factors is unclear. This possibility
is supported by the fact that many patients with temporal lobe epi-
lepsy (TLE) have a history of long FSs without evidence of additional
risk factors or a family history of epilepsy (Cendes et al., 1993; French
et al., 1993; Shinnar, 1998; Theodore et al., 1999). The causal rela-
tionship of long FSs and TLE is clinically important, because, if it
exists, then predictive biomarkers and preventive therapies might be
feasible. To address this question, we have previously characterized
an experimental model of long FSs in immature rodents (Dubé et al.,
2000, 2005). Using this model, we found that experimental FSs last-
ing �20 min, equivalent in duration to long childhood FSs, resulted
in TLE in�35% of rats (Dubé et al., 2006). Because epilepsy does not
arise spontaneously in naive rats, these experiments suggested that,
at least in rodents, long FSs can provoke epileptogenesis in the ab-
sence of detectable predisposing factors.

If long FSs lead to epilepsy, then this process clearly takes place
only in a minority of cases: FSs occur in 2– 6% of children

(Hauser and Hersdorffer, 1990; Berg et al., 1992; Stafstrom, 2002;
Sillanpää et al., 2008) and are prolonged in �15% (Nelson and
Ellenberg, 1976; Maytal et al., 1989; Berg and Shinnar, 1996;
Hesdorffer et al., 2008), suggesting that the incidence of pro-
longed FSs is �1:300 infants, whereas TLE is significantly less
frequent (Nelson and Ellenberg, 1978; Annegers et al., 1987). If
long FSs provoke TLE without predisposing factors, then why
does this process take place only in some individuals? A plausible
hypothesis involves differences in the duration or intensity of the
inciting FSs themselves, a possibility that is supported by studies
showing that epileptogenesis is found primarily in children with
febrile status epilepticus (SE) (Annegers et al., 1987; Berg and
Shinnar, 1996). Indeed, recent data suggest that the minimal sei-
zure duration required for development of hippocampal magnetic
resonance imaging (MRI)-apparent changes and EEG abnormalities
is �55 min (VanLandingham et al., 1998; Scott et al., 2002,
2003; Natsume et al., 2007; Provenzale et al., 2008; Shinnar et al.,
2008). If the duration or intensity of FSs governs epileptogenesis,
then defining these parameters would help identify “at-risk” popu-
lations with better precision. Therefore, we conducted experiments
to test if seizure duration predicted the probability of developing
TLE and/or influenced its severity.

Because of the high prevalence of FSs and because relatively
small numbers of individuals with prolonged FSs develop TLE,
seizure duration alone may be a sensitive but not a specific
marker of TLE. Therefore, we sought additional biomarkers for
the epileptogenic process that might be useful for diagnostic clin-
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ical use. We focused on MRI because T2 signal changes have been
described in children with long FSs, and on inflammation and
especially interleukin-1� (IL-1�) because it is intrinsically in-
volved in the febrile response in children and in the generation of
FSs in rodent models (Dubé et al., 2005).

Materials and Methods
Animals and generation of experimental prolonged FSs. Rats (males) were
products of timed-pregnancy Sprague Dawley rats that were housed in an
uncrowded, quiet animal facility room on a 12 h light/dark cycle and
were provided with food and water ad libitum. Parturition was checked
daily, and the day of birth was considered postnatal day 0 (P0). On P2,
litters were adjusted to 10 –12 pups, if needed. When weaned (on P21),
rats were housed two to three per cage. Experimental procedures were
approved by Institutional Animal Care Committees and conformed to
National Institutes of Health guidelines. Supplemental Table 1 (available
at www.jneurosci.org as supplemental material) describes the overall
scheme of the experiments and the assignment of each rat.

Experimental long FSs were induced in rat pups (n � 51) on P11 as
described previously (Baram et al., 1997; Dubé et al., 2000, 2006; Bender
et al., 2003a). Two rats were placed in a glass jar and were subjected to a
regulated airstream (39.5– 41°C) to raise their core temperature. Core
temperatures were measured at baseline, at seizure onset (an average of
2.9 min from the onset of hyperthermia) (Dubé et al., 2007), and every 2
min during the seizures, and were maintained by moving rats that were
close to the higher end of this range to cool surfaces for 2 min. To
examine if seizure duration influenced epileptogenesis, we increased the
duration of hyperthermia (body temperature of 39.5– 41°C) to 70 min,
and the outcome was compared with that of the previous cohort exposed
to 30-min-long hyperthermia (Dubé et al., 2006). The behavioral sei-
zures induced by the hyperthermia have previously been correlated with
EEG seizures (Baram et al., 1997) and were stereotyped, consisting of
sudden movement arrest, followed by facial automatisms (chewing) and
forelimb clonus, which might evolve to body flexion with biting of an
extremity and rarely to generalized (tonic) seizures. After 70 min of
hyperthermia, animals were weighed and moved to a cool surface until
core temperature was reduced to the normal range for age (34 –35°C),
and then returned to the dams. Control rats (n � 34) were littermates of
the experimental group. They were separated from the dams for the same
duration, and their core temperatures maintained within the normal
range for age.

MRI procedure. Eighteen rats underwent MRI on postnatal day 10, to
exclude any preexisting MRI-apparent lesions. Thirteen rats experienced
experimental FSs 1 d later, and five were controls. Eleven of these rats
were imaged 1 month later, and the same rats were then implanted with
electrodes at 2 months and video-EEG monitored long-term for addi-
tional 10 months (see below). One FS rat died after a scan and a second
lost his connector 1 month after surgery and was excluded from addi-
tional analysis.

Rats were sedated using isoflurane inhalation, maintained at 0.5–1%
throughout the scan procedure. MRI scans were acquired with a 7 tesla,
Oxford 300/150 horizontal magnet with an inner bore size of 150 mm,
as described previously (Dubé et al., 2009). Using 2D-MESE (two-
dimensional multi-echo-spin-echo sequence), the T2 sequence had the
following parameters: repetition time, 3500 ms; five echo times (30, 60,
90, 120, 150 ms); field of view, 38 mm; a 256 � 256 matrix size; slice
thickness, 500 �m; six averages for a total acquisition time of 2 h. Twenty
consecutive coronal slices with a gap of 100 �m were obtained. Cuts of
interest covered the brain from �6.5 to �2.0 mm with reference to
bregma (Paxinos and Watson, 1998). T2 relaxation time values (in mil-
liseconds) were calculated on a pixel-by-pixel basis, and T2 maps were
generated.

