
Epilepsy Research (2011) 96, 45—57

journa l homepage: www.e lsev ier .com/ locate /ep i lepsyres

Modeling epileptogenesis and temporal lobe epilepsy
in a non-human primate

P. Perez-Mendesa,b,1, M.M. Blancoa,b,1, M.E. Calcagnottoa,b, S.M. Cinini a,b,
J. Bachiegaa,b, D. Papoti a,b, L. Covolana,b, A. Tannusa,b, L.E. Melloa,b,∗

a Departamento de Fisiologia, Universidade Federal de São Paulo, Brazil
b Instituto de Física de São Carlos (IFSC), Universidade de São Paulo, Brazil

Received 26 January 2011; received in revised form 29 March 2011; accepted 29 April 2011
Available online 26 May 2011

KEYWORDS
Pilocarpine;
Temporal lobe
epilepsy;
Marmosets;
Status epilepticus

Summary Here we describe a new non-human primate model of temporal lobe epilepsy (TLE)
to better investigate the cause/effect relationships of human TLE. Status epilepticus (SE) was
induced in adult marmosets by pilocarpine injection (250 mg/kg; i.p.). The animals were divided
in 2 groups: acute (8 h post-SE) and chronic (3 and 5 months post-SE). To manage the severity of
SE, animals received diazepam 5 min after the SE onset (acute group: 2.5 or 1.25 mg/kg; i.p.;
chronic group/; 1.25 mg/kg; i.p). All animals were monitored by video and electrocorticogra-
phy to assess SE and subsequent spontaneous recurrent seizures (SRS). To evaluate brain injury
produced by SE or SRS we used argyrophil III, Nissl and neo-Timm staining techniques. Magnetic
resonance image was also performed in the chronic group. We observed that pilocarpine was
able to induce SE followed by SRS after a variable period of time. Prolonged SE episodes were

associated with brain damage, mostly confined to the hippocampus and limbic structures. Sim-
ilar to human TLE, anatomical disruption of dentate gyrus was observed after SRS. Our data
suggest that pilocarpine marmoset model of epilepsy has great resemblance to human TLE, and
could provide new tools to further evaluate the subtle changes associated with human epilepsy.
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ntroduction

esial temporal lobe epilepsy (TLE) is the most common
orm of human epilepsy (Engel and Pedley, 1997). Frequently
sed animal models of TLE are the kindling model (Goddard,
967; McNamara, 1986; Pinel and Rovner, 1978) where repet-
tive daily stimulation eventually leads to the emergence of

pontaneous recurrent seizures (SRS); and the kainate (Ben-
ri et al., 1980; Cavalheiro et al., 1982; Hellier et al., 1998)
r the pilocarpine models (Leite et al., 1990; Turski et al.,
983) where administration of a chemical agent leads to an
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ntense and lasting epileptic seizure (status epilepticus, SE)
ollowed by SRS after a few weeks. Seizures in rodents also
an be induced by domoic acid, another chemical agent act-
ng on glutamate/kainate receptors (Doucette et al., 2004;
asker et al., 1996). However, the domoic acid is extremely
oxic to humans (Perl et al., 1990) and non-human primates
Perez-Mendes et al., 2005; Scallet et al., 1993; Tryphonas
nd Iverson, 1990; Tryphonas et al., 1990).

A number of differences between rodents and primates
n terms of hippocampal anatomy and physiology (e.g.,
eurogenesis, basal dendrites on granule cells) are often
ited to explain the discrepancies between rodent mod-
ls of epilepsy (p.e., pilocarpine, kainate, kindling) and
uman epilepsies. Few studies were performed attempt-
ng to develop non-human models of TLE (Gunderson et al.,
999; Soper et al., 1978; Wada and Osawa, 1976; Wada et al.,
974). However the treated animals did not develop chronic
pontaneous recurrent seizures and often the brain dam-
ge was diffuse resulting in multiple foci outside the limbic
ystem. The use of pilocarpine in non-human primates as
model of epilepsy could provide new insights concerning

he human TLE. To properly evaluate the causes and conse-
uences associated with human TLE we sought to develop a
on-human primate model of temporal lobe epilepsy.

aterials and methods

nimals

dult marmosets (Callithrix jacchus), males and females (2—8
ears-old; 250—400 g; n = 28) were kept under conditions of con-
rolled temperature, illumination (12/12-h cycles) and appropriate
iet. All experimental protocols were performed at the Laboratory
f Primates of UNIFESP (Universidade Federal de São Paulo) and
ere approved by the Animal Care and Use Committee of UNIFESP

n accordance with the National Institutes of Health guidelines on
nimal care.

