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Abstract
In many experimental systems, proinflammatory stimuli exhibit proconvulsant properties. There
are also accumulating data suggesting that inflammation may contribute to epileptogenesis in
experimental models as well as in humans. Using two different models (Lithium-pilocarpine
induced-status epilepticus (SE) and rapid kindling), we address this issue in the developing brain.
Using P14 wistar rat pups, we showed that inflammation induced by LPS results, after SE, into a
more severe disease in adulthood. The main histological feature was an active gliosis that was
observed only when inflammation and SE was combined. The use of a kindling model at P14, a
model where seizure progress without any neurodegeneration, permits to show that systemic
inflammation is responsible of an enhancement of epileptogenesis. The role of inflammation
should be further explored in immature brain to identify therapeutic targets that may be relevant to
clinical practice where the association of inflammation and epileptic events is common.
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Introduction
Febrile seizures (FS) are seizures triggered by fever that occur in 3–5% of children between
the age of 6 months and 5 years (Berg and Shinnar, 1996). In humans, retrospective analyses
have considered FS, in particular prolonged FS, as a risk factor for the development of
temporal lobe epilepsy (TLE) (Cendes et al., 1993;French et al., 1993). Currently, it is not
proven that FS is responsible of epileptogenesis leading to TLE. FS can be a symptom of
other factors that lead to the epileptogenic process. This question is particularly complex,
because prospective studies in children with FS have not yet demonstrated the development
of TLE.
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Many experimental models of FS have used hyperthermia. However, very different
physiologic mechanisms underlie fever and hyperthermia (Berg, 1993). A treatment with
bacterial endotoxin lipopolysaccharide (LPS) permits to induce inflammatory mechanisms
as with fever. In many experimental systems, proinflammatory stimuli exhibit proconvulsant
properties (Vezzani and Granata, 2005). Recently, the involvement of interleukin-1 (IL-1)
pathway in epileptogenesis has been suggested (Ravizza et al., 2008). The role of
inflammation as a causative factor in human epileptogenesis has also been explored. An
association of prolonged FS and TLE with hippocampal sclerosis with a polymorphism in
the promoter of IL-1β gene (IL-1β-511T) was reported (Kanemoto et al., 2000;Kanemoto et
al., 2003). These data have been challenged by other studies (Buono et al., 2001;Heils et al.,
2000). However, a recent meta-analysis suggest the link between IL-1β gene polymorphism
and TLE (Kauffman et al., 2008).

In order to mimic human disease condition, it seems important to understand how
inflammation may affect epileptogenesis in immature brain. However, few data are
available. Using the lithium-pilocarpine model of SE at P9 and P21, it has been shown that
age-dependent brain inflammation induced by SE and vascular changes were associated with
epileptogenesis, suggesting that these phenomena are implicated in the mechanisms
underlying the occurrence of spontaneous seizures (Marcon et al., 2009). When LPS is given
prior to systemic kainate injection or prior to short hyperthermic seizure, it results in a long
term modification of brain excitability (Auvin et al., 2009;Heida et al., 2005). However,
recent data suggest that inflammation in developing brain causes by itself a long lasting
increase in seizure susceptibility (Galic et al., 2008).

Here, we studied the role of LPS injection on the epileptogenesis in the developing brain.
For the first time, we have used two models responsible of epileptogenesis in immature
brain: the lithium-pilocarpine model and a rapid kindling model. We used lithium-
pilocarpine in P14 rats with or without LPS injections. Then we studied the rats 3 months
after the initial SE to examine both epileptogenesis and long term histological changes.
Moreover, we used a rapid kindling model to study epileptogenesis in immature brain
without any acute neuronal injury. It is the first study in immature brain exploring the effect
of induced-inflammation in models of epileptogenesis.

Materials and Methods
1/Lithium-Pilocarpine model

Animals, injection of inflammatory factor, and induction of seizures—Wistar
male rat pups (Charles River Laboratories, Wilmington, MA, U.S.A.) were housed in
standard laboratory conditions with controlled temperature/humidity, a 12-h light/dark cycle,
and free access to food and water. Studies were approved by the Animal Research
Committee at the University of California, Los Angeles.

