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Abstract: Epilepsy is a common, chronic neurological disorder. It is characterized by recurring seizures which are
the result of abnormal electrical activity in the brain. Molecular pathways underlying neuronal death are of
importance because prolonged seizure episodes (status epilepticus) cause significant damage to the brain,
particularly within vulnerable structures such as the hippocampus. Additionally, repeated seizures over time in
patients with poorly controlled epilepsy may cause further cell loss. Biochemical hallmarks associated with
apoptosis have been identified in hippocampal and neocortical material removed from patients with
pharmacoresistant epilepsy: altered expression of pro-apoptotic Bcl-2 family genes and increased expression of
caspases and the presence of their cleaved forms. However, apoptotic cells are rarely detected in such patient
material and there is evidence of anti-apoptotic signaling changes in the same tissue, including upregulation of
Bcl-2 and Bcl-w. From animal studies there is evidence that both brief and prolonged seizures can cause neuronal
apoptosis within the hippocampus. Such cell death can be associated with caspase and pro-apoptotic Bcl-2 family
protein activation. Pharmacological or genetic modulations of these pathways can significantly influence DNA
fragmentation and neuronal cell death after seizures. Thus, the signaling pathways associated with apoptosis are
potentially important for the pathogenesis of epilepsy and may represent targets for neuroprotective and perhaps
anti-epileptogenic therapies.
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Overview

Epilepsy is a common chronic neurological
disorder which has long been associated with
a specific neuropathology. Post mortem
studies in the 19t century on tissue from
patients with epilepsy noted cell loss,
particularly within the brain region called the
hippocampus. Was this cause or
consequence, or both, of seizures in the brain?
The advent of animal models meant this could
be formally tested: when normal animals were
subjected to prolonged seizures (status
epilepticus) or repeated brief seizures, cell
death occurred in the hippocampus and
certain interconnected brain regions. The
pioneering work of the John Olney and Brian
Meldrum laboratories provided evidence that
seizure-induced cell death resulted from over-
activation of ionotropic glutamate receptors. In
the past ten years, researchers have found

molecular “signatures” of gene-directed cell
death signaling programmes linked to
apoptosis in brain samples from a sub-
population of epilepsy patients - those with
pharmacoresistant epilepsy who experience
frequent seizures. Using animal models,
researchers have shown that experimentally-
evoked seizures or epilepsy often activate the
same signaling pathways, and drugs or genetic
modulation of these cascades can reduce
brain injury. This review describes the clinical
findings alongside explaining what we are
learning from animal models about apoptosis,
Bcl-2 family proteins and caspases in seizure-
induced cell death and epilepsy.

Epilepsy
Epilepsy is a common neurological disorder

which affects about 1% of the population. The
cardinal feature is a predisposition to recurring
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episodes of seizures - the results of
abnormally synchronized neuronal discharges
which disrupt the function of the brain
region(s) from which they originate or through
which they pass. There are about 40 clinically
distinct syndromes. Seizures can cause a
spectrum of effects for the patient, ranging
from auras and feelings of déja vu, altered
autonomic functions, through to loss of
consciousness and motor changes including
convulsions [1]. In adults, the most common
form is temporal lobe epilepsy (TLE). This
involves brain structures such as the
hippocampus. Treatment of epilepsy is
primarily with anti-epileptic drugs which work
through mechanisms that subdue excitatory
and/or increase inhibitory neurotransmission
[1].

Etiology

The cause(s) of epilepsy is often unknown.
Epilepsy and TLE in particular, can be acquired
following insults to the brain, including head
injury, stroke and tumor [1]. Full discussion of
the mechanisms  implicated in  the
pathogenesis of symptomatic epilepsy is
beyond the scope of the present review and
has been covered elsewhere [2-6]. Briefly,
such injuries invariably set in motion various
cell and molecular processes including
neuronal death, gliosis, inflammation and
vascular changes, altered expression of ion
channels, neurogenesis and  re-wiring.
Collectively, the process is known as
epileptogenesis. A small number of inherited
forms of epilepsy are also known [1]. These
usually result from gene mutations encoding
ion channels, for example potassium or
sodium channels. However, for the majority of
the sporadic epilepsy population a rather less
defined inheritable component exists, which
suggest a combination of genetic and
environmental factors [7].

Cell death in epilepsy

Hippocampal pathology: cause and
consequence of seizures?

Temporal lobe epilepsy is most commonly
associated with a lesion known as
hippocampal sclerosis [8]. This features
selective loss of neurons and atrophy of the
brain structure. Cell loss is typically
asymmetric between the hippocampi. The
most affected regions are the CA (cornu
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ammonis) 1 subfield and hilar region of the
dentate gyrus but the CA3 subfield also
commonly displays cell loss. The CA2 subfield
and granule cells of the dentate gyrus usually
show much less cell loss. Additional features
can include axonal sprouting and dispersion of
neurons within the dentate granule cell layer
of the hippocampus [8, 9].

One of the oldest questions in the field is
whether this pathology is casual for epilepsy, a
result of ongoing seizures or both. The advent
of animal models has provided important
answers. Spontaneous (i.e. epileptic) seizures
probably do not cause significant neuronal
death in the brain [10]. That said, longitudinal
imaging of patients with pharmacoresistant
epilepsy support recurring seizures as a cause
of further damage [11-13]. Experimentally-
evoked seizures in animals, particularly if
resulting in status epilepticus, cause cell loss
within the hippocampus in a pattern closely
resembling pathology in TLE patients [3, 14].
This has been shown for various species,
including primates.

