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Abstract
The purpose of this study is to determine the activation of the extrinsic and intrinsic apoptotic pathways in the cerebellum of rats
exposed to amygdaloid electrical kindling. Western blot analyses were carried out for caspase-8 and caspase-9, Bid, Bax, and
Bcl-2 in the cerebellum and immunohistochemistry of Bid, Bax, cytochrome C, and VDAC (voltage-dependent anion channels)
in the cerebellar cortex of Wistar male rats with 0, 15, and 45 kindling stimulations. In the experimental group of 45 stimuli, we
observed an increase in protein activation of caspase-9 and truncated Bid and Bax, in addition to a decrease in expression of pro-
caspase-8 and the anti-apoptotic protein Bcl-2, determined byWestern blot. Moreover, we observed a cytosolic immunopositivity
for cytochrome C and a mitochondrial immunolocalization for truncated Bid and Bax in the group of 45 stimuli. In this work, we
found an increase of caspase-8, a cysteine-protease that can activate caspase-3 triggering extrinsic apoptosis by signaling of death
receptors. However, it also can activate the intrinsic pathway releasing Bid, which performs mitochondrial translocation of Bax,
inactivating Bcl-2 and allowing the release of cytochrome C through the opening of the mitochondrial permeability transition
pore, promoting the activation of caspase-9 which activates caspase-3, the main executor caspase of apoptosis. Therefore, it is
concluded that there is an activation of the intrinsic and extrinsic apoptotic pathways in the cerebellum of rats exposed to the
kindling model. Apoptosis signaling pathways can be analyzed as an important developing object of research about the epileptic
activity.
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Highlights
• Presence of extrinsic and intrinsic apoptosis in the cerebellum after
chronic epileptic activity.
• Increased expression of Bax and tBid and decreased expression of Bcl-2
in cells of the cerebellar layer after chronic epileptic seizures.
• Increased levels of initiator caspases of the extrinsic (caspase-8) and
intrinsic (caspase-9) pathways in the cells of the cerebellar layer after
chronic epileptic seizures.
• Presence of Bax and Bid in the mitochondria of cerebellar cells of rats
exposed to generalized tonic-clonic seizures.
• Absence of cytochrome C in the mitochondria of cerebellar cells of rats
exposed to generalized tonic-clonic seizures.
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Introduction

Epilepsy has been described as a neurological disorder char-
acterized by a series of neurophysiological and neurochem-
ical changes that cause repeated seizures [1]. The complex
physiopathology of epilepsy has allowed the design of mul-
tiple experimental models for its study [2, 3]. The kindling
model has been referred to as a progressive development of
electroencephalographic and behavioral seizures produced
by repeated low-intensity electrical stimulation to discrete
forebrain structures resulting in secondary generalized sei-
zures [4]. The advantage of kindling is the control on the
seizure frequency and the progression of seizure severity
[5]. Other advantages include EEG registration that provides
the morphologic changes similar to those present in human
patients with secondary generalized partial seizures and the
control of possible collateral effects of chemical models
during the different states of kindling [6]. Using this model,
it was demonstrated that there is apoptotic neuronal death in
the cerebellum after the recurrence of epileptic seizures [7].
Although the amygdala or hippocampus are usually the ep-
ileptic focus, loss of Purkinje cells has been widely cited as
a consequence of recurrent and prolonged seizures and pat-
terns of cerebellar atrophy has been described in chronic
epileptic patients [8, 9]. A clinical study has demonstrated
that after an epileptic state, a generalized loss of Purkinje
cells is observed [10]. Imaging studies have also revealed a
generalized loss of cerebellar gray matter [11, 12]. In animal
models, for example, Mongolian gerbils susceptible to sei-
zures have decreased Purkinje cell densities [13, 14]. It is
thought that degeneration can be excitotoxic induced by
seizures because chronic intraventricular injections of gluta-
mate and aspartate result in the loss of Purkinje cells [15].
However, the mechanisms by which the death of cerebel-
lum cells occurs has not been determined in its entirety. The
initiation of apoptosis occurs mainly for two different path-
ways: the intrinsic pathway and the extrinsic pathway [16,
17]. This can result in the activation of anti-apoptotic pro-
teins of the Bcl-2 family to decrease the apoptotic effect
[18, 19]. However, pro-apoptotic proteins (Bid, Bax) can
also be activated to trigger a signaling cascade mediated
by caspases and pro-apoptotic factors released from the mi-
tochondrial inter-membrane space, amplifying the signal of
death [20–23]. A reduction of Bcl-2 protein and the in-
crease of mRNA for Bax protein in the hippocampus of
mice after the systemic injection of kainic acid as model
of epilepsy have been reported [24]. There was a significant
positive correlation between serum levels of Fas (ligand of
Fas death receptor) and Bcl-2 and they both were signifi-
cantly increased in patients with uncontrolled epilepsy [25].
Therefore, the aim of this study was to determine the acti-
vation of apoptosis (extrinsic and intrinsic) in the cerebel-
lum of kindled rats.