lectrodes implantation for electrocorticography (ECoG)

he marmosets were sedated with diazepam (1.0 mg/kg; i.m.;
ristália, São Paulo, Brazil) and then anesthetized 10 min later with
etamine 10% (1 mg/kg; i.m.; Agener União, São Paulo, Brazil) and
ylazine 2% (0.5 mg/kg; i.m.; Bayer, São Paulo, Brazil). Additional
alf-dose of anesthesia was given when necessary. Subdural teleme-
ry bipolar electrodes (Data Sciences International, St. Paul, MN,
SA) were implanted in the motor cortex of marmosets. For acute
xperiments, the telemetry bipolar electrode (DSI transmitters-
A11CTAF40) (Data Sciences International, St. Paul, MN, USA) was
laced subcutaneously in the intra scapular region of each animal
hrough an infra scapular incision of 3 cm. The electrode was subcu-
aneously introduced from the intra-scapular region and guided to
he surgical incision made at the skull region. To avoid postoperative
nfection and pain, all animals received broad spectrum veterinar-
an antibiotic (0.1 mL/kg; i.m.; Fort Dodge, São Paulo, Brazil) and
nalgesic banamine® (1 mg/kg; i.m.; Schering-Plough, São Paulo,
razil).

ilocarpine injection
he animals were kept isolated in metal cages for 2 days before
he drug injection. Sixteen days after electrode implantation, mar-
osets were injected with scopolamine methyl bromide (1 mg/kg;

.p.; Sigma, St. Louis, USA) and 20 min later, with pilocarpine
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ydrochloride (250 mg/kg; i.p.; Merck, São Paulo, Brazil). The con-
rol group (n = 2) received saline 0.9% instead of pilocarpine. To
void possible deaths, the animals received sub-therapeutic dose
f diazepam 5 min after SE (Perez-Mendes et al., 2005). For the
cute study, 20 animals with SE received diazepam at 2.5 mg/kg;
.p. (n = 12) or 1.25 mg/kg; i.p. (n = 8). For the chronic study, 10
nimals with SE received diazepam at 1.25 mg/kg; i.p. The ani-
als remaining in SE after 4 h received a supplementary dose of
iazepam (1.25 mg/kg; i.p.). Immediately after the SE the animals
eceived glucose solution (1 glucose 50%: 4 saline 0.9%; 1 mL s.c.)
nd were kept warmed. The normal diet was restarted when the
nimals become alert.

ideo/ECoG

ne day before the pilocarpine injection the animals were mon-
tored with ECoG for 24 h (baseline). The animals from the
cute group were monitored for 8 h post-pilocarpine injection
Video/ECoG for 6 h consecutively, and with ECoG only, for the
nal 2 h). The animals from the chronic group were monitored with
ideo/ECoG for 24 h/day for 7 consecutive days post-pilocarpine

njection followed by 7 consecutive days 24 h/day during alternated
eeks during 19 consecutive weeks. For the chronic group, the ani-
als with SE that survived over 48 h were then divided in 2 chronic

roups: one observed for 3 months (G3m, n = 3) and the other for
months (G5 m, n = 4). During the chronic follow up we evaluated

he rate and the electrographic pattern of SRS. The pro-convulsive
ehavior after pilocarpine administration was evaluated accord-
ng to the modified Racine scale from I to V described previously
Bachiega et al., 2008; Racine et al., 1972) as follows:

I. Facial automatisms, including salivation, ‘‘mouth cleaning-like’’
behavior, and tongue automatisms.

I. Facial movements, head clonus, and head shakes.
I. Forelimb clonus.
. Bilateral forelimb clonus, rearing, arched body posture, straub

tail.
. Generalized clonic seizures and postural impairment.

We evaluated the stages according its latency and duration.
CoG was acquired with Data Sciences Telemetry System (St. Paul,
N, USA) and the electrographic pattern of SE and SRS were ana-

yzed by ART 3.0 software.

rgyrophil III staining

ll animals from the acute group were deeply anesthetized
thionembutal, 50 mg/kg; i.p.; Cristália, São Paulo, Brazil) 8 h after
E and perfused as described previously (Covolan and Mello, 2000)
he brains were kept 48 h inside the skull. Later, they were removed
nd post fixed for a week in the same fixative and then placed in
ucrose 30% for 48 h. After cryoprotection, 60-�m thick coronal sec-
ions were cut using the cryostat and the Argyrophil III staining
to identify neuronal injury expressed as presence of dark neu-
ons) was performed as described elsewhere (Covolan and Mello,
000). The dark neurons were evaluated in the brain regions
plates) based on the marmoset brain atlas (Stephan et al., 1980)
2 slices/plate/animal). The rostral (plates A11.5, A10.5 and A9.5)
edial (plates A8.0, A6.0 and A5.0) and caudal (plates A4.0 and
2.0) regions of the brain were analyzed. To determine the neuronal
amage we used a microscope (Olympus BX50; ×100) connected to a
omputer (Macintosh-PowerMac 8600/200). The argyrophilic stain-
ng was scored as presence of dark neurons based on the percentage

f brain structure with dark cells (Covolan and Mello, 2000) as fol-
owing: 0: 0%, 0.5: 10%, 1.0: >10—25%, 1.5: >25—45%, 2.0: >45—55%,
.5: >55—75%, and 3.0: >75%. Two persons blinded to the treatment
onditions performed the evaluation.
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Epileptogenesis in marmosets