Whether cell loss per se is an essential
component of epileptogenesis remains
controversial. Prolonged hyperthermia-induced
seizures in immature rats cause no permanent
cell loss but nevertheless lead to the
development of epilepsy in a sub-population
[15]. Similarly, antagonists of N-methyl-D-
aspartate receptors can profoundly reduce
hippocampal damage after status epilepticus
but rats nevertheless develop epilepsy [16].
Andre et al. found that electroshock seizures
suppressed development of epilepsy in rats
following status epilepticus independently of
protection against damage [17]. However, the
importance of cell loss during the initial
precipitating injury is supported by recent
evidence that protecting hippocampal CA3
neurons by epileptic preconditioning prior to
status epilepticus reduced numbers of
epileptic seizures recorded in mice by over 50
% [18]. Also, the application of continuous EEG
recording in rodents following status
epilepticus has demonstrated that the period
from injury to first epileptic seizure can be as
short as two or three days [19, 20]. Such a
short time frame coincides with degeneration
of vulnerable cell populations rather than
protracted re-wiring processes [3].
Understanding seizure-induced neuronal death
therefore offers potential strategies for
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neuroprotection and, perhaps anti-epilepto-
genesis.

Mechanisms of cell death after seizures

The primary cause of neuronal death following
seizures is probably over-activation of ion
channels gated by glutamate, the principal
neurotransmitter in the brain [14]. Neurons
become flooded with sodium and calcium
which causes swelling, membrane rupture and
cell lysis. There is also energy failure,
production of free radicals, activation of
various proteases and DNA degradation [14].
Glutamate receptor-blocking drugs are
neuroprotective but also disrupt normal brain
function [14]. During the mid-1990s, research
on seizure-induced cell death identified
features that indicated a programmed or gene-
based mechanism. This led to the hypothesis
that apoptosis or its molecular machinery may
also contribute to cell death [21].

Apoptosis signaling pathways

Apoptosis is a physiological process for
removing unwanted cells during development
and for maintaining tissue homeostasis.
Described by Kerr and colleagues [22], cells
condense, DNA is fragmented and the cell
contents are dispersed for phagocytosis by
surrounding cells. Recent detailed reviews on
the molecular pathways that control apoptosis
can be found elsewhere [23, 24]. Briefly, two
principal pathways have been described. The
extrinsic pathway is initiated by cell surface-
expressed death receptors of the tumor
necrosis factor (TNF) superfamily. Once
activated, for example by Fas ligand, receptors
oligomerize, recruit intracellular adaptor
proteins and form scaffolding complexes [25].
The intracellular adaptor for TNFR1 is the
TNFR associated death domain (TRADD), while
FADD (Fas-associated death domain) is
recruited for Fas signaling [25]. The complexes
recruit one or more members of the caspase
family of cell death protease, classically
caspase-8. Unlike Fas, TNFR1 signaling only
leads to apoptosis when survival signaling by
nuclear factor kB is blocked, for example
during translation inhibition [26]. Cleavage of
caspase-8 leads to formation of an active
enzyme comprising p20 and p10
heterotetramer. This activated initiator
caspase cleaves downstream  effector
caspases, in particular caspase-3. Caspase-3
then cleaves a large number of intracellular
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substrates, now numbering ~400 which
culminate in the morphological changes
characteristic of apoptosis [23]. The second
pathway, and the one thought most relevant to
seizure-induced neuronal death, is the intrinsic
pathway. Induction of this arises from
disturbances from within the cell including
DNA damage, endoplasmic reticulum stress,
calcium overload and withdrawal of survival
factors. The apical effectors of the intrinsic
pathway appear to be members of the Bcl-2
homology domain 3-only (BH3) subgroup of
the Bcl-2 gene family. BH3-only proteins
comprise a group of at least eight members
that include Bcl-2-associated death protein
(Bad) [27] and Bcl-2-interacting mediator of
death (Bim) [28]. Bid (Bcl-2 interacting death
protein) [29] is unusual in that its pro-
apoptotic function appears to be released
following cleavage either by caspase-8 or
calpains, and it may function as a bridge
between the extrinsic and intrinsic pathways in
certain cells. BH3-only proteins function by
activating so-called multidomain pro-apoptotic
Bax/Bak (which contain three of four possible
BH domains) either through direct binding or
indirectly by binding and inhibiting anti-
apoptotic Bcl-2 family members [24]. The
potency of individual members appears to
reside with their relative affinities for anti-
apoptotic Bcl-2 family members [30]. These
interactions typically occur in the cytosol and
at the outer mitochondrial membrane
culminating in  mitochondrial membrane
permeabilization [31]. Thereafter, apoptogenic
molecules are released from mitochondria,
including cytochrome ¢, apoptosis-inducing
factor (AIF) and a small number of other
proteins. In the cytosol, cytochrome ¢ binds
the apoptotic protease activating factor-1
(APAF-1) along with dATP which in turn recruits
and activates caspase-9 followed by caspase-
3 [32]. Other hallmarks of apoptosis include
the fragmentation of DNA by the caspase-
activated DNase (CAD) into ~200 b.p.
segments, which can be detected by
biochemical techniques such as terminal
deoxynucleotidyl dUTP nick end labeling
(TUNEL), nuclear condensation, blebbing and
dispersal of apoptotic bodies to be removed by
surrounding cells [23].