MRI analysis. Quantitative T2 relaxation maps were analyzed both on
P10 and on P40. During this interval, brain maturation has profound
effects on T2 values (Dubé et al., 2004); therefore, FS rats were compared
with their littermate controls at each age. Regions of interest (ROIs) were
manually outlined from T2-weighted images without knowledge of the
experimental condition. The regions and the respective coordinates in-

cluded the following: amygdala [basolateral and lateral nuclei combined,
anteroposterior (AP), �2.2 to �4.0 mm; lateral (L), 4 –5.5 mm], dorsal
hippocampus (AP, �2.2 to �4.0 mm; L, 0.5–5 mm), piriform cortex
(AP, �2.2 to �4.0 mm; L, 4 – 6.5 mm), posterior hippocampus (AP,
�4.6 to �6.5 mm; L, 1– 6.5 mm), entorhinal cortex (AP, �4.6 to �6.5
mm; L, 5.5–7.5 mm), corpus callosum (AP, �2.2 to �6.5 mm), and
external capsule (AP, �2.2 to �6.5 mm). For each ROI, T2 values for
each rat that experienced long FSs were compared with the mean � SEM
of the control group to determine the significance of any observed
difference.

Electrode implantation. Animals underwent surgery 2 months (n � 17;
12 FS and 5 controls) or 6 months (n � 8 FS and 4 controls) after the
seizures. Rats were implanted with bipolar electrodes (Plastics One) bi-
laterally in the hippocampus [right hemisphere with the coordinates: AP,
�3.7; L, 2.7; ventral (V), �3.7 mm; and left hemisphere with the coor-
dinates: AP, �5; L, 5; V, �7.7 mm with reference to bregma] (Paxinos
and Watson, 1998), and with one cortical electrode over the parietal
frontal cortex (coordinates: AP, �2; L, 2 mm, referring to bregma). One
ground electrode was placed in the middle of the cerebellum. Three
anchoring screws were placed over the cortex and dental acrylic was used
to anchor the electrodes to the pedestal. Cortical and hippocampal re-
cordings were conducted on freely moving rats.

Long-term digital video EEG recordings. After a week recovery period
from the surgical procedure, experimental and control rats were re-
corded via a six-channel commutator (Plastics One) connected to bio-
amplifiers using Powerlab 8SP (ADInstruments) equipped with Chart 4
for Windows. The EEG recordings were synchronized with video moni-
toring using a commercial webcam (Logitech QuickCam, Ultra Vision;
Logitech International). Bandpass frequency filters were set at 0.1 and
200 Hz with a sampling rate of 400 Hz.

Digital video-EEG recordings were performed chronically for 10
months (in the group implanted at 2 months) or 5 months (in the group
implanted at 6 months). Rats were recorded continuously for 24 h on
fixed days twice a week for the first month, and for 48 consecutive hours
once a week during the second month. At that point, we increased re-
cordings to a continuous week once a month for 8 and 3 months, respec-
tively. Rats were killed 2–30 d after the last recording. More than 6000 h
of digital video-EEG recordings were obtained from rats that experienced
long FSs (5500 h) and from control rats (500 h).

EEG analysis. Investigators unaware of the experimental group status
analyzed the EEGs visually, scanning for seizures and for interictal
activity. Electrographic seizures were defined as events consisting of
polyspikes or sharp waves (amplitude, more than twofold background)
that lasted �6 s (Nairismägi et al., 2004; Dubé et al., 2006) (see Fig. 2).
Electrographic seizures were characterized by increasing amplitude and
slowing frequency during seizure progression. Interictal events (see Fig.
3) were defined as follows: (1) polyspikes or sharp-waves discharges last-
ing �5 s; (2) isolated spikes and/or sharp waves; (3) spikes and/or sharp-
wave series. All the interictal events had an amplitude at least threefold
higher than the background and, unlike seizures, were not correlated to
changes in behavior. The videorecordings obtained concurrent with the
EEGs were analyzed for behavioral manifestations of the apparent epi-
leptiform discharges. We tested for typical behaviors associated with
limbic seizures including sudden cessation of activity, facial automa-
tisms, head bobbing, prolonged immobility with staring, alternating or
bilateral clonus, rearing, and falling (Racine, 1972; Dubé et al., 2006).
Both EEG and behavioral manifestations according to the above criteria
were required to classify an event as a seizure. Rats were considered
epileptic if they had at least one well documented seizure as defined
above; 84% of epileptic rats had a minimum of two seizures, and 16% had
one documented seizure.

Tissue harvesting and handling. For acute assessment of glia activation
and IL-1� levels, 30 immature rats that sustained �60-min-long FSs and
25 controls were killed 6, 24, 48, or 72 h after the seizures (n � 4 – 8 rats
per group). Rats were either decapitated for Western blot analyses or
deeply anesthetized with pentobarbital (Nembutal; 80 mg/kg, i.p.) and
perfused transcardially with 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer (PB), pH 7.4. Brains were removed, postfixed in 4% PFA (90
min), cryoprotected in 30% sucrose/PB (48 h), and stored at �80°C.
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Immunocytochemistry. Coronal sections (40 �m) were cut throughout
the hippocampal formation into series using a cryostat, and every fourth
and fifth sections from the dorsal hippocampus were processed for im-
munocytochemistry (ICC). Glial fibrillary acidic protein (GFAP) (a se-
lective marker of astrocytes) and complement receptor type 3, OX 42 (a
marker of macrophages/microglia), ICCs were performed on free-
floating sections using standard avidin– biotin complex methods as de-
scribed previously (Ravizza et al., 2006, 2008a,b). Briefly, sections were
incubated at 4°C for 30 min in 0.4% Triton X-100 in PBS followed by a 15
min incubation in 3% fetal bovine serum (FBS) in 0.1% Triton X-100 in
PBS. The sections were subsequently incubated overnight at 4°C with
mouse anti-rat monoclonal antibody against GFAP (1:2500 dilution;
Millipore Bioscience Research Reagents) or CD11b (1:100 dilution; Se-
rotec), in PBS containing 1% Triton X-100 and 3% fetal bovine serum.
After rinsing in PBS, sections were incubated in biotinylated goat anti-
mouse IgG (1:200; Vector Laboratories) for 1 h in PBS plus 4% FBS. After
washing, sections were incubated with avidin– biotin peroxidase com-
plex (Vectastain ABC; Vector Laboratories) for 1 h at room temperature,
and then incubated with 50% 3,3�-diaminobenzidine (DAB) containing
0.009% H2O2.