At P13, animals were injected subcutaneously with 3 mEq/kg lithium chloride (Sigma, St.
Louis, MO, U.S.A.). After 14–18 h, rats received i.p. injections of either LPS (50μg/kg, E.
coli serotype 055:B5;Sigma), or vehicle (LiPC group). SE was induced 2 h later by s.c.
injection of pilocarpine (PC, Sigma) in a dose of 60 mg/kg at P14. Only rats that
demonstrated behavioral manifestations of seizures progressing to forelimbs clonus during
at least 1h were used for further studies.

In order to investigate whether sustained inflammation affected the long term consequences
of SE, a separate group of 2-week-old animals were given 50 μg/kg of LPS (Sigma) or
vehicle 2 h preceding the injection of PC (60 mg/kg), followed by repeated injections of 50
μg/kg of LPS (3LPS+LiPC) or vehicle 24 and 48 h after the first LPS treatment (LPS
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+LiPC). A control group of three animals received lithium chloride followed by LPS and
atropine, and finally LPS 24 and 48 hours after atropine. The table 1 represents the four
studied groups.

We use an i.p. injection of LPS two hours prior the procedure as we did in our previous
studies (Auvin et al., 2007;Auvin et al., 2009). We originally based this choice on
experiments that demonstrate that the higher proconvulsant effect of LPS using PTZ model
was 2 hours and 8 hours after the LPS injection (Sayyah et al., 2003). Moreover, Heida et al.
have used a LPS injection 2.5h prior a subconvulsant dose of kainate (Heida et al., 2004). A
recent study has also reported that the levels of cytokines in brain after i.p. injection of LPS
reached the highest level after 1h–2h (Kwon et al., 2010). The repetitive injection of LPS
after lithium-pilocarpine SE (3LPS+LiPC) was design in order to evaluate the effect of
sustained inflammation. We already reported a higher level of cell injury 72h after SE at P14
when LPS was given repetitively (Auvin et al., 2007).

EEG recordings (Figure 1)—Three months after the initial SE, all animals were
recorded 24hours a day for a 6-day period. Following isoflurane anesthesia administration,
the two leads of the EEG transmitter were operatively implanted on the dura through two
drilled bilateral burr holes in the skull on each side of the cranium, (AP: 4.5 mm; ML: 4 or -
4 mm; V: 0 mm to the bregma). After surgery, the rats were transferred to the cage that was
placed on top of the telemetry receiving platform (Data Sciences International, Arden Hills,
MN, USA) and continuous EEG monitoring was performed after a 24 hours period of
recovery. We recorded each rat 24 hours a day during 6 consecutive days (i.e. 144 hours of
continuous recording). Stellate software (Montreal, Quebec, Canada) was used to capture
the data that were then manually reviewed offline for epileptiform events. Video recording
was combined with the EEG for each rat for duration of 24 hours minimum. Analysis was
carried out based on amplitude, frequency and time with EEG evidence of seizures.

Histology—All rats were euthanized with pentobarbital (100 mg/kg, i.p.) and underwent
transcardiac perfusion-fixation with saline followed by 4% paraformaldehyde 24 h after the
end of the video-EEG recording (n=11 LiPC group, n=8 LPS+LiPC, n=8 3LPS+LiPC and
n=3 controls). Brains were removed, dehydrated, embedded in paraffin, cut at 8-μmthick
coronal sections, and stained with either hematoxylin & eosin (H&E, Sigma)