First indicators that seizure-induced neuronal
death may feature apoptosis “programs”

Early evidence of a “programmed” element to
seizure-induced neuronal death came from
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two separate observations. First, inhibition of
new protein synthesis reduced kainic acid-
induced neuronal death in vivo [33]. That is,
new gene synthesis was required for some
element of the cell death process, which would
be compatible with apoptosis. Second, the
p53 tumor suppressor gene was induced by
seizure-like insults [34] and mice lacking p53
were resistant to excitotoxicity [35]. Other early
evidence included the observation that cells
deficient in Bax were resistant to excitotoxicity
[36] and degenerating neurons after seizures
stained for the type of DNA fragmentation
present during apoptosis [37]. Some of these
findings have subsequently been questioned,
including the requirement for Bax [38] and
new protein synthesis [39]. Nevertheless,
these early studies formed the basis of a now
large series of studies by a variety of
laboratories to determine whether apoptosis-
associated signaling pathways contribute to
seizure-induced neuronal death and critically,
if they are relevant to human epilepsy.

Apoptosis and apoptosis-associated signaling
in human epilepsy

Altered Bcl-2 and Caspase family genes in
human epilepsy

While a brief report in 1998 had mentioned
increased Bax immunostaining in
hippocampus from TLE patients [40], the first
major study addressing apoptosis in human
epilepsy was published in 2000 by
researchers at the University of Pittsburgh
[41]. This study examined protein levels of key
genes in the Bcl-2 and caspase families in
neocortex samples surgically removed from
TLE patients with intractable seizures. The
study found significantly higher levels of anti-
apoptotic Bcl-2 and BclxL compared to
autopsy controls (Figure 1a). Levels of Bcl-xL
positively correlated with patient seizure
frequency [41]. The expression of Bax was not
significantly higher than in controls. For
caspase-1, which is associated with pro-
inflammatory  responses  (processing  of
interleukin 1) expression of the pro-form was
found to be lower in patients and the cleaved
(activated) subunit was highly expressed [41].
For caspase-3, both full-length and cleaved
forms were more abundant in TLE samples
compared to controls (Figure 1b). This study
suggested that both pro- and anti-apoptotic
pathways were being modulated in human
TLE. The implications were that over time this
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might underlie progressive damage in some
patients. However, the study had certain
caveats. Like all such studies, the autopsy
control material has limitations as a means to
compare to surgically obtained samples from
patients with a history of seizures and
medication. Nevertheless, this and other
studies have since reported a range of
constitutive and non-constitutive proteins in
such material which match experimental
control material, indicting broad suitability.
Second, the neocortex is not the major site of
pathology in human TLE, but rather the
hippocampus. Are these pathways also
modulated in hippocampus?

Additional Bcl-2 and caspase family genes
altered in human epilepsy

Analysis of hippocampus from patients with
intractable TLE from several groups has
confirmed altered expression of Bcl-2 and
caspase family genes (Tables 1 and 2). A
range of caspases are altered in TLE patient
brain. These differences are found both in
levels of the zymogen form and cleaved
subunits. Reports have shown increased pro-
caspases 2, 6, 7, 8 and 9 in human TLE, while
cleaved subunits of caspases 3, 7, 8 and 9
have also been found (Table 1).

A complex pattern of differences in Bcl-2
family protein expression between control and
patient material is evident (Table 2). Anti-
apoptotic Bcl-2, Becl-xL and Bcl-w have been
reported to be higher in TLE than control in
several studies. However, some pro-apoptotic
changes are also seen in this gene family.
Expression of Bax shows moderate or no
overexpression in patient material. However,
Bax is expressed constitutively in brain and
may therefore not require induction for
functional involvement. A number of BH3-only
proteins have been reported, with consistently
lower levels of Bcl-2-interacting mediator of
death (Bim) reported. Levels of most others
are similar to control (Table 2). Does this
suggest pro-apoptotic Bcl-2 proteins are not
important? Not necessarily. To date, very few
have been studied in any detail. Moreover,
assays which yield information about the
function of these proteins (co-
immunoprecipitation of Bcl-2 family protein
complexes from affected tissue) have found
increased Bim binding to anti-apoptotic Bcl-w,
a conformation associated with Bcl-w
inactivation during apoptosis [42].
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Figure 1: Alterations in Bcl-2 and caspase gene family protein expression and DNA damage in human TLE.
(a,b) Western blots showing expression of (a) Bcl-2, Bel-xL and Bax in neocortex from autopsy control (lanes 1-
6) and surgically obtained material from epilepsy patients (lanes 7-15). Note expression of Bcl-2 and Bcl-xL is
higher while Bax levels are similar between groups. (b) Westen blot analysis of pro- and cleaved caspase-3 in
neocortex from the same study. Note, both bands are higher in TLE patient samples. (c) TUNEL staining of
neocortex section from one patient. Arrows indicate positive cells. Modified with permission from Henshall et
al. (2000) Neurology 55: p250-257 [41]. Copyright © 2000 AAN Enterprises, Inc.

DNA fragmentation in human TLE brain

Several groups have examined TLE patient
material for the presence of terminal
deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL), a marker of irreversible DNA
fragmentation. In our own studies, we
detected TUNEL positive cells in neocortex
from some patients, but they were in the
minority (Figure 1c) [41]. We have also found
occasional TUNEL positive cells with apoptotic-
like morphology in hippocampus from TLE
patients [43]. Other groups have reported
apoptosis-like cell morphology in sub-groups of
patients at ultrastructural level [44]. There is
also increased nuclear localization of CAD in
TLE patient hippocampus [45]. In the same
study, two other putative DNases, AIF and
endonuclease G did not appear to be
significantly activated in patient material [45].
However, to date TUNEL counts have not been
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found statistically different to controls in these
and other studies [44-46].

