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Abstract

Neuroprotection is increasingly considered as a promising therapy for preventing and treating temporal lobe epilepsy (TLE). The development
of chronic TLE, also termed as epileptogenesis, is a dynamic process. An initial precipitating injury (IPI) such as the status epilepticus (SE) leads to
neurodegeneration, abnormal reorganization of the brain circuitry and a significant loss of functional inhibition. All of these changes likely
contribute to the development of chronic epilepsy, characterized by spontaneous recurrent motor seizures (SRMS) and learning and memory
deficits. The purpose of this review is to discuss the current state of knowledge pertaining to neuroprotection in epileptic conditions, and to
highlight the efficacy of distinct neuroprotective strategies for preventing or treating chronic TLE. Although the administration of certain
conventional and new generation anti-epileptic drugs is effective for primary neuroprotection such as reduced neurodegeneration after acute
seizures or the SE, their competence for preventing the development of chronic epilepsy after an IPI is either unknown or not promising. On the
other hand, alternative strategies such as the ketogenic diet therapy, administration of distinct neurotrophic factors, hormones or antioxidants seem
useful for preventing and treating chronic TLE. However, long-term studies on the efficacy of these approaches introduced at different time-points
after the SE or an IPI are lacking. Additionally, grafting of fetal hippocampal cells at early time-points after an IPI holds considerable promise for
preventing TLE, though issues regarding availability of donor cells, ethical concerns, timing of grafting after SE, and durability of graft-mediated
seizure suppression need to be resolved for further advances with this approach. Overall, from the studies performed so far, there is consensus that
neuroprotective strategies need to be employed as quickly as possible after the onset of the SE or an IPI for considerable beneficial effects.
Nevertheless, ideal strategies that are capable of facilitating repair and functional recovery of the brain after an IPI and preventing the evolution of
IPI into chronic epilepsy are still hard to pin down.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Epilepsy is one of the oldest neurological conditions known
to humankind. The term “epilepsy” is derived from Greek
word “epilambanein’, which means “to seize upon™ or “to
attack”. In this modern era, epilepsy is the most frequent
neurodegenerative disease after stroke. It afflicts more than 2
million Americans and 50 million people worldwide (Strine
etal., 2005), and the temporal lobe epilepsy (TLE) is among the
most frequent types of drug-resistant epilepsy (Engel, 2001;
Litt et al., 2001; McKeown and McNamara, 2001). In a
population of new patients presented with epilepsy, almost 30%
of them have seizures originating from the temporal lobe of the
brain (Manford et al., 1992). Individuals affected with TLE
typically have comparable clinical description, including an
initial precipitating injury (IPI) such as the status epilepticus
(SE), head trauma, encephalitis or childhood febrile seizures
(Harvey et al., 1997; Fisher et al., 1998; Cendes, 2002). There is
usually a latent period of several years between this injury and
the emergence of the chronic TLE characterized by sponta-
neous recurrent motor seizures (SRMS) originating from
temporal lobe foci, and learning and memory impairments
(Devinsky, 2004; Detour et al., 2005). Further, the TLE is
frequently associated with hippocampal sclerosis, mainly
exemplified by significant neurodegeneration in the dentate
hilus (DH), and the CA1 and CA3c sub regions (Sloviter, 2005).
Human studies suggest that the hippocampal sclerosis likely
initiates or contributes to the generation of most TLEs (Engel,
1996). A significant number of people (~25%) afflicted with
epilepsy have seizures that cannot be controlled by anti-
epileptic drugs (Litt et al., 2001; McKeown and McNamara,
2001). Moreover, anti-epileptic drugs (AEDs) merely provide
symptomatic treatment without having any influence on the
course of the disease. Thus, there is a pressing need to develop
alternative therapeutic approaches that prevent the epilepto-
genesis after the SE or an IPI. From this perspective,
identification of compounds or approaches that are efficacious
for providing neuroprotection to the hippocampus after the
onset of SE has great significance.

2. Definition, causes and consequences of seizures

A seizure is a convulsive episode, which starts of as atypical,
excessive hyper-synchronous discharges from an aggregate of
neurons in the brain and then recruits surrounding neurons to
comprise one or both hemispheres of the brain (Kandel et al.,
2000; Carey and Fuchs, 2001). In most patients presenting
TLE, the development of seizures is preceded with an IPI such

as the head trauma, stroke, SE, and infections like meningitis
(Harvey et al., 1997; Fisher et al., 1998; Cendes, 2002).
Nevertheless, it is difficult to predict the consequences of initial
seizures in humans because of multiple contributing factors.
These include differences in the etiology and age at the onset of
seizures, the types, frequency and duration of seizures,
interventions with AEDs and genetic components (Avoli
et al., 2005; Guerrini et al., 2005). On the other hand, it is well
known that epilepsy or seizures are linked with neurodegenera-
tion in several areas of the brain (Wasterlain and Shirasaka,
1994; Jacobs et al., 2000; Armstrong, 2005). Furthermore, it is
clear that both necrotic and apoptotic cell death contribute to
neuronal damage in epileptogenic insults such as the SE, head
injury or stroke (Fujikawa et al., 2000a, b; Henshall et al., 2000;
Sahuquillo et al., 2004). It is supposed that multiple
mechanisms and neurochemical modulators play roles in the
initiation of epileptogenesis after an IPI. The term epileptogen-
esis refers to the transformation of the normal neuronal network
into a long lasting chronically hyperexcitable state. Fig. 1
illustrates major epileptogenic processes that emerge after an
IPI and lead to the occurrence of SRMS.

The brain injury resulting from seizures is a dynamic process
that comprises multiple factors contributing to neuronal cell
death. These include genetic factors, the extent of glutamate-
mediated excitotoxicity leading to disturbances in the
intracellular electrolyte metabolism, mitochondrial dysfunc-
tion, oxidative stress, growth factor withdrawal or depletion and
increased concentration of cytokines (Ferriero, 2005). At
cellular level, intense seizure activity typically initiates massive
influx of calcium via voltage gated and N-methyl-p-aspartate
(NMDA)-dependent ion channels (Van Den Pol et al., 1996).
Elevated intracellular ions lead to biochemical cascades which
trigger acute neuronal cell death after the SE (Fujikawa et al.,
2000a). Additionally, high levels of intracellular calcium can
induce generation of reactive oxygen species (ROS, also
referred to as free radicles), uncoupling of mitochondria and
activation of a wide range of catabolic enzymes that are capable
of deteriorating cell function (Gupta and Dettbarn, 2003;
Niquet and Wasterlain, 2004; Acharya and Katyare, 2005;
Niquet et al., 2005).

3. Hippocampal neurodegeneration and synaptic
reorganization after seizures

Acute seizures in the adult brain may lead to alterations in
the synaptic plasticity, including the long-term potentiation of
synaptic responses. A wide range of neuropsychological
deficits may follow the SE, which typically include learning
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and memory dysfunction and other cognitive deficits
(Holmes et al., 2004; Holmes, 2006). Although multiple
regions of the brain are affected with the SE induced
through chemoconvulsants such as KA or pilocarpine, the
hippocampal region has received the most attention because of
its highly plastic nature and increased susceptibility to seizure-
induced damage (Parent et al., 1997; Rao et al., 2006). After an
IPI, characteristic pattern of hippocampal cell loss and
shrinkage is seen later in life, when patients develop TLE
(Sloviter, 1999). The injury inflicted by acute seizures in the
hippocampus often includes considerable bilateral neurode-
generation in the DH, and CA1 and CA3 subfields, which
eventually leads to a massive abnormal sprouting of mossy
fibers into the dentate supragranular layer (Rao et al., 2006).
Examples of degenerating neurons in both hippocampal and
extrahippocampal regions, visualized through Fluoro-Jade B,
Silver and TUNEL staining are shown in Fig. 2.
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3.1. Abnormal sprouting of mossy fibers in the dentate
gyrus

The dentate gyrus (DG) has been the major focus of attention
in TLE because of its higher threshold for seizures and its
function as a ““gate’ to prevent the propagation of seizures into
the hippocampus under normal conditions (Tauck and Nadler,
1985; Buckmaster and Dudek, 1999). However, in both
epileptic human hippocampus and the KA treated rat
hippocampus, axons of granule cells (mossy fibers) sprout
aberrantly into the dentate supragranular layer (DSGL) as
indicated in Fig. 3. The sprouted mossy fibers form new
synapses on granule cell dendrites, which increase the overall
excitatory connections between granule cells (Okazaki et al.,
1995; Buckmaster et al., 2002; Scharfman, 2003). The aberrant
axonal sprouting response of granule cells after hippocampal
injury is likely a consequence of the degeneration of their
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Fig. 1. The various aspects of epileptogenesis after the initial brain insult and the evolution of the initial precipitating injury into chronic epilepsy and learning
and memory deficits. An initial insult in the form of head injury or the status epilepticus (SE) typically leads to a number of cellular and molecular changes in the
hippocampus. A transient surge in the proliferation of neural stem/progenitor cells also occurs in the dentate gyrus immediately after the SE resulting in
abnormal neurogenesis. A multitude of alterations in the milieu of the dentate gyrus and the hippocampal CA1 and CA3 subfields lead to abnormal synaptic
reorganization, the loss of functional inhibition by the GABAergic system and altered dentate gyrus plasticity, all of which augment the process of
epileptogenesis. Collectively, these changes contribute to the occurrence of spontaneous recurrent motor seizures (SRMS) and learning and memory deficits
during the chronic phase of epilepsy.
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post-synaptic target cells (CA3-pyramidal neurons) and/or
afferent neurons (hilar mossy cells, Shetty and Turner, 1997b,
1999b; Shetty et al., 2005). Studies have shown that the extent
of aberrant dentate mossy fiber sprouting positively correlates
with both antidromically evoked burst firing and spontaneous
seizures in KA models of TLE (Cronin and Dudek, 1988;
Masukawa et al., 1989; Milgram et al., 1991; Masukawa et al.,
1992; Mathern et al., 1993; Dudek et al., 1994; Okazaki et al.,
1995; Buhl et al., 1996; Lynch and Sutula, 2000; Wuarin and
Dudek, 2001; Cavazos et al., 2003), suggesting that the aberrant
mossy fiber sprouting that ensues after the hippocampal injury
contributes to the increased seizure susceptibility of the DG.
Thus, prevention of aberrant mossy fiber sprouting may be
important for blocking hyperexcitability and SRMS after the
SE in both humans and animal models (Shetty et al., 2005).

3.2. Abnormal sprouting of entorhinal axons in the CAl
subfield

Deafferentation of CA1 pyramidal neurons after KA-lesions
(due to CA3 pyramidal cell loss) shows recovery of synaptic
density over 2-3 months (Nadler et al., 1980a, b); but the source
of axons participating in this reinnervation is mostly unknown.
A study by Shetty (2002) investigated the contribution of the
entorhinal cortex in this reinnervation at 3 months post-KA
administration. The axons from the entorhinal cortex were
visualized by anterograde axon tracing using injections of the
biotinylated dextran-amine into the entorhinal cortex. In the
CAL region of the intact hippocampus, entorhinal axons were
conspicuous in the alveus and the stratum lacunosum
moleculare (SLM) but sparse in the stratum radiatum (SR;
Fig. 4, upper left panel). However, after KA-induced CA3-
region injury, the density of entorhinal axons increased in the
SR (375% of the intact hippocampus), as a large number of
axons from the entorhinal fiber plexus in the SLM invaded the
SR. The SR also exhibited wavy entorhinal axons filled with
boutons and oriented parallel to the stratum pyramidale,
suggesting some collateral sprouting from the entorhinal axons
traversing the SR (Shetty, 2002). The sprouted fibers appear to
come from both entorhinal fiber plexus in the SLM
(translaminar sprouting) and entorhinal axons traversing the
SR (intralaminar sprouting). The major contribution appears to
be from the entorhinal plexus in the SLM (Fig. 3). This aberrant
sprouting may lead to altered afferent excitatory connectivity in
the CAl subfield and contribute to the persistent CAl
hyperexcitability that is typically observed after CA3-region
neurodegeneration (Turner and Wheal, 1991). Indeed, a study
using the pilocarpine model of TLE suggests that local
application of convulsants to the medial entorhinal cortex leads
to considerably enhanced epileptiform discharges in the CA1
subfield of pilocarpine treated rats in comparison to control rats
(Wozny et al., 2005). Furthermore, single cell recordings of
CA1 pyramidal neurons revealed that aberrant sprouting of
entorhinal axons into the CAl subfield leads to an altered
cortical influence on CA1 neurons that eventually develops into
hyperexcitability. The excitatory responses in the CA1 subfield
were characterized by multiple after-discharges and strong

paired-pulse facilitation in response to activation of the
temporo-ammonic pathway. Thus, in epileptic rats, electro-
graphic seizures may enter the hippocampus not only through
the DG, but also via the temporo-ammonic pathway by
shortcutting the trisynaptic hippocampal loop (Wozny et al.,
2005).

3.3. Sprouting of CA3 axons

Siddiqui and Joseph (2005) using a KA model of TLE
provide evidence for widespread CA3 structural reorganization
in the form of sprouting of CA3 axons into multiple areas of the
hippocampus and the entorhinal cortex. This includes an
increase in the density of efferents to areas that normally
receive CA3 afferent input such as the CAl subfield and the
subiculum. In addition, new efferents projected into the pre-
and para-subicular regions and medial and lateral entorhinal
cortices. Interestingly, a new CA3 Schaffer collateral projection
to the entorhinal cortex was also observed. The widespread
sprouting of CA3 axons to regions of the hippocampus and the
entorhinal cortex likely explain how the epileptic hippocampus
propagates the unconventional impulse excitation to cortical
fields. Furthermore, because these cortical fields have a critical
role in providing excitatory input into the hippocampus, this
synaptic reorganization likely forms reverberating excitatory
circuits (Siddiqui and Joseph, 2005). It is also likely that
sprouting-related mechanisms explain the latency period (or
quiescent phase) prior to the development of chronic TLE
characterized by SRMS (Siddiqui and Joseph, 2005).

4. Changes in GABA-ergic interneurons after seizures

The prevailing hypothesis pertaining to links between
GABA-ergic interneurons, epileptogenesis and TLE is that
epileptogenesis results from a diminished GABA-mediated
inhibition occurring through the degeneration of fractions of
GABA-ergic interneurons. Inhibitory inputs from GABA-ergic
hippocampal interneurons prevent the principal excitatory
hippocampal neurons from becoming hyperexcitable under
normal conditions (Freund and Buzsaki, 1996). This is
mediated by direct inhibitory inputs from these interneurons
to both presynaptic axons, and soma and dendrites of principal
excitatory neurons (Dvorak-Carbone and Schuman, 1999; Yan
et al., 2003). While the inhibitory inputs to presynaptic axons
control the excitatory input coming from other regions (such as
from the entorhinal cortex for dentate granule cells, dentate
mossy fibers for CA3 pyramidal neurons and Schaeffer
collaterals for CA1 pyramidal neurons), inhibitory input to
soma and dendrites restrain the excitability of principal
excitatory neurons (Karnup and Stelzer, 1999). Thus, the
overall inhibition mediated by GABA-ergic interneurons sets a
threshold for the excitation of pyramidal cells, and the strength
of interneuron input controls the level of discharges from
principal hippocampal cells. This is evidenced by epileptic-like
conditions in animal models following disinhibition of the
principal excitatory neurons (Prince, 1978; Dingledine and
Gjerstad, 1980). Therefore, it is plausible that reduced
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Timm’s Staining

Fig. 3. Aberrant mossy fiber sprouting after the status epilepticus in the dentate gyrus. The extent of the aberrant mossy fiber sprouting is illustrated for rats with
moderate hippocampal injury (B1, B2 and E1, E2) and rats with severe hippocampal injury (C1, C2 and F1, F2), in comparison to age-matched intact rats (A1, A2 and
D1, D2) by Timm’s histochemical staining (A1-C2) and neuropeptide Y (NPY) immunostaining (D1-F2). Note that, in comparison to rats exhibiting moderate
hippocampal injury (B1, B2 and E1, E2), rats with severe hippocampal injury (C1, C2 and F1, F2) exhibit much robust aberrant sprouting of mossy fibers into the
dentate supragranular layer (DSGL). DH, dentate hilus; GCL, granule cell layer. Scale bars, A, B1, C1 =500 wm; A2, B2, C2 = 100 wm; D1, E1 and FI = 500 pm;
D2, E2, F2 =200 pwm (figures reproduced from: Rao et al., 2006; J Neurosci. Res. 83(6):1088-1105).

inhibitory input to principal hippocampal neurons due to loss of
fractions of GABA-ergic interneurons underlies the persistent
hyperexcitability in TLE (Franck et al., 1988; Cornish and
Wheal, 1989; Williams et al., 1993; Perez et al., 1996). In this
section, we discuss the current understanding regarding the
survival of GABA-ergic interneurons after acute seizures or the
SE.

