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Summary Inflammation is an important biological process that is activated after status epilep-
ticus and could be implicated in the development of epilepsy. Here we tested whether an
anti-inflammatory treatment with a selective cox-2 inhibitor (SC58236) could prevent the devel-
opment of epilepsy or modify seizure activity during the chronic epileptic phase. SC58236 was
orally administered (10 mg/kg) during the latent period for 7 days, starting 4 h after electri-
cally induced SE. Seizures were monitored using EEG/video monitoring until 35 days after SE.
Cell death and inflammation were investigated using immunocytochemistry (NeuN and Ox-42).
Sprouting was studied using Timm’s staining after 1 week and after 4—5 months when rats
were chronic epileptic. SC58236 was also administered during 5 days in chronic epileptic rats.
Hippocampal EEG seizures were continuously monitored before, during and after treatment.
SC58236 effectively reduced PGE2 production but did not modify seizure development or the
extent of cell death or microglia activation in the hippocampus. SC58236 treatment in chronic
epileptic rats did not show any significant change in seizure duration or frequency of daily
seizures. The fact that cox-2 inhibition, which effectively reduced prostaglandin levels, did not

modify epileptogenesis or chronic seizure activity suggests that this type of treatment (starting
after SE) will not provide an effective anti-epileptogenic or anti-epileptic therapy.
© 2008 Elsevier B.V. All rights reserved.
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Introduction

In most patients who suffer from human mesial temporal
lobe epilepsy (MTLE), the development of epilepsy is an
ongoing process. The disease process follows an initial insult
(e.g. trauma, complex febrile seizures or status epilep-
ticus) and after a latency period — that may last many
years — leads to subsequent spontaneous seizures that might
worsen over time, even to a stage that seizures become
intractable (Engel, 1996; Sutula and Hermann, 1999). Con-
trol of epilepsy has primarily focused on suppressing seizure
activity after epilepsy has developed. However it is even
more challenging to avoid the development of epilepsy
(acquired by an initial event) by preventing or stopping
epileptogenesis, the process by which the brain becomes
epileptic. Only a few experimental studies have focused on
the effect of drugs and the risk of epilepsy after status
epilepticus (SE). Chronic treatment with an alpha2 adren-
ergic agonist did not prevent epileptogenesis although the
epilepsy became milder (Pitkanen et al., 2004). Further-
more, treatment during status epilepticus with high doses
of diazepam has shown some anti-epileptogenic effects
(Pitkanen et al., 2005). However, clinical trials using conven-
tional anti-epileptic drugs (AEDs) have been disappointing
and did not reveal an anti-epileptogenic effect (Temkin,
2001). Therefore it is important to test potential new targets
which could be used to control the epileptogenic process
that occurs after an initial insult.

Effects of drugs on epileptogenesis can be tested in
animal models for MTLE in which epilepsy develops after
a chemically or electrically induced SE. In our laboratory
we use the rat post-SE model in which epilepsy gradually
develops after an electrically evoked SE. In a large-scale
microarray study we have investigated gene expression
in hippocampus (CA3) and entorhinal cortex at different
epileptogenic stages. We found many genes that dynami-
cally change their expression at specific time points after
SE (Gorter et al., 2006, 2007). Biological processes such
as proteolysis, inflammation, immune and defense response
were most conspicuously upregulated in the acute and latent
phase and some in the chronic epileptic phase.

Recently, using microarrays we found prominent changes
in prostaglandin synthesis and regulation shortly after SE
(Fig. 1 and Gorter et al., 2006). An activity-dependent
increase of cyclooxygenase-2 (Cox-2) expression has been
observed within one day after SE and during the chronic
epileptic phase (Gorter et al., 2006). Activation of Cox-2 has
also been observed during kindling epileptogenesis (Chen et
al., 1995; Tu and Bazan, 2003),. This enzyme is responsible
for the activation of prostanoids including PGE2. Increased
activity of the prostanoid pathway produces neuroinflam-
mation involving release of cytokines and oxidative stress.
Moreover, activation of prostanoids (via Cox-2) can induce
glutamate release (Bezzi et al., 1998) and can increase
excitability via modulation of potassium channels (Chen and
Bazan, 2005). All these conditions could destabilize neuronal

network activity. Effects on development of epilepsy have
also been studied in genetically modified mice: Cox-2 defi-
ciency decreases the incidence of afterdischarges in a rapid
kindling model (Takemiya et al., 2003), while Cox-2 overex-
pression leads to increased lethality after kainate induced
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eizures (Kelley et al., 1999). Together these studies sug-
est that cox-2 inhibitors are possible candidates that merit
eing investigated since the modification of these targets
ay counteract the development of the epileptic condition

r modify seizure frequency during the chronic epileptic
hase.