To address the concern of acute neuronal injury, Fluoro- Jade B (F-JB, Histochem Inc.,
Jefferson, AR, U.S.A.) were used. Sections for Fluorojade-B were deparaffinized,
rehydrated, incubated with KMnO4 followed by 0.001% Fluorojade-B. Injured (green
fluorescent) cells were examined bilaterally in the CA1, CA3, hilus and dentate gyrus in
three adjacent sections in the hippocampus approximating -3.6mm posterior to bregma. Cell
counting using H&E staining was also performed in the same areas of the hippocampus
(Paxinos and Watson, 1982). Quantification of cell density was performed with a 1-cm2 10
× 10-box microscopic grid. The grid of counting was placed on a well-defined area of the
cerebral structure of interest, and counting was carried out with a microscopic enlargement
of 200- or 400-fold defined for each single cerebral structure. Cell counts were performed
twice on each side of three adjacent sections for each region by a single observer unaware of
the animal’s treatment (SA). The number of cells obtained in the 12 counted fields in each
cerebral structure was averaged. Neurons touching the inferior and right edge of the grid
were not counted. Counts involved only neurons with cell bodies larger than 10 μm. Smaller
cells considered as glial cells were not counted.
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Immunohistochemistery
GFAP immunostaining: The slides were deparaffined and rehydrated. The sections were
then preincubated in 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS)
containing 0.3% Triton X-100 for 30 min and incubated with polyclonal anti-GFAP from
rabbit diluted 1:200 in 2% BSA in PBS–Triton X-100 for 48 h at 4 °C. After washing
several times, tissue sections were incubated in a rabbit PAP-conjugated anti-rabbit IgG
diluted 1:50 in PBS at room temperature for 2 h. The immunohistochemical reaction was
revealed by incubating the sections in a histochemical medium that contained 0.06% 3,3-
diaminobenzidine dissolved in PBS for 10 min and then, in the same solution containing 1
μM of 3% H2O2 per milliliter of DAB medium for approximately 10 min. Three sections
(six hippocampi) from each rat (sections every 80 μm) were used to perform optical density
analysis.

Values of background staining were subtracted from the immunoreactive
intensities of CA1 area
NeuN-GFAP double immunostaining: The slides were deparaffined and rehydrated. The
sections were then preincubated in 2% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) containing 0.3% Triton X-100 for 30 min and incubated with polyclonal anti-
GFAP (Chemicon) from rabbit diluted 1:200 and anti-NeuN from mouse (Chemicon) diluted
1:100 in 2% BSA in PBS–Triton X-100 for 48 h at 4 °C. After washing several times,
fluorescence immunohistochemistry was performed using Alexa Fluor tagged secondary
antibodies Alexa 488 (green) and Alexa 568 (red) (Molecular probes, Eugene, OR, USA).

2/Rapid kindling model
Surgery—At P13, the animals were anesthetized with Isoflurane and stereotaxically
implanted with a twisted bipolar stimulating electrode (Plastics1 Inc., Roanoke, VA, U.S.A.)
in the left ventral hippocampus. The coordinates with respect to Bregma were 3.0-mm
posterior, 3.9-mm left, 4.2-mm ventral. A tripolar recording electrode (Plastics1 Inc.) was
wrapped around skull screws using the nasal bone as the ground.

Kindling procedure—The rapid kindling protocol (RKP) was adapted for immature
animals (Michelson and Lothman, 1991). Twenty-four h after electrode implantation, the
animals were connected to the DS8000 electrical stimulator via DSI100 stimulus isolators
(World Precision Instruments, Sanasota, FL, U.S.A.) and to the MP100/EEG100B
acquisition system (BIOPAC, Santa Barbara, CA, U.S.A.). EEG was acquired using
AcqKnowledge 3.8 software (BIOPAC) along with simultaneous digital video. Both EEG
and behavioral responses were analyzed off-line in a blinded fashion. At the beginning of
the experiment, afterdischarge threshold (ADT) and afterdischarge duration (ADD) were
detected by applying electrical stimuli—10-s train duration, 20 Hz, 1-ms pulse duration,
square wave monophasic stimuli, starting at 0.2 mA, with 0.1-mA increments, delivered
every 10 min.

The RKP started 5 minutes after the determination of the afterdischarge. Kindling consisted
of 60 trains delivered every 5 min using the parameters described above using a current of
100 μA over the ADT. Behavioral seizures were scored: 1—Motor arrest and twitching
vibrissae; 2—chewing, head bobbing; 3—forelimb clonus; 4—forelimb clonus and rearing;
5—rearing and falling (Mazarati et al., 2007;Mazarati et al., 2008). Kindling progression
was analyzed by calculating the number of stage 4–5 seizures and the duration of
electrographic correlates of stage 4–5 convulsions. In order to examine kindling retention,
24 hours after the end of the RKP, animals were reconnected to the stimulating recording
system and afterdischarge properties were studied again. Animals were considered kindled if
they showed statistically significant decrease of ADT, prolongation of ADD and responded
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with a behavioral seizure of any stage to the threshold stimulation (Mazarati et al.,
2007;Mazarati et al., 2008;Mazarati et al., 2009).