4.1. Alterations in hippocampal interneurons

Analyses of the hippocampus in animal models of TLE at
early post-injury time-points suggested that GABA-ergic
interneurons are least vulnerable to the SE or injury (Kohler
etal., 1984; Franck et al., 1988; Davenport et al., 1990; Sloviter,
1991; Bekenstein and Lothman, 1993). However, analyses of
subclasses of interneurons at later post-lesion time-points
suggested a reduction in the number of interneurons (Sperk
et al., 1986; Shetty and Turner, 1995a; Kobayashi and
Buckmaster, 2003). Studies analyzing GABA-ergic [glutamate
decarboxylase-67 (GAD-67) positive] interneurons at 1-6
months post-KA showed that reductions in GABA-ergic
interneurons occur throughout the hippocampus after KA-
induced hippocampal injury (Shetty and Turner, 2000, 2001;
Fig. 4, upper right panel). Interestingly, parallel quantification
of Nissl-stained interneurons mostly revealed no changes in
interneuron density (Shetty and Turner, 2001), suggesting that

reductions in GAD-67 positive interneuron density after KA-
induced injury reflect down-regulation of GAD-67 protein
expression in a major fraction of interneurons. Thus, the
structural basis of the inhibitory system remains undisturbed
following KA-induced hippocampal injury, especially the soma
of interneurons and their efferent projections onto principal
cells of the hippocampus. However, there is continued loss of
functional inhibition in the hippocampus following KA-
induced hippocampal injury (Cornish and Wheal, 1989; Perez
et al.,, 1996). This suggests that persistent loss of GAD-67
within interneurons may be due to loss of both afferent
connectivity and afferent neurotrophic support onto interneur-
ons because of the loss of CA3 pyramidal and hilar neurons
(Rocamora et al., 1992). Loss of both afferent connectivity and
afferent neurotrophic support onto interneurons likely leads to
less activation of these interneurons resulting in loss of
functional inhibition.

Other factors, such as failure of release of GABA,
activation of inhibitory autoreceptors, or down-regulation
of GABA receptors could also be involved. On the contrary,
studies of direct interneuron to principal cell inhibition in KA-
lesioned hippocampus have indicated that these aspects of the
inhibitory system remain mostly undisturbed (Bernard et al.,
1998). Thus, persistently diminished number of GABA
synthesizing interneurons may be the reason for continued
decrease in functional inhibition. Changes in the function of

Fig. 2. Neurodegeneration after the status epilepticus in hippocampal and extrahippocampal regions. The degenerating neurons were visualized at 24 h after the status
epilepticus through Fluoro-Jade B (A1-B5), silver (C1-D4), and TUNEL staining (E1-E3) in different regions of the hippocampus, amygdala, and the entorhinal
cortex. Scale bars, A1-A3 and B1-B3 = 100 wm; A4, AS, B4, B5 =50 wm; C1-C3 and D1-D4 =20 m; E = 200 pm (figure reproduced from: Rao et al., 2006; J

Neurosci. Res. 83(6):1088-1105).
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Sprouting of Entorhinal Axons Reducd GABA-ergic Interneuron Numbers
after KA-Induced Hippocampal Injury
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Rk

i

§

Absolute Number of New Neurons

Entire  Anterior  Posterior
DG DG DG

* %

3000
bnik FRw

Absolute Number of New Neurons

Entire  Anterior  Posterior
DG DG DG
[J=Intact Hippocampus
B = Hippocampus at 16 Days after IP KA Administration
Il = Hippocampus at 5 Months after IP KA Administration
* =p<0,05; ** = p <0.01; *** = p < 0.001

Fig. 4. Top left panel: Morphology of the biotinylated dextran amine (BDA)-positive entorhinal axons in the CA3-lesioned hippocampus at 3 months after an
intracerebroventricular administration of the kainic acid. Al, A2: Entorhinal axon of the alvear pathway traversing the CAl stratum radiatum in an intact
hippocampus showing wavy axons exhibiting a large number of en passant bouton (arrowheads). B1-B4: Region of the CAl subfield from a CA3-lesioned
hippocampus exhibiting a large number of horizontally oriented axons (arrows) filled with boutons (arrowheads), and branches (arrow in B3) and growth cone-like
expansions at their termination in the outer thirds of the CA1 stratum radiatum. GCL, granule cell layer; IML, inner molecular layer; MML, middle molecular layer;
OML, outer molecular layer; SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars, A1-A3, B2-B4 and
C2 =10 pm; B1 = 50 pum. (Figure reproduced from: Shetty, 2002; Hippocampus 12(4):534-542.) Top right panel: Loss of GABA-ergic interneurons following kainic
acid (KA) induced hippocampal injury. Note that KA induced injury reduces the density of GABA-ergic interneurons in the dentate gyrus, and CA1 and CA3 subfields
(B1-B4), in comparison to the density typically observed in these regions of the naive hippocampus (A1-A4). GCL, granule cell layer; DH, dentate hilus; SLM,
stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. (Figure reproduced from Shetty and Turner, 2006; J. Neurosci
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GABA receptors may also contribute to reduced inhibitory
function in epileptic conditions. Analysis of the DG for
GABA, receptors in epileptic animals demonstrates that,
while alpha-1 subunits of GABA, receptors exhibit reduc-
tions, the alpha-4 subunits of GABA, receptors increase in
density (Brooks-Kayal et al., 1998). This is in contrast to
increased alpha-1 subunit levels observed after early life SE
(Raol et al., 2006a). Interestingly, enhanced expression of
alpha-1 subunits of GABA, receptors in the DG after the SE
through adeno-associated virus type 2 containing the alpha-4
subunit gene promoter induced a threefold increase in mean
seizure free time after the SE and a 60% reduction in the
number of rats exhibiting chronic epilepsy in the first 5 weeks
after the SE (Raol et al., 2006b). These results underscore that
alpha-1 subunit levels are important for maintaining adequate
inhibitory function in the hippocampus. Thus, preservation of
hippocampal GABA-ergic interneuron numbers or increased
expression of GABA receptors via neuroprotective strategies
may be critical for preventing chronic epilepsy development
after SE.

4.2. Alterations in entorhinal cortex interneurons

Recently, there has been considerable interest in examining
the role of entorhinal cortex in the induction of spontaneous
seizures during chronic epilepsy (Kumar and Buckmaster,
2006). Studies from brains of TLE patients and animal models
of TLE imply loss of layer III pyramidal neurons in the medial
entorhinal cortex and hyperexcitability and hypersynchrony of
less vulnerable layer II stellate neurons (Scharfman et al.,
1998; Tolner et al., 2005; Kumar and Buckmaster, 2006;
Kumar et al., 2007). It is hypothesized that hyperexcitability of
stellate neurons leads to excessive, synchronous, excitatory
synaptic input to the dentate granule cells (Buckmaster and
Dudek, 1997a, b; Kobayashi and Buckmaster, 2003), which in
turn contributes to dentate hyperexcitability and generation of
SRMS. Investigation into the causes of hyperexcitability in
stellate neurons did not detect any changes in their intrinsic
electrophysiological properties and recurrent excitation but
noted loss of inhibition (Buckmaster and Dudek, 1997a, b;
Kobayashi and Buckmaster, 2003; Kumar et al., 2007). Loss of
inhibition to stellate cells appeared to be due to loss of a
fraction of GABA-ergic interneurons in layer III of the
entorhinal cortex (Kumar and Buckmaster, 2006). Thus,
changes in entorhinal cortex particularly the loss of GABA-
ergic interneurons likely also contributes to the maintenance of
chronic epilepsy. Indeed, higher seizure control after surgery
when the resection of the hippocampus was combined with the
resection of the entorhinal cortex observed in a recent study on
human mesial TLE supports this possibility (Bonilha et al.,
2007).

5. Dentate neurogenesis and temporal lobe epilepsy
(TLE)

Addition of new neurons to the dentate granule cell layer
from proliferating neural stem/progenitor cells (NSCs) in the
subgranular zone (SGZ) of the DG is maintained all through life
in the mammalian CNS (Kaplan and Hinds, 1977; Kuhn et al.,
1996; Cameron et al., 1998; Eriksson et al., 1998; Kornack and
Rakic, 1999; Gage, 2002; Gould and Gross, 2002; Song et al.,
2002; Emsley et al.,, 2005). Interestingly, hippocampal
functions of learning and memory are closely linked to the
extent of dentate neurogenesis (Gross, 2000; Feng et al., 2001;
Shors et al., 2001; Hallbergson et al., 2003; Monje and Palmer,
2003). Moreover, changes in the milieu of NSCs in the SGZ can
suppress or enhance dentate neurogenesis. For instance, cranial
irradiation damages neurogenic niches in the SGZ, which leads
to suppression of neurogenesis and impairments in learning and
memory function (Monje et al., 2002; Monje and Palmer,
2003). On the other hand, several other types of acute brain/
hippocampal injury such as ischemia, stroke and hypoxia
considerably up-regulate dentate neurogenesis in the young
adult brain (Choi et al., 2003; Felling and Levison, 2003).
Additionally, continuous seizures such as SE induced via
excitotoxins increases NSC proliferation and neurogenesis in
the SGZ of the DG (Parent et al., 1997; Madsen et al., 2000;
Nakagawa et al., 2000; Scott et al., 2000; Ekdahl et al., 2001;
Hattiangady et al., 2004).

Hippocampal injury inflicted by excitotoxins such as KA
also enhances the production of new neurons in the adult DG
(Gray and Sundstrom, 1998). Typically, the SE or hippocampal
injury induces an initial, transitory surge in the proliferation of
NSCs, which leads to over production of new neurons during
the first few weeks after injury (Parent et al., 1997; Nakagawa
et al., 2000). This is likely due to the release of multiple
mitogenic factors from dying neurons, deafferented granule
cells and reactive glia, as earlier studies imply that multiple
neurotrophic factors are up-regulated in the hippocampus
following seizures or excitotoxic injury (Lowenstein et al.,
1993; Shetty et al., 2003, 2004). This may also be due to acute
hyperexcitability in the DG that follows immediately after the
SE or KA-induced injury (Sloviter et al., 2006). Nevertheless,
dentate neurogenesis reaches baseline after 2—3 weeks of the
insult with normalization of the rate of proliferation of NSCs
(Parent et al., 1997; Nakagawa et al., 2000), which may parallel
the normalization in the levels of neurotrophic factors (Shetty
et al., 2003). Shortly after acute seizures or the SE, some of the
newly born neurons migrate aberrantly into the DH (Parent and
Lowenstein, 1997; Scharfman et al., 2000; Parent, 2002, 2003;
Hattiangady et al., 2004; Fig. 4, lower panel). This is likely due
to the hyperactivity induced overproduction of new neurons in
the dentate SGZ, lack of space in the granule cell layer (GCL),

20:8788-8801) Bottom panel: Hippocampal cytoarchitecture and distribution of newly formed doublecortin (DCX) immunopositive neurons in the dentate gyrus
following intraperitoneal kainic acid (IPKA) injections. The photographs Al and A2 show Nissl-stained sections from the septal and temporal regions of the
hippocampus showing milder (A1) and severe (A2) neurodegeneration (Asterisks). The photographs B1, B2, B3 show the distribution of dramatically increased DCX
immunopositive new neurons in the dentate gyrus at 16 days after IP KA injections. The photographs C1, C2, C3 show severely declined dentate neurogenesis (as
revealed by only a few DCX immunopositive new neurons) at 5 months after KA injections. Scale bars, Al, A2 =500 pum; B1, C1 =200 wm; B2, B3, C2 and
C3 =50 pm. (Reproduced from: Hattiangady et al., 2004; Neurobiol. Dis. 17(3):473-490).
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and loss of expression of reelin, a secreted migration guidance
cue that persists in the adult hippocampus (Gong et al., 2007).
Despite their abnormal location, the intrinsic electrical
properties of these ectopic neurons are mostly comparable to
granule cells located in the GCL (Scharfman et al., 2000).
However, their dendritic and synaptic structures are different
from normal dentate granule cells (Shapiro et al., 2005; Shapiro
and Ribak, 2005, 2006). In addition, they frequently exhibit
spontaneous epileptiform activity, which is never observed in
normal granule cells (Scharfman et al., 2000). Recent studies
further suggest that ectopic granule cells contribute to a lower
seizure threshold in the epileptic hippocampus and are involved
in supporting recurrent seizures in epileptic rats (Scharfman,
2002b; Scharfman et al., 2003).

Thus, following the SE, the DG exhibits abnormal circuitry
in the DH, which is an additional epileptogenic change that
likely contributes to the evolution of the IPI into chronic
epilepsy. Furthermore, recent studies suggest that once the
acute seizure-induced hippocampal injury evolves into chronic
TLE characterized by SRMS, dentate neurogenesis declines
dramatically in the chronically injured hippocampus (Hattian-
gady et al., 2004; Kralic et al., 2005), which is consistent with
the observation in human TLE (Pirttila et al., 2005). Fig. 4
(lower panels) demonstrates the extent of neurogenesis during
the acute and chronic phases of TLE in a rat model. As fraction
of newly-born neurons develop into GABA-ergic interneurons
(Liu et al., 2003) and TLE is associated with decreased numbers
of GABA-ergic interneurons, declined neurogenesis during
chronic epilepsy may contribute to increased seizure-suscept-
ibility of the DG. Likewise, hippocampal-dependent learning
and memory deficits and depression observed in chronic TLE
(Brown-Croyts et al., 2000; Oddo et al., 2003; Alessio et al.,
2004) could be linked at least partially to the declined
neurogenesis. Thus, neuroprotective approaches that block both
aberrant neurogenesis occurring during the early period after
the SE and dramatically decreased neurogenesis occurring at
extended time-points after the SE may be useful for preventing
chronic epilepsy as well as learning and memory deficits
observed after SE.

6. Neuroprotective strategies for preventing chronic
epilepsy

The onset of chronic epileptic seizures (also refereed to as
SRMS) after brain insults such as SE, stroke or head trauma
occurs after a delay. It is believed that multiple epileptogenic
changes occur during this latent period. Thus, the latent
period after an IPI provides an opportunity for applying
effective intervention strategies that are capable of prevent-
ing the progression of initial seizure or injury induced
neurodegeneration into chronic epilepsy, characterized by
SRMS and learning and memory deficits. Moreover, early
intervention after the initial insult may modify the
progression of disease considerably. For example, shortening
the duration of seizures or limiting their spread might prevent
some of the neurodegeneration induced by acute seizures.
Similarly, application of strategies that are efficacious for

promoting the repair of disrupted circuitry may prevent the
development of abnormal synaptic reorganization. Addition-
ally, approaches that block abnormal DG neurogenesis may
reduce seizure susceptibility of the DG (Parent, 2003; Jung
et al., 2004).

From the beginning of medical history, continuous
efforts have been made to treat seizures and in recent years,
treatment modalities employed have been relatively success-
ful in suppressing seizures in 50-65% of cases. Although
pharmaceutical agents that suppress seizures (also called
‘anti-epileptic drugs’), do not seem to have ‘anti-epilepto-
genic’ effects, neuroprotection may be possible with certain
AEDs (Pitkanen, 2002). In addition, studies suggest that
administration of gonadal steroids, neurotrophic factors
and dietary interventions may be useful in this regard.
However, to achieve maximum success via neuroprotective
strategies, it is important to ascertain the efficacy of their
administration at the right time (i.e. shortly after the SE or
in the early part of the latent period) in sufficient dosage.
This would allow determination of their ability for enhancing
the function of endogenous repair systems without disturbing
the delicate functioning of the CNS. Therefore, a combina-
tion of neuroprotective and anti-epileptogenic strategies that
are effective for combating the disease progression are
needed, and not drugs that just suppress the symptoms of the
disorder.

In animal models of TLE induced by KA or pilocarpine,
neuronal damage mostly occurs in structures belonging to the
circuit of initiation and maintenance of seizures (i.e. the DG
and the hippocampus). However, some neurodegeneration
also occurs in the propagation areas such as the entorhinal,
perirhinal and piriform cortices, and thalamic and amygdalar
nuclei. Ideal neuroprotection strategies after acute seizures
should be capable of rescuing neurons in multiple brain
regions that are vulnerable to seizures and be efficacious to
prevent SRMS that usually arise weeks after the IPI (Sutula
et al., 2003). Thus, interventions that not only protect
neurons from dying after acute seizures but also forestall the
evolution of initial seizures into SRMS are required. With
increasing evidence for the progressive and cumulative
adverse consequence of seizures in experimental models and
TLE, an increased focus for developing neuroprotective
interventions is vital for minimizing the incidence of chronic
epilepsy. Recent advancements in animal/human studies
enlighten the domain of anti-epileptogenic and neuroprotec-
tive strategies for salvaging, protecting and repairing neurons
in post-SE condition. Most of the studies on neuroprotection
are based on animal experimental models of neurodegenera-
tion (Pitkanen, 2002). Electrically and pharmacologically
evolved seizures as well as different models of ischemia are
frequently used. Preconditioning models have provided
valuable insights into how repair systems work in the brain.
Here we evaluate the current knowledge and recent
developments concerning neuroprotection strategies for
preventing or treating TLE via drug interventions, ketogenic
diet therapy, administration of antioxidants and hormones,
and neural cell transplantation.
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7. Neuroprotection using anti-epileptic drugs

The anticonvulsive mechanisms of conventional and newly
introduced drugs vary considerably. The most common actions
were shown on ion channels, GABA-ergic and glutamatergic
metabolism, receptors or secondary messengers (Macdonald
and Kelly, 1994, 1995). Extensive efforts have been made to
achieve neuroprotection through effective seizure suppression
with anticonvulsants and new compounds that may be
neuroprotective through mechanisms other than anticonvulsant
actions. A variety of AEDs have been tested in rat models of SE
for their efficacy to prevent epilepsy, neurodegeneration and
behavioral defects. Such initial insult modification by AEDs
should be clearly differentiated from drugs that are capable of
improving the long-term consequences of a brain insult when
administered at delayed time-points after the insult. Numerous
reports suggest that conventional as well as recently introduced
anticonvulsants have some neuroprotective activity in models
of ischemia (detailed in reviews by Pitkanen, 2002; Trojnar
et al., 2002; Stepien et al., 2005). However, achieving
considerable neuroprotection in models of seizures and
epilepsy is difficult because of multiple alterations that
concurrently ensue in the brain after an initial insult and
contribute to the development of chronic epilepsy. It is
plausible that ongoing seizures and AED treatment influence
the biological processes in the brain and contribute to lasting
impairments in cognitive function (Marsh et al., 2006b). The
effects of AEDs on psychotropic behavior have been
extensively discussed in earlier reviews (see Selai et al.,
2005; Ettinger, 2006; Schmitz, 2006; Kalinin, 2007). In the
following section, we confer neuroprotective effects of certain
AEDs in animal models of seizures and epilepsy.