Nissl staining (Cresyl violet)

Coronal brain slices of 60-�m from the acute and chronic groups
were stained with cresyl violet to visualize the neuronal loss and
cell dispersion (within hippocampal pyramidal and dentate granule
cell (DGC) layers). The analysis was made based on the marmoset
brain atlas (Stephan et al. 1980). We performed a qualitative anal-
ysis of rostral (plates A7.0—A6.0), medial (plates A5.0—A4.0), and
caudal (plates A3.0—A2.0) regions of hippocampal hilus, in 3 sec-
tions/plate/animal. To measure the cell dispersion of CA3 pyramidal
and DGC layers we used the same plates described above, in 5
sections/plate/animal (3—5 measurements each layer) using the
software NIH Image 1 .62. The analysis the width of the DGC layer
was assessed in the narrowest and widest zones of DG (e.g., in the
curved zones and especially in the folded hippocampus). For each
zone, the width was the result of an average of 8 values. For each
case, the width of the DGC layer was assessed 16 times bilaterally
in the hippocampus.

Magnetic resonance image (MRI)

MRI was performed in animals during the chronic period at the
Physics Institute of USP (Universidade de São Paulo) in São Car-
los. The images were acquired from animals, already perfused,
in a 2.0 T MRI for animals. The acquisition protocol was previ-
ously tested in a normal control animal to standardize the method.
MRI was performed in chronic animals (G3m, n = 1 and G5m,
n = 3), NSE (n = 1) and control (n = 1). The acquisition protocol was
the following: FOVr (field of view for reading) = 4 cm, FOVp (field
of view for phase) = 4 cm, TR (time of repetition) = 2000 ms, TE
(time of echo) = 75 ms, Nr (number of points for reading) = 256, Np
(number of points for phase) = 256, number of mean = 20, Num-
ber of slices = 19, thickness of slices = 1.5 mm, distance between
slices = 2 mm, total acquisition time = 2 h and 50 min.

Neo-Timm staining

While under deep anesthesia the chronic animals were transcar-
dially perfused with (i) 200—300 mL phosphate buffer, (ii) 300 mL
0.1% Na2S in Millonig’s buffer, and (iii) 300—400 mL 4% paraformalde-
hyde in PBS 0.01 M, pH 7.2, 4 ◦C. The brains were removed and
placed in sucrose 30% for 48 h. Next, 30-�m thick coronal sections
were cut with a cryostat and developed according to standard neo-
Timm protocol as described previously (Mello et al., 1993). The
intensity of neo-Timm staining in the supragranular layer of dentate
gyrus (DG) was subjectively scored (Tauck and Nadler, 1985) from 0
(no staining) to 3 (densely and continuous staining through the DGC
layer). All rostro-caudal axis of hippocampal complex were evalu-
ated. The analysis of the hippocampus was performed by 2 persons
blinded to the treatment conditions.

Immunohistochemistry

Immunohistochemistry for glial fibrillary acidic protein (GFAP)-
positive cells (astrocyte marker) was performed using the ABC
method. Coronal brain sections from chronic epileptic, NSE and
control groups were incubated overnight with primary polyclonal
antibody against GFAP (1:2000; DakoCytomation) followed by incu-
bation with the appropriate secondary biotinylated antibody (1:600;
Vector Laboratories; anti-rabbit). Briefly, coronal sections (30 �m)
were rinsed in potassium PBS, treated with 3% H2O2, and incu-
bated overnight with 0.1% Triton X-100 plus PBS solution and primary
antibody. Sections were rinsed and incubated in avidin—biotin

complex (Elite ABC kit, Vector Laboratories), and developed
with diaminobenzidine. Sections were analyzed by conventional
microscopy. GFAP-stained sections were quantitatively assessed as
follows: score 0: no obvious expression, score 1: obvious expression
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nvolving 10—25% of the region, score 2: obvious expression involv-
ng 40—60% of the region, and score 3: >80% the expression in the
egions of interest. Assessment was performed in hilar regions, CA1,
A3, subiculum, temporal cortex, frontal cortex, entorhinal cortex,
ypothalamus and thalamus in four sections per animal.

tatistics

he data was analyzed using Student’s t-test and ANOVA followed
y Tukey—Kramer post hoc test with significance level of P < 0.05.
esults were presented as the mean ± SEM.