Method

Animal Conditions

Ten male Wistar rats weighing 250 to 290 g for each group
(control, 15 and 45 stimuli) were used. The handling of rats
was performed according to institutional and national guide-
lines (NOM-062-ZOO-1999) and the international principles
of the Council for International Organizations of Medical
Sciences. The rats were individually housed in transparent
cages, which allowed them to move freely over a corncob
bedding, and they were maintained at 23 ± 1 °C under a
12-h light-dark cycle (lights on at 07:00 AM) with free access
to food and water.

Stereotaxic Surgery

Control rats were not operated; for the experimental groups,
the rats were anesthetized intraperitoneally with 30 mg/kg of
Zoletil 50 V® (Virbac Carros, France) and placed in a stereo-
taxic device (David Kopf) to carry out the implantation of
electrodes for stimulation and recording in the basolateral nu-
cleus of amygdala (previous coordinates of 6.2 mm, side of
5 mm and 1.5 mm in height), using the interaural line as
reference in accordance with stereotaxic atlas of Paxinos and
Watson [26]. Another electrode was placed in the cortex
which indicated to register the propagation of electroenceph-
alographic activity. Each electrode was made by an (0.005-in.
diameter) isolated stainless steel and Teflon-coated, excepting
for the ends. A screw implanted in the skull served as a refer-
ence source. The electrodes were attached to a mini-connector
and fixed in the skull with acrylic dental, and the skin was
sutured around the mini-connector.

Kindling Model

After 10 days of postoperative recovery, the rats were placed
in a silenced chamber (22.5 cm × 30 cm × 30 cm). The con-
nector joined the flexible cables which connect to the rat with
the Stimulator S88 Grass (GrassV® Instrument Company
Model S88 Stimulator, USA) and a digital polygraph
EBNeuro. The conditions to use the polygraph were 50 μV
of amplification and a filter between 0.3 and 30 Hz. The rats
were stimulated every day with a frequency of 6 0 Hz, pulses
of duration at 1.0 ms, and an intensity of 400 μA [4]. The
following parameters were measured: the duration of the
afterdischarge registered in the amygdala and the behavior in
accordance with the parameters described by Racine et al.
[27]: stage 1: clonus of the facial muscles, one or both eyes
closed; stage 2: oscillatory movements of the head; stage 3:
myoclonic forelimbs in movement; stage 4: both extremities
myoclonic movements; stage 5: generalized tonic-clonic sei-
zure [27].
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Immunohistochemistry