Table 1 provides a brief outline of anti-epileptogenic effects
of some of the conventional and new generation AEDs.

7.1. Conventional anti-epileptic drugs

7.1.1. Benzodiazepines

The benzodiazepines produce a variety of effects by
modulating the GABA, receptor (O’Brien, 2005; McNamara,
2006). First, they increase the frequency of opening of the
associated chloride ion channels and hyperpolarize the
membrane. These changes facilitate the inhibitory effects of

Table 1
Anti-epileptogenic effects of AEDs in experimental models of seizures

Anti-epileptic drug Effect on epileptogenesis

Benzodiazepines +/—
Phenobarbital +
Valproate +/—
Topiramate +
Gabapentin +/—
Lamotrigine +
Felbamate +
Levetiracetam +/—
Tiagabine +
Vigabatrin +

(+) Neuroprotective action present; (+/—) variable data.

the available GABA, and leads to sedatory and anxiolytic
effects (Schwartz et al., 1995; O’Brien, 2005). Second,
different benzodiazepines can have different affinities for
GABA, receptors. Among these, diazepam, clobazam and
clonazepam are well known anticonvulsants. Diazepam is
widely used to limit the duration of seizure period in SE models
of TLE, in order to reduce the SE-associated mortality and to
avoid the variability in long-term consequences of SE arising
from differences in the duration of SE among individual
animals (Goodman, 1998). Marciani et al., 1993 reported
neuroprotective effects of clonazepam with respect to inhibi-
tion of the epileptic activity and the prevention of CAl
pyramidal neuron loss at 10 min after bilateral carotid
occlusion on Mongolian gerbils. Interestingly, very low doses
of clonazepam (0.2 mg/kg, i.p.) were effective for both
attenuating tonic-clonic seizures and decreasing the mortality
of rats from 15 to 3% following KA-induced seizures
(MacGregor et al., 1997). When clonazepam was combined
with a muscimol agonist chrolmethizol, the overall neuropro-
tective effect was enhanced (MacGregor et al., 1997). Likewise,
diazepam treatment immediately after soman induced seizures
considerably prevented pathophysiological alterations in the
hippocampus as well as the piriform cortex (Bhagat et al.,
2005).

Furthermore, Pitkanen et al., 2005 examined the effects of
termination of seizures with diazepam (20 mg/kg b.w.) at 2 or
3 h after the commencement of SE in the amygdala electrical
stimulation model of SE. This study demonstrated that
treatment of the SE with diazepam at 2 h after the onset of
SE reduces the risk of epilepsy later in life. Interestingly,
administration of diazepam as above reduced the percentage of
epileptic animals to 42% compared to 94% in the vehicle group,
and the animals that developed chronic epilepsy in the
diazepam group displayed reduced frequency of SRMS and
milder aberrant mossy fiber sprouting (Pitkanen et al., 2005).
Additionally, a recent study demonstrates that, administration
of diazepam (5 mg/kg b.w) at one hour after the onset of KA-
induced SE considerably reduces behavioral seizures, seizure-
induced increases in net neurogenesis as well as the ectopic
migration of newly born neurons into the DH (Dhanushkodi
and Shetty, 2007). Thus, administration of benzodiazepines
such as diazepam shortly after the induction of SE appears very
useful for reducing seizures and minimizing seizure induced
epileptogenic changes such as the aberrant mossy fiber
sprouting and the ectopic migration of newly born granule
cells. However, it remains to be determined whether rats treated
with diazepam at one hour after the commencement of the SE
would develop chronic epilepsy later in life. Moreover, it may
be useful to explore a combination therapy of benzodiazepines
with new generation AEDs for further enhancing neuroprotec-
tion and preventing chronic epilepsy development after the SE.

7.1.2. Phenobarbital

Phenobarbital (PHB) enhances the action of GABA through
GABA, receptors and inhibits the action of glutamate by
blocking sodium channels (Deckers et al., 2000; McNamara,
2006). Numerous neuroprotective as well as neurodegenerative
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properties have been suggested for PHB. In an elegant study by
Sutula et al., 1992, it was demonstrated that co-treatment of
PHB with KA administration and further 5 days of PHB
treatment (at a dose of 60 mg/kg b.w.) after the KA
administration suppresses acute seizure activity, protects
against excitotoxic damage in the DG, reduces aberrant mossy
fiber sprouting, and abolishes the increased susceptibility of KA
treated animals to kindling. Thus, early PHB administration
after the onset of seizures appears useful for reducing the
damage and abnormal synaptic reorganization in the DG.
However, PHB treatment in this study did not protect against
seizure-induced neurodegeneration in CA1 and CA3 subfields
(Sutula et al., 1992). Another pre-treatment study with PHB (at
a dose of 20 mg/kg b.w.) initiated 45 min prior to the systemic
KA injection demonstrated prevention of KA-induced deficits
in spatial learning task (Brown-Croyts et al., 2000). Yet, no
positive effects were observed when PHB treatment was
initiated 2-3 h after the administration of KA. The neuropro-
tective actions of PHB are believed to be due to free radical
scavenging and cytochrome P450 induction properties of PHB.
Thus, PHB is a useful neuroprotective agent when given either
prior to or during the administration of chemoconvulsants.
Contrarily, when administered after the onset of the SE, PHB
does not appear to be beneficial for preventing the evolution of
SE into chronic epilepsy.

7.1.3. Valproate

The valproic acid (VPA; 2-propylpentanoic acid) is the drug
of choice for primary generalized epilepsies, and is used for the
treatment of partial seizures (McNamara, 2006). Interestingly,
the discovery of the VPA was accidental; its anti-epileptic
properties were recognized when it was used as a solvent for
the experimental screening of new anti-epileptic compounds
(Kralletal., 1978a,b). The VPA inhibits the function of sodium
and possibly T-type calcium channels, and enhances GABA-
ergic transmission (Deckers et al., 2000; Czuczwar et al.,
2001). Yet, short-term infusions of VPA through the
microdialysis probe does not prevent hippocampal neurode-
generation and accumulation of extracellular glutamate
induced by potassium channel blocker 4-aminopyridine (Pena
and Tapia, 2000). However, in a KA model of TLE, repetitive
treatment with VPA for 40 days, commencing at 24 hours after
the onset of the SE considerably protects against neurode-
generation in CA1 and CA3 subfields and the DH, and blocks
the development of SRMS and deficits in emotional responses
or spatial learning until 75 days after the SE (Bolanos et al.,
1998). In contrast to these findings, a study by Brandt et al.
(2006) using a rat model of SE induced by prolonged electrical
stimulation of the basal amygdala demonstrates that VPA
treatment beginning at 4 h post-SE and ending at 4 weeks post-
SE does not prevent the frequency or severity of SRMS but
averts hippocampal neurodegeneration and behavioral impair-
ments to some extent. Furthermore, a recent study by
Jessberger et al., 2007 shows that prolonged VPA adminis-
tration commencing shortly after the SE is efficient for
inhibiting the seizure-induced abnormal neurogenesis in the
DG and hippocampal-dependent learning deficits.

Thus, based on currently available studies, it appears that the
efficacy of prolonged administration of VPA after the onset of
the SE for preventing chronic epilepsy development varies
depending on the model employed. It is currently unknown
whether beneficial effects of VPA for blocking chronic epilepsy
observed in some studies persist once the VPA administration is
terminated. To validate the usefulness of long-term adminis-
tration of VPA for preventing the SE-induced chronic epilepsy
will therefore need rigorous long-term studies in multiple SE
models of chronic epilepsy in future. Nevertheless, there seems
to be consensus regarding the beneficial effects of VPA
administration for decreasing the SE induced hippocampal
neurodegeneration, abnormal neurogenesis and learning
impairments. Although the precise mechanisms underlying
these beneficial effects are unknown, increased levels of
multiple cell survival factors after VPA administration might be
involved. These may comprise cAMP responsive element
binding protein (CREB), brain-derived neurotrophic factor
(BDNF), Bcl-2, mitogen-activated protein kinases (MAPK),
the cell survival factor Akt, as VPA is known to regulate the
levels of these factors involved in cell survival pathways (De
Sarno et al., 2002; Loscher, 2002; Bachmann et al., 2005).
Furthermore, VPA has been shown to suppress the seizure-
induced expression of c-fos and c-jun. This is significant
because these early genes are likely involved in the apoptosis
and necrosis pathways (Szot et al., 2005).

7.2. New anti-epileptic drugs

The conventional AEDs were the mainstays of seizure
treatment until the 1990s, when newer AEDs with equal or
greater efficacy but with fewer toxic effects and better
tolerability were developed (McNamara, 2006). In the
following section, we discuss the available studies on
neuroprotective properties of new generation AEDs.

7.2.1. Topiramate

The drug topiramate (TPM) is a potent anticonvulsant and is
structurally different from other AEDs. Multiple mechanisms of
action have been proposed for TPM. It exerts an inhibitory effect
on sodium conductance leading to a reduced duration of
spontaneous bursts and decreased frequency of generated action
potentials. Administration of TPM also enhances GABA action
by unknown mechanisms, inhibits the AMPA subtype of
glutamate receptors, and weakly inhibits carbonic anhydrase
(Czuczwar and Przesmycki, 2001; McNamara, 2006). Studies
concerning the neuroprotective properties suggest that admin-
istration of TPM results in a delayed occurrence and reduced
severity of kindled seizures (Hanaya et al., 1998), and diminished
hippocampal neuronal injury in the CAl and CA3 subfields
following seizures (Niebauer and Gruenthal, 1999). In the
lithium-pilocarpine model of TLE, the administration of TPM
treatment decreased seizure frequency and the development of
SRMS with increasing dose (Kudin et al., 2004; Rigoulot et al.,
2004; Suchomelova et al., 2006). Furthermore, it decreased
neurodegeneration in CAl and CA3 subfields and the DH
(Rigoulot et al., 2004; Suchomelova et al., 2006) and increased
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the functioning of mitochondrial oxidative energy metabolism
(Kudin et al., 2004). Administration of TPM has also been
reported to be neuroprotective against ibotenate-induced
excitotoxic brain lesions in developing mouse (Sfaello et al.,
2005). Studies on combination therapy of TPM with other AEDs
indicated that TPM was useful for preventing neurodegeneration
in hippocampal and ventral entorhinal cortices when combined
with diazepam but not efficient for delaying the occurrence and
frequency of SRMS (Francois et al., 2006). On the other hand,
higher doses of TPM with budipine terminated SE and facilitated
the survival of CA1 pyramidal neurons in a kindling model of SE
(Fisher et al., 2004). A recent study suggests that administration
of a lower dose of TPM (20 mg/kg b.w.) at 40 min after the
pilocarpine induced SE followed with diazepam (4 mg/kg b.w.)
administration at 160 min after the SE prevents short-term
memory deficits typically seen following the SE (Frisch et al.,
2007). Collectively, the above studies suggest that administration
of TPM as either monotherapy or as a combination therapy with
other AEDs limits the extent of hippocampal neurodegeneration,
leads to anti-seizure effects, and averts short-term memory
deficits in animal models of SE. However, from the studies
available hitherto, it does not appear that the administration of
TPM after the onset of SE would be efficacious for preventing
chronic epilepsy development.

7.2.2. Felbamate

The drug felbamate (FBM) is a broad spectrum AED
introduced into the clinical practice for controlling seizures in
patients affected by Lennox-Gastaut epilepsy, complex partial
seizures or otherwise intractable epilepsies (Corradetti and
Pugliese, 1998; Trojnar et al., 2002; McNamara, 2006). The
anticonvulsive effects of FBM are mediated by several
mechanisms, which include the blockade of sodium and
voltage-dependent L-type calcium channels, potentiation of
GABAergic neurotransmission, and reduced glutamate-
mediated excitation by its action on NMDA receptors (Deckers
etal.,2000; McNamara, 2006). The neuroprotective properties of
this drug were first observed in the hippocampal slice model. It
was observed that perfusion of slices with 1.2-1.6 mM
concentrations of FBM reduces the incidence of the irreversible
disappearance of the CA1 electrical responses induced by KA
(Longo et al., 1995). Administration of FBM also decreases the
amplitude of NMDA receptor-mediated excitatory post-synaptic
potentials (EPSPs) and propagation of epileptic discharges in
electrically evoked synaptic potentiation of CAl in rat
hippocampal slices (Pugliese and Corradetti, 1996; Pugliese
et al., 1996). In an experimental model of self-sustaining SE,
FBM and fluorofelbamate, a FBM analogue, reduced the
frequency and severity of SRMS (Mazarati et al., 2000, 2002).
Thus, FBM appears to be a useful drug for controlling seizures.
However, elucidation of its neuroprotective properties and its
capability for thwarting chronic epilepsy after the SE require
detailed long-term studies in animal models of TLE.

7.2.3. Levetiracetam
The anti-epileptic activity for levetiracetam (LEV) is still
obscure though it is known that it binds to 90 kDa integral

membrane protein and likely modulates the calcium-mediated
neurotransmitter release (Janz et al., 1999; Bialer et al., 2004,
Lynch et al., 2004). The available reports on neuroprotective
actions of LEV indicate that administration of LEV treatment
(at 54 mg/kg b.w.) commencing at 30 min and ending on day 21
after the onset of seizures is not effective for reducing the SE-
induced hippocampal damage (Pitkanen, 2002; Klitgaard and
Pitkanen, 2003). A recent study, in a model of SE induced
through electrical stimulation of the amygdala, demonstrates
that prolonged (5-8 weeks) administration of LEV does not
lead to anti-epileptogenic or neuroprotective effects (Brandt
et al.,, 2007). Furthermore, behavioral hyperactivity and
learning deficits typically observed in epileptic rats were not
affected with LEV treatment after the SE. Thus, the outlook for
using LEV as anti-epileptogenic and neuroprotective drug is
bleak though it may be useful for control of seizures in the
epileptic patients (Grosso et al., 2007; Heo et al., 2007;
Schulze-Bonhage et al., 2007).

7.2.4. Gabapentin

Gabapentin (GBP), a structural analogue of GABA (Kelly,
1998), is known for increasing the synthesis of GABA and
blocking the «2-81 subunits of voltage dependent calcium
channels (Deckers et al., 2000; Field et al., 2006; McNamara,
2006). A study shows that young (postnatal day 35) animals
treated with GBP for 40 days following the KA-induced SE
exhibited reduced incidence of SRMS, a better pathology score,
diminished aggressiveness, and no long-term adverse con-
sequences on cognitive processes (Cilio et al., 2001). Thus, this
drug has some promise but detailed investigations on its anti-
epileptogenic neuroprotective properties are needed.

7.2.5. Lamotrigine

The AED lamotrigine (LTG) is a triazine compound capable
of blocking voltage-dependent sodium-channel conductance. It
inhibits depolarization of the glutamatergic presynaptic
membrane leading to inhibition of glutamate release (Matsuo
et al., 1996; Matsuo, 1999; Rogawski and Loscher, 2004). A
study shows that pre-treatment of animals with LTG before KA
administration prevents hippocampal cell loss, but does not
prevent seizures at doses of 10 and 30 mg/kg b.w. (Maj et al.,
1998). On the other hand, in amygdala kindling model, LTG
treatment at doses of 5, 10 and 20 mg/kg reduces seizure
severity (Maj et al., 1999). Likewise, pre-treatment of animals
with LTG, prior to 3-nitropropionic acid induced neurotoxicity,
prevents hippocampal and striatal lesions (Lee et al., 2000).
Furthermore, Halonen et al., 2001a demonstrate that admin-
istration of LTG (12.5 mg/kg b.w.) twice a day for 2 weeks,
starting at 60 min after an hour of perforant pathway
stimulation reduces hippocampal damage in adult rats but
fails to block the SE-induced spatial memory impairments. On
the contrary, 15 mg/kg b.w. dose of LTG prior to amygdala
kindling model serves as an effective anticonvulsant but fails to
alter kindling (Postma et al., 2000). Thus, the pre-treatment
study and the study where treatment was commenced shortly
after the SE suggest neuroprotective property for this drug.
Nonetheless, it is difficult to predict its usefulness for blocking
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chronic epilepsy when administered after the induction of SE or
acute seizures, as no such studies are currently available.