esults

ilocarpine triggers SE

o evaluate whether pilocarpine is capable of inducing SE in
armosets, the animals were monitored by a Video/ECoG

elemetry system. We observed that pilocarpine was able to
voke a number of different convulsive behavior prior the
E. All 30 animals injected with pilocarpine had at least 2
pisodes of convulsive behavior stages I—IV (Bachiega et al.,
008; Racine et al., 1972) progressively. The beginning of SE
as characterized by convulsive behavior stage IV. Twenty-

our out of the 30 animals (80%) injected with pilocarpine
eveloped SE. Four of them died during SE and 2 died 48 h
nd 2 months after SE and six animals did not develop SE
NSE). There was no association between latency/duration
f these convulsive stages and the subsequent develop-
ent of SE or duration of SE. Two out of 6 NSE animals
resented only a single tonic—clonic seizure and recov-
red in a few minutes and have no SRS during the ECoG
ecordings. Control animals did not have any convulsive
ehavior. To more completely characterize the SE in mar-
osets we focused our analysis on the latency, duration and

CoG patterns. All animals received diazepam 5 min after
E started (i.e., after convulsive behavior stage IV). The
atency for the beginning of SE was 16.8 ± 4.0 min (n = 24).
he duration varied from 1 h to 3 h (2.2 ± 0.4 h) for animals
reated with 2.5 mg/kg diazepam (n = 7) and from 2 h to
h (5.9 ± 1.0 h) for animals treated with 1.25 mg/kg (n = 11)

Student’s t-test, P < 0.01) (Fig. 1A). According to the ECoG
attern we classified the SE in 5 phases as following: I:
igh amplitude, high frequency spikes (≥1.0 mV; 13—18 Hz);
I: high amplitude, low frequency spikes (≥1.0 mV; 3—8 Hz)
ith short period of high frequency (13—18 Hz); III: bursts
f 10 Hz followed by a period of high frequency activity;
V: small burst of low amplitude followed by high fre-
uency activity; V: predominantly attenuated as compared
o phase IV but with short period of high amplitude activ-
ty; post-ictal period: attenuation of baseline (Fig. 1B).
he ECoG recording became normal around 2 h after the
nd of phase V. This ECoG pattern was observed in all
nimals, going from phase I to V (Fig. 1C). The animals
reated with 2.5 mg/kg of diazepam had shorter dura-
ion of phase IV (2.1 ± 0.45 h) when compared with those
reated with diazepam 1.25 mg/kg (0.7 ± 0.3 h) (Student’s

-test, P < 0.05). Thus, diazepam could be responsible for
he attenuation of amplitude and duration of the epilep-
iform activity. The duration of the post-ictal period was
ariable.
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Figure 1 Characterization of Pilocarpine-induced SE in marmosets. (A) Plots of SE duration for different diazepam doses. (B) ECoG
recordings showing the phases of SE in marmosets. (C) Characterization of the duration of the different SE phases in 2 representative
animals (FA and F6: marmosets from acute and chronic group, respectively) as following: I: high amplitude, high frequency spikes,
II: high amplitude, low frequency spikes with short period of high frequency spykes, III: bursts of 10 Hz followed by a period of high
frequency activity, IV: small burst of low amplitude followed by high frequency activity, and V: predominantly attenuated with short
p (VI)

d
c

P

G
w
b
d
r
a
g
A
s
t
f
s
d
(
s
T
d
w
O
a
o
a
a
a
h
n
C
b
c

b
a
i

S

S
i
t
o

w
r
m
v
a
t
m
e
a
m
4
f
n
t
i
t
s
t
t
n

eriod of high amplitude activity; followed by post-ictal period

To evaluate the early and late consequences of SE we
ivided the animals in 2 groups following the SE, acute and
hronic groups.

rolonged SE is required to promote injury

iven the ability of pilocarpine to induce SE in marmosets
e then investigated the association between SE and acute
rain damage. To address this issue we evaluated neuronal
amage in several marmosets’ brain areas using the argy-
ophil III silver (Gallyas et al., 1992; Ishida et al., 1999)
nd the Nissl stainings. Sixteen marmosets from the acute
roup were analyzed (n = 11 SE, 3 NSE and 2 controls).
rgyrophilic dark neurons were detected in several brain
tructures of animals after SE, mainly in the limbic struc-
ures (Supplementary Table 1). Negligible cell injury was
ound in the NSE (Fig. 2A—D) and control groups (data not
hown). From the SE group, the 6 animals receiving higher
oses of diazepam (2.5 mg/kg), had shorter duration of SE
1—3 h) and less widespread brain damage (32 different brain
tructures with injured cells) (Fig. 2E—H and Supplementary
able 1) than the 5 animals that received lower doses of
iazepam (1.25 mg/kg; 2—8 h; 52 different brain structures
ith injured cells) (Fig. 2I—L and Supplementary Table 1).
verall, there was no further increase in neuronal damage in
nimals with longer SE duration (4—8 h). Given the thickness
f the brain slices (60-�m; required for the silver staining)
vailable for the Nissl staining we performed a qualitative
nalysis of the cell loss (Bethmann et al., 2008; Covolan
nd Mello, 2000). We did not observe cell loss in the CA2
ippocampal subregion in any group of animals. However,

euronal loss in hippocampal was observed in the regions of
A1, CA3 and hilus of animals post-SE (n = 11; acute group)
ut not in the control (n = 2) or NSE (n = 3) groups. These data
learly indicate that pilocarpine-induced SE promotes acute

t
m
w
c

of attenuated baseline. *Student’s t-test; P < 0.05.

rain damage in marmosets. The lower dose of diazepam,
s expected, resulted in more severe and extended neuronal
njury.

pontaneous seizures develop after SE

ince SE duration of 60 min causes great neuronal damage
n rodents (Covolan and Mello, 2000), we decided to lower
he dose of diazepam (1.25 mg/kg) in order to evaluate the
ccurrence of SRS in the chronic group.