Isolectin B4 (BSI-B4) was used as a specific marker of activated micro-
glia because it recognizes D-galactose-containing glycoconjugates ex-
pressed on the surface of activated (but not resting) microglial cells. ICC
was conducted on free-floating sections as previously described (Streit
and Kreutzberg, 1987; Ayoub and Salm, 2003) using isolectin B4 perox-
idase conjugate from Griffonia simplicifolia (Sigma-Aldrich). Sections
were washed with PBS with 0.5% H2O2 for 10 min, rinsed with PBS with
0.1% Triton X-100 for 5 min, and incubated with isolectin B4 peroxidase
conjugate (1:500) in PBS with 0.1% Triton X-100 at 4°C overnight. After
rinsing with PBS, sections were incubated with 50% DAB containing
0.009% H2O2.

IL-1� ICC was performed on free-floating sections as described pre-
viously (Ravizza et al., 2008b). Sections were incubated 10 min in Tris-
buffered saline (TBS) with 70% methanol and 2% H2O2 followed by a
solution of TBS containing 1% Triton X-100 and 10% FBS for 30 min.
Sections were incubated overnight at 4°C, with goat polyclonal anti-rat
IL-1� (1:200; Santa Cruz Biotechnology) in TBS containing 1% Triton
X-100, 10% FBS. After rinsing in PBS, sections were incubated with
rabbit anti-goat IgG (1:200; Vector Laboratories) for 1 h in 1% Triton
X-100 TBS plus 10% FBS. After washes, sections were treated as de-
scribed above for GFAP and OX-42 ICCs.

Cell counts. Cell counts were performed on both perfused and frozen
brains. Perfused brains included adult FS (n � 8) and control rats (n � 4)
that were killed 11 months after the induction of the febrile status epi-
lepticus. These rats were the same ones implanted 6 months after febrile
SE and video-EEG recorded for 5 months. Rats were deeply anesthetized
with pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 4%
PFA in 0.1 M PB. Brains were removed, postfixed in 4% PFA (4 h),
cryoprotected in 30% sucrose/PB (48 h), and stored at �80°C. Frozen
brains were derived from one brain hemisphere of rats implanted 2
months after febrile SE and video-EEG recorded for 10 months. For both
groups, hippocampi were cut serially, and every 10th section was stained
with 1% cresyl violet acetate. Counts were performed using stereological
principles (Gundersen and Jensen, 1987), by an investigator unaware of
the experimental group status of the sections (19 FS and 9 control rats).
Areas for analysis were defined as follows (see Fig. 7A, schematic): For
CA1 pyramidal cell layer, a grid was used and neuronal numbers were
analyzed in two areas. The first area was defined by positioning the grid
parallel to the hippocampal fissure laterally to the crest of CA1 toward
CA3; the second area was analyzed by placing the grid the same way on
the opposite side of CA1 crest. For CA3 pyramidal layer, neuronal num-
bers were also analyzed in two areas. The first area (20,000 �m 2) was
defined by positioning the grid laterally parallel to the hippocampal fis-
sure and to the superior blade of the granule cell (GC) layer, with its
upper margin positioned along a virtual line connecting the tip of GC
layer and the CA3/CA2 junction of the pyramidal cell layer. The second
area (20,000 �m 2) was defined by placing an upper corner of the grid at
the tip of GC layer suprapyramidal blade and the grid parallel to CA3
pyramidal cell layer. The hilus was defined by its borders with the granule

cell layer and by an imaginary perpendicular line at the end of the CA3.
Neurons located between this imaginary line and the GC layer were
counted. Neurons were included when their nucleus and nucleolus were
clearly identifiable. Counts were performed under 400� magnification.
To account for potential volume change of the hippocampal formation
after experimental long FSs, hippocampal volume was estimated in both
experimental and control rats using Cavalieri’s principles. Data were
expressed as density (number of neurons per square millimeter) and as
absolute number of neurons.

Western blot procedure and analysis. Western blot analyses of IL-1�

were performed on immature rats (22 FS and 17 controls) (see supple-
mental Table 1, available at www.jneurosci.org as supplemental mate-
rial). In addition, these analyses were performed on adult rats, nine
experimental FS and five controls. These adult rats had been implanted 2
months after febrile SE and video-EEG recorded for 10 months (see
supplemental Table 1, available at www.jneurosci.org as supplemental
material), and one of their hemispheres was used for cell counts, as
described above. Rats were decapitated, their brains were rapidly re-
moved, and the hemispheres were separated and frozen on dry ice. Each
sample consisted of a hippocampal extract from an individual rat. For
regional analyses of protein expression in CA1, hippocampi were further
dissected. Tissue was immediately frozen on dry ice and was homoge-
nized in 20 mM Tris-HCl, pH 7.5, and 10 mM EDTA buffer containing
complete protease inhibitor mixture (Complete; Roche). Equal amounts
of protein (150 �g) were separated by SDS-PAGE (15%) and transferred
to Hybond-P polyvinyl difluoride membranes (GE Healthcare). Mem-
branes were rinsed with PBS containing 0.1% Tween 20 and blocked with
10% nonfat milk in 1� PBS overnight at 4 °C. The membranes were
probed with rabbit polyclonal anti-rat IL-1� (1:1500; Abcam) for 3 h at
room temperature. After washes in PBS–1% Tween (PBS-T), mem-
branes were incubated with secondary anti-rabbit antibody (anti-rabbit;
1:10,000; GE Healthcare) in PBS with 5% milk for 1.5 h. Membranes were
then washed repeatedly in PBS-T and incubated with ECL-Plus. Immu-
noreactive bands were visualized by apposing membranes to Hyperfilm
ECL (GE Healthcare), and series of ECL exposures were performed to
ensure that nonsaturated bands were used for quantification. Western
blot data acquisition and analysis were accomplished by measuring the
pixel density and area of immunoreactive bands from the ECL films
using the NIH ImageJ software. Values were normalized to actin. Signif-
icance level for unpaired t tests was set at 0.05 (Prism; GraphPad), and
data are presented as mean with SEs.

Statistical analyses. Data are expressed as mean � SEM (n � number of
independent samples). Differences among groups were compared using
one-way ANOVA with Bonferroni’s post hoc analysis or Student’s t test as
indicated (Prism; GraphPad). Significance was set at 0.05.