aterial and methods

xperimental animals

dult male Sprague—Dawley rats (Harlan Netherlands, Horst, The
etherlands) weighing 400—600 g were used in this study which was
pproved by the University Animal Welfare committee. In total 90
ats were used. The rats were housed individually in a controlled
nvironment (21 ± 1 ◦C; humidity 60%; lights on 12 h/day; food and
ater available ad libitum).

lectrode implantation and status epilepticus induction

ats were anesthetized with an i.p. injection of ketamine
57 mg/kg; Alfasan, Woerden, The Netherlands) and xylazine
9 mg/kg; Bayer AG, Leverkusen, Germany), and placed in a stereo-
axic frame. A pair of stimulation electrodes was implanted in the
ngular bundle; recording electrodes were aimed at the hippocam-
us as described previously (Gorter et al., 2001). Two weeks after
ecovery from the operation, each rat was transferred to a record-
ng cage (40 cm × 40 cm × 80 cm) and connected to a recording and
timulation system (NeuroData Digital Stimulator, Cygnus Technol-
gy Inc., USA) with a shielded multi-strand cable and electrical
wivel (Air Precision, Le Plessis Robinson, France). Hippocampal EEG
ignals were amplified (10×) via a FET transistor that connected the
eadset to a differential amplifier (20×; CyberAmp, Axon Instru-
ents, Burlingame, CA, USA), filtered (1—60 Hz) and digitized by
computer. EEG software (Harmonie, Stellate Systems, Montreal,

anada) sampled the incoming signal at a frequency of 200 Hz per
hannel. A week after habituation to the new condition, rats under-
ent tetanic stimulation (50 Hz) of the hippocampus in the form of a

uccession of trains of pulses every 13 s. Each train had a duration of
0 s and consisted of biphasic pulses (pulse duration 0.5 ms, maximal
ntensity 500 �A). Stimulation was stopped when the rats displayed
ustained forelimb clonus and salivation for a few minutes, which
sually occurred within 1 h. Behavior was observed during electrical
timulation and several hours thereafter. Immediately after termi-
ation of the stimulation, periodic epileptiform discharges (PEDs)
ccurred at a frequency of 1—2 Hz and were accompanied by behav-
oral and EEG seizures (status epilepticus) which lasted for several
ours. In order to administer the drug (or vehicle), SE was inter-
upted at 4 h after the start using isoflurane anesthesia (4 vol%).
ntreated control rats were implanted with electrodes and handled

ike experimental rats but they were not electrically stimulated.

reatment with Cox-2 inhibitor SC58236

atent period
e previously described that in untreated post-SE rats epilepsy

tarts to develop after a latency of ∼8—13 days, after which spon-
aneous seizures start to occur with increasing frequency that
tabilizes after 3—4 months in the majority of rats (Gorter et al.,
001; van Vliet et al., 2004). Therefore we decided to treat the
nimals with the Cox-2 inhibitor during the first week of epileptoge-

esis. In this study we used SC58236 (Pfizer-Kalamazoo, Michigan,
SA, 10 mg/kg, p.o.), a highly selective Cox-2 inhibitor, that was
rally administered at a dosage of 10 mg/kg as previously described
Govoni et al., 2001). These authors found that a single treat-
ent at a dosage of 10 mg/kg (and higher) is neuroprotective in
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Figure 1 Schematic representation of the genes involved in the prostaglandin synthesis pathway in the entorhinal cortex at three
time points after status epilepticus in the rat (obtained with the web-accessible program Genmapp, Doniger et al., 2003). Gene
expression was detected using Affymetrics microarrays (RAE230A). Each box is divided in 3 parts which represent 3 different time
points at which gene expression is studied (=time points, D, 1 day post-SE; W, 1 week post-SE; M, 3—4 months post-SE) which are
color coded to indicate significance level when compared with control (C) expression (p < 0.05): Grey: not different from control;
red: significantly upregulated in entorhinal cortex compared to control expression; blue: significantly downregulated compared to
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ontrol expression; white: the gene is not present on the array.
as presented in Gorter et al. (2006) in which the analysis and

eferences to color in this figure legend, the reader is referred

ats after a focally induced ischemic insult. SC58236 was suspended
n 0.5% methylcellulose and daily applied (in the early afternoon)
or 7 days after SE starting 4 h after SE (n = 7). A gastric tube was
sed to administer the drug solution (under isoflurane anesthesia).
post-SE control group (n = 7) was treated similarly except that only
ethylcellulose was administered.

hronic epileptic phase
C58236 was applied for 5 days during the chronic epileptic phase
sing a gastric tube. Hereto we selected chronic epileptic rats
n = 15) that had a relatively stable number of daily seizures (4—5
onths after SE; at average ∼15 seizures per day). Each rat was
rst treated with vehicle for 5 days after which it was treated with
C58236 for 5 days (1× early afternoon); in this way each rat served
s its own control. Recovery of the treatment was measured in
rats. The other 7 rats were sacrificed to obtain brain material

hat was stored for other experiments. In the recovery phase they
ere injected with vehicle for another 4 days after which they were

ecorded for 3 days without any treatment.