Summary of human data: do repeated
epileptic seizures in TLE patients cause
apoptosis?

Is there apoptotic cell death in human TLE?
The evidence does not yet support this
conclusion, but the inherent single time point
sampling with  human material makes
definitive estimates of incidence difficult. Also,
relatively small cohorts have been studied to
date. However, the biochemical data suggest
ongoing pathogenic processes in epilepsy
and/or frequent epileptic seizures per se alter
the molecular repertoire of two key families of
apoptosis-associated genes in the brain. Are
the gene changes causing or indeed
preventing further neuronal loss? The
evidence of up-regulated anti-apoptotic genes
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Table 1. Summary of human data on caspase expression in neocortex and hippocampus from

patients with intractable TLE

Brain region Caspase Expression vs control References

Neocortex Caspase-1 Pro-form lower® [41]
Cleaved higherb

Hippocampus Caspase-2 Higherac [72]

Hippocampus Caspase-3 Cleaved highera [45]
Higherac [44]

Neocortex Caspase-3 Pro- and cleaved forms highera. [41]
Not differentc [121]d

Hippocampus Caspase-6 Pro-form higherb [79]

Hippocampus Caspase-7 Pro-form higher? [79]
Cleaved higher

Hippocampus Caspase-8 Cleaved higher® [100]

Hippocampus Caspase-9 Pro-form higher? [79]

Cleaved higherab

aAssessed by immunohistochemistry; bPAssessed by Western blotting;
cdistinction between pro- and cleaved not made. dNo actual data was presented.

may support adjustment of the apoptotic
repertoire in human epileptic brain to a
protective balance. However, it is tempting to
speculate that because of the cleaved
caspases detected in such material this is
insufficient and thus apoptosis might
contribute to the accumulation of neuronal
loss over time in some patients.

Apoptosis and apoptosis-associated signaling
pathways in rodent models

Apoptosis after single and repeated brief
seizures

The occurrence of apoptosis has been
analyzed following evoked single or repeated
brief seizures, prolonged seizures (status
epilepticus) and  spontaneous  seizures
(epileptic animals). Sloviter et al. showed by
electron microscopy that neuronal apoptosis
occurs in the adult rat hippocampus after non-
convulsive seizures induced by electrical
stimulation of the perforant path [47].
However, apoptotic cells were restricted to the
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granule cell layer of the dentate gyrus. In
contrast, the morphology of dying hilar and
CA3 pyramidal neurons was reported as
necrotic [47]. Single non-convulsive seizures
induced by electrical stimulation of the rat
hippocampus or brief single seizures after
electrical stimulation of the amygdala also
cause dentate granule cell apoptosis [48, 49].
Repeated seizures in these animals caused
more cells to undergo apoptosis [48, 49].
Electrical stimulation of the amygdala also
caused induction of bax although this did not
necessarily co-localize with apoptotic cells [49,
50]. Interestingly, after electroshock seizures
in rats or mice there is a shift toward
increased levels of anti-apoptotic Bcl-2 family
proteins [42, 51, 52]. This may underlie
neuroprotective effects. Indeed, damage after
status epilepticus is reduced when preceded
by electroshock seizures [42, 51, 52]. Thus,
where brief seizures result in cell death there
is a pro-apoptotic biochemical response, while
non-damaging seizures in fact suppress
apoptosis signaling pathways.
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Table 2. Summary of human data on Bcl-2 family protein expression in neocortex and
hippocampus from patients with intractable TLE

Brain region Gene Expression vs control References
Hippocampus Bcl-2 Highera [44, 46]
Neocortex Bcl-2 Highera b [41]
Hippocampus Bel-xL Not differentb [52]
Neocortex Bel-xL Higherab [41]
Hippocampus Bcl-w Highert [52]
Hippocampus Bax Highera [46]
Hippocampus Bax Not different? [52]
Hippocampus Bax Not differentac [44]
Neocortex Bax Not differenta.pec [41]
Hippocampus Bad Not different? [42]
Hippocampus Bid Not different?d [42, 79]
Hippocampus Bim Lowerbe [42, 79]

aAssessed by immunohistochemistry; PAssessed by Western blotting; cTendency to higher
expression; 9Cleaved form not reported. €Binding of Bim to Bcl-w also evident.

Apoptosis after experimental status
epilepticus

What about after prolonged seizures? It is well
established that experimental status
epilepticus in adult rats induced via a variety
of electrical or chemoconvulsive methods
causes extensive cell death within the
hippocampus. Individual mouse strains show
considerable variability in seizure-damage
vulnerability but all undergo hippocampal
damage after status epilepticus [53, 54].
Extra-hippocampal areas including neocortex
and thalamus are also commonly damaged
where systemic convulsants are employed [3].
Degenerating neurons in such models display
DNA fragmentation in these regions. As an
example, we characterized robust single- and
double-stranded DNA  fragmentation in
hippocampal CA3 pyramidal neurons after
focal-onset status epilepticus at 24 h [55, 56]
(Figure 2a). Are these cells apoptotic? In the
rat, the fragmented DNA in these dying cells is
rather evenly distributed and apoptotic
morphology is rare (Figure 2b). In mice
subjected to status epilepticus using the same

103

focal-onset approach, neurons throughout CA3
become strongly TUNEL positive and apoptotic-
like nuclear morphology is apparent in ~30 %
of cells [57] (Figure 2c). Thus, prolonged
seizures can cause apoptosis in hippocampal
subfields in addition to the dentate granule
cell layer. Model, age, species and/or strain
differences influence the extent. Indeed, some
groups have not reported strong DNA
fragmentation profiles. Fujikawa and co-
workers reported most dying neurons after
generalized status epilepticus caused by the
cholinergic agonist pilocarpine appeared
necrotic and cells were mainly TUNEL negative
[58, 59].