The immunohistochemical analysis of the cerebellum was per-
formed according to the study of Rubio et al. [5]. Five rats from
each group (control, 15 and 45 stimuli) were sacrificed with
sodium pentobarbital (63 mg) and transcardially perfused first
with PBS (1×, pH 7.4) then fixed with paformaldehyde dis-
solved in PBS (pH 7.2). Brains were extracted and gradually
dehydrated with alcohol and xylol for the paraffin-embedded.
Cerebellar coronal slices of 5 μm of thickness were obtained
and mounted on silane-coated slides. Dewaxing and hydration
were subsequently done in PBS followed by saturation with
hydrogen peroxide. Non-specific sites were blocked with bo-
vine serum albumin free of IgG1 (Sigma. St. Louis MO, USA).
After washing each of the slides for VDAC immunohistochem-
istry, a drop of anti-VDAC antibody was added (goat mono-
clonal anti-VDAC antibody, Santa Cruz Biotechnology, USA)
and diluted 1:500 overnight at 4 °C. Subsequently, tissues were
washed and incubated with secondary antibody conjugated to
fluorescein for 30 min. For double labeling of tBID, Bax, and
cytochrome C, two compatible primary antibodies were con-
secutively applied overnight at 4 °C. The following primary
antibodies were applied: mouse-monoclonal tBid antibody
(1:100, Sigma, USA), rabbit-polyclonal Bcl2 antibody
(1:100, Santa Cruz Biotechnology, USA), and mouse-
monoclonal Bax antibody (1:100, Santa Cruz Biotechnology,
USA). Other histological sections were used to determine the
cytoarchitecture of the cerebellar cortex using double labeling
with calbindin (1: 100, Santa Cruz Biotechnology, USA) and
glial fibrillary acid protein (GFAP) (1:100 DakoCytomation,
USA). Subsequently, tissues were washed and incubated in
secondary antibody conjugated to fluorescein for 30 min.
Finally, they were placed on a mounting medium for fluores-
cence with a 4′,6-diamidino-2-phenylindole (DAPI) staining
and a mounting medium (Fluoroshield F6057 in blue, Sigma,
USA). The slides were analyzed with an image program
adapted to a microscope Olympus (1X81F3) and the
immunopositivity was quantified through optical density anal-
ysis with the software Image-Pro Plus Version 7.0. The sections
were obtained with an objective 40× in three fields of cerebellar
Crus 1 folia for each animal.

Western Blot

Five rats from each group (control, 15 and 45 stimuli) were
sacrificed by decapitation to perform Western blot procedures.
The levels of caspase-8 and 9, Bid, Bax, and Bcl-2 proteins
expression were evaluated by Western blot analysis. Samples
containing equal amounts of protein (50 μg) were mixed with
an equal volume of sample buffer (125 mM Tris-HCl, pH 6.8,
20% glycerol, 4% SDS3, 0.02% bromophenol blue, and 10%
2-mercaptoethanol) and boiled during 5min. The samples were
cooled on ice for 5 min, centrifuged for a short time, and

exposed to 10 to 12% SDS polyacrylamide gel electrophoresis
(PAGE). Proteins were transferred to a nitrocellulose mem-
brane for 2 h at 70 V with 25 mM Tris-HCl, pH 8.0,
195 mM glycine, and 10% methanol. The membrane was
blocked with 5% light milk in PBS for 1 h. Antibody for
caspase-8 and caspase-9, Bid, Bax, and Bcl-2 (Santa Cruz
Biotechnology, Ca) was added to the membrane for 24 h at
4 °C. After three consecutive washes in PBS, the membrane
was incubated with a secondary antibodies IgG-horseradish
peroxidase complex (Santa Cruz Biotechnology) during 1 h
at room temperature, followed by three washes with PBS.
Then, chemiluminescence was visualized using the enhanced
chemiluminescence kit (Santa Cruz Biotechnology). The blot
was exposed to Kodak XAR-5-ray film (Sigma Chemical Co.)
for ± 1min and then revealed. A similar procedure was used for
β-actin, (Santa Cruz Biotechnology). The band intensities were
quantified in a Molecular Dynamics (Durham, NC) computing
densitometer using ImageQuant software version 3.2.2.