rostaglandin analysis
n order to confirm that SC58236 effectively inhibited Cox-2, a
rostaglandin E2 (PGE2) assay was performed in brain tissue of
2 additional rats (control rats (C; n = 6), 1 day after SE (n = 4),
day after SE treated with SC58236 4 h after SE and 5 h before

ecapitation (1 day SC; n = 4), chronic epileptic rats (n = 4) and
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e the biphasic upregulation of Ptgs2 (=Cox-2). Part of the data
tistics are explained in more detail. (For interpretation of the
e web version of the article.)

hronic epileptic rats treated for 5 days during the chronic phase
chronic SC; n = 4)). The hippocampus, and cerebellum were dis-
ected and homogenated by pottering in 0.1 M phosphate buffer, pH
.4, containing 1 mM EDTA and 10 �M indomethacin. Hereafter PGE2
as purified using C-18 Solid Phase Extraction Cartridges (Cayman
hemical, Ann Arbor, USA) and the amount of PGE2 in these brain
egions was determined in duplo by a competitive enzyme immuno-
ssay, the PGE2 Express EIA kit (Cayman Chemical, Ann Arbor, USA),
ccording to the manufacturer’s instructions.

istology and immunocytochemistry

istology and immunostainings were performed on brain sections
rom a separate group of rats (i.e. not included in the EEG mea-
urements), and that had been sacrificed at different time points
fter SE (in total, n = 39).

Rats were deeply anesthetized with pentobarbital (Nembutal,
ntraperitoneally, 60 mg/kg). The animals were perfused through
he ascending aorta with 300 ml 0.37% Na2S solution followed by
00 ml 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The
rains were post-fixed in situ overnight at 4 ◦C. For cox-2 staining
n = 12) brains were embedded in paraffin (see below). For all other

mmunostainings brains were dissected and cryoprotected in 30%
hosphate-buffered sucrose solution, pH 7.4. After overnight incu-
ation at 4 ◦C, the brains were frozen in isopentane (−30 ◦C) and
tored at −80 ◦C until sectioning. The brains were cut in sections
40 �m) on a sliding microtome.
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Table 1 Summary of clinical details of cases studied according to pathology.

Pathology type Number
of cases

Male/female Mean age at surgery or death
(range/years)

Mean duration of epilepsy
(range/years)

Engel class

HS (S) 6 3/3 27.0 (17—34) 21.3 (6—29) I A
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Non-HS (S) 4 2/2 30.3 (17—42)
Controls (PM) 5 3/2 36.4 (18—51)

S = Surgical tissue; PM = post mortem tissue; HS = hippocampal scle

NeuN and OX-42 immunocytochemistry in rats treated during
the latent period
SC58236 treated and vehicle (methylcellulose; MC) treated post-
SE rats were sacrificed for immunocytochemistry at 1 week (SC,
n = 8; MC, n = 6), and 4—5 months after the initial SE (n = 4 in each
group); a control group that was not stimulated was also included
(n = 5). Horizontal sections of treated and vehicle treated post-SE
and control rats were stained with different immunocytochemi-
cal markers. Sections were washed in 0.05 M phosphate buffered
saline (PBS), pH 7.4 and incubated for 30 min in 0.3% hydrogen per-
oxide in PBS to inactivate endogenous peroxidase. Sections were
then washed (2× 10 min) in 0.05 M PBS, followed by washing (1×
60 min) in PBS + 0.4% Bovine Serum Albumin (BSA). Sections were
incubated with OX-42 as marker for activated microglia (mouse
anti-rat CD11b/c (OX-42), 1:100, PharMingen, CA, USA) and a neu-
ronal marker (NeuN; mouse clone MAB377; Chemicon, Temecula,
CA, USA; 1:2000), in PBS + 0.4% BSA. Twenty-four hours after the
incubation with the primary antibody, the sections were washed
in PBS (3× 10 min) and then incubated for 1.5 h in biotinylated
sheep anti-mouse Ig (Amersham Pharmacia Biotech, Roosendaal,
The Netherlands), diluted 1:200 in PBS. Sections were washed in PBS
(3× 10 min) and incubated for 60 min with AB-mix (Vectastain ABC
kit, Peroxidase Standard pk-4000, Vector Laboratories, Burlingame,
CA, USA). After washing (3× 10 min) in 0.05 M Tris—HCl, pH 7.9, the
sections were stained with 3,3′-diaminobenzidin tetrahydrochlo-
ride (30 mg DAB, Sigma—Aldrich, Zwijndrecht, The Netherlands) and
2.5 �l 30% hydrogen peroxide in a 10 ml solution of Tris—HCl. The
staining reaction was followed under the microscope and stopped by
washing the sections in Tris—HCl. After mounting on superfrost plus
slides, the sections were air dried, dehydrated in alcohol and xylene
and coverslipped with Entellan (Merck, Darmstadt, Germany).