Results
Experimental febrile seizure duration influences both
the probability of developing limbic epilepsy and the
severity/duration of the resulting spontaneous seizures
To test if seizure duration contributed to the probability of de-
veloping limbic (temporal lobe) epilepsy after experimental FSs,
we modified our existing model to generate seizures lasting �60
min (i.e., febrile status epilepticus). As shown in Figure 1A, the
threshold to the generation of these FSs was 40.4 � 0.1°C, in
accord with our previous work on shorter experimental FSs, and
seizures lasted 64.3 � 0.5 min. Notably, the duration of hyper-
thermia was not longer than that of many febrile episodes in
children (Shinnar et al., 2008) and did not result in dehydration:
Rat weights immediately before seizures averaged 24.3 � 0.4 g,
and immediately after the seizures, 23.6 � 0.4 g (Fig. 1B), a
weight change of 3.09 � 0.3%. In children, clinically mild dehy-
dration is defined as �5% of body weight loss, whereas moderate
to severe dehydration exceeds 10 and 15% weight loss, respec-
tively (Portale et al., 2002). The temperature profile of rats expe-
riencing these longer FSs ranged from �39.5 to 40.8°C (Fig. 1C),
in accord with our findings on shorter seizures, and well within
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the range found in febrile children (el-Radhi et al., 1986; Berg et
al., 1992), and much lower than temperatures associated with
heat stroke (Dematte et al., 1998; Jardine, 2007) or malignant
hyperthermia (Hopkins, 2000; Rosenberg et al., 2007). Together,
the above results indicated that it was feasible to generate exper-
imental febrile seizures simulating childhood febrile SE, of the
type that has been associated with subsequent MRI and EEG
changes (Shinnar et al., 2008).

We then queried if the longer seizure duration augmented the
probability of developing spontaneous limbic seizures (TLE) and
if the severity of the resulting epilepsy depended on the inciting
seizure. As shown in Figure 2A, rats experiencing a 24-min-long
“FS” had a 35% probability of developing epilepsy (Dubé et al.,
2006). In comparison, 45% of rats experiencing a 64 min febrile

SE developed spontaneous seizures ( p 2
� 0.54; df � 1; p � 0.46).

The duration of the resulting epileptic seizures was significantly
influenced by the inciting FSs. Whereas limbic epilepsy after a 24
min FS resulted in seizures averaging 8 s (median, 7 s; n � 57), the
mean duration of spontaneous seizures generated by a 64 min
febrile SE was 137 s (median, 91 s; n � 18; p � 0.05) (Fig. 2A).
The behaviors during the epileptic seizures varied as a function of
the FS duration. Behavioral seizures after a 24 min FS consisted of

Figure 1. Parameters of experimental FSs lasting 24 or 64 min. A, Duration of seizures on 30

or 70 min of hyperthermia (left y-axis) and threshold temperatures in both paradigms (right

y-axis). B, Rats were weighed before and after 30 or 70 min hyperthermia epochs; average

weights before and after the seizures differed by�3%. This indicates that the rats did not suffer

from dehydration. C, Average core temperatures throughout the 30 or 70 min of hyperthermia

fluctuated between 39.5 and 40.8°C. Error bars indicate SEM. *p � 0.05.

Figure 2. A 64 min FS increased the severity of the resulting epilepsy compared with a 24

min seizure. A, The percentage of rats developing limbic epilepsy increased by 30% after a 64

min FS compared with a 24 min FS. The duration of FSs affected the duration and the severity of

the resulting spontaneous seizures: Mean duration of seizures was significantly longer

(136.7 � 25 s; n � 18) after a 64 min FS compared with a 24 min FS (7.8 � 0.3 s; n � 57;

median durations, 91 vs 7 s). B, C, Typical spontaneous electrographic seizures recorded from

hippocampal and cortical bipolar electrodes in adult rats that had sustained 24 (B) or 64 min (C)

FS. The arrows point to onset and end of epileptiform discharges. Note the clear development of

epileptiform cortical discharges in seizures arising after a 64 min FS, compared with suppression

of cortical EEG amplitude observed in seizures that arose after a 24 min FS. Calibration: 1 s.

D, Still images from a video of a spontaneous seizure resulting from a 64 min FS: The seizure

consisted of alternating and bilateral clonus accompanied by facial automatisms. *p � 0.05.

Error bars indicate SEM.
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sudden cessation of activity accompanied by facial automatisms
(stage 1) (Racine, 1972), whereas the behavioral seizures in rats
that experienced a 64 min febrile SE progressed to head bobbing,
alternating or bilateral clonus, rearing and falling (stages 2–5)
(Racine, 1972). In addition, the amplitude of the epileptiform
EEG discharges during the seizures generated by the 64 min FS
(0.93 � 0.18 mV during the second second of the seizure; 2.43 �

0.23 mV during the penultimate second; N � 18) was signifi-
cantly higher than the amplitude of discharges in seizures gener-
ated by a 24 min FS (0.186 � 0.006 and 0.41 � 0.012, respectively;
N � 57; p � 0.01 for both). Regardless of the duration of the
original FSs, the resulting spontaneous seizures appeared to
emerge from the limbic circuit, commencing in the hippocampus
before propagating to the cortex (Fig. 2B,C). In epilepsy gener-
ated by a 64 min FS, epileptiform cortical discharges were appar-
ent, whereas propagation in the 24 min epilepsy model consisted
of attenuation of cortical EEG amplitude.

The relationship of interictal EEG parameters
and epileptogenesis
In both children (Frantzen et al., 1968; Shinnar et al., 2007) and
rodents (Dubé et al., 2006), long FSs can provoke changes in the
interictal EEG. However, whether or not these interictal changes
are predictive of eventual development of spontaneous seizures is
not fully understood. Therefore, we analyzed the EEGs of rats
exposed to 70 min of hyperthermia, starting at 2 or 6 months after
experimental FSs (n � 19) and compared them with those of
age-matched controls (n � 9). In addition, we compared EEGs
from rats that eventually developed epilepsy with those that did
not. Interictal events after a 24 min FS often consisted of isolated
spikes and sharp-wave bursts (Dubé et al., 2006), whereas typical
interictal activity after a 64 min febrile SE consisted of isolated
spikes as well as spike or sharp-wave series (Fig. 3A). Interictal
activity in both groups emanated from bipolar leads in hip-
pocampus and cortex or the hippocampus alone, and was not
observed in �500 h of recording from control rats. There was no
significant difference in the proportion of rats that developed
interictal events after 24 vs 64 min experimental FSs [15 of 17
(88.2%) vs 16 of 19 (84.2%)]. In both groups, more than twice as
many rats developed such activity compared with those that
eventually had spontaneous seizures. Whereas no rat became ep-
ileptic without interictal activity, the mere presence of such ac-
tivity was a poor predictor of frank epileptogenesis. In rats
experiencing a 24 min FS, interictal events tended to be short and
numerous, as apparent from the analysis of the number of inter-
ictal events per recorded EEG hour and the mean duration of
each interictal event (Fig. 3B). In contrast, interictal events, typ-
ically spike series, from rats that had sustained 64 min febrile SE
were less frequent but much longer. Therefore, the average total
time spent in interictal activity (number of events multiplied by
their duration, in seconds per hour) was significantly higher in
rats experiencing the 64 min FS (20.6 � 1.3 s/h) compared with
the 24 min group (3.08 � 0.1 s/h). However, similar to the pres-
ence of interictal activity, the duration of this activity did not help
predict the development of epilepsy and did not distinguish rats
that became epileptic from those that did not (Fig. 3C). For ex-
ample, after a 64 min FS, average duration of interictal events did
not distinguish epileptic from nonepileptic rats (131.4 � 49.42
and 123.6 � 16.79 s; p � 0.86), and the frequency of interictal
events (number per hour) was similar (0.18 � 0.07 in epileptics vs
0.14 � 0.06 in nonepileptics; p � 0.68). Thus, the average time in
interictal activity per hour was not significantly longer in rats