Molecular signature of apoptosis after status
epilepticus: mitochondrial dysfunction and
caspsase induction

While recognizing that no single biochemical
test unequivocally identifies cell death as
apoptotic, the cell death accompanying status
epilepticus in many models features a
molecular  “signature”  consistent  with
apoptosis. A key event in the intrinsic
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apoptotic pathway is cytochrome c¢ release
from mitochondria [21]. We have shown this
occurs in rat hippocampus within 2 h of status
epilepticus [60] (Figure 3a). The same result
was reported by an independent group using
the same model [61]. Other groups have
shown cytochrome c release following intra-
hippocampal kainic acid injection [62], while
cytochrome c¢ release was not detected after
systemic kainic acid [63].

Downstream, there is evidence of apoptosome
formation (APAF-1 interaction with cytochrome
c) in hippocampus after seizures caused by
intra-amygdala kainic acid [64]. In the same
model, the presence of cleaved caspase-3 is
evident by 4 h after seizures, with levels and
activity peaking at 24 h [60] (Figure 3b).
Caspase-3 cleavage is also evident in the
neocortex of rats after status epilepticus [60]
(Figure 3b). Work from multiple laboratories
has demonstrated status epilepticus in rats or
mice using different induction methods
activate caspases 2, 3, 6, 7, 8 and 9 [52, 60,
61, 64-73]. Caspase induction also seems to
correlate to specific EEG patterns of seizure
type and duration [69, 74]. If clinically
relevant, this might have value for informing
on pathologic versus benign seizures and
neuroprotective treatment thereof.

Contrasting the above findings, some groups
have not detected caspase activation during
cell death after status epilepticus [58, 59, 63].
However, in the model used by Fujikawa and
co-workers they also reported only minimal
TUNEL staining in degenerating neurons [58,
59]. Reports from two other laboratories
suggested induction of caspase-3 in
hippocampus peaked several days after initial
status epilepticus and was therefore unlikely
to have an important role in acute cell death
[74, 75]. Again however, the models used
were not associated with strong, early
hippocampal TUNEL staining. Taken together,
these studies show cell death following
seizures in certain models can occur without
an apoptotic signature. Where there is strong
DNA fragmentation/TUNEL staining, a robust
caspase response is often present.

Caspase inhibitors reduce DNA fragmentation
and neuronal death after status epilepticus

The effects of pseudo-substrate caspase

inhibitors have been tested against seizure-
induced neuronal death in vivo by several
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Figure 2: Hippocampal damage after experi-mental
status epilepticus and morphology of TUNEL
positive cells.  (a) A, Photomicrograph showing
hippocampus of a rat that received intra-amygdala
injection of vehicle. Inset shows a normal CA3
neuron at high magnification. B, CA3 subfield in a
rat 4 h after status epilepticus revealing early
degenerative changes (dark cells) in some
neurons. C, View of a rat hippocampus 24 h
following status epilepticus revealing CA3 neuron
loss (arrows). D, Example of TUNEL stained CA3
subfield (green) 24 h after status epilepticus.
Scale in A is 200um; B is 15um. (b) Examples of
the morphology of TUNEL positive CA3 cells after
status epilepticus in the rat showing (left) a cell
without apoptotic features, while (middle, right)
TUNEL labeled nuclei exhibiting chromatin
marginalization, clumping and blebbing. (c)
Examples of TUNEL positive CA3 cells in mice after
status epilepticus showing (left) cell without
apoptotic features and (middle, right) cells with
apoptotic morphology. Modified with permission
from (a) Henshall et al. (2002) J. Neuroscience 22,
8458-8465 [56], Copyright © 2002 Society for
Neuroscience. (b) Henshall et al. (2002) Neurobiol.
Dis. 10, 71-87 [69], Copyright © 2002 Elsevier
Science (USA), and (c) Shinoda et al. (2004) J.
Neurosci. Res. 76: 121-128 [57] Copyright ©
2004 Wiley-Liss, Inc.

independent groups. Inhibitors of caspases 3,
8 and 9 all reduce status epilepticus-induced
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DNA fragmentation (as assessed by the TUNEL
technique) and/or neuronal death (Table 3).
The degree of protection is variable.
Reductions in TUNEL counts can exceed 50 %,
while surviving neuron counts tend to be
closer to 30 %. Since inhibition of caspases
typically had a greater effect on DNA damage
than cell survival, caspases may be better at
blocking biochemical features of cell death
rather than permanently preventing cell
demise. Over-expression of the baculoviral
caspase inhibitor p35 via transgenic or viral
vector approaches is also protective against
seizure-like insults in vivo [66, 76] (Table 3).
These studies provide evidence for a causal
role for caspases in seizure-induced neuronal
death, at least in the models tested.
Monitoring and quantification of EEG in these
studies also determined caspase inhibitors did
not alter resting or seizure EEG, indicating they
do not overly interfere with brain function
under normal or pathological conditions [60,
67, 77].