Statistical Analysis

Statistical analyses were conducted using SPSS software (ver-
sion 20). Data are expressed as the mean-standard error of the
mean (SEM). Densitometry analyses were analyzed by one-
way (ANOVA) followed by Tukey’s test. In all cases, signif-
icance was considered when *p < 0.05.

Results

Behavioral Activity Records

In both groups that received stimuli, the behavioral state pre-
sented was equivalent to generalized seizures, in accordance
with the parameters described by Racine et al. [27]. We found
that the duration of the afterdischarge in amygdala and cere-
bral cortex after generalized seizures is similar to the previous
reports (Fig. 1).

Immunohistochemistry

After double labeling with calbindin and GFAP, it was possible
to determine the immunolocalization of Purkinje cells and sur-
rounding glia respectively, allowing the boundaries of each
cerebellar stratum to be very well defined (Fig. 2). We found
a significantly increased immunolocalization for tBid that is an
activated form of the pro-apoptotic protein involved in the ac-
tivation of the intrinsic apoptotic pathway and VDAC (a sub-
unit of the mitochondrial permeability pore) as the stimulation
increases (Fig. 3 A and A’), suggesting an activation of the
apoptotic cascade (f = 11.299; df = 2.24; p = 0.00). A similar
case has been observed for Bax that is the most important
pro-apoptotic protein and VDAC, where both experimental
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groups (15 and 45 stimuli) showed an increased immunolocal-
ization compared with the control group (Fig. 4 A and A’),
suggesting an activation of its apoptotic function (f = 22.207;
df = 2.24; p = 0.000). Immunopositivity was localized in PC
and furthermore in the cells of the granular layer of the cerebel-
lar Crus 1 folia. Serapide et al. and Cicirata et al. showed that
fibers coming from the pontine nuclei and from inferior olive
establish a somatotopic projection to crus 1; for this reason, we
perform this study in this cerebellar area [28, 29]. For cyto-
chrome C that is the mean pro-apoptotic factor released from
the inter-membrane mitochondria space and VDAC (Fig. 5 A
andA’), we found a significantly decreased immunolocalization

in the group with 45 stimuli compared with the control group
(f = 9.364; df = 2.24; p = 0.001), suggesting a triggered pro-
apoptotic function of cytochrome C into the cytosol allowing
an interaction with other factors involved. Immunopositivity
was observed in the granular layer of the cerebellar cortex.

Western Blot

In the analysis done withWestern blot, we observed a significant
decrease of protein levels for pro-caspase-8 (Fig. 6), a complete
form of caspase-8, the initiating caspase of extrinsic pathway,
suggesting that the active form is expressed in the group with

Fig. 2 Photomicrographs processed with immunohistochemistry assay
(40×, scale bar 100 μm); the first column shows the DAPI in blue. The
second column shows GFAP in red. The third column shows calbindin in

green and the last column shows the overlap of DAPI, GFAP, and
calbindin. Molecular layer (ML); Purkinje cells (PC); granular layer
(GL), after 0, 15, and 45 stimuli
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Fig. 1 (a) Amygdaloid AD durations (s) for the 15 stimuli group (white
circles) and 45 stimuli group (black circles). Values are expressed as
means ± S.E.M. We determined that there is no statistical difference
between groups. (b) Number of trials required to reach each kindling

stage according to the Racine’s scale (1972) for the 15 stimuli group
(diagonal bars) and 45 stimuli group (dotted bars). Values are expressed
as means ± S.E.M. Between groups there are no significant differences
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45 stimuli; a significantly decreased expression of Bcl-2 (Fig. 7
A), the mean anti-apoptotic protein of the Bcl-2 family, suggest-
ing an inhibition of its function also in the group with 45 stimuli;
and a decrease in the expression of total Bid (Fig. 3 B), the
complete form of the pro-apoptotic protein involved in activation