Design of the RKP study—All the experiments were done at room temperature 22–
24°C. The rat pups were randomly divided into 2 groups: (1) sham group receiving saline
i.p. 2h prior the RKP (n=12); (2) LPS treated rats receiving 50μg/kg i.p. 2h prior the RKP
(n=12).

We also evaluate the ADT and ADD in 2 additional groups: (1) sham group receiving saline
i.p. 24h prior the AD evaluation (n=7); (2) LPS treated rats receiving 50μg/kg i.p. 24h prior
the AD evaluation (n=7). This last experiment was done to evaluate the role of the timing in
LPS injection on the AD. We did not perform the whole kindling procedure in these groups.

Histological study—After the end of the experiments, three animals in each group were
anesthetized with pentobarbital (100 mg/kg), and underwent intracardiac perfusion with
saline followed by paraformaldehyde. Brains were removed, dehydrated, embedded in
paraffin, cut at 8-μm thick coronal sections, and stained with hematoxylin & eosin (H&E,
Sigma), fluorojade-B and GFAP immunostaining as described above.

Statistical analysis—Data are expressed as the mean ± standard error of the mean
(SEM). Kruskall–Wallis one-way analysis of variance (ANOVA) with post hoc Dunn’s test,
or Mann–Whitney rank sum test were performed. Categorical variables were analyzed by
using either the χ2 test or the Fisher’s exact test (GraphPad Prism5 Software Inc, San Diego,
CA, U.S.A.). p ≤ 0.05 was considered significant.

For the study part using the lithium-pilocarpine model of SE, three types of comparison
were done. The first analysis compared the three studied groups. A second analysis was
done in order to analyze the effect of LPS. We compared all LPS-treated animals (LPS
+LiPC and 3LPS+LiPC) that had SE to those that experienced SE without any LPS injection
(LiPC). The third analysis was done in order to identify if the findings could be related to
the fact that animals have become epileptic. In this third analysis, we compared epileptic and
non-epileptic animals irrespectively to their initial groups.

Results
In the lithium-pilocarpine model, LPS treated animals that had SE exhibit more severe
epilepsy at adulthood (Figure 1)

Using a 6-day period EEG telemetry, we found that 3/11 rats of the LiPC group became
epileptic while 5/8 and 4/8 became epileptic in LPS+LiPC (p=0.14 vs LiPC) and 3LPS
+LiPC groups (p=0.3 vs LiPC), respectively (Figure 1). We observed a trend to observed
more severe seizure in both LPS+LiPC and 3LPS+LiPC compare to LiPC (0/11 in LiPC vs
3/8 in LPS+LiPC; p=0.06 and 0/11 in LiPC vs 3/8 in 3LPS+LiPC; p=0.06). More severe
seizures (stage 3–4) were only observed in groups that received LPS (LPS+LiPC and 3LPS
+LiPC groups) (p=0.05) (Figure 1C). The mean number of seizure per animal per day was
similar among the groups (9.6 Sz/day/animal in the LiPC group; 6.2 Sz/day/animal in the
LPS+LiPC group and 4.7 Sz/day/animal in the 3LPS+LiPC group). None of the 3 controls
exhibited either seizure or epileptiform activity during the recording.
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Three months after the lithium-pilocarpine-SE, the number of pyramidal cell in CA-1 was
comparable between the groups while we found active gliosis in LPS-treated that had
experienced SE

We did not observe any difference in pyramidal cell counts in CA1 among the groups
(Figure 2; upper left corner). There was also no difference in cell counts when the animals
were compared according to the fact they were LPS-treated (LPS+LiPC (n=8) and 3LPS
+LiPC (n=8) groups) or they had SE without LPS administration (LiPC (n=11)) (Figure 2;
lower left corner). There was a trend of cell loss in CA-1 when epileptic animals were
compared to non epileptic animals (Figure 2; upper right corner). This data suggest that cell
loss may be linked to the epileptic state of the animals.