Cox-2 immunostaining in rat brain
Cox-2 immunostaining in rat brain was performed on paraffin
sections of post-SE rats and control rats (3 sections per rat).
In total 12 rats were used using the polyclonal anti-Cox2 anti-
body (Cayman Chemical, Ann Arbor, USA; #160106; 1:200). The
tissue was sectioned at 6 �m (sagittal orientation), mounted on
organosilane-coated slides (SIGMA, St. Louis, MO) and used for
immunocytochemical reactions. Sections were deparaffinated in
xylene, rinsed in ethanol (100%, 95%, 70%) and incubated in 0.3%
hydrogen peroxide diluted in methanol for 20 min. After that, slides
were placed into sodium citrate buffer (0.01 M, pH 6.0). Autoclav-
ing was used for antigen retrieval (10 min, 120 ◦C). Slides were then
washed with phosphate-buffered saline (PBS; 10 mM, pH 7.4). After
incubation in primary antibody for 24 h, sections were washed in
PBS and stained with PowerVision Peroxidase system (ImmunoVision,
Brisbane, CA, USA). After washing, sections were stained with 3,3′-
diaminobenzidin tetrahydrochloride (50 mg DAB, Sigma—Aldrich,
Zwijndrecht, The Netherlands) and 5 �l 30% hydrogen peroxide in a

10 ml solution of Tris—HCl.

Cox-2 immunoreactivity in human brain
In order to test the possible relevance of increased Cox-2 expression
we also tested whether Cox-2 expression was changed in tissue of

a
l
D
i
t

17.4 (8—24) I A
NA NA

; NA = not applicable.

atients with hippocampal sclerosis. We used brain material that
as obtained from the files of the department of neuropathol-
gy of the Academical Medical Center (University of Amsterdam).
atients underwent resection of the hippocampus (n = 6) for med-
cally intractable epilepsy. Tissue was obtained and used in a
anner compliant with the Declaration of Helsinki. This mate-

ial was compared to normal-appearing hippocampi of 5 autopsy
pecimens from patients without history of seizures or other neuro-
ogical diseases. We also included hippocampal surgical specimens
f patients without HS (non-HS; with a focal lesion not involv-
ng the hippocampus proper). The clinical characteristics derived
rom the patient’s medical records are summarized in Table 1.
rain tissue was fixed in 10% buffered formalin, paraffin embed-
ed, sectioned at 6 �m and mounted on organosilane-coated slides
Sigma, St. Louis, MO, USA). Representative sections of all spec-
mens were processed for immunocytochemistry. Sections were
eparaffinated in xylene, rinsed in ethanol (100%, 96%) and incu-
ated in 0.3% hydrogen peroxide diluted in methanol for 20 min.
lides were then washed with phosphate-buffered saline (PBS;
0 mM, pH 7.4) and overnight incubated at 4 ◦C in anti-cox-2
mouse, clone CX229, Cayman, 160112; 1:100). Hereafter, sections
ere washed in PBS and stained with PowerVision Peroxidase sys-

em (ImmunoVision, Brisbane, CA, USA). After washing, sections
ere stained with 3,3′-diaminobenzidin tetrahydrochloride (50 mg
AB, Sigma—Aldrich, Zwijndrecht, The Netherlands) and 5 �l 30%
ydrogen peroxide in a 10 ml solution of Tris—HCl. Sections were
ounterstained with hematoxylin, dehydrated in alcohol and xylene
nd coverslipped. Sections incubated without anti-cox-2 or with
reimmune serum were essentially blank. Characterization of the
ntibody used in human brain tissue has been documented previ-
usly (Hoozemans et al., 2001). The specificity of the antibodies
sed, was further tested performing western blot analysis of total
omogenates of human and rat control hippocampus (data not
hown).

imm’s staining
part of the sections (40 �m) were either processed for immunohis-

ochemistry (see below for details) or mounted on superfrost plus
lides and processed by a modified Timm method (for details see
Sloviter, 1982). We processed sections of 1 week (n = 4 in each
roup) SC- and vehicle treated rats, chronic epileptic SC-treated
nd vehicle treated epileptic rats (n = 4 in each group) and con-
rol rats; n = 5). Sections were processed at the same time with the
ame development time (55—58 min) to enable comparison between
roups. The extent of synaptic reorganization of the mossy fibers
as evaluated by two observers according to a standardized 0—5

cale according to the extent and density of zinc stained gran-
les (Cavazos et al., 1992). 0: No zinc staining between the tips
nd crest of the dentate gyrus (DG). 1: Sparse zinc staining in
he supragranular region in a patchy distribution between the tips

nd crest of the DG. 2: More abundant staining in the supragranu-
ar region with patchy distribution between tips and crest of the
G and a continuous pattern near the tips. 3: Prominent stain-

ng in the supragranular region in a continuous pattern between
he tips and crest of the DG. 4: Prominent staining in the supra-
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Figure 2 Cox-2 immunostaining on sagittal paraffin sections in the rat in DG (A, D, G, J), CA1 (B, E, H, K) and anterior piriform
c and
s ′) and
(

g
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fl
t
i
i

ortex (C, F, I, L) show clear neuronal upregulation at 1 day (D)
ections in human shows low Cox-2 expression in control (M-M
O′).