Effect of caspase inhibitors on epilepsy
development after status epilepticus

Narkilahti et al. evaluated whether caspase
inhibition  influenced the process of
epileptogenesis. Their study reported that rats
treated for one week with a caspase-3
inhibitor after status epilepticus developed a
similar epileptic phenotype as the vehicle
group [77]. However, two important points
should be raised before dismissing anti-
epileptogenic effects of caspase inhibitors.
First, inhibitor administration began three
hours after status epilepticus [77] so
additional neuroprotective effects may have
been missed. Second, two long-term studies
were performed in the paper by Narkilahti et
al. [77]. In the first, using a seven week
interval between status epilepticus and
epilepsy monitoring, the caspase inhibitor-
treated rats developed significantly fewer
epileptic seizures than the vehicle controls:
anti-epileptogenic effects of caspase inhibition
were evident. This anti-apileptogenic effect
was not evident in the second (longer follow-
up) study. Alternative dosing regimes in
models associated with greater activation of
caspases and DNA fragmentation might yield
clearer effects of caspase inhibition of post-
status epilepticus epileptogenesis.

Involvement of caspases in experimental
epileptogenesis and chronic epilepsy

105

d
c 0 2 4 8 24

. e e e (4—Cytc

b 41 24 h

Hippo Cortex Hippo Cortex
C Sz C Sz C Sz C Sz

Caspase-3
S ama e A

p— - & <« 17kDa

Figure 3: Release of cytochrome ¢ and caspase-3
cleavage following experimental status epileptics.
Data from rats subject to status epilepticus
induced by intra-amygdala kainic acid. (a) Western
blot analysis of cytochrome ¢ (Cyt c¢) in the
cytoplasmic fraction of the rat hippocampus in
control (C) rats and rats at various times following
status epilepticus. The O h time point coincides
with injection of anticonvulsant, 40 minutes after
intra-amygdala kainic acid. Note the presence of
“released” cytochrome ¢ at 2 h. (b) Western blot of
pro-caspase-3 (32 kDa) and the cleaved form (17
kDa) in hippocampus and cortex from control rats
(C) and rats subject to prolonged seizures by intra-
amygdala kainic acid (Sz). (c) Electron microscopy
images of Bax-gold particles (15 nm) clustering at
mitochondria in the CA3 subfield 2 h after status
epielpticus. (a, b) Modified with permission from
Henshall et al. (2000) J. Neurochem. 74: 1215-
1223 [60]. Copyright © 2000 International Society
for Neurochemistry. (c) Modified with permission
from Henshall et al. (2002) J. Neuroscience 22,
8458-8465 [56], Copyright © 2002 Society for
Neuroscience.

Both caspases 2 and 3 are up-regulated in rat
hippocampus after status epilepticus during
the period associated with epileptogenesis
[72, 74, 78]. Moreover, upregulation and
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Table 3. Summary of caspase activation after experimental seizure-induced neuronal death and
the effects of caspase inhibitors on seizure-damage

Inhibitor Model Time period and Hippocampal Hippocampal References
method of TUNEL counts CA3 survival?
assessment

Caspase-1  ESA n.d. n.d. No effectP [77]

Caspase-3 IAK 4-24 h (WB, A) n.d. Increased [60]

ESA n.d. n.d. Increased [77]

Caspase-8 IAK 0-72 h (WB, A) Reduced Increased [67]

IAK 0-72 h (WB) Reduced Increased [61]
Caspase-9 IAK 4-72 h (WB, A) Reduced Increased [64]

IAK 4-72 h (WB) Reduced Increased [117]

ESA n.d. n.d. Increased [77]
viral p35 SK 8 h (A) Reduced n.d. [66]

Data are for CA3 subfield of the hippocampus. Inhibitors were: Ac-YVAD-cmk (caspase-1), z-DEVD-fmk
(caspase-3), z-IETD-fmk (caspase-8) and z-LEHD-fmk (caspase-9). 2Assessments made on either degenerating
or remaining neurons in the CA3 part of the hippocampus. bTendency to neuroprotection seen in dentate
gyrus. Key: n.d., not determined; ESA, electrical stimulation of the amygdala; IAK, intra-amygdala kainic acid;
SK, systemic kainic acid; WB, Western blot, A, enzyme assay.

activity appears to be maintained in animals [82, 83]. Third, neuroprotection by

once epileptic. This suggests caspases may
have roles beyond control of cell death in
epilepsy, highlighting potentially novel disease
mechanisms for caspases. Of note, caspase-2
stained neuronal processes during
epileptogenesis and in chronically epileptic
animals [72, 78]. Similar patterns of neuronal
process staining for caspases 2 and 9 is
evident in hippocampus from TLE patients [72,
79].

Interpretation of caspase inhibitor studies:
does the “C” in ABCs stand for Controversy?

The role of caspases in neurological insults in
adult brain remains controversial and several
caveats exist with the caspase inhibitor data.
First, in vitro and in vivo data have been
presented showing neuronal death after
seizure-like insults or status epilepticus is
unaffected by caspase inhibitors [58, 80, 81].
Second, there is evidence that key apoptosis-
regulatory genes including APAF-1 are
downregulated in adult brain such that insults
preferentially activate non-caspase pathways
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pseudosubstrate caspase inhibitors may arise
in part via non-specific effects against calpains
and cathepsins [84-86]. On this last point, it
has been noted by several groups that
reduced DNA fragmentation or
neuroprotection by caspase inhibitors extends
to brain regions not displaying caspase
activation after seizures [60, 77, 87]. Thus,
where evident, effects of pseudosubstrate-
based caspase inhibitors in vivo may derive in
part from contributions by other caspases or
non-caspase cell death proteases.