All animals had a mild gliosis in CA-1 but we observed a very intense reactive gliosis in
CA1 in all LPS-treated animals that experienced SE (Figure 3). None of the controls nor
animals from LiPC group had such active gliosis (Figure 3A–B). These glial cells appeared
to be more hypertrophied with thickened processes in the LPS-treated that experienced SE
compared to both controls and rats from the LiPC group (Figure 3C–D). Using measurement
of GFAP staining optical densities in CA-1, we found a mean density of 8.7±1.2 in the LiPC
group, of 16.6±3 in the LPS+LiPC group and of 14.2±1.9 in the 3LPS+LiPC group. We
found a significant difference between LiPC vs LPS+LiPC (p=0.03) and LiPC vs 3LPS
+LiPC (p=0.05) while there was no difference between LPS-treated group (LPS+LiPC vs
3LPS+LiPC)

Three months after the initial SE, we did not observe any fluorojade-B positive cell in LiPC
group while we observed fluorojade-B positive cells in CA-1 in 2 rats from LPS+LiPC
group and in 3 rats from 3LPS+LiPC group. 4 of 9 LPS-treated rats that developed
spontaneous seizures have fluorojade-B positive cells in CA-1 (Figure 4D) while none of the
animals that had SE showed such findings. We did not observe any fluorojade-B positive
cell in other area. Looking at the slides from the same brains with H&E staining, we
observed gliosis reaction within CA-1 (Figure 4A). We also observed small acidophilic cells
that were surrounded by glial reaction (Figure 4A). The double staining (NeuN-GFAP)
showed that active gliosis surrounded small neuronal cells in CA-1 (Figure 4B–C).

LPS enhances epileptogenesis in kindling model at P14 (Table 2)
Using a kindling model at P14, we found that the systemic injections of LPS 2h prior the
kindling procedure have no effect on both baseline afterdischarge threshold (ADT) and
afterdischarge duration (ADD). During the kindling process, the rat pups that received LPS
experienced a higher number of stage 4 seizure (10.7±0.6 in LPS+RKP (n=12) vs 25.5±1.3
in RKP (n=12); p<0.05) and a longer mean duration of the seizure as well (140.8sec±6.2 in
LPS+RKP vs 59.6sec±3.6 in RKP; p<0.05). The enhancement of epileptogenesis induced by
LPS was sustained at the time of the retest. The ADT was lower (0.6mA±0.06 in LPS+RKP
vs 0.9mA±0.06;p<0.05) while the ADD (162.5sec±7.3 vs 51.8sec±1.7;p<0.05) was
increased 24 hours in the LPS+RKP group compared to the RKP group. In addition, the
retest induced stronger seizure with a score at 3.7±0.2 in LPS+RKP and at 2.7±0.2 in RKP.
No cell injury was observed in both groups.

When LPS was given 24 hours prior the AD evaluation (n=7 in each group), we did not
observe any difference between the groups in both ADT (2mA±0.4 in saline 24 hours prior
AD evaluation (n=7) vs 1.4mA±0.2 in LPS 24h prior AD evaluation (n=7); p=0.4) and ADD
(83.1 ±10.9 saline vs 68.6 ±7.5 LPS 24 h prior; p=0.17).

We did not observe any cell injury (H&E or Fluorojade-B) or any significant gliosis in the
different groups using the RKP.
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Discussion
We showed that inflammation enhances the severity of the disease after epileptogenesis
following lithium-pilocarpine induced-SE in immature rat brain. We also observed a strong
reactive gliosis three months after the initial SE in LPS-treated animals. Our previous data
showed that injection of LPS at 22–24 RT did not result in the increase of body temperature
or increase of the duration of SE (Auvin et al., 2007); therefore the observed changes cannot
be attributed to hyperthermia or to a longer duration of seizure. We also study, for the first
time, the effect of induced-inflammation using a rapid kindling model in immature brain. By
using this model that does not induce acute cell injury, we observed an enhancement of
epileptogenesis by a systemic injection of LPS without any modification of baseline
excitability.