7.2.6. Tiagabine

The drug tiagabine (TGB), a novel GABAergic agonist,
temporarily prolongs the presence of GABA in the synaptic
cleft through delayed clearance (Czuczwar and Patsalos, 2001;
Reijs et al., 2004). It increases synaptic GABA availability via
inhibition of the GABA transporter GAT-1 on presynaptic
neurons and glial cells (Czuczwar and Patsalos, 2001; Reijs
et al., 2004). In the perforant pathway stimulation model of SE,
Halonen et al. (1996) showed that sub-chronic administration of
TGB at a dose of 50 mg/kg b.w. per day completely prevented
the occurrence of generalized clonic seizures during stimula-
tion, reduced the loss of pyramidal cells in the CA3c and CAl
subfields of the hippocampus and diminished impairments in
spatial memory associated with hippocampal damage (Halonen
et al., 1996). Yet, the degeneration of somatostatin immunor-
eactive neurons in the DH could not be prevented with this
treatment. Furthermore, there is no evidence so far to support
the neuroprotective and anti-epileptogenic properties of this
drug when administered after the induction of the SE.

7.2.7. Vigabatrin

The drug vigabatrin (VGB), a close structural analog of
GABA, binds irreversibly to the active site of GABA-
transaminase. In vivo studies in human and animal subjects
have shown that VGB significantly increases extracellular
GABA concentrations in the brain (Sidhu et al.,, 1997,
McNamara, 2006). A study shows that administration of VGB
by osmotic minipumps (75 mg/kg per day) for 2 months starting
at 2 days after the induction of the SE with KA reduces
hippocampal neurodegeneration (Jolkkonen et al.,, 1996).
However, in the amygdala stimulation model of SE, neuropro-
tection was not observed with 10 weeks of VGB treatment
(75 mg/kg b.w. per day via subcutaneous minipumps) commen-
cing at 2 days after the onset of SE (Halonen et al., 2001b). In the
same vein, a study by Pitkanen et al. (1999) suggests that VGB
treatment commencing at either 1 h or 1 week after the onset of
KA-induced SE does not lead to any neuroprotective effects.
Moreover, in an electrically kindled model, 4 weeks of VGB
treatment at a dose of 250 mg/kg b.w. commencing at 48 h after
the stimulation did not lead to any neuroprotective effects on
CA1 neurodegeneration (Lothman, 1996). On the other hand,
Andre et al., 2001, report a clear neuroprotective effect of VGB
when treatment was initiated at 10 min after the onset of the SE
and continued for 45 days. The overall neuroprotection was
almost complete in the CA3 subfield, considerable in the CA1
subfield and moderate in the DH (Andre et al., 2001). Thus, VGB
works well when treatment is initiated very early after the onset
of the SE. It does not seem efficacious however when the
treatment is commenced after an hour of SE.

7.3. Conclusions

The extent of neuroprotective and anti-epileptogenic effects
of individual AEDs (conventional or new generation drugs) is

still unclear because studies available so far demonstrate
variable extent of neuroprotection with these drugs, depending
on the timing of administration after the onset of SE and the
animal model of SE employed in the study. Among the
conventional drugs, early administration of diazepam or VPA
after the SE appears promising for preventing chronic epilepsy.
Therefore, well defined long-term studies in animal models as
well as clinical trials with a combination of conventional AEDs
(such as diazepam and VPA) are needed in future to fully gauze
their neuroprotective and anti-epileptogenic properties (Sankar,
2005). On the other hand, investigation on the neuroprotective
properties of new generation drugs is still in infancy. The drugs
such as TPM, LTG and VGB appear to have some anti-
epileptogenic effects in animal models of epilepsy. Although
many AEDs are effective in terms of their anticonvulsive
effects, currently no individual AED can be viewed as a
potential neuroprotective drug for preventing chronic epilepsy
after an IPI (Loscher et al., 2006). Considering these,
examining the effects of a combination of two or more drugs
would be useful for ascertaining their efficacy for modifying the
progression of epileptogenesis. However, it is plausible that the
available AEDs are useful for only controlling seizures and
deleterious for maintaining normal cognitive function, as also
suggested by Sankar and Holmes (2004). Thus, while searching
new drugs for treating epilepsy, it is important to find those that
are useful not only for seizure suppression but also efficacious
for preventing seizure-induced neurodegeneration and blocking
multiple epileptogenic changes that ensue after an IPI.

8. Neuroprotection using the ketogenic diet

In spite of new developments in the AED research and
availability of almost 20 AEDs, seizures remain unmanageable
in many types of epileptic manifestations. Moreover, the AED
therapy is associated with significant side-effects (Porter et al.,
1997; Browne and Holmes, 2001; Wheless et al., 2001). From
this perspective, since 1990s, the ketogenic diet (KD) is
emerging as one of the effective therapies with relatively
reduced side effects particularly in difficult-to-control epilep-
sies (Freeman et al., 2006, 2007). A number of studies suggest
that KD is more effective for the management of refractory
epilepsy in children than other currently available antic-
onvulsant medications (Freeman and Vining, 1998; Freeman
et al., 1998; Vining et al., 1998; Kossoff, 2004; Kossoff et al.,
2004; Kossoff and McGrogan, 2005). Moreover, the avail-
ability of several infant formulas of the KD makes this approach
more convenient for treating children with epilepsy (Nordli
et al., 2001; Klepper et al., 2002). In this section, we describe
neuroprotection potential of KD therapy for epilepsy.

8.1. Neuroprotective and disease modifying effects of the
ketogenic diet

Several studies have implied that the KD has anticonvulsant
and anti-epileptogenic roles in different rodent models of
epilepsy. Freeman et al., 2002 reported that a calorie-restricted
(CR) diet high in fats, with sufficient protein and limited
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carbohydrates could mimic the biochemical changes of
starvation and could preserve its beneficial effects on seizures.
A series of experiments carried out by Bough et al. (2000, 2003)
assessed the effects of the KD on seizure severity and threshold.
In one study, animals fed with KD for 5 weeks after
pentylenetetrazole (PTZ) induced seizures exhibited longer
latency period and elevated thresholds for seizure induction in
comparison to controls (Bough and Eagles, 1999). When the
caloric ratio of fat in the diet was increased from 80 to 90%,
resistance to PTZ-induced seizures improved further (Bough
et al., 2000). Moreover, electrophysiological studies suggest
that Schaffer collateral stimulation in hippocampal slices of the
KD-fed rats results in relatively fewer CA1 population spikes
than in hippocampal slices of intact control animals (Stafstrom
et al., 1999), which is likely mediated through augmentation of
the inhibition (Bough et al., 2003). Rho et al. (1999) tested the
age-dependent efficacy of the KD on flurothyl-induced seizures
in mature (P51) and juvenile (P24) mice. Adult mice receiving
the KD exhibited significantly longer latency periods to the
onset of seizures than age-matched controls (Rho et al., 1999).
Likewise, when mice were fed with the KD for 2 weeks, they
displayed greater resistance to seizures induced by electro-
shock, which may be attributed to preservation of brain energy
charge (Nakazawa et al., 1983). The ketotic rats that were
treated with KA exhibited minimal hippocampal pyramidal cell
damage, fewer and briefer SRMS, and diminished aberrant
mossy fiber sprouting into the DSGL (Muller-Schwarze et al.,
1999). Studies also suggest that the therapeutic effect of the KD
depends on early intervention with the KD after the SE (Su
et al., 2000). The precise mechanisms by which the KD works
against development of epileptic seizures are still being worked
out. However, indirect evidences suggest roles for ketone
bodies such as the acetoacetate and acetone in the clinical
effects of the KD therapy. For instance, pretreatment with
acetoacetate blocks seizures in mice susceptible to audiogenic
seizures (Rho et al., 2002). Likewise, seizures can be
suppressed in a dose-dependent manner using intraperitoneal
administration of acetone in animal models of epilepsy
(Likhodii et al., 2003).

8.2. Metabolic effects of ketogenic diet therapy

The anticonvulsive effects of the KD are largely dependent
on the maintenance of reduced blood glucose levels through
hepatic metabolism and reduced body weight (Livingston,
1972; Greene et al., 2001, 2003). Fig. 5 illustrates the effects of
KD therapy on neurotransmitter metabolism. It appears that a
reduction in the blood glucose level triggers a metabolic switch
and causes the brain to burn ketones as the source of energy.
Consequently, ketone metabolism gradually reduces neuronal
excitability through effects on neurotransmitter levels and
membrane potential. Numerous hypotheses have been pro-
posed to explain the anticonvulsant activity of the KD. These
include acidosis, which favors neuronal inhibition via proton-
sensitive ion channels (Al-Mudallal et al., 1996), changes in
electrolyte and water balance (Millichap and Jones, 1964;
Millichap et al., 1964), direct inhibitory actions of fatty acids

(Cunnane et al., 2002), alterations in neurotransmitters such as
GABA and glutamate (Erecinska et al., 1996; Szot et al., 2001;
Yudkoff et al., 2001a, b), changes in the energy metabolism,
and functional alterations in mitochondria (Appleton and
DeVivo, 1974; Pan et al., 1999). Moreover, the changes in
neurotransmitter levels are important because of links between
neurotransmitter levels and anticonvulsive and anti-epilepto-
genic effects. Cerebral acidosis induced by the KD reduces the
activity of excitatory N-methyl-p-aspartate (NMDA) receptors
(Swink et al., 1997). When seizures were induced by GABA
receptor blockers such as picrotoxin, bicuculline and gamma-
butyrolactone, the KD therapy was found to be more efficacious
(Bough et al., 2003). Moreover, a study by Cheng et al. (2004)
suggests that mild ketosis enhances the expression of both
isoforms of GAD (GAD-65 and GAD-67) in the brain, which
provides an indirect evidence for an increased GABA levels
following the KD therapy. The above possibilities are supported
by other reports, which include the observations that ketosis is
associated with altered glutamate metabolism with diminished
transamination of glutamate to aspartate and increased
decarboxylation of glutamate to generate more GABA
(Erecinska et al., 1996; Yudkoff et al., 1997). Taken together,
it appears that the KD therapy leads to an increased GABA-
ergic neurotransmission in the brain (Fig. 5).

8.3. Effects of ketogenic diet on mitochondrial function

The seizure induced changes in mitochondria such as
respiratory chain dysfunction, structural alterations, and
increased free radical load through seepage of electrons from
the electron transport chain may further enhance the
susceptibility of the brain to other epileptic manifestations
(Willmore et al., 1978; Kunz et al., 2000; Liang and Patel,
2004; Patel et al., 2004; Acharya and Katyare, 2005; Bonilha
et al., 2006). During metabolic switch over, the fatty acids
comprising 80-90% of total diet calories in the KD undergo
beta-oxidation in mitochondria. This is presumed to be
associated with altered balance of important substrates and
neurotransmitters as discussed above. Sullivan et al. (2004a)
demonstrated that KD therapy increases mitochondrial
uncoupling protein (UCP2) activity and decreases reactive
oxygen species (ROS) formation in the mouse hippocampus.
The mitochondrial UCP dissipates mitochondrial oxidative
energy metabolism in terms of ATP production and releases
energy as heat. Furthermore, ketones have the ability to reduce
ROS formation in isolated mitochondria, as suggested by
the induction of glutathione peroxidase, an enzyme important
for ROS metabolism and activity, in the rat hippocampus
(Ziegler et al., 2003). Recently, a gene expression study by
Bough et al., 2006 suggests that the anticonvulsant action of
the KD therapy likely occurs through a coordinated
upregulation of 19 proteasome-related transcripts that are
important for enhanced oxidative phosphorylation. The
role for mitochondrial biogenesis in neuronal survival in
epilepsy is also supported by the observation that surviving
dentate hilar neurons in humans with epilepsy contain
more mitochondria than normal (Blumcke et al., 1999).
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Ketogenic Diet Controls Glutamate ‘Trafficking’ and Increases GABA Levels in Brain
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Fig. 5. A schematic representation of the metabolism of glucose, ketone bodies and amino acids (excitatory neurotransmitters) in the brain. Approximately 90% of
dietary calories derived from fats induce ketosis through fatty acid metabolism in the liver. The major ketone bodies produced by this route comprise 3-hydroxy-
butyrate (3-OH-butyrate) and acetoacetate, which serve as fuel for high-energy demand of the brain in epileptic conditions. The ketone body acetoacetate is
sequestered to acetoacetyl-CoA by succinyl-CoA transferase (SCOT) in the brain. In parallel, the pyruvate (through glycolysis) generates acetyl-CoA by pyruvate
dehydrogenase complex (PDH) and a fraction of lactate through lactate dehydrogenase (LDH). The acetoacetyl-CoA routed via ketone bodies metabolism also
generates excess pool of acetyl-CoA in the mitochondrial acetoacetyl-CoA thiolase (AACOT) reaction and enters the tricarboxylic acid (TCA) cycle. Hence,
oxaloacetate (OAA) pool diminishes because of increased availability of substrates for key TCA cycle enzyme citrate synthetase (CS). As a result, less OAA is
available for transamination reaction of aspartate aminotransferase (AAT) to produce aspartate, which in turn leads to increased glutamate pool for glutamic acid
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Collectively, the occurrence of mitochondrial biogenesis,
upregulation of multiple proteasome transcripts, increased
production of the UCP2, reduced ROS generation, enhanced
respiration rate of isolated mitochondria and enhanced
alternative energy stores suggest activation of multiple
neuroprotective changes following the KD therapy (Sullivan
et al., 2004a, b; Andrews et al., 2005).

8.4. Effects of ketogenic diet on seizure induced apoptosis

The inhibitory effects of the KD on seizure-induced
apoptosis or cell death have been reported in the past few
years. It appears that the KD suppresses apoptosis via multiple
mechanisms (Fig. 6). First, mice that were fed on the KD have
an increased content of the calcium binding protein calbindin
(Mclntosh et al., 1998; Noh et al., 2005a). Typically, activation
of the excitatory neurotransmitter receptors leads to increases
in the free intracellular calcium via calcium influx into
neurons, which eventually results in cell death in seizure
conditions (Ure and Perassolo, 2000). Hence, increased
calbindin that buffers increased intracellular calcium during
hyperexcitability likely serves a neuroprotective role. Second,
Noh et al. (2005b) report that the pro-apoptotic protein
clusterin does not accumulate in the hippocampus of KD fed
mice treated with KA, in contrast to mice treated with KA
alone (Noh et al., 2005b). The KD also seems to block the KA
induced cell death mediated by several other pro-apoptotic

families of proteins, such as Bad, Bax and caspase-3 in the
hippocampus (Noh et al., 2006). It is possible that decreased
levels of ROS mediated by the KD will also regulate the Akt/
Bad/14-3-3 cascade and thereby prevent further injury
following seizures (Fig. 6).

8.5. Clinical relevance of ketogenic diet therapy

The efficiency of the KD is not just restricted to children
afflicted with epilepsy but it is now shown to be beneficial
across a wide variety of ages, seizure types and severities
(Kossoff et al., 2002; Mady et al., 2003), as well as different
etiologies (Kossoff et al., 2002; Kossoff and McGrogan, 2005).
There is clear evidence supporting the view that KD also
improves the long-term outcome in children with refractory
epilepsy (Freeman, 2001; Hemingway et al., 2001; Marsh et al.,
2006a). For example, 1-year follow up study of the KD therapy
in children with intractable epilepsy demonstrated ~90%
reductions in the total number of seizures in ~50% of patients.
Moreover, from the reports of the diet’s efficacy worldwide in
recent years, it appears that approximately half of patients
receiving the KD will have ~50% reduction in their seizures,
and ~33% of patients receiving the KD will have 90%
reductions in their seizures (Hassan et al., 1999; Kankirawatana
etal., 2001; Coppola et al., 2002; Klepper et al., 2002; Francois
et al.,, 2003; Kim et al., 2004; Vaisleib et al., 2004).
Nevertheless, well-structured studies in relation to composition
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Probable Mechanisms by which Ketogenic Diet Reduces Apoptotic Signaling Cascade
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Fig. 6. The potential role of ketogenic diet on mitochondrial dependent apoptotic signaling cascades. The ketogenic diet therapy is associated with increased activity
of anti-apoptotic proteins like Akt and molecular chaperon 14-3-3 and reduced activity of pro-apoptotic proteins Bad, Bax and caspase-3. Akt phosphorylates Bad that
forms a complex with 14-3-3. This prevents further activation of Bax that is involved in the mitochondrial permeability transition pore (MPT) formation and
subsequent release of cytochrome c (cyt c) into the cytosol. Overall, the ketogenic diet helps to prevent the caspase-dependent apoptotic cell death.

of the KD, seizure type and severity and long-term efficacy are
needed to fully understand the usefulness of this therapy for
managing chronic epilepsy (Stafstrom et al., 2006). As most
side effects of the diet are mild, the overall acceptability of this
treatment in a majority of patients is better (Hemingway et al.,
2001; Coppola et al.,, 2002). Early onset biochemical
disturbances include hypoglycemia, hypertriglyceridemia
(which may lead to pancreatitis), hypercholesterolemia,
transient hyperuricemia, increased liver transaminases (espe-
cially in patients receiving VPA), hypoproteinemia, hypomag-
nesemia, hyponatremia and metabolic acidosis (Vining, 1999;
Wheless, 2001; Coppola et al., 2002; Kang et al., 2004). Late-
onset biochemical disturbances include secondary hypocarni-
tinemia, iron deficiency anemia, vitamin and mineral defi-
ciencies, increased uric acid production, low serum bicarbonate
levels, persistent hyponatremia, sustained metabolic acidosis,
and dyslipidemias (Vining, 1999; Furth et al., 2000; Kossoff,
2004). However, in comparison to the ineffectiveness of the
AED therapy for controlling seizures in refractory epilepsies,
the KD therapy presumes importance for its long-term efficacy.