ranular region that forms a confluent dense laminar band in the

nner molecular layer (IML) but does not completely fill it. 5: Con-
uent dense laminar band of staining in the supragranular region
hat completely occupies the IML. Intermediary values were scored
n case the suprapyramidal blade had a different score than the
nfrapyramidal blade.
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4 months (M) after SE. M-O: Cox-2 immunostaining on paraffin
increased cox-2 expression in neurones (N-O) and astrocytes

Sections were photographed using bright-field illumination on

n Olympus microscope, equipped with a digital camera (Olym-
us, DP11, Paes Nederland, Zoeterwoude, The Netherlands), and
mported into Adobe Photoshop (version 7.0). This program was used
o optimize contrast and brightness, but not to enhance or change
he image content in any way.
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Statistical comparisons

Analysis of brain sections used for immunohistochemistry (with
NeuN) was performed on alternate sections at the midlevel of the
hippocampus. The investigator performing the quantification was
unaware of the treatment of the animals. The number of neurons
in the hilus was counted from the NeuN stained sections (three
sections per rat) at 200× magnification. The hilus was defined as
the region enclosed by the granule cell layer and by two imagi-
nary straight lines connecting the two tips of the granule cell layer
with the proximal end of the CA3 pyramidal cell layer. Thus the
neuron counts as performed in this study are relative estimates of
the amount of neurons counted at the specific level and not abso-
lute calculations of the number of hilar neurons in each rat. Cell
counts were normalized to those of control sections (100%). Val-
ues are given as mean value ± SEM. These data are expressed as
mean ± SEM. Statistical comparisons were performed on the abso-
lute number of NeuN positive cells using Student’s t test. P < 0.05
was assumed to indicate a significant difference. The intensity and
the number of OX-42 immunoreactive cells were estimated semi-
quantitatively. The intensity of immunoreactivity was classified as:
(+) = weak, + = moderate, ++ = strong. The frequency of immunore-
active cells was classified as: 1 = sparse, 2 = moderate, 3 = high,
4 = very high in different hippocampal and entorhinal cortex sub-
fields (layers).

Results

Severity of status epilepticus

Four hours after electrically induced SE, SC58236 (or
vehicle) was administered to the rats under isoflurane anes-
thesia. Before the anesthesia, all rats exhibited moderate
behavioral SE with often continuous head bobbing, regularly
interrupted by stage V seizures. Although the behavioral
manifestation had become milder after recovery from anes-
thesia in both groups, the electrographic SE continued for
several hours more. SE duration did not significantly dif-
fer between the SC-treated and vehicle treated groups (SC
(n = 7): 9.5 ± 0.4 h; vehicle (n = 7) 8.9 ± 0.7).

Cox-2 expression

Rat
In panels A—L of Fig. 2, details are shown of cox-2
immunostaining performed on brain sections in the rat.
Immunostaining on sections from 1 day (D) post-SE rats con-
firmed the upregulation of Cox-2 in the somata and dendrites
of hippocampal CA and granule neurons and in the molecular
dendritic layer of the dentate gyrus. As reported previously
after SE (Joseph et al., 2006), upregulation of Cox-2 was
found in neurons of other limbic regions and the superfi-
cial cortical layers as well; the (anterior) piriform region
(aPC) was the most intensely stained region (Fig. 2C, F, I, L).
During the latent period (W) Cox-2 expression was reduced
and in the hippocampus resembled control expression; in the
chronic epileptic phase (M), Cox-2 upregulation was found
in CA3 and granule cells but to lesser extent than shortly (1

day) after SE.

Human
Cox-2 immunostaining on hippocampal sections from
patients with hippocampal sclerosis (HS) showed that strong

l
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igure 3 PGE2 production in ventral rat hippocampus at dif-
erent time points after SE with or without the Cox-2 inhibitor
C58236.

ox-2 expression was present in remaining CA3 hippocam-
al neurons (detail in Fig. 2O). Astrocytic Cox-2 labeling
as observed in the hilar region (Fig. 2O′). Histologically,
on-sclerotic hippocampus (non-HS) did not show changes in
ox-2 protein expression compared with autopsy specimens
rom cases with no history of epilepsy.