Bcl-2 family proteins

There is good evidence that members of the
pro-apoptotic Bcl-2 family are activated during
seizure-induced neuronal death in rats and
mice (Table 4). Expressional responses for
several members of the family, in particular
Bax and Bcl-xL are often not found after
seizures [56, 88]. Rather, evidence of
involvement comes from functional studies
performed by co-immunoprecipitation of
various Bcl-2 family member complexes.
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Table 4. Bcl-2 family member responses during seizure-induced neuronal death and effects of

expressional modulation

Gene Species  Model Response to Effect of modulation References
seizures (< 24h)
Bcl-2 Rat SK Upregulated n.d. [122]
Rat IVK Upregulated n.d. [123]
Rat IAK Upregulated n.d. [89]
Rat SK Not changed n.d. [88]
Rat IHK n.d. Overexpression protective [91]
Bel-xL Rat IAK No change n.d. [56]
Rat SK No change n.d. [88]
Mouse IAK No change n.d. [52]
Rat SK n.d. Overexpression protective [92]
Bel-w Rat IAK Upregulated n.d. [124]
Rat PILO Upregulated n.d. [125]
Rat IVK Down-regulated n.d. [123]
Mouse IAK Down-regulated Damage worse in bcl-w7- [52]
Bad Rat IAK Activated Inhibition protectivea [56]
Rat IAK Activated n.d. [89]
Mouse SK Activated Inhibition protective? [126]
Bid Rat IAK Activated n.d. [67]
Rat IAK Activated n.d. [90]
Rat IAK Activated n.d. [61]
Bax Rat SK No change n.d. [88]
Rat IAK No changeP n.d. [56]
Rat SK No change n.d. [63]
Rat IAK No change n.d. [52]
Mouse SK Small increase n.d. [70]
Bim Rat IAK Upregulated Damage reduced® [42]
Rat PILO Upregulated n.d. [125]
Rat IVK Downregulated n.d. [123]
Mouse IHK n.d. Damage same in bim7- [95]

aBoth FK506 and ketogenic diet used to prevent Bad activation have other mechanisms of action. "However,
Bax accumulated at mitochondria. cAssessment made in vitro only. Key: n.d. not determined; ESA, electrical
stimulation of the amygdala; IAK, intra-amygdala kainic acid; IHK, intra-hippocampal kanic acid; IVK, intra-
ventricular kainic acid; SK, systemic kainic acid; PILO, pilocarpine;

Status epilepticus causes activation (de-
phosphorylation) and dissociation of Bad from
its chaperone 14-3-3 and translocation and
binding to anti-apoptotic BclxL [56, 89].
Seizures also trigger cleavage of Bid [67, 90]
and overexpression of Bim [42] (Table 4). Bax
has also been detected in clusters on the
outer surface of mitochondria [56] (Figure 3c).
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However, anti-apoptotic Bcl-2 family proteins
are also regulated in such tissue. Bcl-2 is
commonly reported as up-regulated during
seizure-induced neuronal death (Table 4).

In addition to these descriptive studies, causal
roles for several members of the Bcl-2 family
have been demonstrated (Table 4). Sapolsky’s
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group showed that viral transfection of rats
with Bcl-2 was neuroprotective in a model of
seizure-induced neuronal death [91].
Complementing this approach, Bcl-xL over-
expression using Tat fusion protein reduced
neuronal death after seizures in rats [92].
Thus, while expressional differences exist
between Bcl-2 and Bcl-xL in terms of their
constitutive and seizure-induced responses,
either can protect against neuronal death
when overexpressed. Conversely, mice lacking
Bcl-w were found to display more hippocampal
cell death after status epilepticus than their
wild-type littermates, indicating endogenous
protective roles for this gene [52].

Functional evidence for pro-apoptotic Bcl-2
family members is rather less certain.
Pharmacological block of Bad by calcineurin
inhibition is neuroprotective, but this drug has
other mechanisms of action that could explain
this finding [56]. Bak deficient mice were
found, rather counter-intuitively, to be more
vulnerable to seizure-induced neuronal death
[93]. Two BH3-only protein deficient studies
are relevant. First, mice deficient in Puma
were found to be equally vulnerable as wild-
types to N-methyl-D-aspartate-induced
hippocampal injury in vivo [94]. Second, bim~-
mice were found to be similarly vulnerable in
vivo to excitotoxicity as wild-type animals [95].
However, both these studies used models of
direct intra-hippocampal excitotoxin injection,
where dissociation of seizure effects versus
direct toxicity is not possible. Also, the
Theofilas study did not report data on Bim
expression, nor hippocampal CA3 damage
comparing bim7- and  wild-type mice.
Collectively however, these studies suggest
there may be redundancy among BH3-only
proteins. If proven accurate, future studies
might investigate mice doubly-deficient for
BH3-only proteins.

Death receptor signaling in seizure-induced
neuronal death

While there has been less focus on the
involvement of the death receptor signaling
pathway in seizure-induced neuronal death,
studies suggest it is activated in vivo after
prolonged seizures. Co-immunoprecipitation
studies show TNFR1 binding to TRADD and
TRADD-FADD binding both increased within the
first hours after status epilepticus in rats [96].
Caspase-8 fragments are also present in FADD
immunoprecipitates from rat hippocampus
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after status epilepticus [97]. Caspase-8 is
activated in vitro and in vivo after seizures and
time course analysis points to early induction
[61, 67, 98]. In human brain, death receptors
are constitutively expressed [99, 100] and
TNFR1-TRADD and TRADD-FADD binding is
evident in hippocampal resection specimens
from patients with intractable TLE [100].
Functional evidence for involvement of this
pathway in seizure-induced neuronal death
comes from several observations. Caspase-8
inhibition using the pseudosubstrate z-IETD-
fmk reduces neuronal death both in vitro [98]
and in vivo [61, 67]. Neutralizing antibodies to
TNFa reduced hippocampal cell death in vivo
after status epilepticus [96]. However, mice
lacking the TNFR1 undergo increased cell
death following systemic kainic acid [101].
Thus, the role of death receptor signaling
requires additional clarification. In particular,
there is no direct evidence that Fas or TNFR1
is driving the formation of these signaling
complexes, nor whether these are responsible
for caspase-8 cleavage after seizures.