destined to become epileptic (15.3 � 6.0 s/h) compared with
those who did not develop spontaneous seizures (21.1 � 8.2 s/h).

Inflammation and cell loss in the epileptogenic process that
follows experimental long FSs
Searching for candidate mechanisms for the epileptogenic pro-
cess occurring in a subgroup of rats experiencing experimental
FSs and febrile SE, we focused on the cytokine IL-1�. In children,
studies about CSF elevation of IL-1� and other cytokines are con-
flicting, with reports of elevations in some studies (Tütüncüoğlu et
al., 2001; Haspolat et al., 2002; Virta et al., 2002b) but not in

Figure 3. Comparison of the interictal activity recorded from hippocampal electrodes in

adult rats that sustained either a 24 min or a 64 min FS. A, Examples of interictal epileptiform

activity (arrowheads), defined as unilateral or bilateral spikes or sharp-waves series after 64 min

FS. These events were never found in control rats. Calibration: 1 s. B, A 64 min FS promoted more

discrete epileptiform events per hour of recording compared with a 24 min FS: 0.17 versus 0.9.

The mean duration of interictal events after a 64 min FS was drastically longer: 117.5 � 7.6 s

(n � 111 spike series) vs 3.5 � 0.1 s (n � 136 polyspikes or sharp-waves discharges). C, Av-

erage total time (in seconds per hour) spent in interictal activity was not different in rats that

developed limbic epilepsy compared with those that did not, after a 24 or a 64 min FS. *p �

0.05. Error bars indicate SEM.
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others (Lahat et al., 1997; Ichiyama et al., 1998). Potential expla-
nations for this discrepancy might result from the fact that the
children studied had seizures of varying durations, and those who
became epileptic were not distinguished from those who did not.
In our rodent model of FSs, we have previously found that IL-1�

contributed to seizure generation, because mice lacking the IL-
1RI (IL-1� receptor type I) required higher temperatures to
generate seizures (Dubé et al., 2005). However, whereas the
involvement of IL-1� signaling in the seizures themselves was
established using the transgenic mice, it remained unclear if the
seizures induced expression of IL-1� in the brain and if IL-1�

contributed to the epileptogenic process that followed these
seizures.

We first measured the production of IL-1� protein in hip-
pocampus of immature rats experiencing 64-min-long FSs. As
shown in Figure 4, A and B, Western blot analyses of hippocam-
pal homogenates harvested 24 h after FSs demonstrated aug-
mented levels of the cytokine in the FS group compared with
controls (5.88 � 1.37 and 1.8 � 0.18 optical density normalized
per actin, respectively; p � 0.04; t test with Welch’s correction for
unequal variance). When measured at 48 and 72 h after the FS,
IL-1� levels declined toward control levels, 2.8 � 0.67 at 48 h
(n � 5) and 2.1 � 0.51 at 72 h (n � 8); p � 0.05 vs controls. These
data indicated that de novo synthesis of IL-1� protein was in-
duced for at least 24 h, with a wide variance in the rate of return of
IL-1� levels to baseline among rats (SD of IL-1� protein levels in
FS rats at 48 –72 h, 2.641; SD of the “basal” levels in controls,
0.128). Thus, augmented hippocampal levels of the cytokine in
some rats might persist long enough to initiate molecular cas-
cades that might promote epileptogenesis (Vezzani and Baram,
2007).

We then examined the cells of origin of IL-1� in the hip-
pocampus of rats experiencing long FSs (Fig. 5). Looking at reac-
tive astrocytes expressing GFAP, we found that they were more
abundant in FS rats at 6 h (Fig. 5C,D) and at 24 h (Fig. 5E,F) after
the seizures compared with controls, where the morphology of
astrocytes was typical for their resting state (Fig. 5A,B). Scattered
OX-42-expressing reactive microglia were more commonly
found in FS versus control group at 6 h (Fig. 5C�,D�) and 24 h
(Fig. 5E�,F�) after the seizures, although these cells were relatively
sparse compared with the astrocytic activation observed in adja-
cent sections. Widespread expression of IL-1�-positive cells was
observed at both 6 h (Fig. 5C	,D	) and 24 h (Fig. 5E	,F	) after FSs,
and dual-labeling ICC demonstrated that the activated astrocytes
were the source of the increased IL-1� in FS rats (Fig. 5C	–F	,
insets). No colocalization between IL-1� and OX-42 signals was
observed (data not shown). Together, the above studies provided
independent confirmation of the Western blot data (Fig. 4), in-
dicating that IL-1� not only contributed to the FSs themselves (as
established by Dubé et al., 2005) but was also induced in astro-
cytes of FS rats for at least 24 h.

The persistence of IL-1�-producing astrocytes in FS rats after
the end of the acute “febrile” seizures, and the different decay
rates of IL-1� expression in individual rats after the first 24 h
from FS induction, coupled with the development of epilepsy
only in a subset of FS rats, raised the question of the potential
involvement of this inflammatory mediator in the epileptogenic
process. This hypothesis would predict that rats that became ep-
ileptic would have more robust inflammation and an augmented
IL-1� production compared with rats that did not develop spon-
taneous seizures. Therefore, we examined hippocampal IL-1�

levels in epileptic and nonepileptic FS rats and in controls using
Western blot (Fig. 6). We found that IL-1� protein levels in hip-
pocampal homogenates of FS rats with frank seizures (n � 5)
were significantly higher than those of controls (n � 5), whereas
levels of rats with interictal activity only (n � 6) only were not
different from control levels (Fig. 6). These data suggest an in-
volvement of IL-1� in the epileptic process but do not allow us to
exclude the possibility that IL-1� elevation was a result of the
intermittent seizures experienced by the epileptic rats.