GE2 production after orally administered SC58236
n order to test whether the Cox-2 inhibition protocol
ith SC58236 (10 mg/kg p.o., 1× per day) was effective

n suppressing prostaglandin production, we measured PGE2

roduction using a specific Enzyme Immuno Assay kit. We
sed samples of the hippocampus and cerebellum of post-
E rats (that were treated with SC58236 or methylcellulose
nly). We measured PGE2 at two different time points after
E: 1 day and 4—5 months after SE (treated during the
hronic phase). Hippocampal tissue showed an increased
GE2 production at both time points after SE, which was sig-
ificant at 1 day with a more than 7 fold increase (p < 0.05;
ig. 3) and did not reach significance (p < 0.11) in the chronic
hase due to a large variability in PGE2 production. Since
ox-2 expression is seizure-driven, the variability of the
GE2 production among this chronic group of rats could
e due to the different times that have elapsed between
ast spontaneous seizures and sacrifice. SC58236 treatment
educed PGE2 production at both time points measured.
GE2 production in cerebellum was lower (∼6 pg/�g brain)
han in hippocampus and did not increase after SE or change
fter SC58236.

evelopment of epilepsy

fter the induction of SE we measured the latency to
he first seizure and the number of seizures during the

ast week before sacrifice (day 28—35) in SC-treated and
ntreated rats using EEG/video recordings. In total 14 rats
ere monitored (SC58236, n = 7; vehicle treated, n = 7). One

at in each group died within a few weeks after the treat-
ent. All rats developed seizures. In the SC58236 post-SE
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igure 4 Evaluation of cell death (NeuN), mossy fiber sproutin
D—F), 1 week SC-treated (G—I), chronic epileptic (J—L), and c
n A, D, G, J, M = 700 �m. All others: 300 �m.

ats the first seizure appeared after 8.8 ± 0.8 days. This
as not significantly different from the untreated post-
E rats (8.0 ± 1.1 days). We monitored 7.0 ± 2.1 seizures
n SC-treated rats on average during the last week
efore sacrifice; this number was larger but not signifi-
antly different from the vehicle post-SE rats (3.8 ± 2.4
eizures).
ell death and inflammation after status epilepticus in
C58236 treated rats
n order to assess the extent of inflammation and cell death
e used other groups of SC-treated and vehicle rats that
ad been treated during the latent period and that were

i
h
(
4
h

mm) and microglial activation (OX-42) in control (A—C), 1 week
ic epileptic SC-treated during latent period (M—O). Calibration

acrificed at 1 week (W) and at 4—5 months after SE (M;
hronic). Inflammation was assessed semi-quantitatively,
sing immunocytochemistry with a microglia (inflammation)
arker (OX-42). In both groups of rats, we found consider-

ble activation of OX-42 (Fig. 4). The intensity scores did
ot differ between groups in any region (Table 2). Hilar neu-
onal loss was also estimated in treated and untreated rats
t 1 week after SE. An unstimulated control group was also

ncluded (n = 5). We did not detect a significant difference in
ilar cell count between treated and untreated post-SE rats
Table 3: SC-treated 37 ± 8% of control values; untreated
2 ± 5% of control values; Student-t performed on absolute
ilar cell numbers, n.s.).
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Table 2 Immunoreactivity score of OX-42 at 1 week (W)
after SE in vehicle treated (−) and SC58236 treated rats (+),
(n = 6 in each group). Immunoreactivity (IR) was classified
as: (+) = weak, + = moderate, ++ = strong. Frequency (fr) was
classified as: 1 = sparse, 2 = moderate, 3 = high, 4 = very high.
DG = dentate gyrus, Sub = subiculum, PrS = presubiculum,
PaS = parasubiculum, EC = entorhinal cortex.

Control W (−) W (+)

IR fr IR fr IR fr

DG (+) 2 ++ 3—4 ++ 3—4
CA3 (+) 2 ++ 3—4 ++ 3—4
CA1 (+) 2 ++ 3—4 ++ 3—4
Sub (+) 2 + 2—3 + 2—3
PrS (+) 2 (+) 2 (+) 2
PaS (+) 2 ++ 3—4 ++ 3
EC II/III (+) 2 ++ 3—4 ++ 3—4
EC V/VI (+) 2 + 2 + 2

Table 3 Effects of SC58236 treatment on neuronal hilar
cell loss (NeuN counts; n = 6 in SC-group and n = 8 in vehicle
group; n = 5 in control group) and mossy fiber sprouting at 1
week (W) and 4—5 months (M) after SE (n = 4 in each group).

Control Vehicle SC-treated

Hilar cell loss 100% ± 7 42% ± 5 37% ± 8

S
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i
e
t
T
i
T
u
d
t
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t
e
d
a
d
n

D

C
m
d
T
t
d
p
a
i
t
s

C
r

Timm score (W) 0.25 ± 0.2 0.75 ± 0.2 1.0 ± 0.1
Timm score (M) 0.25 ± 0.2 4.5 ± 0.3 4.75 ± 0.3

Timm’s staining in SC58236 treated rats
The effects of SC treatment during the latent period on
mossy fiber sprouting were also studied. Timm’s staining per-
formed on sections obtained at 1 week after SE did not reveal
a difference in the extent of sprouting (both groups: sparse
zinc staining in the supragranular region in a patchy distri-

bution between the tips and crest of the DG; Fig. 4E and
H; Table 3). At 4—5 months after SE (n = 4 in each group),
sprouted fibers completely filled the inner molecular layer
of the DG in treated as well as untreated rats (Fig. 4K and
N; Table 3).