To assess whether pilocarpine-induced SE in marmosets
as followed by SRS we performed continuous Video/ECoG

ecordings over a period of several weeks. Eight out of 10
armosets injected with pilocarpine developed SE with a

ariable duration of 4—9 h. SRS were observed in 5 out of 7
nimals over the 19 weeks of observation. To characterize
he SRS we evaluated the ECoG pattern and the behavioral
anifestation. We observed 4 different types of spontaneous

lectrographic seizures, according the latency, frequency
nd amplitude of epileptiform discharges (Fig. 3A). The
ost frequent seizure type observed in the ECoG was type
(Fig. 3B). The latency for SRS after SE varied from a

ew days (n = 2) to several weeks (5 weeks, n = 1; 7 weeks,
= 1 and 15 weeks, n = 1). SRS frequency was higher in

he initial weeks with a gradual reduction in the follow-
ng weeks (Fig. 3C). There was no EMG alteration during
he seizures type 1, 2, or 3 and the body temperature mea-
ured did not change in any of the seizure types. Seizure
ype 1 had duration of 6.83 ± 0.13 s, type 2, 13.08 ± 1.21 s,
ype 3, 24.50 ± 1.71 s, and type 4, 79.90 ± 0.66 s. We did
ot observe any clinical or electrocorticographic manifesta-

ion of seizures in the animals without SE. The behavioral
anifestation was evident only during seizure type 4 and
as characterized by grooming followed by progressive
lonic movements of all four limbs and loss of posture. The
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Figure 2 Cell death in hippocampal formation of SE animals. Argyrophil III staining of hippocampal hilus (A, E, I and higher
magnification insets B, F, J) and entorhinal cortex (C, G, K and higher magnification insets D, H, L) of a NSE, (A—D) SE animal
receiving diazepam 2.5 mg/kg (E—H) and SE animal receiving diazepam 1.25 mg/kg (I—L). The presence of dark cells in the SE
animal injected with 1.25 mg/kg diazepam is more intense than those injected with 2.5 mg/kg diazepam. No cell damage in NSE
animal. Scale bar: A, E, I, C, G, K: 100 �m; B, F, J, D, H, L (insets): 50 �m. EC: entorhinal cortex.

B
l

W

post-ictal period lasted for about 3—4 h and was char-
acterized by mydriasis, relative immobility and lack of
responsiveness to sound stimulation. Taking altogether, we
conclude that pilocarpine-induced SE in marmosets is fol-

lowed by SRS, after a variable latent period, frequency and
seizure pattern. We are did not observe significant interictal
discharges that could be measured on the ECoG during the
time recorded.

a
c
i
t

rain damage is confined to the hippocampus and
imbic structures in the chronic phase

e demonstrated above that SE was capable to induce

cute brain damage in marmosets. To fully evaluate whether
hronic seizures are associated with anatomical, morpholog-
cal and cellular changes in the brain, we performed MRI of
he intact brains; and Nissl and neo-Timm stainings of the
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Figure 3 Characterization of SRS during the chronic phase post pilocarpine-induced SE. (A) Electrographic representation of the 4
different seizure types (a, b and c represent the same single seizure episode); (B) Characterization of the different seizure types for
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ach chronic animal; (C) Frequency of SRS for all chronic animal
roup with 3 and 5 months follow up respectively; SE†: Animals

rain sections from marmosets after the chronic period of 3
nd 5 months.

MRI was performed in 6 animals (4 SRS, 1 NSE and 1
ontrol). The morphological alterations of the hippocampus
rom these animals are described in Supplementary Table 2
he M3 animal that was assessed by MRI at 3 months after
he SE (G3m chronic epileptic animal) histologically exhib-
ted little neuronal loss in CA1, CA3 and hilus and discrete
ossy fiber sprouting. At the MRI level, no alterations were

bserved in Control (Fig. 4A and B), NSE (Fig. 4C and D)
nd G3m (Fig. 4E and F). Morphological alterations were
bserved in hippocampal structures only in 2 animals from
5m and were characterized by increased T2 signal of the
ippocampal region with bilateral mesial atrophy (Fig. 4G
nd H). At histology, one of these G5m animals (M2) pre-
ented neuronal loss in CA1 CA3 and hilus with, severe cell

ispersion in CA3 and GDG and severe mossy fiber sprout-
ng. In addition this animal exhibited DG malformation. The
ther of these, animal F5, exhibited little neuronal loss in
he hilus and cell dispersion in CA3; however did not present

c
c
F
o

ributed over time.M4 to F2: animal codes; 3 m and 5 m:Chronic
SE who had died; NSE: group of animals without SE.

ossy fiber sprouting. No alterations were found in other
rain structures.