of the intrinsic apoptotic pathway in the group with the highest
number of stimuli, suggesting that the active form is expressed
(pro-caspase-8: f= 17.094; df = 2.6; p = 0.003; Bcl-2: f= 76.906;
df = 2.6; p = 0.00; total Bid: f = 11.270; df = 2.6; p = 0.009).
While for Bax, we observed a significant increase in both
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Fig. 3 (A) Photomicrographs processed with immunohistochemistry
assay (40×, scale bar 100 μm); the first column shows the DAPI in
blue. The second column shows VDAC in green. The third column
shows Bid in red and the last column shows the overlap of DAPI,
VDAC, and Bid. Molecular layer (ML); Purkinje cells (PC); granular
layer (GL). (A’) Optical density for immunopositivity for VDAC

colocalizing with Bid. We observe that there is a significant increase in
rats that received 15 and 45 stimuli (*p < 0.05, compared with control).
(B) A representative Western blot of Bid and β-actin, and levels of
expression after 0, 15, and 45 stimuli (*p < 0.05, compared with control;
**p < 0.05, compared with 15 stimuli)
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experimental groups compared with the control group (Fig. 4 B),
and for caspase-9 (Fig. 7 B), the initiating caspase of the intrinsic
pathway, we observed a significant increase in both experimental
groups (Bax: f = 20.409; df = 2.6; p = 0.002; caspase-9: f =
26.863; df = 2.6; p= 0.001). These results correlate with the re-
sults obtained through immunohistochemistry.

Discussion

It has been described with various models of epilepsy that re-
peated or prolonged seizures induce a cellular degeneration
causing cell death of neurons in the hippocampus, frontal cor-
tex, cerebellum, and other regions of the limbic system [30].
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Fig. 4 (a) Photomicrographs processed with immunohistochemistry
assay (40×, scale bar 100 μm); the first column shows the DAPI in
blue. The second column shows VDAC in green. The third column
shows Bax in red and the last column shows the overlap of DAPI,
VDAC, and Bax. Molecular layer (ML); Purkinje cells (PC); granular
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The molecular mechanisms by which seizures induce neuronal
death in cerebellum are unknown; however, we reported the
presence of apoptosis in cerebellum after a chronic state of
epilepsy [7]. One of the primary events in apoptosis induced

by seizures in the hippocampus is the excessive release of glu-
tamate with consequent intracellular calcium (Ca2+) overload
[31]. In the cerebellum, the PCs are highly susceptible to
glutamate-mediated excitotoxicity, due to the excessive release
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of glutamate from climbing fibers (arising from the inferior
olive) and numerous parallel fibers (axons of granule cells).
Glutamate excitotoxicity occurs when the increased Ca2+ in-
flux and the release of Ca2+ from intracellular stores lead to
the activation of Ca2+-dependent enzymes, inducing degrada-
tive and apoptotic cell death pathways [32]. The extrinsic
pathway of apoptosis is initiated via death receptors, with
the binding of the ligand TNFα, apoptosis-inducing ligand
(TRAIL), and Fad ligand to its receptors of the TNF family
(TNFR1, Fas, DR4 (TRAIL receptor 1), and DR5 (TRAIL
receptor 2)), generating cytosolic release of cyt C and activa-
tion of caspase-9 [33, 34]. It is demonstrated that this family
of receptors is associated with the maintenance and progres-
sion of temporal lobe epilepsy [35]. The cell death signaling
for TNFR1 involved the recruitment of TNFR-associated
death domain protein (TRADD) which binds Fas-associated
death domain protein (FADD) and activates caspases such as
caspase-8 and caspase-10 [36]. Meanwhile, Fas activation me-
diates the binding of TRADD, recruitment, and activity of
caspase-10 which activate caspase-3 [37]. An overexpression
of TNFR1-TRADD and formation of TRADD-FADD com-
plexes in samples from hippocampus of patients with tempo-
rary intractable lobe epilepsy has been reported [38].
Moreover, it has been demonstrated that seizures that impair
the hippocampus in rat mediate the formation of TNFR1 sig-
naling, involving TRADD and FADD that might activate pro-