I
t
a
e

Figure 5 Effects of 5 day Cox-2 inhibition on seizure frequenc
mean ± SEM) during baseline (n = 15), SC58236 treatment (n = 15) and
baseline levels.
eizures 63

C58236 treatment during the chronic epileptic phase
e previously showed that during the chronic epileptic
hase a number of inflammatory related genes, includ-
ng Cox-2, present increased expression compared to the
xpression in controls (Gorter et al., 2006). PGE2 produc-
ion was also still increased in the chronic phase (Fig. 3).
his suggests that prostaglandin activation could play a role

n seizure progression during the chronic epileptic phase.
o find out whether chronic seizure activity could be mod-
lated by Cox-2 inhibition we administered SC58236 for 5
ays during the chronic epileptic phase (see Fig. 3). During
he week before the treatment started, rats experienced
4.7 ± 2.7 seizures per day. Vehicle injection did not mod-
fy seizure frequency or duration (not shown). During the
reatment, seizure frequency became more variable but the
ffects were not significant (Fig. 5A). Duration of seizures
uring the week before the treatment started was at aver-
ge 64.7 ± 3.7 s. Individual seizures tended to last longer
uring the first day of the five day treatment but this was
ot significant (Fig. 5B).

iscussion

ox-2, a key enzyme that plays an important role in inflam-
ation, was extensively upregulated after SE in rat and
uring the chronic epileptic phase both in rat and human.
reatment with the selective cox-2 inhibitor SC58236 during
he latent period did not have a significant effect on seizure
evelopment in the rat. Although it effectively reduced PGE2

roduction, it did not reduce the extent of microglial cell
ctivation, cell death or development of mossy fiber sprout-
ng. Cox-2 inhibition in chronic epileptic rats did not lead
o a significant effect on the number or duration of daily
eizures.

ox-2 expression is both upregulated in epileptic
ats and human
n the present study we demonstrate that Cox-2 induc-
ion was exclusively present in neurons at 1 day after SE
s well as in the chronic epileptic phase. There are sev-
ral studies that have demonstrated an induction of Cox-2

y (seizures/day, mean ± SEM) and seizure duration (seconds;
during recovery phase (n = 8). Data are normalized to average
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fter status epilepticus or kindling stimulations (Chen et
l., 1995; Sandhya et al., 1998; Tu et al., 2003; Voutsinos-
orche et al., 2004; Kawaguchi et al., 2005). Upregulation
s also observed in our post-SE model, both at the level of
ene expression in hippocampal CA3 and entorhinal cortex
ubregions as at the protein level (Gorter et al., 2006). Cox-
was regulated in a ‘‘neuronal-activity’’ dependent way,

ince Cox-2 gene expression was highest 1 day after SE,
ecreased in the latent period, but increased expression
gain in the chronic epileptic phase when rats had fre-
uent daily seizures. We did not detect Cox-2 induction in
strocytes at any time point after SE, which corresponds
ith the findings reported after electrical kindling (Tu et
l., 2003) and chemically induced SE (Voutsinos-Porche et
l., 2004; Joseph et al., 2006), although several studies
lso report an increased expression in astrocytes after pilo-
arpine or kainate induced SE (Sandhya et al., 1998; Jung
t al., 2006; Lee et al., 2007). In the latter study an early
4 h) wave of CRE-mediated Cox-2 expression was observed
n neurons and a later (48 h) long-lasting wave in reactive
strocytes.

The possible relevance of Cox-2 expression was supported
y the increased expression in human hippocampal tissue
f patients with hippocampal sclerosis. Also here Cox-2
xpression was mainly observed in neurons. Astrocytic Cox-
labeling was observed in the hilar region but was less

xtensive as has been reported previously (Desjardins et al.,
003).

ox2 inhibition did not affect the duration of SE or
he development of epilepsy

E and epileptogenesis
e did not detect an effect on SE duration or seizure devel-
pment after SC58236 administration. Latency to the first
eizure did not differ between groups and the number of
eizures at 1 month after SE in the SC-treated rats was also
ot different from vehicle treated rats. In a recent study,
mild antiepileptogenic effect of celecoxib, another highly

elective Cox-2 inhibitor, was reported when the inhibitor
as administered during the latent period that followed the
ilocarpine-induced SE in rats starting 1 day after SE. These
uthors also reported a mild neuroprotection and reduction
f microglial activation (Jung et al., 2006). No other studies
n the effects of Cox-2 inhibition and epileptogenesis have
een published so far.