It is now well established that consequences of SE in experimental models vary according to
the maturity of the brain and to the different models (Haas et al., 2001;Sankar et al., 1998).
In the lithium-pilocarpine model, acute cell injury pattern is different depending when SE is
induced. Damage to the CA1 neurons was maximal in the 2- and 3-week-old pups and
decreased as a function of age (Sankar et al., 1998). We recently showed that LPS
exacerbated hippocampal injury in both P7 and P14 rat pups (Auvin et al., 2007). Regarding
the long term consequences, few animals that underwent SE at 2 weeks of age developed
spontaneous seizures later in life while most of the animals that underwent SE at 3 or 4
weeks of age exhibit spontaneous seizures (Dubé et al., 2001;Priel et al., 1996;Sankar et al.,
1998). Here, we showed that the number of epileptic animals increases in LPS-treated
animals suggesting that inflammation concomitant to SE enhance epileptogenesis. However,
the number of epileptic animal did not reach the significant. We found a significant
difference only for Stage 3–4 seizure suggesting a more severe disease in the combined
LPS-treated groups.

The role of inflammation in epileptogenesis was first suggested by the fact that
inflammatory mediators were upregulated in both astrocytes and neurons after SE until the
onset of spontaneous seizures (Ravizza et al., 2008). These studies had particularly
highlighted the potential role of IL-1 system (Ravizza et al., 2005;Ravizza et al., 2007). It
has been also suggested that IL-1β is involved in epileptogenesis using a selective inhibition
of Interleukin Converting Enzyme (ICE) cleaving the biologically active form of IL-1β
(Ravizza et al., 2008). In humans, a polymorphism in the promoter region of the IL-1β gene
is linked to temporal lobe epilepsy (TLE) (Kanemoto et al., 2000;Kanemoto et al.,
2003;Kauffman et al., 2008).

In immature brain, inflammation and microvasculature changes were observed after lithium-
pilocarpine induced-SE in P21 but not in P9 rats. These changes were seen only in animals
showing spontaneous seizures in adulthood. This study has suggested that inflammation
becomes self-sustained and chronic only in a fraction of animals (Marcon et al., 2009). In
the developing brain, it has been shown that neuroinflammation by itself in early
development or a combination of LPS injection and a model of seizure causes a long-lasting
increase in seizure susceptibility (Auvin et al., 2009;Galic et al., 2008;Heida et al., 2005).
Here, we showed that combination of neuroinflammation and lithium-pilocarpine induced
SE had aggravated epileptogenesis by a modification of the severity of the disease. In the
lithium-pilocarpine model, our findings may be compared to other studies that combined
factors to produce a ‘double-hit injury’ (Koh et al., 2004;Scantlebury et al., 2005;Schmid et
al., 1999;Setkowicz et al., 2006). The double hit hypothesis suggested that a combination of
two factors is needed in immature brain to be responsible of a significant epileptogenesis.
The association of hypoxia, freeze-induced cortical microgyric lesion, cortical mechanical
injury or repetitive neonatal seizure with a latter prolonged seizure is responsible of the
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increase of SE-induced consequences. Here, the induced-neuroinflammation associated with
lithium-pilocarpine induced-SE at P14 may be considered as a double injury model.

The increase of the number of animal with epilepsy and the increase of the severity in
epilepsy in our study may be related to the increase of SE-induced cell injury by
inflammation after lithium-pilocarpine at P14 (Auvin et al., 2007). Using a perinatal
Hypoxia-Ischemia model to induce post-stroke epilepsy, it has been strongly suggested that
a significant injury is required to induce epileptogenesis with spontaneous recurrent seizures
(Kadam et al., 2010). Looking at the cell count in CA-1 in adulthood, we did not observe
any difference among the groups. However, a trend was observed in the comparison of
epileptic versus non-epileptic animals. This discrepancy between our results and our
previous study may be due to the methods of cell count. We can not also exclude that the
process of cell injury was still ongoing because we observed fluorojade-B positive cells.