As we observed alterations at the MRI similar to the
ippocampal sclerosis seen in TLE, we performed immuno-
istochemistry for GFAP to evaluate the presence of gliosis in
he hippocampus of the epileptic marmosets. We performed
qualitative analysis of GFAP positive cells in several brain

tructures such as, hilus, CA1, CA3, subiculum, entorhi-
al cortex, temporal cortex, frontal cortex, thalamus and
ypothalamus of epileptic animals (G3m and G5m), NSE and
ontrols. However, the GFAP expression was similar for all
roups (Supplementary Fig. 1 and Table 3).

Nissl staining revealed cellular dispersion, neuronal loss
nd morphological changes in hippocampal areas of chronic
nimals. The cellular dispersion was significantly higher in
he DGC layer of animals from G5m (182 ± 17 �m), when

ompared with all other groups, G3m (130 ± 7.0 �m) and
ontrols (135 ± 10 �m; ANOVA—Tukey—Kramer test, P < 0.05;
ig. 5A). There was also a significant increase in thickness
f DGC layer in animals with SRS from both groups (G3m
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Figure 4 MRI features of marmosets brain during the chronic period after pilocarpine-induced SE. Coronal MRI sections in T2
ths (
roph

i
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t
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sequence of control (A and B), NSE (C and D) as well as 3 mon
hippocampal region with hyper signal associated with mesial at

and G5m) (172 ± 17 �m) when compared with animals with-
out SRS (133 ± 7.6 �m; Student’s t test, P < 0.05; Fig. 5B).
Neuronal loss in CA1, CA3 hippocampal regions and hilus
was detected in the epileptic but not in NSE or control
groups (n = 5). In the hilar region both epileptic groups had
significantly less neurons (G3m, 10 ± 3.5 neurons/100 �m2;
and G5m, 10 ± 2.5 neurons/100 �m2) than the control group
(21.5 ± 1.5 neurons/100 �m2; ANOVA—Tukey—Kramer test,
P < 0.05; Fig. 5C). In addition, there was a significant neu-
ronal loss in the hilar region in animals with SRS (8.2 ± 1.9
neurons/100 �m2) when compared with animals without

SRS (20 ± 1.5 neurons/100 �m2; Student’s t test, P < 0.01;
Fig. 5D).

By the morphological analyses of the hippocampus, we
observed an interesting malformation in the DGC layer sim-

M
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n

E and F) and 5 months (G and H) after SE. Note the bilateral
y in G and H (*); hip: hippocampus.

lar to that was described previously in humans with TLE
Sloviter et al., 2004). We observed the DG malformation
n 2 out of 6 chronic epileptic animals. This malforma-
ion, observed only in the G5m group, was characterized
y invaginations and lateral displacement of the DGC layer,
ainly in the posterior plates with no additional morpho-

ogical alteration in the hippocampus (Fig. 6E and F). These
rossly distorted DGC layer were never seen in controls
Fig. 6A and B), NSE animals (Fig. 6C and D) or in the G3m
roup. We did not observe cell displacement in other areas
f the hippocampal formation. Neo-Timm staining showed

FS in the DG in some but not all of the animals from both
hronic groups (Fig. 7C and D). The presence or absence
f SRS did not seem to be affected by the presence or
ot of MFS (animal M3 showed MFS but no SRS, whereas in
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Figure 5 Cellular dispersion and neuronal loss in hippocampus of marmosets evaluated by Nissl staining. Quantification of cell
dispersion in DGC layer comparing all chronic groups (A) and only animals of the SE group divided according to presence or absence
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f SRS (B). Plots showing neuronal loss in the hilus of both epil
n the animals with SRS when compared with animals without S

ontrast animal M1 exhibited SRS but no MFS). MFS was not
ound in control (Fig. 7A and B) or NSE groups (data not
hown). Supplementary Table 2 shows the overall morpho-
ogical alterations observed in the hippocampal formation
or all groups. In summary, when compared with other
odent models of epilepsy, the marmosets with chronic SRS
xhibited brain damage restricted mainly to the hippocam-
us and limbic structures.

iscussion

xperimental animal models of mesial TLE have helped to
lucidate the morphological and functional alterations of
ippocampal sclerosis associated with epilepsy. Here we
escribe a new model of TLE induced by pilocarpine in a
on-human primate (C. jacchus). Our main findings in this
odel include the following: (i) pilocarpine was able to

nduce SE in marmosets, (ii) prolonged SE was needed to
ause brain injury, (iii) the SE was followed, by SRS associ-
ted with brain damage mostly confined to the hippocampus
nd limbic structures, and (iv) gross morphological distor-
ions were found in the DG in chronic animals and may have
ccurred as a consequence of the epileptic condition.