8.6. Conclusions

The available studies support the use of KD for treating
chronic epilepsy, as it provides better seizure control than the
AEDs. Furthermore, the anticonvulsive and anti-epileptogenic
effects observed in animals treated with the KD supports the use
of the KD as a neuroprotective agent against acute seizures or
the SE. Nevertheless, the major limitation of the available
studies is that the animals were pre-treated with the KD for
prolonged periods before the induction of the SE. Therefore, it

is still uncertain whether introduction of the KD after the SE or
an IPI will be efficacious for preventing chronic epilepsy
development and learning and memory impairments. Although
improvements in GABA-ergic function and reduction in the
apoptotic cascade observed in animals fed on the KD are
suggestive of the potential neuroprotective role for the KD
therapy (Figs. 5 and 6), it remains to be determined whether
such improvements will also occur if the KD therapy is initiated
after an IPI such as the SE. This necessitates detailed studies for
validating the KD approach as a neuroprotective therapy for
preventing the occurrence of chronic epilepsy after the IPL

9. Neuroprotection via administration of neurotrophic
factors

The neurotrophic factors appear to play key roles in
pathophysiological conditions such as seizures (Jankowsky and
Patterson, 2001). A variety of neurotrophic factors has potent
effects on neuronal survival, differentiation, neurite outgrowth,
neurotransmitter synthesis, synaptic plasticity and excitability
(Weisenhorn et al., 1999). However, the epileptogenic or anti-
epileptogenic effects of various neurotrophic factors following
brain insults like seizures are still being studied. The major
neurotrophic factors that are of interest in terms of epilepsy
include the fibroblast growth factor-2 (FGF-2), BDNF,
neurotrophin-3 (NT-3), nerve growth factor (NGF), glial cell
line derived neurotrophic factor (GDNF), and the vascular
endothelial growth factor (VEGF). While some studies imply
that increased expression of many neurotrophic factors after
brain injury or acute seizures contributes to the neuroprotection
of the injured brain, other studies suggest that increases in some
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of the neurotrophic factors (such as BDNF and NGF) actually
promote epileptogenic changes. In this segment, we discuss
studies on different neurotrophic factors pertaining to epilepsy
and try to identify the neurotrophic factors that are potentially
useful as neuroprotective and anticonvulsive agents for
administration after the SE for preventing chronic epilepsy
development.

9.1. Potential of fibroblast growth factors

Fibroblast growth factors (FGFs), a family of polypeptide
growth factors, play important roles in the development of
embryo and adult tissue homeostasis (Yeoh and de Haan, 2007).
Twenty two FGFs with molecular weights ranging from 17 to
34 kDa have been identified so far (Ornitz and Itoh, 2001; Yeoh
and de Haan, 2007). The FGFs mediate their biological
responses through high affinity binding to four trans-membrane
proteins (FGFR1-FGFR4) with intrinsic tyrosine kinase
activity (Coumoul and Deng, 2003; Zhao et al., 2007). It has
been shown that the phosphorylation of FGFRs following
binding of FGFs leads to activation of the downstream
cytoplasmic signal transduction pathways (Itoh and Ornitz,
2004). The seizures have been shown to increase transcripts of
FGF-2, FGF-5 as well as FGF receptors (Gomez-Pinilla et al.,
1995; Gwinn et al., 2002). Furthermore, systemic administra-
tion of the recombinant human aFGF has been shown to have
anticonvulsant properties in KA induced tonic-clonic epilepsy
model where convulsions and mortality rate were decreased by
74-77% (Cuevas and Gimenez-Gallego, 1996). However,
among the FGFs, the FGF-2 (or the basic FGF) has received
the most attention as the promising candidate for neuroprotec-
tion against brain insults because studies have shown that the
FGF-2 can protect neurons against glutamate-induced neuro-
toxicity (Mattson et al., 1993). Furthermore, FGF-2 mRNA and
protein exhibit strong up-regulation after neuronal damage
(Alzheimer and Werner, 2002). Moreover, in animal models of
stroke, FGF-2 administration has proved effective against
neuronal loss (Li and Stephenson, 2002).

The FGF-2 likely affords neuroprotection by interfering
with a number of signaling pathways, including expression and
gating of NMDA receptors, maintenance of calcium home-
ostasis, regulation of ROS-detoxifying enzymes, and strength-
ening of the anti-apoptotic pathways (Alzheimer and Werner,
2002). Thus, it appears that increased levels of FGF-2 during
and after seizures can protect neurons from undergoing
degeneration. Indeed, the administration of FGF-2 has
neuroprotective effect against seizure-induced neuronal cell
death and behavioral deficits (Liu et al., 1993; Liu and Holmes,
1997). In contrast to the above observations, a study by
Zucchini et al. (2005) employing KA injections into FGF-2
knock-out and FGF-2 over-expressing mice shows that though
epileptogenic seizures constitutively induce the expression of
FGF-2 mRNA and synthesis of FGF-2 in astrocytes as well as in
neurons of the hippocampus, the severity of seizures was not
altered in the FGF-2 knockout mice but increased in the FGF-2
over-expressing mice. This suggests that considerably
increased expression of FGF-2 increases the susceptibility to

seizures. Thus, currently, it is not clear whether the
neuroprotection afforded by the FGF-2 is efficacious for
preventing the chronic epilepsy development after the SE or
acute seizures. Moreover, it should be noted that the
neuroprotection in the studies of Liu and colleagues (Liu
et al., 1993; Liu and Holmes, 1997) depended on intracer-
ebroventricular administration of the FGF-2 prior to the seizure
onset. It is imperative that, for development of FGF-2 as a
therapeutic agent for seizures, it is necessary to determine
whether FGF-2 administration after the onset of seizures would
offer neuroprotection, halt epileptogenesis, and prevent the
progression into chronic epilepsy. In addition, administration of
FGF-2 into the lateral ventricle after the onset of seizures is
cumbersome. Hence, a clinically practicable approach of FGF-
2 administration after seizures is necessary. A study shows that
subcutaneous administration of FGF-2 can also reach brain
regions, as FGF-2 can cross the BBB of the adult brain (Wagner
et al., 1999). Therefore, in conditions such as seizures, because
of the possible BBB disruption, the peripherally administered
FGF-2 may readily enter brain regions undergoing seizures and
provide neuroprotection. However, detailed studies are needed
to examine whether peripheral FGF-2 treatment commencing
after the onset of SE would provide significant neuroprotection,
and prevent the progression of initial seizures into chronic
epilepsy and learning and memory deficits.

9.2. Potential of neurotrophins as neuroprotective agents

The neurotrophins, one of the most well known families of
neurotrophic factors, comprise the BDNF, the NT-3, the NGF,
and the neurotrophin-4/5 (Leibrock et al., 1989; Ernfors et al.,
1990; Hohn et al., 1990). These proteins mediate their action
through binding to tyrosine kinase receptors (TrkA, TrkB,
TrkC) and a low affinity neurotrophin receptor (p7SNTR). The
neurotrophins are important for neuronal survival, axon growth
and path-finding, synaptic plasticity and neurotransmission in
the CNS and PNS. They have been shown to exhibit
neuroprotective properties in conditions such as brain injury
and ischemia. Because of this and their ability to modulate the
axonal reorganization after injury, there is considerable interest
in understanding their role in epileptic conditions. In the
following section, we discuss the available reports on
neurotrophins BDNF, NT-3 and NGF pertaining to epilepsy,
and evaluate whether any of these factors are potentially useful
for neuroprotection after the SE or an IPL

9.2.1. Usefulness of the brain-derived neurotrophic factor
Among the neurotrophins, the BDNF has received the most
attention as a potential therapeutic target for treating TLE (see
reviews by Koyama and Ikegaya, 2005; Simonato et al., 2006).
It is well known that epileptogenic insults increase the synthesis
of BDNF and activation of trkB receptors (Binder et al., 1999,
2001). A time-course study suggests that the concentration of
the BDNF increases at an early post-seizure delay of 4 days in
the hippocampus, in comparison to its level in the intact control
hippocampus (Shetty et al., 2003). Fig. 7 illustrates the
concentration of BDNF at various time points after the
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Fig. 7. Concentration of brain derived neurotrophic factor (BDNF) in hippo-
campi ipsi- and contralateral to unilateral kainic acid (KA) administration at
different time-points after the KA administration. Note that the BDNF is
significantly up-regulated at 4 days post-KA administration, reaches the level
observed in the intact hippocampus at 45 days post-KA, and decreases below
the control levels at 120 days post-KA. The hippocampus contralateral to KA
administration retains baseline BDNF until 45 days post-lesion but exhibits
considerable decline at 120 day post-KA. (Figure reproduced from: Shetty et al.,
2003; J. Neurochem. 87:147-159).

induction of seizures. The increase in BDNF at early post-
seizure delay agrees with mRNA studies in several animal
models of epilepsy, which demonstrated that surviving
hippocampal cells increase their levels of mRNA for BDNF
after glutamate receptor activation (Ballarin et al., 1991;
Ernfors et al., 1991a; Gall et al., 1991a; Isackson et al., 1991;
Dugich-Djordjevic et al., 1992; Rocamora et al., 1992).
Despite the well-known positive effects of BDNF on neuron
survival, many studies imply that increased BDNF at early
time-points after the SE has proepileptogenic function. This is
because of the following observations. First, the BDNF
potentiates excitatory signals and reduces inhibitory synaptic
transmission (Tanaka et al., 1997). Second, reduced BDNF
signals such as that observed in BDNF*~ mutant mice, rats
infused with trkB-receptor antibodies, and mice overexpres-
sing truncated trkB are associated with diminished epilepto-
genesis (Kokaia et al., 1995; Binder et al., 2001). Third,
absence of trkB receptors in synapsin-Cre conditional trkB ™/~
mice, where trkB is ablated in hippocampal granule cells and
CA3 pyramidal neurons, prevents the development of

kindling (He et al., 2004). Fourth, the transgenic mice that
overexpress BDNF protein have more severe seizures in
response to the excitotoxin KA (Croll et al., 1999). Fifth,
intracerebroventricular administration of BDNF accelerates
the development of kindling (Xu et al., 2004). However, the
BDNF also seems to have some beneficial effects during the
course of TLE. For instance, it has been shown that the BDNF
amplifies GABA currents in oocytes expressing GABA,
receptors transplanted from surgically removed specimens of
human epileptic brains (Palma et al., 2005). Furthermore, a
study shows that the BDNF favors survival and regeneration
of hippocampal neurons damaged by the SE (Simonato et al.,
2006).

From the above, it appears that the overall detrimental
effects of increased BDNF are greater than the potential
beneficial effects. This conclusion is also supported by the
following observations. The aberrant sprouting of mossy fibers
into the DSGL, a morphological change that occurs after injury
or seizures in the hippocampus, is also linked to hyperexcit-
ability in the DG of the injured hippocampus (Tauck and
Nadler, 1985; Okazaki et al., 1995). Studies show that the
degree of DSGL sprouting after hippocampal injury correlates
with both antidromically evoked burst firing and development
of spontaneous seizures, which normally do not arise from the
DG of the intact hippocampus (Cronin and Dudek, 1988;
Mathern et al., 1993; Mello et al., 1993; Okazaki et al., 1995).
Although the progression of aberrant mossy fiber sprouting is
slow and usually takes about 4 months to show the maximal
level of sprouting, the initiation of this sprouting occurs soon
after the hippocampal injury (Shetty and Turner, 1995a; Shetty
et al., 2005). Therefore, it is possible that the pathological up-
regulation of BDNF at early post-lesion time-points plays a role
in the initiation of aberrant dentate mossy fiber sprouting after
the hippocampal injury. Indeed, at early post-lesion, trkB
immunostaining exhibits a clear increase in regions where
mossy fibers are present (Katoh-Semba et al., 1999). From this,
it appears that the BDNF released from mossy fibers
immediately after KA induced degeneration of CA3 pyramidal
neurons and dentate hilar cells induces morphological changes
in granule cells by mediating signals to the cells by binding to
trkB at cell surfaces. Thus, a newly synthesized, anterogradely
transported, and secreted BDNF likely influences the initial
sprouting of axons from granule cells (i.e. mossy fibers).
Indeed, a study suggests that intrahippocampal infusion of
BDNF into intact adult rats initiates mossy fiber sprouting and
seizure activity (Zhu and Roper, 2001; Scharfman, 2002a).
Another study suggests that excessive activation of L-type
calcium channels causes granule cells to express BDNF, and the
release of BDNF into the extracellular space stimulates TrkB
receptors present on the hilar segment of the mossy fibers which
leads to axonal branching in mossy fibers. This branching
eventually results in development of hyperexcitable dentate
circuits (Koyama et al., 2004). Thus, it appears that increased
BDNEF levels after the SE promote epileptogenesis. From this
perspective, administration of the BDNF (or increasing BDNF
levels in the brain through other strategies) shortly after the SE
may enhance the speed of progression of the SE-induced injury
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into chronic epilepsy through increased epileptogenesis.
Therefore, development of strategies that induce long-term
suppression of BDNF after the SE appear beneficial for
diminishing the mossy fiber sprouting as well as the incidence
of chronic epilepsy after an IPI.

Interestingly, BDNF is naturally down-regulated under
chronic epileptic conditions (Shetty et al., 2003). This down-
regulation likely reflects an adaptive mechanism to minimize
seizures that originate from the hippocampus, as the re-
organized hippocampal circuitry is seizure-prone and likely
contributes to the persistent hyperexcitability observed in the
hippocampus at extended time-points after KA-induced
seizures (Tauck and Nadler, 1985; Okazaki et al., 1995).
Indeed, the massive down-regulation of the calcium binding
protein calbindin observed in dentate granule cells supports the
hyperexcitable state of the hippocampus at extended time-
points after KA-induced seizures (Shetty and Turner, 1995b;
Shetty and Hattiangady, 2007a). This is because an electro-
physiological study has shown that granule cells that lack
calbindin represent cells exhibiting hyperexcitability (Nagerl
et al.,, 2000). A reduced concentration of BDNF in the
chronically epileptic hippocampus appears advantageous, as
BDNF up-regulation increases the vulnerability of certain brain
areas to seizures or even causes seizures. For example,
application of BDNF to hippocampal slices from intact control
rats enhances the efficacy of excitatory mossy fiber synapse on
to CA3 pyramidal cells (Scharfman, 1997). In hippocampal
slices from pilocarpine treated rats, BDNF enhances responses
to stimulation of mossy fiber collaterals in the DSGL
(Scharfman et al., 1999). Moreover, BDNF exposure in these
epileptic animals leads to seizure like events, suggesting that
BDNEF is likely more potent after seizure or injury induced
mossy fiber sprouting. Therefore, increasing BDNF concentra-
tion during chronic epileptic conditions may be detrimental.

9.2.2. Efficacy of Nerve growth factor

Like the BDNF, increased NGF levels have been observed in
the hippocampus shortly after an injury or acute seizures (Gall
et al., 1991b; Lauterborn et al., 1994; Shetty et al., 2003). The
extent of up-regulation of NGF seen at 4 days post-seizures
however endures until 120 days after KA-induced seizures
(Shetty et al., 2003). Similar to the BDNF, increased NGF
levels after acute seizures are considered proepileptogenic. This
is because intraventricular infusions of the anti-NGF IgGs
retards the development of kindling and blocks the aberrant
mossy fiber sprouting (Van der Zee et al., 1995). Likewise,
intraventricular infusion of the NGF accelerates kindling
development and increases mossy fiber sprouting (Adams et al.,
1997). Furthermore, inhibition of the NGF binding to trkA
receptors retards the development of kindling (Li et al., 2005).
Additionally, a study in a KA model of epilepsy shows that the
robust sprouting of mossy fibers into the DSGL occurs between
45 and 120 days after KA-induced seizures (Shetty et al., 2003).
As this period of robust aberrant mossy fiber sprouting parallels
the period of up-regulation of NGEF, it appears that the NGF
plays a major role in the progression of the aberrant mossy fiber
sprouting, an important epileptogenic change observed after

acute seizures or an IPI. From the above, it is clear that
increasing NGF levels after the SE or an IPI is not beneficial for
thwarting the progression of the SE into chronic epilepsy.
Rather, it appears that long-term suppression of NGF following
the SE has promise for reducing the aberrant mossy fiber
sprouting and spontaneous seizures.