caspase-8 [39, 40]. In addition, Henshall et al. [39] demon-
strated that seizures evoked by intra-amygdalar administration
of kainic acid (KA) induce the expression of Fas, FADD, and
activation of caspase-8 with cleavage of Bid to a truncated
form (tBid) [41]. Inhibition of caspase-8 in vivo is neuropro-
tective against seizure damage; it might mitigate mitochondri-
al dysfunction through inhibition of Bid and cytosolic cyt C,
inhibiting the activation of caspase-9, caspase-3, and DNA
fragmentation [40, 42]. Thus, the extrinsic pathway contrib-
utes to the pathophysiology of seizure-induce neuronal death.
On the other hand, in the intrinsic pathway of apoptosis, the
family of Bcl-2 proteins has an important signaling role.
Studies have confirmed that after seizures, tBid and its full-
length form are localized in mitochondrial membrane, where
the pro-apoptotic function of Bax is translocated and stimu-
lated [43–45]. The activation of the intrinsic pathway can be
dependent on the calcium current in mitochondria, that in-
creases due to overactivation of Glutamate receptors after sei-
zures. Additionally, the calcineurin (calcium dependent phos-
phatase) increase dephosphorylates and activates the pro-apo-
ptotic protein Bad [46, 47]. It has been reported that under
apoptotic stress and status epilepticus, Bad is released from 14
to 3-3 protein to replace Bax from the Bax −Bcl-xl complex;
Bax translocates the mitochondria and promotes the release of
cyt C, formation of apoptosomes, and activation of caspase-3
[48–51]. After i.p. administration of KA, nuclear DNA
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fragmentation, downregulation of Bcl-2 protein expression,
and upregulation of Bax mRNA expression in hippocampal
and neocortex cells of mice have been reported, but the results
are inconsistent [52–54]. Several anti-apoptotic proteins of
Bcl-2 family may protect cell death after seizures as showed
on animal models. Also, on patients with temporal lobe epi-
lepsy, higher levels of anti-apoptotic proteins such as Bcl-2,
Bcl-xl and Bcl-w were observed [55–57]. In our study, we
showed alterations in the expression of members of the Bcl-2
family (decrease in Bcl-2, increase in levels on mitochondrial
Bax, and post-transductional Bid processing), suggesting the
activation of the intrinsic apoptotic pathway. The results ob-
tained in the present study correlate with the previous reports
of our group, with similar methodology that described the
presence of apoptosis in the cerebellum of rats with general-
ized seizures and an increased signaling of Wnt/β-catenin
pathway [7]. Furthermore, the overexpression of c-myc pro-
tein was demonstrated, which induces the expression of pro-
apoptotic proteins such as Bax [58], Bim [59], Noxa [60], and
Puma [61] as well as the transcription of fas ligand, Fas, and
TNFR1 [62–64]. Also, it has been reported that activation of
β-catenin induces mitochondrial apoptosis through downreg-
ulation of the anti-apoptotic protein Bcl-2, which leads to a
loss of mitochondrial membrane potential with the release of
cyt C and increased expression of caspase-9 and caspase-3
[65]. The current data and our previous work establish that
seizures produced by the kindling model can activate the in-
trinsic and extrinsic pathways that involve cytochrome C and
caspases, and the activation of pro-apoptotic and an inhibition
of anti-apoptotic mechanisms, which provide a more complete
understanding of the mechanisms by which epileptic seizures
damage the cerebellum. However, additional studies are re-
quired to address the specific involvement of interneurons,
glia, and Bergmann glia of the cerebellum on intrinsic and
extrinsic death pathways, caused by epileptic activity.

Conclusion

We conclude that the intrinsic and extrinsic apoptotic path-
ways are involved in the physiopathology of seizures in the
cerebellum of rats with generalized seizures induced by the
amygdaloid kindling model. Apoptosis signaling pathways
appear to contribute to the neuronal loss that follows seizures
and may also be engaged in the cerebellum of kindling rats.
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