The development of glial activation after experimental SE is also well known. It has been
shown in several models of epilepsy after SE (Aronica et al., 2000;Immonen et al., 2008).
An active astrogliosis has been also described in other models of epileptogenesis without
cell degeneration such as kindling procedure (Khurgel et al., 1995). After SE onset,
hippocampal glia activation, cytokine expression, and neuronal damage seem to be an age-
dependent phenomena (Marcon et al., 2009). In the hippocampus, neuronal injury occurs
only when cytokines are induced in glia, and cytokine synthesis precedes the appearance of
degenerating neurons. It has also been shown, in immature brain, that neuroinflammation
itself may result in glial activation in adulthood (Galic et al., 2008). The combination of LPS
and lithium-pilocarpine induced-SE may explain the observed strong active gliosis (LPS-SE
and 3LPS-SE groups). A mild gliosis was observed in LPS and in SE group. Undoubtedly,
the most conspicuous property of astrocytes is their morphological transformation in
response to virtually any type of neural insult. This aspect of astrocytic function has been
studied extensively, but its functional significance is vague in most types of CNS
perturbations. Studies of tissue from patients with various forms of epilepsy and the
experimental work on animals reveal that an apparent gliosis is almost always present in
brain regions which exhibit epileptiforrn activity. Astrogliosis is a common feature observed
in patients with mesial temporal lobe epilepsy (Eid et al., 2008). The involvement of glial
cells in seizure occurrence is now well established (Angulo et al., 2004;Tian et al., 2005).
Several studies showed the implication of the number and distribution of astrocytes to
enhance seizure susceptibility in a number of seizure models (Oberheim et al.,
2008;Somera-Molina et al., 2007). An increasing number of studies have shown that
astrocytes can be significant sources of extracellular glutamate (Eid et al., 2008). Astrocytes
can also synthesize and release proinflammatory cytokines like microglia (Dong and
Benveniste, 2001;Kipp et al., 2008;Vezzani et al., 2008;Wetherington et al., 2008).

Three months after the initial SE, we observed fluorojade-B positive cells in CA-1. This was
observed only in 4/9 epileptic animals form the LPS-treated and SE groups (LPS+LiPC and
3LPS+LiPC). Several studies have shown that neuronal cell deaths are induced by the initial
SE but not by the repeated spontaneous seizure that occurred after the epileptogenesis phase
(Du et al., 1995;Nevander et al., 1985;Schwob et al., 1980). However, it has been described
that few FJ positive stained cells may be observed 6 weeks after SE in CA1, in CA-3 and in
the piriform cortex. This was not observed in rats 3 months after they had SE (Gorter et al.,
2003). The majority of cells that die as a consequence of the initial SE, degenerate in the
course of the first weeks after SE (Covolan and Mello, 2000;Gorter et al., 2003;Ingvar et al.,
1988;Poirier et al., 2000). In our study, it seems that the reactive gliosis in CA-1 surround
neuron and may be responsible of cell suffering or cell injury. We are currently unable to
describe the evolution of such cells. Since we observed such cell only in rat that exhibit
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strong reactive gliosis, we should consider that the amplification of glutamate toxicity by
glia might be involved (Eid et al., 2008).

Using a kindling model in P14 rats, we were able to study the effect of inflammation on
epileptogenesis in the developing brain in a model where seizure progression occurs in the
absence of neurodegeneration. We found that systemic injection of LPS enhances
epileptogenesis. The systemic injection of LPS did not result in any significant modification
of the baseline excitability when LPS is given 2hours or 24 hours prior the AD evaluation.
We can then exclude a facilitation of the epiletogenesis by a prior hippocampal
hyperexcitability. During the kindling process, the acquisition of the kindling was easier.
These effects were still observed on the afterdischarge retest. We conclude that systemic
inflammation by LPS injection is responsible of increased epileptogenesis in immature
brain. As previously described in this model, we did not observe any acute cell injury
(Mazarati et al., 2007;Mazarati et al., 2008;Mazarati et al., 2009). The absence of significant
gliosis is probably related to the short duration of this procedure. we cannot exclude the
involvement of glial cells only on the absence of histological change.