9.2.3. Effectiveness of neurotrophin-3

The NT-3 and its receptor trkC are found in the hippocampal
formation and the amygdala, the regions associated with
epilepsy (Lamballe et al., 1991; Ernfors et al., 1992; Merlio
et al.,, 1992; Bengzon et al., 1993; Xu et al., 2002). A
quantitative study on NT-3 protein demonstrates that the
concentration of NT-3 remains comparable to that of the intact
hippocampus at 4 days post-seizures but shows moderate up-
regulation at 45 days post-seizures and reaches the baseline
level at 120 days post-seizures (Shetty et al., 2003). Based on
these observations, it is unlikely that NT-3 is involved in the
initiation of epileptogenic processes such as the aberrant mossy
fiber sprouting. However, because of moderately increased
levels during the period of robust mossy fiber sprouting (i.e.
between 45 and 120 days post-seizures), its involvement in the
progression of the mossy fiber sprouting cannot be ruled out.
The ability of NT-3 to induce mossy fiber sprouting following
continuous infusion in the absence of electrical activation
supports this possibility (Xu et al., 2002). Additionally, NT-3
knock out mice exhibit delayed kindling development (Elmer
et al., 1997). On the other hand, continuous NT-3 infusion in
kindled animals retarded behavioral seizures and inhibited
kindling-induced mossy fiber sprouting into the DSGL (Xu
et al.,, 2002). When taken together, it appears that increased
levels of NT-3 in epileptic conditions such as after kindling
actually inhibits mossy fiber sprouting, even though it has the
propensity to promote mossy fiber sprouting under normal
conditions. The inhibitory effect of NT-3 under epileptic
conditions likely involves down-regulation of the high affinity
trkA and trkC receptors and attenuation of trk phosphorylation,
leading to a loss of responsiveness to NGF and NT-3 (Xu et al.,
2002). Therefore, it is tempting to speculate that greatly
increasing N'T-3 levels following the SE will be beneficial for
suppressing the aberrant sprouting of mossy fibers in the DG.
As this aberrant sprouting contributes to the development of
chronic epilepsy, such a strategy may also decrease the
incidence of spontaneous seizures during the chronic phase.
Certainly, appropriate strategies to increase NT-3 levels after
the SE need to be developed and long-term effects of such
increase in NT-3 levels ought to be analyzed in future to fully
comprehend the link between NT-3 and epileptogenesis.

9.3. Efficiency of glial cell line derived neurotrophic factor

The GDNF, a member of a subclass of the TGF-$3 family of
neurotrophic factors, is well known to promote the survival and
differentiation of dopaminergic neurons (Lin et al., 1993). The
GDNF also enhances high-affinity uptake of dopamine in
these cells. Pertaining to epilepsy, it has been observed that
the GDNF plays a neuroprotective role in kindling and
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kindling-induced structural changes through mechanisms that
employ Ret and p140N““M receptor system (Airaksinen and
Saarma, 2002; Paratcha et al., 2003). The GDNF also binds to a
family of low-affinity co-receptors known as GDNF family
receptor alpha’s (Airaksinen and Saarma, 2002). Pre-treatment
with thGDNF prevents the KA induced seizure activity and
neuronal cell loss in hippocampal, thalamic and amygdaloid
regions (Martin et al., 1995). Acute increase in the GDNF
transcripts in dentate granule cells and induction of Ret receptor
expression in the hilus and GFRal receptor throughout the
hippocampus has been observed after kindling (Kokaia et al.,
1999). Similarly, suppression of the development and
persistence of hippocampal kindling was observed in mice
lacking the GFRa2 receptors (Nanobashvili et al., 2000).
Moreover, Li et al. (2002) demonstrated that intraventricular
administration of GDNF prevents kindling-induced increase in
hilar area and blocks mossy fiber sprouting in the CA3 region of
the hippocampus. A study by Yoo et al. (2006) showed that pre-
treatment of animals with adenoviral-vector-derived GDNF
(Ad-GDNF) leads to the suppression of the KA-induced tonic-
clonic convulsions and significant reductions in apoptotic cells
in the CA3 and DH regions. In the same vein, a recent study by
Kanter-Schlifke et al. (2007) shows that introduction of Ad-
GDNEF either prior or after KA treatment results in decreased
frequency, duration, and induction-threshold to generalized
seizures in rats. Collectively, these results suggest that GDNF is
a useful neuroprotective agent against SE-induced epilepto-
genesis. However, long-term studies in multiple SE models of
epilepsy are needed to validate GDNF as a potent neuropro-
tective agent capable of either preventing or considerably
reducing the evolution of SE into chronic epilepsy.

9.4. Usefulness of the vascular endothelial growth factor

The VEGEF, one of the main factors in induction of
angiogenesis in the brain (Krum et al., 2002), is implicated in
enhancing the blood-brain barrier (BBB) permeability (Yan-
copoulos et al., 2000) and inflammation (Proescholdt et al.,
1999). The VEGEF is also expressed in neurons and glial cells,
and the concentration of VEGF increases after seizures (Croll
et al., 2004). The actions of the VEGF are mediated through
VEGF receptors 1 and 2, which are primarily localized on
endothelial cells. However, these receptors are also found in
neurons and glia, and in conditions such as injury, the VEGF
receptors on neurons and glia exhibit upregulation (Croll et al.,
2004). It has been proposed that seizure-produced VEGF acts
on both neural and epithelial cells, which in turn promotes
neurotrophic effects and increases the BBB permeability and
inflammatory reactions (Croll et al., 2004; Simonato et al.,
2006). From this point of view, increasing the levels of VEGF
shortly after the SE may not be beneficial. On the other hand,
when recombinant human VEGF was bath applied to adult rat
hippocampal slices taken from chronically epileptic rats, it
significantly reduced the amplitude of responses elicited by
Schaffer collateral stimulation and spontaneous discharges in
areas CAI-CA3 and the dentate gyrus (McCloskey et al.,
2005). Thus, VEGF could be a ‘double-edged sword’ in

epilepsy, as promptly suggested by Croll et al. (2004). It seems
that increasing VEGF levels in chronic epileptic conditions is
useful for reducing spontaneous seizures. Long-term studies on
the efficacy of increased levels of VEGF on spontaneous
seizures in animal models of chronic epilepsy are needed in
future to validate this possibility.

9.5. Conclusions

A differential expression of neurotrophic factors after insults
such as seizures indicates that different stages of physiological
alterations contributing to epileptogenesis may be modulated
by these factors. The epileptogenic or anti-epileptogenic effects
of these factors in susceptible brain regions assume importance
with respect to devising novel neuroprotective strategies. Based
on these, neurotrophic factors and their receptors seem to be
important targets for anticonvulsant drug development.
Investigations performed so far on the levels and potential
functions of various neurotrophic factors in epileptic conditions
suggest that increasing the levels of BDNF and NGF are not
useful for suppressing epileptogenesis and preventing chronic
epilepsy development after the SE or an IPI. On the contrary,
long-term suppression of the activity of these neurotrophic
factors appears beneficial. Furthermore, increasing the levels of
the GDNF and NT-3 may also be advantageous for suppressing
chronic epilepsy development because of their ability to
suppress epileptogenic changes such as the aberrant mossy fiber
sprouting. Regarding FGF-2 and VEGF, it is still unresolved
whether it is proepileptogenic or anti-epileptogenic, as both
scenarios have been presented in different studies. Overall,
rigorous studies testing whether long-term administration of
distinct neurotrophic factors (or the strategies that maintain
higher levels of distinct neurotrophic factors in the brain) after
the onset of the SE is effective for preventing epilepsy are
needed for further advances in this field.

10. Efficacy of antioxidants as neuroprotective
compounds against epilepsy

Oxidative injury, resulting from excessive release of free
radicals, likely contributes to the initiation and progression of
epilepsy after brain injury. Therefore, antioxidant therapies
aimed at reducing oxidative stress have received considerable
attention in the treatment of epilepsy. These approaches may
also restrain tissue damage and favorably alter the clinical
course of the disease (Costello and Delanty, 2004). In this
section, we discuss the efficacy of two distinct antioxidants
(resveratrol and curcumin) for reducing excitotoxic injury and
epilepsy in animal models of TLE.

10.1. Resveratrol

Resveratrol (3,5,4'-tri-hydroxy stilbene), a naturally occur-
ring phytoalexin present in high concentrations in the skin of
red grapes, belongs to the polyphenol group of plant
compounds. After the awareness of reduced cardiac risk in
the consumers of red wine, popularly referred as ‘“French
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paradox” (i.e. low incidence of cardiovascular events in spite of
diet relatively high in saturated fat), great interest has emerged
in resveratrol, which is the active constituent of red wine
(Tredici et al., 1999; Sun et al., 2002; Ikeda et al., 2003).
Resveratrol exists in cis and trans isomeric forms; however, the
trans isomer is the major form which contributes to its
biological activity (Fremont, 2000). Resveratrol mediates a
wide range of biological activities with multisystem benefits. It
has been shown that resveratrol can protect the heart from
ischemia using an isolated rat heart model (Sato et al., 2000a,
b); inhibit the peroxidation of low density lipoproteins (LDL)
via free radical scavenging mechanisms (Belguendouz et al.,
1997). It can also act as an anti-inflammatory agent (Jang and
Pezzuto, 1999; Manna et al., 2000).

Studies on the effects of resveratrol on neurons in cell
culture and animal models suggest that resveratrol is a potent
neuroprotective compound that mediates its effects mainly via
inhibition of the oxidative stress. The examples include the
following. First, in the presence of resveratrol, the neuronal cell
death induced by ethanol is reduced (Sun et al., 2001; Sun and
Sun, 2001), and the apoptosis of cells induced by oxidized
lipoproteins is suppressed (Sun et al., 1997; Draczynska-Lusiak
et al., 1998a, b). Second, both co- and post-treatments with
resveratrol in culture attenuated hippocampal cell death and
intracellular ROS accumulation produced by sodium nitroprus-
side (Bastianetto et al., 2000). Studies suggest that the anti-
apoptotic effects of resveratrol are mediated by inhibition of
mitochondrial cell death pathway involving activation of
caspase (Nicolini et al., 2001). Third, besides inhibition of the
oxidative stress, there is also evidence for other effects of
resveratrol in protecting cells from injury. These include anti-
inflammatory effects of resveratrol in astrocytes and the ability
of resveratrol to inhibit nitric oxide (NO) production induced by
cytokines (Li and Sun, 1998; Li et al., 1999). Fourth, resveratrol
has been shown to protect cultured neurons against amyloid
beta-peptide (Jang and Surh, 2003; Han et al., 2004), a
neurotoxic peptide that likely plays a critical role in the
neuropathology of Alzheimer’s disease. Fifth, resveratrol pre-
treatment was found to be neuroprotective against oxidative
stress in rat models of stroke (Sinha et al., 2002; Wang et al.,
2002). Analyses of resveratrol in the brain after systemic
administration suggested that resveratrol crosses the BBB and
its activity in the brain lasts for up to 4 h (Wang et al., 2002).
Thus, resveratrol is a potent neuroprotective compound.
However, the relevance of the above findings to clinical
situations remains to be demonstrated.

The protective effects of resveratrol pertaining to TLE include
the following. A study on chronic administration of resveratrol
suggests that resveratrol pre-treatment partially protects rat
hippocampal neurons against KA-induced damage in vivo
(Virgili and Contestabile, 2000). Acute resveratrol pre-treatment
was also found to be associated with reductions in the severity of
KA-induced SE (Guptaetal., 2002). Another study demonstrates
that administration of resveratrol 30 min prior to KA diminishes
KA-induced neuronal cell death in the hippocampus (Wang et al.,
2004). The resveratrol-mediated attenuation of neuronal cell
death was associated with suppression of activated astrocytes and

microglia. As increased oxidative stress is a key factor in the
mechanisms of KA-induced neurotoxicity, the neuroprotective
effect afforded by resveratrol in this study supports the purported
ability of the resveratrol to act as free radical scavenger to protect
against neuronal damage caused by excitotoxic insults. How
does resveratrol protect neurons from excitotoxic damage?
Perfusion with trans-resveratrol (10-100 wM) significantly
suppresses glutamate-induced currents in postsynaptic CAl
pyramidal neurons demonstrating that trans-resveratrol inhibits
the postsynaptic glutamate receptors, which probably explains its
anti-excitotoxic feature (Gao et al., 2006). Further, its inhibitory
action on voltage-activated potassium currents implicated in
neuronal apoptosis may contribute to its neuroprotective effects
(Gao and Hu, 2005). When organotypic hippocampal cultures
exposed to oxygen-glucose deprivation (OGD) were treated with
10, 25 and 50 pM concentrations of resveratrol, cell death was
reduced to 22, 20 and 13%, respectively, in comparison to 46%
cell death in vehicle treated group (Gao and Hu, 2005; Zamin
et al., 2006). A recent study, in addition, demonstrates that just
24 h of exposure of astrocytes to resveratrol modulates their basal
glutamate uptake (de Almeida et al., 2007). Thus, the available
reports clearly indicate neuroprotective function for resveratrol.
However, long-term studies on the effects of resveratrol
administration in SE models are needed to validate this
compound as a useful drug for preventing epilepsy after brain
injury or SE.

10.2. Curcumin

Curcumin, a phenolic pigment, is a natural antioxidant
isolated from the medicinal plant Curcuma Longa Linn. When
KA was injected 18 h after the curcumin treatment and tissues
were analyzed after 48 h, there was marked reduction in the
neuronal cell death and caspase-3 immunoreactivity, and
inhibition of reactive astrocyte expression (Shin et al., 2007).
Curcumin inhibits NO production in the lipopolysaccharide
(LPS) stimulated microglial cells (Jung et al., 2006) and thereby
prevents microglial cell-mediated neurodegeneration in neurons.
In fact, KA-induced increase in NO levels was shown to be
reversed by administration of manganese complexes of curcumin
and diacetylcurcumin, likely by their NO scavenging activity
(Sumanont et al., 2004, 2006). In oxidative stress conditions,
curcumin administration has shown to decrease lipid peroxida-
tion, mitochondrial dysfunction, and apoptotic indices (Wang
et al., 2005). Furthermore, a recent study using traumatic brain
injury model demonstrates that supplementation of curcumin in
the diet dramatically reduces oxidative damage, normalizes the
levels of BDNEF, synapsin I and CREB, and counteracts the
cognitive impairments caused by traumatic brain injury (Wu
et al., 2006). Thus, because of its anti-apoptotic, anti-
inflammatory and anti-oxidant properties, curcumin therapy
via diet may be useful for preventing chronic epilepsy after an IPI.

10.3. Conclusions

Both resveratrol and curcumin would likely be considered as
powerful neuroprotective drugs against acute seizures or the
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status epilepticus in future because of their capability to provide
neuroprotection in excitotoxic conditions. However, one caveat
is that the positive effects in studies conducted so far were
observed when these antioxidant compounds were adminis-
tered prior to the onset of seizures. For promotion of these
compounds as neuroprotective agents against SE, it will be
essential to determine whether their administration after the
onset of SE would also offer neuroprotection. Additionally, it is
critical to determine in future studies whether the antioxidant-
mediated neuroprotection is adequate for preventing the SE-
induced epileptogenesis, the development of SRMS, and
learning and memory impairments. Careful scrutiny in chronic
seizure prototypes is crucial in future studies for endorsing
these compounds as reliable neuroprotective agents against SE-
induced TLE.

11. Hormones and neuroprotection

The effects of hormones, either peripheral or endogenous on
the nervous system have been well established. Especially,
gonadal steroids like estrogen, progesterone and their
precursors are proven to have direct effects on neurotransmitter
receptors (Hoffman et al., 2006). The cyclical changes in these
steroids are believed to be important in the pathogenesis of
catamenial epilepsy because susceptibility to seizures during
menstrual cycle are linked to serum hormone levels (Reddy,
2004). Secondly, endogenous neurosteroid metabolism plays
important roles in the growth and maturation of the brain
(Stoffel-Wagner, 2001). Apart from steroids, erythropoietin is
proposed to have neuroprotective role in several neurological
insults (Siren and Ehrenreich, 2001). The antioxidant properties
of pineal gland hormone melatonin are suggested to have anti-
epileptogenic role as well (Martin et al., 2002; Chung and Han,
2003). In this section, we discuss the neuroprotective role of
these hormones.

11.1. Potential of estrogens

Estrogen, the sex hormone belonging to the steroid hormone
super family, is involved in various biological actions
(Veliskova, 2007). Estrogens mostly mediate their actions by
activation of specific estrogen receptors (ER) that are widely
distributed in the brain and expressed on both neurons and glia
(Mhyre and Dorsa, 2006). Because of their effects on neuronal
excitability, it is believed that estrogens play a role in epilepsy.
Additionally, an association has been observed between
seizures and fluctuations of the sex hormone levels during
the ovarian cycles in some women with epilepsy, a condition
termed catamenial epilepsy (Logothetis et al., 1959; Back-
strom, 1976; Herzog et al., 1997). Administration of low doses
of estradiol have been shown to prevent KA induced
somatostatin-immunoreactive hilar neuronal loss in ovariecto-
mized rat hippocampus (Azcoitia et al., 1998). Similarly, a
single estradiol pre-treatment before KA insult delays the onset
of SE and reduces the overall neurodegeneration in the CA3
subfield and the DG (Veliskova et al., 2000). A study by Reibel
et al. (2000) also demonstrates reduced pyramidal cell loss after

chronic supplementation of estradiol in SE-induced neurode-
generative consequences in ovariectomized rats. As ovariect-
omy is also associated with changes in GABA levels, GABA
synthesizing enzymes, and the KCC2 transporter that
contributes to chloride gradients and critical for GABA,
receptor-mediated actions (Nakamura et al., 2004), the exact
mechanisms involved in the estrogen-mediated neuroprotective
effects against SE-induced hippocampal neurodegeneration are
unknown. Recently, the interaction between estrogen and NPY
has been proposed as a potential mechanism for neuroprotec-
tive effects of estrogen (Veliskova, 2007). This is because
estrogen administration increases NPY expression in the
dentate hilus, and NPY has inhibitory function as well as
neuroprotective properties (Silva et al., 2003).