The present work follows our previous attempt to cre-
te a non-human primate model of epilepsy by using domoic
cid (Perez-Mendes et al., 2005). Due to the high SE-
ssociated mortality in marmosets prompted us to treat
he animals with diazepam at a earlier time point (5 min
fter SE onset) than used for rats (∼60 min after SE onset)

Mello et al., 1993). Despite the earlier time point of SE
itration, diazepam did not fully abolish the SE and the
nimals still present cell damage and most subsequently
eveloped SRS. In the pilocarpine and kainate models of

fi
c
c
d

groups (G3m and G5m) when compared with controls (C) and
). *P < 0.05 and #P < 0.01.

pilepsy in rodents, a severe episode of SE is essential for
he subsequent development of SRS (Goffin et al., 2007;
emos and Cavalheiro, 1996). By managing the severity of
he SE, injecting sub-therapeutic doses of diazepam after
he SE onset, one can decrease mortality without decreas-
ng the development of epilepsy (Cunha et al., 2009; Gao
t al., 2007; Hellier et al., 1998; Mello et al., 1993; Treiman
t al., 1998; Walton and Treiman, 1988). The immediate
eizures following pilocarpine injection in marmosets were
imilar to those described in pilocarpine-treated rodents
Racine et al., 1972; Turski et al., 1983). Development of
E after pilocarpine was markedly faster in marmosets than
n rodents, that developed motor limbic seizures over 1—2 h
nd built up progressively into limbic SE (Turski et al., 1983).

As expected, the administration of lower dose of
iazepam resulted in more extensive brain damage than
igher dose. We observed a more diffuse degeneration pat-
ern across the entorhinal cortex layers in animals receiving
ighest dose of diazepam (Fig. 2G and H; 2.5 mg), and an
ntense degeneration pattern only in superficial and deeper
ntorhinal cortex layers associated with the lowest dose of
iazepam (Fig. 2K and L; 1.25 mg). Several studies have
hown the different connections between the superficial
ayers II—III and deep V—VI of entorhinal cortex with differ-
nt regions of neocortex, GD, hippocampal formation and
ubiculum (Dolorfo and Amaral, 1998; Kloosterman et al.,
003; Kobayashi et al., 2003; Kohler, 1986; van Haeften
t al., 2003). The more intense neuronal death in those
egions, the more specific will be the cell death in corre-
pondent entorhinal cortex layers. That could explain our

ndings of less cell death in general brain structures asso-
iated with a diffuse and less intense damage in entorhinal
ortex in epileptic animals receiving the highest diazepam
ose; and more cell death in hippocampal and cortical areas
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Figure 6 Malformation of DGC layer in marmosets during the chronic period after pilocarpine-induced SE. Nissl staining showing
entorhinal cortex (A, C, E) and hippocampus (B, D, F) of control (A and B), NSE (C and D) and marmoset with chronic SRS (5 months

arm
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after SE) (E and F). Note displacements of the DGC layer of in m
no cell displacement or cell cluster in other hippocampal areas

associated with intense damage in specific layers of entorhi-
nal cortex in epileptic animals lowest dose of diazepam.
Although, pilocarpine-induced SE in marmosets affected
the same brain structures observed in rodents, it was less
exuberant. While in rodents, 2 h of pilocarpine induced-SE
produces almost complete degeneration (more than 75%) of
amygdala, piriform cortex and hippocampal areas (Covolan
and Mello, 2000), in marmosets the neuronal damage in

these areas was less than 25%, even in some animals with
prolonged SE (up to 8 h). Obviously, one might take into
account that marmosets were treated with diazepam at a
much earlier time point after SE onset to promote survival.

y
t
c

oset with SRS 5 months after pilocarpine-induced SE. There is
le bars: 50 �m.

y applying this strategy, the neuronal loss observed in pilo-
arpine induced-SE in marmosets seems to better resemble
he damage found in most cases of human TLE. However,
espite the overall low level of cellular degeneration in mar-
osets, the neuronal loss in the hilus was intense. Our data

uggest that marmosets were less resistant than rodents in
erms of morbidity/mortality to SE and require less severe
njury to generate SRS.
The aim of the current study was not to provide an anal-
sis of injury patterns within models but to determine (or
o produce) an injury pattern that could result in SRS to
reate a non-human primate model of epilepsy. Thus, the
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Figure 7 Mossy fiber sprouting in marmosets during the chronic period after pilocarpine-induced SE. Neo-Timm staining showing
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he MFS in the marmoset with chronic SRS (5 months after SE) (C
A and higher magnification inset B); scale bar: A and C: 125 �m

etermination of the injury produced by the low dose of
iazepam allowed us to characterize the possible anatomi-
al substrate (mainly in hippocampus and entorhinal cortex)
nderlying the generation of SRS in a non-human primate
odel of epilepsy.
The entorhinal cortex seems to be critically involved in