AIF and caspase-independent neuronal death

AIF is a mitochondrial flavoprotein which on
translocation to the nucleus induces large-
scale DNA fragmentation and nuclear
condensation during apoptosis-like cell death
[102]. This type of apoptosis is caspase-
independent, and AIF is recognized as an
important mediator of neuronal death in
models of excitotoxicity [103]. In vitro studies
demonstrate that AIF contributes to excitotoxic
neuronal death [38, 104]. Furthermore,
harlequin mice which display ~80% lower AIF
levels than normal are protected in vivo
against  hippocampal damage following
systemic kainic acid [38]. AIF is also
implicated in cell death following traumatic
brain injury [105, 106]. A recent study also
reported that nuclear condensation was very
rapid following AIF translocation to the nucleus
in neuron-like cells [107]. Since nuclear
pyknosis is evident in many neurons within a
few hours of status epilepticus this may be AlF-
dependent. Two major mechanisms have been
proposed for release of AlF involving poly (ADP
ribose) polymerase-1 (PARP1) [108] and
calpain 1 [109, 110]. Full discussion of
additional apoptosis-associated genes found
regulated in either human or experimental
models lies beyond the scope of the present
review.
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Contribution of glia

Glia are important contributors to mechanisms
of ictogenesis, seizure-induced neuronal death
and epileptogenesis [111-113]. While glial cell
death is not common after status epilepticus,
the contribution of glia to apoptosis and as
sites of regulated Bcl-2 and caspase family
genes has been recognized in several studies.
Astrocytes were identified as the cell type
expressing elevated Bcl-xL in neocortex from
patients with TLE [41]. BH3-only protein Bid
was also found, albeit not exclusively, in
astrocytes after status epilepticus in rats [67].
Both microglia and astrocytes express several
types of caspases following experimental
status epilepticus [69, 114]. Indeed, Narkilahti
et al. reported the majority of active caspase-3
immunoreactivity localized to astrocytes after
status epilepticus in rats [74]. However, this is
in contrast to the mainly neuronal expression
of caspase-3 and other caspases reported by
our group and others [60, 64, 68, 69, 75, 115-
117]. In human TLE, caspases are mainly
expressed in neurons [41, 72, 79]. Astrocytes
and microglia are also the source of several
cytokines that influence cell death and
epileptogenesis and death receptors of the
TNF family are constitutively expressed on glia
[99, 118]. The Vezzani group have shown that
glia are the source of TNFa [119] and more
recently, that caspase-1 contributes to
epileptogensis by production of interleukin-1
in astrocytes [120]. Taken together, these
data suggest apoptotic pathways are activated
in glia during and after seizure-induced
neuronal death and these pathways may form
part of the glial contribution to neuronal death
and the epileptogenic process.

Summary

Epilepsy is a neurological disorder
characterized by recurring episodes of
seizures. Repeated seizures over time or
single prolonged seizures may harm the brain
and therefore understanding molecular
mechanisms of neuronal death is a route to
therapeutic neuroprotective and possibly anti-
epileptogenic therapies. Levels of both
caspases and Bcl-2 family genes are altered in
brain regions affected by repeated seizures in
epilepsy patients and repeated brief or single
prolonged experimental seizures can cause
apoptosis and activate caspases and Bcl-2
family proteins. We have also learnt that
apoptosis-associated genes may continue to
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be active long after the initial injury and
perhaps contribute to pathogenic mechanisms
underlying the development and maintenance
of the epileptic state. Finally, we know that
modulating these genes can alter hippocampal
damage after seizures. The present review is
not exhaustive and we have focused
principally on the caspase and Bcl-2 families.
Nevertheless, the evidence supports a role for
these signaling pathways in seizure-induced
neuronal death and the epileptic brain which
may form the basis of future efforts at
neuroprotection or anti-epileptogenesis.

What problems and questions remain? First,
inter-model variability in the apoptotic
component has shown neuronal death after
seizures does not necessarily involve these
pathways. Nevertheless, apoptotic pathways
are almost certainly regulated in TLE patient’s
brain. Thus, focus on models which feature
both the main characteristics of experimental
epileptogenesis and an apoptotic component
remain justified. Second, we need better
evidence for whether pro-apoptotic and anti-
apoptotic signaling changes are occurring in
the same or different cells. This is important
for both the human and experimental model
work. While activated caspases have been
reported in neurons after seizures, convincing
staining of pro-apoptotic Bcl-2 family proteins
in patient or experimental material is lacking.
Third, more exact temporal mapping of pro-
apoptotic changes to events such as
cytochrome c¢ release and morphological
changes. Finally, the role of apoptosis-
associated genes in epileptogenesis and
maintenance of the epileptic state merits
increased attention. Can modulation of Bcl-2
or caspase family members affect damage
enough to alter post-status epilepticus
development of epilepsy? What is the
significance of their modulation in the
chronically epileptic brain? Ongoing
investigations, in a number of laboratories
including our own, aim to provide answers to
these questions.
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