pilepsy
ased on the observed reduction of PGE2 in epileptic rats
fter SC58236 treatment, we expected an inhibitory effect
y the drug on chronic seizure activity. However, although
he variability in seizure frequency and duration increased

he effects on seizure duration or frequency were not signif-
cant. Since inhibitors of the cyclooxygenase pathways are
requently recommended for the prevention and treatment
f several inflammatory diseases, including neurodegen-
rative disorders, clinical and epidemiological studies in
pileptic patients could provide insight in whether this drug
ffects seizure activity.

a
a
t
n
h
t
i
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ox-2 inhibition did not lead to reduction of cell death
nd/or inflammation
ox-2 inhibition with SC58236 significantly reduced PGE2

roduction but, contrary to what we expected, did not
ppear to have any suppressing effect on microglia acti-
ation or hilar cell death. Various studies have shown that
ox-2 inhibition can reduce ischemia- or SE-induced neu-
onal degeneration when the treatment is started after the
nsult (Chen et al., 1995; Govoni et al., 2001; Kunz and Oliw,
001; Kawaguchi et al., 2005; Jung et al., 2006) although
ggravation of neurodegeneration has also been reported
Kim et al., 2008). When a Cox-2 inhibitor is applied before
he SE, aggravation of seizure activity has been reported
Baik et al., 1999; Gobbo and O’Mara, 2004; Kim et al.,
008). However, there are some conflicting results regarding
he effects on seizure activity which can be related to the
ose and selectivity of the Cox-2 inhibitor (and PGE2 lev-
ls) and seizure type. For instance, the aggravating effect
f Cox-2 inhibition on seizure activity is not observed dur-
ng pentylenetetrazol (PTZ) induced seizures (Dhir et al.,
007; Oliveira et al., 2008). PGE2 seems to play a cru-
ial role as shown recently in the PTZ seizure model, since
n anticonvulsant action of celecoxib was reversed by the
ntracerebroventricular administration of PGE2 (Oliveira et
l., 2008). The fact that SC58236 effectively reduced PGE2

roduction supports the fact that the Cox-2 inhibition was
ffective so that it is not likely that the observed lack of
europrotection or lack of reduction on microglia activation
as due to insufficient action of the drug. There might be

everal possible explanations why we could not detect any
ronounced effect of the Cox-2 inhibitor while other stud-
es did report effects on Cox-2 inhibition. First: the SE is a
oo severe insult which might overwhelm the Cox-2 inhibi-
ion effect. Since the electrical stimulation model generally
roduces a less severe behavioral SE than the pilocarpine or
ainate models in which neuroprotection by Cox-2 inhibition
as reported we believe that this is not a likely explanation.
econd: since a transient increase in PGE2 levels may have
neuroprotective role, the time of the treatment might be

rucial as suggested by (Gobbo et al., 2004). For instance,
elecoxib treatment 2 h before kainate-induced SE did not
ead to a significant effect on histological parameters or
earning performance while a 2 h post-kainate treatment
ed to a significant improved learning performance. Since
ositive effects of Cox-2 inhibition had been reported at
h post-SE (Gobbo et al., 2004), we expected a positive
ffect using our post-SE cox-2 inhibition protocol. Neverthe-
ess, we cannot exclude that the long-duration SE (∼9—10 h)
egatively interfered with the outcome of Cox-2 inhibition
hat started within this period. The third possibility that
ould explain why neuroprotective effects of Cox-2 inhibi-
ion are observed in those other studies, is that these studies
re performed in models (kainate- or pilocarpine-induced
E or after ischemia) where astrocytic Cox-2 induction is
eported (Sandhya et al., 1998; Jung et al., 2006; Lee et
l., 2007). Since Cox-2 induction in astrocytes contributes to
strocytic PGE2 production which stimulates astrocytic glu-

amate release (Bezzi et al., 1998) this would exacerbate
eurodegeneration. Consequently, Cox-2 inhibition would
ave a more pronounced protective effect as observed in
hose studies than when Cox-2 is only induced in neurons (as
n the electrical stimulation post-SE model) where effects of
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Cox-2 inhibition might be much smaller or not detectable.
Nimesulide, another Cox-2 inhibitor, was also not able to
significantly inhibit the development of electrical kindling,
a model in which only neuronal Cox-2 activation is observed
(Tu et al., 2003).

Conclusion

In summary, we showed that treatment with the Cox-2
inhibitor SC58236, starting shortly after electrically induced
SE, did not have pronounced effects on the extent of neu-
rodegeneration, sprouting or microglial activation. More
importantly, Cox-2 inhibition did not lead to a reduced rate
of epileptogenesis. Treatment during the chronic epileptic
phase also did not lead to a significant change in seizure
frequency or duration. The lack of any substantial effects
of this selective compound during the latent period or dur-
ing chronic epilepsy, suggests that Cox-2 inhibition might
not provide an effective anti-epileptogenic or anti-epileptic
therapy. Whether other anti-inflammatory treatments are
more effective will be investigated in the near future.
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