In conclusion, neuroinflammation induced by systemic injection of LPS in immature brain is
responsible of worsen of the consequences of the lithium-pilocarpine model. Regarding the
recent data on neuroinflammation in immature brain, we conclude that inflammation
combine with SE should be considered as a double hit injury model. The use of a kindling
model a P14 permits to show that systemic inflammation is responsible of an enhancement
of epileptogenesis. The role of inflammation should be further explored in immature brain to
identify therapeutic targets that may be relevant to clinical practice where the association of
inflammation and epileptic events is common.
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Figure 1.
A: Table with the number of epileptic rats and the various type of seizures (Stage 1–2, Stage
3–4, reflex seizure) that were observed in the studied groups. B: example of a stage 1 seizure
in a rat from the LiPC group. C: Example of a stage 4 reflex seizure in a rat from the 3LPS-
LiPC group.
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Figure 2.
Histograms of the number (mean ± SEM) of pyramidal cell in CA-1 counted using a grid. A:
pyramidal cell counts in CA-1 in the three studied groups. B: pyramidal cell counts in CA-1
comparing epileptic animals versus non-epileptic animals. C: pyramidal cell counts in CA-1
comparing LPS-treated versus non-LPS-treated animals. D: Hematoxylin & Eosin stained
brain section taken at the level of the hippocampus representing the areas where the cell
counts were performed.
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Figure 3.
GFAP-Immunostaining in the hippocampus. A: CA-1 of a rat from control group. B: CA-1
of a rat from LiPC group at higher magnification showing a moderate gliosis. C: CA-1 of a
rat from LPS+LiPC group at higher magnification showing strong reactive gliosis. D: CA-1
of a rat from 3LPS+LiPC group at higher magnification showing strong reactive gliosis.
Note in both C and D panel the aspect of the glial cells that are hypertrophic with thick
processes.

Auvin et al. Page 15

Neurobiol Dis. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
A: H&E showing damage of CA-1 in a rat from LPS+LiPC group. A small cell with
acidophilic cytoplasm is surrounded by a fibrillar structure. B: Double immunostaining
NeuN-GFAP in CA-1 area from LiPC group showing a mild gliosis within CA-1; C: Double
immunostaining NeuN-GFAP in CA-1 with strong gliosis in a rat from LPS+LiPC. The
gliosis surounds the neurons. Note the decrease of the size of the NeuN staining in the area
of gliosis. D: Fluorojade-B staining in CA-1 area that was observed only in LPS treated
animals that exhibit spontaneous recurrent seizures. E: Representation in a stereotaxic atlas
of the location of the positive Fluorojade-B staining.
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Table 1

Design of study: studied groups in the lithium-pilocarpine models

2 hours before pilocarpine s.c. Pilocarpine 24 hours after SE 48 hours after SE

Control (n=3) 50μg/kg of LPS 0 50μg/kg of LPS 50μg/kg of LPS

LiPC (n=11) Vehicle 60mg/kg vehicle vehicle

LPS+LiPC (n=8) 50μg/kg of LPS 60mg/kg vehicle vehicle

3LPS+LiPC (n=8) 50μg/kg of LPS 60mg/kg 50μg/kg of LPS 50μg/kg of LPS
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Table 2

Results of the kindling protocol in the two studied groups

SSI + kindling (n=12) LPS + kindling (n=12)

Initial ADT, mA 1.6±0.15 1.3±0.16

Initial ADD, s 26.3±2.4 33.3±2.8

Number of stimulation to the first St. 4 seizure 25.5±1.3 10.7±0.6 *

Number of stage 4 seizure 17.2±1.0 36.2±0.7 *

Mean duration of the seizure EEG, s 59.6±3.6 140.8±6.2 *

ADT 24 hrs after kindling, mA 0.9±0.06 0.6±0.06 *

ADD 24 hrs after kindling, s 51.8±1.7 162.5±7.3 *

Score of seizure induced by the retest 2.7±0.2 3.7±0.2*
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