If inflammatory processes contributed to epileptogenesis,
how might this happen? Inflammatory cytokines including IL-1�

have been shown to contribute to cell injury and death (Allan et
al., 2005; Vezzani and Granata, 2005). In a number of animal
models, epileptogenesis is associated with loss of select popula-
tions of neurons in the hippocampal formation (Ben-Ari, 1985;
Sutula et al., 1988; Sloviter, 1994; Pitkänen et al., 2002). Loss of
neurons in hippocampal pyramidal cell layers and the dentate
gyrus is also typically found in hippocampus of individuals with
TLE (Mathern et al., 1997; Bender et al., 2003b). Therefore, hav-
ing found elevated levels of IL-1�, a cytokine known to promote
cell injury, in FS rats that became epileptic, we tested if cell loss
accompanied, and perhaps accounted for, the epileptogenic pro-
cess after long FSs. Extensive, blinded counts of cells were per-
formed throughout vulnerable hippocampal regions using
stereological principles, and neurons were distinguished from
astrocytes using morphological criteria. These measurements
failed to demonstrate appreciable loss of neurons in rats that
became epileptic compared with those with interictal activity
alone, or control rats (Fig. 7). Whereas subtle loss of hilar inter-
neurons could not be excluded using the methods used here, the
data suggest that the epileptogenic process that followed pro-
longed FSs in the rodent model did not require an extensive loss
of cells. These data are consistent with the idea that, after febrile

Figure 4. Long (64 min) FS induced enduring IL-1� production in hippocampus. A, A rep-

resentative Western blot. B, Quantitative Western blot analyses of IL-1� protein: OD of IL-1�-

immunoreactive bands was normalized to that of actin for each lane and revealed a significant

increase 24 h after long FS. IL-1� levels returned to control levels at 48 –72 h. *p � 0.05. Error

bars indicate SEM.
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SE in children, the apparent cell loss in hippocampus (mesial
temporal sclerosis) might be a result of the ensuing epilepsy,
rather than its cause. Together, the above studies of inflammation
after long FSs demonstrate an activation of IL-1� in hippocam-
pus in rats experiencing spontaneous seizures, and are consistent
with involvement of this cytokine in an epileptogenic process that
takes place in the absence of significant neuronal death (Toth et

al., 1998). Rather than death, the function of surviving neurons is
altered during the epileptogenic process, as discussed below.

The search for noninvasive biomarkers for epileptogenesis
after long FSs: MRI
Whereas IL-1� protein levels and proliferation and activation of
glial cells might delineate, and perhaps contribute, to the devel-
opment of epilepsy in an individual rat (or child), their assess-
ment is difficult and requires invasive tissue analysis. By contrast,
MR imaging is noninvasive and can be repeated, and has proven
to help in human and animal studies of epileptogenesis (Van-
Landingham et al., 1998; Roch et al., 2002; Scott et al., 2002; Jupp
et al., 2006; Kharatishvili et al., 2007; Hesdorffer et al., 2008;
Provenzale et al., 2008). We have previously found MRI T2 signal
changes in a subgroup of rats experiencing shorter (24 min du-
ration) experimental FSs (Dubé et al., 2004, 2009). Therefore,
here we queried if MRI changes would occur after a 64 min febrile
SE and if such T2 signal changes would help predict the presence
of spontaneous seizures (i.e., epilepsy) in individual rats. Hip-
pocampal T2 map analyses of MRI scans obtained a month after
a 64 min FS (nine FS and five control rats) yielded results similar
to those found in rats experiencing a 24 min FS. Namely, visually
apparent, increased hippocampal T2 relaxation times were ob-
served in a subset (six of nine) of FS rats (Fig. 8A; B, top six
values), and these changes were highly asymmetric (as typical in
children with febrile SE). Interestingly, hippocampal T2 values in
the involved hippocampus in individual FS rats correlated signif-
icantly with the total time (seconds/hour) spent in interictal ac-
tivity (Fig. 8C). However, T2 values did not differ significantly in
rats that developed epilepsy after a 64 min FS compared with rats
that did not (Fig. 8D), and in individual rats, MRI T2 signal
changes did not correlate with epileptogenesis, as defined by the
presence of spontaneous seizures. Thus, 42% of rats with in-
creased hippocampal T2 levels had spontaneous seizures, and
57% had interictal activity only; 25% of rats with spontaneous
seizures had normal MRI (Spearman’s test, r � 0.09). The T2

Figure 5. Long (64 min) FS promoted prominent activation of astrocytes and mild activation of microglia within 24 h after the seizures. Left panels, Astrocytosis denoted by the hypertrophic cell

body and long and thick processes of the astrocytes was evoked 6 and 24 h after the seizures (C–F and their insets) compared with the control (A, B, and their insets) in CA3 hippocampal

area (C, E, vs A) and in the hilus of the dentate gyrus (D, F, vs B). Middle panels, OX-42 immunoreactivity was detected in resting microglia with small cell body and scant ramification

in control rats (A�, B�, and their insets). Scattered mildly activated microglial cells (moderate hypertrophic processes) were evident 6 h (C�, D�, and their insets) and 24 h (E�, F�, and their

insets) after the onset of FSs. Right panels, IL-1� immunoreactivity was undetectable in control rats (A	, B	) and was robust in glial cells 6 h (C	, D	) and 24 h (E	, F	) after seizures.

Double immunostaining (yellow in insets) demonstrated that IL-1� (green) protein expression was localized to astrocytes (GFAP; red). Scale bars: A–F, A�–F�, B	, D	, F	, 25 �m; A	,

C	, E	, 50 �m; A–F, insets, A�–F�, 12 �m; C	–F	, insets, 10 �m.

Figure 6. Hippocampal IL-1� protein levels were increased in rats that developed epilepsy

after a 64 min FS compared with those that did not. A, A representative Western blot showed

enhanced levels of IL-1� protein in rats with epilepsy (n � 5) compared with those with

interictal activity only (n � 6). B, Quantitative Western blot analyses of IL-1� from CA1 hip-

pocampal area: OD of IL-1�-immunoreactive bands was normalized to that of actin for each

lane, and the data were expressed as percentage of control. The analyses demonstrated a

significant increase of IL-1� protein levels in rats that developed epilepsy. *p � 0.05. Error bars

indicate SEM.
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signal abnormalities in MRI obtained 1 month after the FS did
not predict the presence of augmented hippocampal levels of
IL-1� several months later (Fig. 8E), although correlation of con-
current inflammation and T2 signal have been reported (Bien et
al., 2000).