However, there are concerns about using estradiol as a
neuroprotective compound in epileptic conditions, as it
increases KA receptor subunit KA2, and inhibits glutamate
uptake, both of which would likely facilitate excitotoxic injury
(Scharfman and MacLusky, 2006). Moreover, estradiol can
enhance actions of NMDA receptors (Zamani et al., 2004) and
inhibit GABAergic transmission by decreasing the effects of
GABA at GABA, receptors in CA1 pyramidal cells (Rudick
and Woolley, 2001). Interestingly, estrogen is shown to
influence BDNF gene, and BDNF potentiates several of the
glutamatergic pathways in hippocampus and other brain
regions (see the review by Scharfman and Maclusky, 2005).
Thus, both anticonvulsant and proconvulsant actions have been
reported for estrogens. A simple rule for the effects of estrogens
on seizures cannot be applied due to the complexity of action of
these hormones on neuronal excitability (see the review by
Veliskova, 2007 for details). Additionally, estrogen, being an
anabolic steroid, may not be suitable as an exogenous
neuroprotective compound due to its multiple physiological
effects.

11.2. Efficacy of progesterone

Unlike the confusion regarding the link between estrogen
and seizures, the studies of progesterone on seizures suggest
that progesterone administration leads to anticonvulsant effects
(Scharfman and MacLusky, 2006). The ability of progesterone
(PROG) to suppress seizures has been shown to be dose-
dependent, as low but not high physiological levels of PROG
suppressed seizures and reduced hippocampal damage (Hoff-
man et al., 2003). In laboratory animals, injection of PROG
results in increased seizure threshold, or delayed onset of
seizures following the administration of convulsants (Belelli
et al., 1989; Frye and Bayon, 1998; Rogawski, 2003). In the
same vein, clinical studies have shown that PROG decreases
seizure frequency in women with epilepsy (Herzog, 1999). The
effects of PROG on neuronal excitability are associated with
endogenous neurosteroid metabolism. For instance, adminis-
tration of very low doses of PROG leads to increased
metabolism and formation allopregnanolone that modulates
GABA, receptor activity (Baulieu et al., 1996). Allopregna-
nolone binds to specific neurosteroid binding sites on GABA 5
receptors (Kokate et al., 1994), and levels of allopregnanolone
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and GABA, receptors are positively correlated with PROG
levels (Baulieu et al., 1989). On the contrary, administration of
a higher dose of PROG does not induce anticonvulsive effects
(Hoffman et al., 2003).

11.3. Efficiency of other neurosteroids

The other neurosteroids such as pregnenolone sulfate
(PREGS) and DHEA are shown to potentiate the effects of
NMDA in increasing intracellular calcium levels. The PREGS,
an endogenous neurosteroid synthesized by glia, mostly acts as
a potent convulsant when injected intracerebroventricularly and
intraperitoneally (Williamson et al., 2004). Furthermore, it is
known that the PREGS is a negative allosteric modulator of
GABA, receptors and a positive modulator of the NMDA
receptors. Interestingly, a recent study by evaluating the effects
of PREGS in a genetic animal model of absence epilepsy
suggests that PREGS reduces the number and duration of
epileptic spike-wave discharges when microinjected into the
peri-oral region of the primary somatosensory cortex (Citraro
et al., 2006). However, it was found that the effects of PREGS
were complex and depended upon both the dose and the site of
administration.

11.4. Usefulness of erythropoietin

Erythropoietin (EPO), a chief hormone in erythropoiesis, is
induced by hypoxia, hypoglycemia, strong neuronal depolar-
ization and excessive oxygen radicals (Marti et al., 1997;
Chikuma et al., 2000). Exogenous EPO administration may
lessen seizure severity, elongate seizure latencies and reduce
neuronal damage in rats subjected to KA-induced seizures
(Brines et al., 2000). EPO has also been suggested to be
protective against seizures, via regulating neurotransmitter/
neuropeptide release. It has been shown that EPO increases
glutamate uptake and desensitizes glutamate receptors (Mor-
ishita et al., 1997). Recent evidence indicates that systemic
administration of recombinant human EPO protects BBB and
reduces the severity, latency, and duration of PTZ induced
convulsions (Uzum et al., 2006). The manner in which EPO
provides neuroprotection is currently unclear. Diverse cell
types have been demonstrated to produce EPO and many cells
besides erythroid progenitors express the EPO receptors,
including the brain. The discovery that astrocytes produce EPO
in response to hypoxia and that the EPO could protect nearby
neuronal cells from ischemic injury in vivo (Sakanaka et al.,
1998) added further support for the pleiotropic nature of this
cytokine. One of the suggested mechanisms of action is through
prevention of apoptosis and immune-modulation; however,
further studies with respect to epileptic seizures are needed to
assess its overall efficacy for preventing epilepsy after SE.

11.5. Melatonin as a neuroprotectant
In addition to its well-known effects on circadian rhythms,

melatonin has been shown to be useful for enhancing immunity,
preventing cancer, slowing down the aging process, and

preventing oxidative stress related tissue damage (Brzezinski,
1997; Czeisler, 1997). Pertaining to epilepsy, studies in several
animal models suggest that melatonin is capable of restraining
acute seizures and diminishing chronic epileptic manifestations
in humans. For instance, following excitotoxic seizures,
melatonin deficiency (via pinealectomy) causes greater levels
of neurodegeneration (Manev et al., 1996), suggesting that
endogenous melatonin likely plays a neuroprotective role
against seizures. Likewise, chronic treatment with melatonin
reduces the PTZ-induced seizure incidence and mortality rate
in male gerbils (Champney et al., 1996). Sedative as well as
non-sedative doses of melatonin are efficacious for suppressing
generalized seizures and seizure scores in animal models of
kindling, PTZ-induced seizures (Albertson et al., 1981;
Mevissen and Ebert, 1998) and elevating the electroconvulsive
threshold in a maximum electroshock mice model (Borowicz
et al., 1999). Furthermore, in patients with drug resistant TLE,
though baseline melatonin levels decrease, seizures induce
three-fold increase in melatonin (Bazil et al., 2000), which
likely suggest endogenous anticonvulsant activity in response
to seizures. It has been suggested that increased melatonin
levels after seizures represent a protective mechanism against
repetitive seizures (Bazil et al., 2000).

Indeed, considerable evidence indicates that melatonin has
anticonvulsant and neuroprotective properties. First, melatonin
administration prior to KA attenuates seizures and death of
pyramidal neurons in the CA3 region when compared to KA
administration group without melatonin (Giusti et al., 1996a, b;
Mohanan and Yamamoto, 2002; Chung and Han, 2003; de
Lima et al., 2005; Lee et al., 2006). This neuroprotective action
of melatonin against KA-induced excitotoxicity is thought to be
exerted either through the activation of neuronal Akt by direct
action on hippocampal neurons or through the increased
expression of astroglial GDNF, which subsequently activates
neuronal PI3K/Akt pathway (Lee et al., 2006). Second,
melatonin administration protects against mitochondrial
damage and increased lipid peroxidation, DNA breakages,
microglial activation in the hippocampal neurons induced by
KA (Mohanan and Yamamoto, 2002; Chung and Han, 2003;
Lee et al., 2006). Third, melatonin administration is associated
with enhanced survival of glial cells, which may promote
neuronal survival after brain injury (Borlongan et al., 2000).
Fourth, melatonin modulates the electrical activity of the
neurons by acting on plasma membrane receptors (Acuna-
Castroviejo et al., 1995) and facilitating the GABA-ergic
function (Wan et al., 1999), both of which likely contribute to
anticonvulsive effects (Dawson and Encel, 1993; Golombek
et al., 1996). Fifth, melatonin has been shown to inhibit brain
glutamate receptors and NO production (Bikjdaouene et al.,
2003; Yahyavi-Firouz-Abadi et al., 2006). The GABA-ergic
effect of melatonin possibly occurs through changes in
membrane ion permeability with increased chloride ion influx
through GABA-dependent chloride channels (Rosenstein
et al., 1990). Melatonin likely attenuates neuronal excitability
through inhibition of the glutamate-mediated response of the
striatum to motor cortex stimulation, where inhibitory effects of
melatonin was suggested to be associated with decreased
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calcium influx (Escames et al., 2001). Such inhibition could be
mediated by either NMDA or L-arginine receptors (Escames
et al., 2004). The dose dependant anticonvulsant property of
melatonin was shown to be associated with decreased aspartate,
glutamate, nitrite and elevated GABA and taurin levels in
various brain regions (Bikjdaouene et al., 2003). In untreated
epileptic patients, melatonin production is shown to be
increased (Schapel et al., 1995) and its diurnal variation in
epileptic children is altered (Molina-Carballo et al., 1994).
Moreover, it is administered as adjunctive anticonvulsant
therapy in severe infantile myoclonic epilepsy (Molina-
Carballo et al., 1997). Thus, melatonin seems to be very
effective in preventing seizures particularly when administered
prior to excitotoxic challenge, and for suppressing seizures
during chronic epilepsy. However, it is unknown whether
melatonin administration after the onset of SE would prevent
the development of chronic epilepsy or simply delay the
process (Ananth et al., 2003).

11.6. Conclusions

The neuroprotective effects of steroids chiefly depend on
their metabolism. The major cytochrome P450 type enzymes
and aromatase are shown to play active roles in endogenous
metabolism of neurosteroids in the brain. The SE-induced
epileptogenic alterations are not prevented by estrogen in post-
SE treatment strategies. Moreover, suppressing GABA-ergic
function and enhancing glutamatergic action indicates a pro-
convulsive role for estrogen. On the contrary, low doses of
PROG and subsequent in vivo conversion of PROG to
allopregnanolone appears beneficial through its effects on
GABAergic system. The functions of endogenous neuroster-
oids with respect to epileptogenesis are still being studied. Dose
dependent anti-epileptogenic effects of melatonin are promis-
ing. Altered BBB permeability in epileptic seizures could allow
accumulation of peripheral hormones like EPO that could serve
as a potent neuroprotectant. Additionally, role of astrocytes that
can produce EPO in stress conditions assumes importance in
chronic epileptic seizures. In conclusion, PROG, endogenous
neurosteroids, melatonin and EPO appear to be important
hormone candidates for future studies in neuroprotective
strategies pertaining to epilepsy.

12. Neuroprotective effects of neural cell transplants

Although multipotent and self-renewing neural stem cells
(NSCs) persist in both neurogenic (neuron producing) and non-
neurogenic regions of the adult CNS, the capacity of the adult
mammalian CNS for self-repair is limited (Turner and Shetty,
2003; Shetty and Hattiangady, 2007b). This is because, in
conditions such as injury or disease, the endogenous NSCs fail
to form adequate new neurons to replace the lost neurons.
Moreover, the plasticity of residual neurons in response to
injury and connectivity of new neurons derived from NSCs
after the injury or the SE are abnormal and detrimental to brain
function in many instances (Shetty and Turner, 1996; Parent
et al., 1997; Scharfman et al., 2000; Hattiangady et al., 2004;

McCloskey et al., 2006). Therefore, the possibility of replacing
lost neurons through grafting of fresh fetal post-mitotic neurons
or NSCs expanded in culture has received great attention
(Turner and Shetty, 2003; Shetty and Hattiangady, 2007b).
Additionally, cell transplantation may be more favorable than
single neurotrophic factor delivery for treating epilepsy
because grafted neurons that are specific to the injured area
may secrete multitude of beneficial trophic factors, in addition
to providing additional synapses and facilitating the repair of
disrupted circuits (Shetty et al., 2000, 2005; Hattiangady et al.,
2006).

Studies demonstrate that grafting of specific fetal cells is
useful for replacing the lost neurons and exerting a significant
functional recovery in Parkinson’s disease. This approach has
the potential to treat other neurodegenerative disorders
including the TLE and stroke (Shetty and Turner, 1996; Freed
et al., 2001; Isacson and Sladek, 1999; Kordower et al., 1998;
Sanberg et al., 1997; Turner and Shetty, 2003). Studies in adult
animal models of neurodegenerative diseases suggest that a
more complete functional recovery with grafts requires
integration of grafts with the host involving at least partial
reconstitution of the damaged circuitry (Dunnett et al., 1997).
Appropriate reconstitution of the disrupted host circuitry by
specific neural grafts may also prevent, inhibit, or even reverse
the formation of aberrant circuitry after lesions. Hence, studies
on the efficacy of grafts of fetal hippocampal cells in different
hippocampal lesion models are of interest for developing graft-
mediated therapy for TLE, stroke, and head injury (Mudrick
and Baimbridge, 1991; Holmes et al., 1992; Freeman et al.,
1995; Soares et al., 1995; Shetty and Turner, 1995a, 1996,
1997a, b, 2000; Shetty et al., 2000; Zaman et al., 2000, 2001).
Significant reductions in GABA-ergic interneuron number,
functional disinhibition, aberrant sprouting of axons, appear to
lead to hippocampal hyperexcitability in both TLE and KA-
lesion models. Therefore, treatment strategies aimed at
preventing hyperexcitability and seizures through grafting will
need to develop ways to: (i) facilitate appropriate reinnervation
of deafferented neurons; (ii) increase the efficacy of inhibition
by activating the deafferented host GABA-ergic interneurons
through appropriate re-innervation; (iii) suppress the aberrant
axonal sprouting; and (iv) prevent the evolution of the IPI into
chronic epilepsy characterized by SRMS. In this section, we
discuss the available studies addressing the above issues using
cell grafts in models of TLE.

12.1. Efficacy of fetal cell grafting for hippocampal repair
after injury

The most extensive neural cell grafting studies pertaining to
the TLE were performed in an intracerebroventricular KA (ICV
KA) model. The primary aims of these studies are to test the
efficacy of fetal hippocampal cell grafts for mediating
appropriate reconstruction of the disrupted hippocampal
circuitry and for suppressing epileptogenic changes following
a relatively milder hippocampal injury induced by ICV KA
administration (Shetty and Turner, 1996; Turner and Shetty,
2003; Shetty et al., 2005). In addition, preliminary grafting
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Long-term Survival of Fetal Hippocampal CA3 Cell Graft
Placed into the Hippocampus Shortly after KA-Induced Injury

Fig. 8. Top panel: Survival and morphology of fetal CA3 cell grafts placed close to the lesioned CA3 region of the adult hippocampus (marked by asterisks) at 45 days
post-lesion and analyzed at 1 year postgrafting. Al and A2 show a Nissl-stained section of the rat hippocampus containing fetal CA3 transplant (outlined by asterisks)
located just below the degenerated CA3 cell layer (indicated by interrupted lines). B1, B2 show NeuN positive neurons within the graft in a neighboring section. DH,
dentate hilus. Scale bar: A1, B1 =400 wm; A2, B2 = 50 wm. (Reproduced from: Zaman and Shetty; 2001; Neurobiol. Dis. 8:942-995). Bottom panel: Effects of CA3
or CA1 cell grafts on aberrant mossy fiber sprouting analyzed at 1 year post-grafting. Note dense mossy fiber sprouting in the dentate supragranular layer in the lesion
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studies have been performed in an intraperitoneal KA (IP KA)
model of TLE with the aim of testing the potential of fetal
hippocampal cells placed at early time points after SE for
averting chronic epilepsy development (Rao and Shetty, 2004).

12.1.1. Graft cell survival and graft-host connectivity

In the KA-lesioned CA3 region, the cell survival of grafts
placed at 4 days post-lesion and analyzed at 1-month post-
grafting was greater for hippocampal cell grafts (CA3 grafts,
69% of injected cells, CAl grafts, 42%) than non-
hippocampal cell grafts (striatal cell grafts, 12% survival;
Zaman et al., 2000). Thus, adequate survival of grafted cells
in the lesioned adult hippocampus depends on the specificity
of donor cells to the region of grafting. Yet, specific grafts
exhibit reduced cell survival (31%) if they are placed at a
prolonged post-lesion delay, suggesting decreased receptivity
of the lesioned host with time after lesion (Zaman et al.,
2001). Furthermore, specific CA3 cell grafts placed at 45 days
post-lesion and analyzed at one-year post-grafting exhibit
survival of 36% of grafted cells, which is equivalent to the
graft cell survival seen at 1-month post-grafting for these
grafts (Fig. 8, upper panel; Zaman and Shetty, 2001). Thus,
grafted cells that survive the first month of grafting exhibit
prolonged survival in this epilepsy model. Additionally, graft
cell survival in this TLE model could be improved
significantly via pre-treatment and grafting of donor
hippocampal cells with FGF-2 (Zaman and Shetty, 2003).
Analyses of axonal projections from CA3 grafts placed at 4
days post-lesion using cross-species grafting and mouse
specific M6 staining showed robust axon projections into the
denervated areas of CA1l and dentate regions (Shetty et al.,
2005). CA3 grafts located close to the lesioned CA3 also
showed a high propensity for establishing projections into the
contralateral hippocampus (Shetty et al., 2000). Septal
projections were robust from CA3 cell grafts, regardless of
their intrahippocampal location (Shetty et al., 2000). Further,
hippocampal grafts containing CA3 pyramidal neurons
acquire robust mossy fiber inputs from the host. Thus, robust
and specific interchange of axons occurs between the host and
hippocampal cell grafts containing CA3 cells, suggesting that
specific hippocampal cell grafting can restore the disrupted
circuitry in the lesioned adult hippocampus.