LE (Wozny et al., 2005). In patients with TLE and in sev-
ral models of TLE, the entorhinal cortex shows an enhanced
usceptibility to seizures (Collins et al., 1983; Spencer and
pencer, 1994). Previous studies showed that seizures cause
preferential loss of glutamatergic neurons sparing GABAer-
ic neurons in the medial entorhinal cortex (Eid et al., 1999;
obayashi et al., 2003). In addition selective degeneration of
yramidal neurons in regions CA1 and CA3 of the hippocam-
us is a common in epilepsy. Dentate granule cells and CA2
yramidal-like neurons are relatively resistant to glutamate-
nduced neurodegeneration, while CA1 and CA3 pyramidal
eurons were significantly more vulnerable (Mattson et al.,
989). Thus, the disrupted the feed-forward inhibition from
he entorhinal cortex to a damaged hippocampal pyramidal
ells facilitates the propagation of entorhinal seizures to
he hippocampus, and the generation of SRS thereafter. The
atency period for SRS in marmosets varied from few days to
everal weeks. For pilocarpine and kainate models in rodents

his latent period could last a few or more days (Bumanglag
nd Sloviter, 2008; Leite et al., 1990; Sloviter, 2008). On the
ther hand, in rodent models of TLE with few hippocampal
hanges, such as the kindling model, SRS are either rare,

s
i
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t

higher magnification inset with MFS in D) but not in the control
ets B and D: 50 �m. EC: entorhinal cortex.

aking weeks to start (Pinel, 1981). Similarly, in kindled pri-
ates, SRS developed only after several months of electrical

timulation (Wada et al., 1985; Wada and Osawa, 1976). The
evelopment of SRS and brain damage restricted mainly to
he hippocampus and limbic structures are the major dif-
erences between our study and others that attempted to
evelop animal models of TLE using non-human primates
Gunderson et al., 1999; Soper et al., 1978; Wada and
sawa, 1976; Wada et al., 1974). The TLE model in mar-
osets described here reproduces the main features of TLE

n humans. The use of pilocarpine in non-human primates as
model of epilepsy could provide new insights concerning

he human TLE and could provide a new tool for screening
f new AED. To properly evaluate the causes and conse-
uences associated with human TLE we sought to develop
non-human primate model of temporal lobe epilepsy.
The main features of the SRS observed here resembled

hose of pilocarpine and kainate models of TLE in rodents
nd of human complex partial seizures (Leite et al., 1990;
urski et al., 1983). The brain damage seems to be restricted
o the hippocampus and limbic structures during this chronic
eriod. In human mesial TLE hippocampal atrophy on T1-
eighted and mesial temporal hyper signal on T2-weighted

mages of MRI readily indicate the presence of hippocampal

clerosis (Cascino et al., 1991; Kuzniecky et al., 1997). Sim-
larly, MRI performed in some marmosets with SRS showed
tructural changes restricted to the hippocampus, similar to
he human hippocampal sclerosis.
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Epileptogenesis in marmosets

Marmosets with SRS exhibited malformations located in
the DG, characterized by invaginations and lateral displace-
ment of the granular cell layer, mainly in the posterior
plates. This alteration resembled the so called tectonic
developmental malformation described previously in the
hippocampus from human TLE (Sloviter et al., 2004). Dif-
ferent from the presumably developmental malformation
found in patients with TLE with minimal hippocampal
cell loss, we did not observe expansion of CA1 pyramidal
cell/subicular layer that appears to compress and deform
the DG adjacent to the expansion. We cannot eliminate the
possibility that in humans these changes (cell dispersion of
the DG and tectonic malformations) could be attributed to
changes in neurodevelopment. However, our data suggest
that in the adult primate, these alterations can take place
after injury (SE) during adult life, even within a few months.
Comparatively, while prominent in rodent SE models (Mello
et al., 1992; Suzuki et al., 1995), granule cell dispersion is
not as frequent in humans with TLE (Houser, 1990). Similarly,
dentate neurogenesis is quite robust in rodents (Covolan
et al., 2000; Parent et al., 1997) but rather discrete in adult
non-human primates (Gould et al., 1999) and in humans
(Eriksson et al., 1998).

MFS, another important feature in rodent models and in
human TLE (Babb et al., 1991; Mello et al., 1993; Sutula
et al., 1989; Tauck and Nadler, 1985), was also observed in
marmosets. However, no correlation was found between MFS
and seizures frequency and intensity. Whether MFS does or
does not seem to be necessary for SRS development is still
under debate (Longo and Mello, 1998; Pitkanen et al., 2005;
Tauck and Nadler, 1985; Williams et al., 2002).

The characterization of a non-human primate model of
epilepsy allows investigation of higher brain functions and
subtle changes associated with epilepsy without the con-
founding influence of antiepileptic drugs. Finally, it may
also provide a new model for antiepileptic drug screening.
Altogether, our data suggest that this new model of TLE in
marmosets has great resemblance to human TLE, and may
provide a new tool to evaluate the causes and consequences
associated with TLE.
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