Together, these findings suggest that MRI changes occur in
subset of rats experiencing experimental febrile SE. These
changes are asymmetric, are present even 1 month after the sei-
zures, yet do not provide a marker of epileptogenesis. Rather, as
found in a cohort experiencing a 24 min FS, they may denote
hippocampal dysfunction manifesting as cognitive defects (Dubé
et al., 2009).

Discussion
The major findings of this study are as follows: (1) In an experi-
mental rodent model, the incidence of limbic epilepsy after long
FSs and the severity of the spontaneous seizures were influenced

Figure 7. Neuronal density and counts in hippocampal areas most affected in limbic epilepsy

did not reveal significant cell loss in epileptic and nonepileptic rats that had experienced a 64

min FS early in life. A, The schematic demonstrates the areas of analysis: CA1 and CA3 pyramidal

cell layers and the hilus of dentate gyrus. B, D, F, Neuronal densities in hippocampal areas CA1

and CA3 and in the hilus of the dentate gyrus of the epileptic rats did not differ from the densities

of the nonepileptic and control rats (n � 9) (one-way ANOVA, CA1, p � 0.93; CA3, p � 0.33;

and hilus, p � 0.4). C, E, G, In the three regions examined, numbers of neurons were not

significantly different in epileptic, nonepileptic, and control rats (one-way ANOVA, CA1, p �

0.82; CA3, p � 0.83; and hilus, p � 0.96). These data suggested that significant loss of neurons

was not a prerequisite for the epileptogenic process that followed prolonged FSs. Error bars

indicate SEM.

Figure 8. MRI changes did not predict epilepsy. A, Examples of T2-weighted images obtained 1

month after a 64 min FS: increased T2 signal (arrows) in hippocampus of a subset of rats that experi-

encedlongFSs(rightpanels)comparedwithcontrolrats(leftpanels).B,T2intensitieswerequantified

bycalculatingT2relaxationtimevalues(inmilliseconds).T2valuesfortherightandlefthippocampiof

each experimental rat were calculated, and the difference from the mean of control rats was deter-

mined. This T2 value difference (
) was more robust in the right hippocampus versus the left one,

indicating an asymmetry. The plain lines depict rats with increased T2 relaxation time compared with

controls. C, Correlation of hippocampal T2 values with the total time spent in interictal activity for

individual experimental rats: The highest T2 values in the right hippocampus were observed in rats

with maximal times spent in interictal activity (Spearman’s r � 0.7; p � 0.04). There was no signif-

icant correlation for the left hippocampus. D, Right hippocampal T2 values were significantly higher in

three of four epileptic rats and in three of five nonepileptic rats compared with the control rats, but did

not differ between epileptic and nonepileptic rats (ANOVA). E, There was no significant correlation

between left hippocampal T2 values and IL-1�protein levels (Spearman’s r�0.48; p�0.19). Error

bars indicate SEM. *p � 0.05.
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by the duration of the original FS. (2) Interictal activity in rats
experiencing a 64 min febrile SE was significantly longer and
more robust than in that after a 24 min seizure, yet it did not
constitute a biomarker for the occurrence of spontaneous sei-
zures. (3) Long FSs led to the activation of astrocytes that pro-
duced the inflammatory cytokine IL-1� in a subset of rats, and
the latter might be involved in the epileptogenic process. (4) Se-
lective MRI changes, similar to those in children, were observed
in hippocampi of a subset of rats experiencing febrile SE; these
correlated with interictal EEG activity yet were not predictive of
epileptogenesis.

Does the duration of a febrile seizure govern the development
and severity of epilepsy?
Whereas most children experiencing febrile SE do well, some
eventually develop epilepsy, yet the reasons for this differential
outcome have remained unclear. A large number of potential
predisposing factors have been proposed, including ion channel
mutations (Berkovic and Scheffer, 1998), cortical dysplasia
(Spreafico et al., 2000), and gene polymorphisms (IL-1�,
SCN1A) (Virta et al., 2002a; Schlachter et al., 2009). Whereas it is
possible that these predisposing factors determine which child
with febrile SE will develop TLE, finding if there are features of
the seizures themselves that predispose to epileptogenesis inde-
pendent of the host brain is important, helping clinicians to in-
stitute measures to avoid long-duration FSs. Animal models
enable excluding predisposing host brain factors and systematic
analyses of FS characteristics in a controlled and prospective
manner. Guided by emerging evidence from the FEBSTAT Study
(S. Shinnar, Principal Investigator) that FS duration might con-
tribute to epileptogenesis, we modified our existing model to
recapitulate febrile SE, generating seizures lasting �60 min with-
out dehydration, resembling long febrile episodes in children. We
found that seizure duration influenced epileptogenesis augment-
ing the severity of the resulting epilepsy, measured by duration of
the spontaneous seizures and their generalization (Racine stage).

Significance of EEG interictal activity after febrile
status epilepticus
EEGs of most rats experiencing experimental seizures lasting 24
or 64 min (31 of 36) became abnormal, demonstrating sharp-
wave bursts, isolated or series of spikes and sharp waves. These
events were never observed in controls and very rarely in hyper-
thermic controls (rats experiencing hyperthermia treated with
diazepam or barbiturates to prevent seizures). Whereas the type
(sharp wave burst vs spikes series) and duration of interictal ac-
tivity depended on the duration of the inciting seizures, the sig-
nificance of these events remains unclear. Because they are never
found in naive rats, interictal events might indicate network hy-
perexcitability and the initial phases of an epileptogenic process.
Indeed, interictal events always preceded the seizures in rats that
developed spontaneous seizures. However, only �50% of rats
with interictal activity developed spontaneous seizures during
recording epochs of 5–10 months. Whereas we did not perform
continuous recordings over this period and thus cannot exclude
entirely the presence of seizures, these data suggest that interictal
activity can persist for months equivalent of decades in people,
without development of overt epilepsy. In previous work, we
found that rats experiencing long FSs were more vulnerable to a
second excitatory “hit,” developing SE in response to kainic acid
doses that did not affect controls (Dubé et al., 2000). In addition,
electrophysiological studies indicated major proexcitatory
changes in their hippocampal circuit, including altered expres-

sion of ion channels (Chen et al., 2001; Brewster et al., 2002).
Whether a second “hit” would render these rats frankly epileptic
is unclear. Thus, the presence of interictal activity denoted long
FSs and resulting hyperexcitable limbic circuit. However, they
did not reliably predict frank epilepsy.

Inflammation after experimental febrile status epilepticus:
significance for epileptogenesis
We found a significant increase in IL-1� expression within acti-
vated astroglial cells in the group of rats experiencing long FSs.
We have previously shown that IL-1� was released during the
experimental FSs and contributed to the generation of these sei-
zures (Dubé et al., 2005). These new data demonstrate that the
seizures also induced the synthesis of the cytokine for a minimum
of 24 h after the seizures. IL-1� has been shown to have potent
proconvulsant properties in both immature (Dubé et al., 2005;
Heida and Pittman, 2005) and adult (Vezzani et al., 1999, 2000;
Balosso et al., 2008) rodents, rendering it a candidate for promot-
ing the epilepsy observed in a subgroup of rats experiencing fe-
brile SE. Because measurements of IL-1� (as well as analysis of
reactive astrocytes and microglia) require harvesting the brains,
we do not know if the rats that produced more IL-1� at 24 h after
FSs, or that had longer persistence of elevated cytokine levels at 48
or 72 h, were those destined to become epileptic. The presence of
significantly higher IL-1� levels in the hippocampi of rats with
spontaneous seizures compared with those without frank epi-
lepsy supports, but does not prove this possibility. The mecha-
nisms by which IL-1� and related inflammatory mediators might
promote epileptogenesis are not fully understood (Vezzani and
Baram, 2007; Vezzani et al., 2008); however, the cellular pathway
involved in its proconvulsant effects has recently been demon-
strated (Balosso et al., 2008) and may also contribute to persistent
changes in neuronal network excitability. Inflammation has clas-
sically been considered to promote neuronal damage and death,
yet these were not found here (see below). The potential role of
IL-1� production after FSs in the epileptogenic process will be
addressed in future studies, which will block IL-1� production
acutely and examine if this prevents epileptogenesis after fe-
brile SE.

MRI signal change after febrile status epilepticus: not a
marker of mesial temporal sclerosis
We performed MRI using T2-weighted scanning protocols to test
if T2 values might indicate hippocampal edema, inflammation,
or cell loss, and if they were indicative of an epileptogenic process.
Abnormally elevated T2 values were found in a subgroup of FS
rats and the pattern of these changes was similar to that found
acutely in a subset of children experiencing febrile SE. However,
the T2 changes were not associated with an increased water con-
tent of the tissue (C. M. Dubé, unpublished observations), with
spontaneous seizures, with significant cell loss, or with significant
loss of volume (data not shown). In addition, the higher T2 val-
ues, which were prominent in area CA1, were not accompanied
by significant cell loss in this region. Whereas subtle loss of some
populations of hilar interneurons could not be excluded using the
methods used here, detailed blinded cell counts failed to demon-
strate a significant overall loss of neuronal populations classically
considered vulnerable in hippocampi of rats that developed TLE-
like epilepsy after experimental febrile SE. These findings are in
accord with the absence of significant cell loss in a chemical status
epilepticus induced epilepsy model in juvenile rats (Raol et al.,
2003). A dissociation of cell loss and epileptogenesis has also been
reported in adult rat models (Zhang et al., 2002), indicating that
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loss of vulnerable cells and a resulting circuit reorganization
(“sprouting”) might not be an absolute requirement for hip-
pocampal epileptogenesis. This lack of appreciable cell loss in rats
rendered epileptic by prolonged FSs raises the interesting point of
the causal relationship of cell loss and epileptogenesis in humans
after long FSs. In individuals with mesial TLE and a history of
long FSs, a specific pattern of cell loss in hippocampus [mesial
temporal sclerosis (MTS)] is a classical finding. However, the
advent of MRI has revealed a significant minority of patients with
classical TLE who lack MRI-visible MTS (Mueller et al., 2006).
Published studies support both the view that MTS might precede
the TLE and perhaps contribute to its onset (VanLandingham et
al., 1998; Scott et al., 2003; Provenzale et al., 2008), as well as the
alternative view that TLE after FSs might precede MTS, and the
latter results from the epileptic seizures (Shinnar, 2003; Salmen-
perä et al., 2005; Kapur, 2006). The data presented here suggest
that the epileptogenic process that follows prolonged FSs in the
rodent model does not require extensive cell loss, raising the
clinical implication that, after febrile SE in children who do not
have preexisting MTS, the MTS found later in their course might
be a result of the subsequent TLE, rather than its cause. In this
context, MTS might denote a more refractory form of TLE that
requires imaging and potentially surgical interventions.

Interestingly, there was a robust correlation (Spearman’s r �

0.7) between abnormal T2 values and time spent in interictal
activity per hour. This finding is intriguing, because we previ-
ously found T2 values to be predictive of hippocampus-
dependent cognitive deficits, and because the extent of interictal
activity correlates with cognitive problems in children and adults
(Binnie, 2003; Aldenkamp and Arends, 2004). Together, these
findings raise the possibility that augmented T2 values on MRI
might indicate ongoing, interictal epileptiform activity, which
might impact hippocampus-dependent cognitive functions in-
cluding declarative memory. These data may prompt clinicians to
perform careful cognitive test on children with abnormal T2 sig-
nal after febrile SE.
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Dubé CM, Zhou JL, Hamamura M, Zhao Q, Ring A, Abrahams J, McIntyre K,

Nalcioglu O, Shatskih T, Baram TZ, Holmes GL (2009) Cognitive dys-

function after experimental febrile seizures. Exp Neurol 215:167–177.

el-Radhi AS, Withana K, Banajeh S (1986) Recurrence rate of febrile con-

vulsion related to the degree of pyrexia during the first attack. Clin Pediatr

25:311–313.

Frantzen E, Lennox-Buchthal M, Nygaard A (1968) Longitudinal EEG and

clinical study of children with febrile convulsions. Electroencephalogr

Clin Neurophysiol 24:197–212.

French JA, Williamson PD, Thadani VM, Darcey TM, Mattson RH, Spencer

SS, Spencer DD (1993) Characteristics of medial temporal lobe epilepsy:

I. Results of history and physical examination. Ann Neurol 34:774 –780.

Gundersen HJ, Jensen EB (1987) The efficiency of systematic sampling in

stereology and its prediction. J Microsc 147:229 –263.
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Frank LM, Moshé SL, Epstein LG, Marmarou A, Bagiella E, FEBSTAT

Study Team (2008) Phenomenology of prolonged febrile seizures: re-

sults of the FEBSTAT study. Neurology 71:170 –176.
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