12.1.2. Effect of fetal hippocampal cell grafting on the
number of host GABA-ergic interneurons

The density of interneurons positive for GAD-67 (a
synthesizing enzyme of GABA) has been measured in the
adult hippocampus at 6 months after KA-induced hippocampal
injury with grafting of either fetal mixed-hippocampal, CA3,
or CA1 cells into the injured CA3-region at early post-lesion,
in comparison to the ‘“‘lesion-only” and intact hippocampi
(Shetty and Turner, 2000). In dentate and CA1 regions of the
lesioned hippocampus receiving grafts containing either

mixed hippocampal or CA3 cells, the GAD-67 interneuron
density was significantly greater than the lesion-only”
hippocampus but was comparable to the intact hippocampus.
Nevertheless, in the lesioned hippocampus receiving CA1 cell
grafts, it remained comparable to the ‘“‘lesion-only” hippo-
campus. Thus, grafts containing CA3 cells restore lesion-
induced depletions in host GABA-ergic interneurons, likely by
reinnervation of denervated and GAD-67 deficient interneur-
ons. This specific graft-mediated effect is beneficial because
re-activation of interneurons after hippocampal injury could
ameliorate both loss of functional inhibition and hyperexcit-
ability.

12.1.3. Effect of fetal hippocampal cell grafting on
aberrant sprouting of host mossy fibers

The long-term effects of CA3 and CAl cell grafts placed
into the lesioned CA3 region at 4 days post-lesion on aberrant
sprouting of host mossy fibers into the DSGL have been
measured using Timm’s staining and quantitative analyses
(Fig. 8, lower panel; Shetty et al., 2005). Analysis of mossy
fiber sprouting at 1-12 months post-lesion in “lesion-only”
hippocampus showed that the maximal extent of DSGL
sprouting occurs by 4 months post-lesion and persists at the
same level at 12 months post-lesion (Shetty et al., 2003).
However, in hippocampus receiving CA3 grafts, there was a
clear reduction in both width and the density of mossy fiber
sprouting into the DSGL compared to “‘lesion-only” hippo-
campus. Reductions were significant in all regions of the DG
(73-80%, Fig. 8, lower panel). The density of DSGL sprouting
was comparable to that of the control hippocampus. In
hippocampus receiving CA3 grafts, sprouts of host mossy fibers
from the principal mossy fiber bundle invaded grafts and
densely innervated larger CA3 pyramidal neurons. In contrast,
in hippocampus receiving CAl grafts, the extent of DSGL
mossy fiber sprouting remained greater than the intact
hippocampus and grafts did not receive host mossy fibers
(Fig. 8, lower panel). The CA3 graft-mediated suppression of
sprouting is long-term because, the hippocampus receiving
CA3 grafts analyzed at 12 months post-lesion exhibited similar
minimal level of sprouting as the hippocampus receiving CA3
grafts analyzed at 4 months post-lesion. Prolonged suppression
of aberrant sprouting in rats receiving CA3 grafts but not in rats
receiving CA1 cell grafts suggests that the development of post-
KA aberrant mossy fiber circuitry can be prevented by
placement of grafts containing CA3 cells at early post-lesion.
Presumably, this suppression is dependent on a numerically
dense innervation of a more appropriate postsynaptic target
within the graft (CA3 neurons) than is present within the
DSGL. Suppression of aberrant sprouting is likely useful
because the sprouted mossy fibers in DSGL are believed to
contribute to the generation and propagation of seizures in
the DG.

only group (A1, D2) and a marked reduction in mossy fiber sprouting (B1, D3) following grafting of fetal CA3 cells but not with CA1 cells (C1, D4). B2 shows dense
innervation of fetal CA3 cells grafted into the degenerated host CA3 region by host mossy fibers. C2 shows lack of host mossy fiber growth into the fetal CA1 graft.
DH, dentate hilus. Scale bar: Scale bar: Al, B1, C1 =500 wm; B2, C2, D1-D4 = 100 pm.
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12.1.4. Effect of fetal hippocampal cell grafting on
calbindin expression

The loss of CA3-pyramidal neurons in hippocampus after
ICV KA leads to a permanent loss of calbindin in a major
fraction of dentate granule cells and CAl pyramidal cells
(Shetty and Hattiangady, 2007a). It is possible that enduring
loss of calbindin in the DG and the CA1 subfield after CA3-
lesion is due to disruption of the hippocampal circuitry. If this
is true, then, fetal CA3 grafts placed into the lesioned-CA3
should restore calbindin by restitution of the disrupted
circuitry. Recently, the effects of fetal CA3 and CAl cell
grafting into the lesioned CA3 region of adult rats at early
post-lesion time-point on hippocampal calbindin has been
examined. Calbindin in dentate granule and CA1l pyramidal
cells of grafted animals was evaluated at 6 months post-lesion
using immunostaining. Calbindin in the “lesion-only”
hippocampus was dramatically reduced at 6 months post-
lesion, compared to the intact hippocampus (Shetty and
Hattiangady, 2007a). However, calbindin in the lesioned
hippocampus receiving CA3 cell grafts was restored to the
level of the intact hippocampus (Shetty and Hattiangady,
2007a). In contrast, calbindin in the lesioned hippocampus
receiving CAl grafts remained less than the intact hippo-
campus. Thus, specific cell grafting restores the injury-
induced loss of calbindin in the adult hippocampus, likely via
restitution of the disrupted circuitry. Since the loss of
calbindin after hippocampal injury is linked to hyperexcit-
ability (Nagerl et al., 2000), re-expression of calbindin in both
dentate gyrus and CAl subfield following CA3 cell grafting
may suggest that specific cell grafting is efficacious for
ameliorating injury-induced hyperexcitability in the adult
hippocampus. Electrophysiological studies of KA-lesioned
hippocampus receiving CA3 cell grafts are required in future
to validate this possibility.

12.1.5. Efficacy of neural cell grafting for preventing
SE-induced development of chronic seizures

Preliminary grafting studies have been performed in an
intraperitoneal KA (IP KA) model of TLE with the aim of
testing the potential of fetal hippocampal cells placed at early
time points after SE for exhibiting adequate survival,
suppressing epileptogenic changes, and averting chronic
epilepsy development (Rao and Shetty, 2004). The results
obtained so far are promising. Because of partial lesions in both
CA3 and CA1 regions in this model, mixed fetal hippocampal
cells were used as donor cell for grafting. To enhance
hippocampal recovery, cells were grafted bilaterally into the
hippocampus (3 sites on each side). The results suggest that
hippocampal cell grafting after SE-induced hippocampal injury
considerably suppresses the development of chronic epilepsy.
In ~50% of IP KA treated rats receiving grafts, no behavioral
seizures were observed until 20 weeks after grafting. In the
remaining half of transplanted rats, seizures were less
pronounced at all time-points measured in this study (Rao
and Shetty, 2004). In contrast, in the [P KA-treated group
receiving no grafts, all rats exhibited robust SRMS. Thus,
hippocampal cell grafting at 4 days after an IPI appears

efficacious to suppress the development of chronic epilepsy.
However, to validate the efficacy of this therapeutic approach,
rigorous long-term studies are needed in future using both
behavioral and video-EEG measurements.

12.2. Additional cell grafting studies that are relevant to
preventing TLE after an IPI

The ability to restrain seizures through grafting of different
cell types into different regions of the brain has also been tested
in several other studies. In this section, some of the significant
studies are discussed.

12.2.1. Efficacy of grafting cells that are engineered to
produce GABA

Thompson and Suchomelova (2004) performed bilateral
grafting of conditionally immortalized neurons engineered
to produce GABA into the substantia nigra of rats at 45-65
days after the SE induced by lithium-pilocarpine and
measured the effects of these grafts on SRMS at 1-10 days
post-grafting. Interestingly, animals that received GABA-
producing cells exhibited fewer SRMS than animals
that received only control cells but the survival of grafted
GABA-producing cells appeared to be limited. These results
imply that cells genetically engineered to secrete GABA
have the ability to diminish SRMS when transplanted into
seizure-modulating nuclei. However, the long-term efficacy
of this approach is currently unknown because of poor
survival of grafted cells observed in the host brain in this
model.

Studies on the effects of GABA-producing cells on the
development of seizures after grafting into the dentate gyrus
(Thompson, 2005) or the substantia nigra (Castillo et al., 2006)
demonstrated raised GABA levels, increased electrical seizure
threshold and delayed development of behavioral seizures in
the kindling model of epilepsy (Thompson, 2005) and
decreased seizures in the KA model (Castillo et al., 2006).
However, as grafting was done prior to the induction of
seizures or an IPIin these studies, this approach is not clinically
practicable. Additionally, the long-term survival of cells
engineered to produce GABA in the epileptic brain is
unknown. In this context, grafting of fetal GABA-ergic cells
may be beneficial for long-term functional recovery, as the
survival of these cells can be enhanced through grafting of
these cells with a cocktail of neurotrophic factors. Indeed, a
recent study shows that fetal GABA-ergic cells from the E15
lateral ganglionic eminence pre-treated and grafted with
neurotrophic factors at 4 days after the SE exhibit long-term
survival in the hippocampus (Hattiangady et al., 2007). In
addition, a vast majority of these cells differentiated into
GABA-ergic interneurons, and subclasses of interneurons
derived from grafts expressed markers such as parvalbumin,
calbindin, calretinin and NPY. More importantly, rats that
received these grafts after the SE exhibited ~80% reduction in
the frequency of SRMS on a long-term basis, in comparison to
rats that received only sham grafting surgery (Hattiangady
et al., 2007).
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12.2.2. Usefulness of grafting cells that are engineered to
produce adenosine

A series of elegant experiments by Boison and associates
tested the effects of grafts of encapsulated fibroblasts
engineered to release the brain’s endogenous anticonvulsant
adenosine on seizures (Boison et al., 1999, 2002; Huber et al.,
2001; Boison, 2005). Transplantation of these cells into the
ventricles of rats kindled in the hippocampus resulted in
reduced behavioral seizures and afterdischarges. However, this
positive effect was transient and did not last beyond 2 weeks
after grafting because of poor survival of the fibroblasts in the
host brain. Assessment of the efficiency of transplants of mouse
myoblasts engineered to release adenosine demonstrated
reduced seizures for ~3 weeks in 50% of the animals (Fedele
et al., 2004; Guttinger et al., 2005). Yet, the long-term efficacy
of these transplants for reducing chronic seizures is currently
unknown. The transient nature of positive effects in these
studies suggests that either the grafted cells fail to exhibit
enduring survival in an ectopic location or the amount of
adenosine released by these cells becomes inadequate over
time.

Recently, Li et al., 2007 analyzed the effects of embryonic
stem (ES) cell derived neural precursors that are engineered to
release adenosine through biallelic genetic disruption of the
adenosine kinase gene (Adk ") to suppress seizures in a
kindling model of TLE. The donor ES cells were differentiated
into neural precursor cells in vitro following the genetic
modification and then grafted into the hippocampus of rats prior
to kindling. Animals that received the adenosine releasing
grafts displayed sustained protection from developing general-
ized seizures. The therapeutic effect mediated by Adk '~
neural precursors appeared to be due to graft-mediated
adenosine release, as seizures could transiently be elicited
through blocking of adenosine Al receptors and histological
analysis at 26 days revealed the presence of surviving grafted
cells in the hippocampus expressing mature neuronal markers.
These results are promising for mediating anti-epileptogenic
effects through stem cell-mediated adenosine delivery in
epileptic conditions. However, for further advances, it is
important to rigorously test the usefulness of this approach with
such grafts placed after the induction of SE or kindling.

12.3. Conclusions

In both TLE and animal models of TLE, the SE or head
injury induced hippocampal neurodegeneration and the
subsequent epileptogenic changes are believed to be respon-
sible for the occurrence of SRMS. As the development of
chronic TLE after the SE or head injury-induced neurodegen-
eration occurs progressively, finding apt interventions that both
block the basic processes influencing the development of
chronic TLE and promote compensatory repair processes after
brain injury are of great importance. In this context, neural
grafting studies are very relevant. The grafting studies
performed early after a unilateral ICV KA administration (a
model of mild hippocampal injury and TLE) demonstrated the
following: replacement of the degenerated neurons in the

injured hippocampus with grafting of specific fetal cells
facilitates apt structural recovery of the lesioned adult
hippocampus. This comprises restoration of the disrupted
circuitry, suppression of the aberrant mossy fiber sprouting, and
restoration of the GABA-ergic interneuron numbers and
calbindin re-expression (Shetty and Turner, 1996, 1997a, b,
2000; Shetty et al., 2005; Shetty and Hattiangady, 2007a).
However, the efficacy of this grafting intervention for
functional recovery (particularly suppression of chronic
SRMS) could not be tested, as rats treated unilaterally with
ICV KA under anesthesia do not exhibit SRMS until 3 months
post-KA and exhibit only occasional SRMS at 4-5 months
post-ICV KA (Hattiangady et al., 2004). The preliminary
studies using IP KA model suggest that fetal hippocampal cell
grafting at 4 days after SE has the potential to suppress the
progression of the initial seizure-induced hippocampal injury
into chronic TLE (Rao and Shetty, 2004). To fully ascertain the
efficacy of this intervention for preventing the development of
chronic TLE after the SE-induced hippocampal injury, rigorous
long-term studies are needed.

Pertaining to other cell types, grafts of fetal GABA-ergic cells
from the lateral ganglionic eminence (Hattiangady et al., 2007),
and grafts of embryonic stem (ES) cell derived neural precursors
engineered to release adenosine (Li et al, 2007) show
considerable promise for mediating anti-epileptogenic effects
in epilepsy models. However, for validating these approaches, it
is important to rigorously test the usefulness of this approach in
multiple SE models of epilepsy. In addition, a combination
therapy along with cell transplantation may be more useful for
inducing functional recovery in epileptic conditions. This may
include a combination of: (i) fetal hippocampal cell transplants
with delivery of neurotrophic factors (such as GDNF) via gene
therapy; (ii) fetal hippocampal cell or GABA-ergic cell
transplants with exposure of animals to enriched environment
(Hicks et al., 2007); (iii) fetal hippocampal cell transplants with
neural precursors or NSCs engineered to release adenosine; (iv)
fetal hippocampal cell transplants with neural precursors or
NSCs engineered to release GABA; and (v) fetal hippocampal
cell or GABA-ergic cell transplants with most promising AEDs.
Such studies are clearly needed in future to make further
advances in cell therapy for TLE.

Despite the promise of several cell transplantation strategies
in animal models discussed above, none of these approaches is
ready for clinical application. This is because there is no
conclusive evidence hitherto to support that neural grafts placed
after an IPI are capable of effectively preventing the occurrence
of spontaneous seizures. Furthermore, none of the studies
performed so far has demonstrated anti-epileptogenic proper-
ties of grafts on a long-term basis using extensive video-EEG
analyses. These criteria need to be met before considering any
clinical application of cell therapy for TLE. In addition, the use
of fetal cell grafting strategy for widespread clinical application
is complicated because of the difficulty in obtaining large
amounts of fetal tissue and ethical concerns regarding the use of
fetal cells. Identifying alternative sources of cells are critical in
this regard. Although NSCs from the hippocampus and other
regions provide a rich source of donor cells for grafting
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following their expansion in culture (Shetty and Turner, 1998;
Shetty, 2004), studies on the efficacy of such cells for
suppressing seizures in animal models of TLE are still in
infancy (see the review by Shetty and Hattiangady, 2007b for
details). Detailed studies on the efficacy of NSC grafts in
animal models of epilepsy are therefore additional require-
ments for further progress in this field.

13. Overall conclusions

The epileptogenesis is a dynamic process with major
modifications taking place at multiple levels, which include
synaptic plasticity, aberrant reorganization of the neuronal
circuitry, alterations in interneuron number and function, and
changes in dentate neurogenesis. The latency period found
between the initial precipitating insult and the development of
chronic epilepsy offers a useful window for application of
promising neuroprotective strategies. Ideally, the initial insult
modification strategy should be efficacious for inducing anti-
seizure, anti-epileptogenic and disease-modifying effects. If
these criteria are met, such an intervention would likely prevent
or at least minimize the progression of an IPI or the SE into
chronic epilepsy characterized by SRMS and cognitive
impairments. Thus, the window between the initial precipitat-
ing insult and the development of chronic epilepsy is important
for applying promising neuroprotection strategies against
epileptogenesis. After going through the various intervention
strategies examined so far in epilepsy models, the following
conclusions emerge.

First, the standard treatment with appropriate AEDs after an
IPI or the SE appears useful as an anti-seizure strategy. Yet, it
should be noted that this treatment is more beneficial if given
early after the onset of acute seizures or brain injury. When given
early after the SE, some of the AEDs were able to minimize
neuronal cell death, and curb the aberrant reorganization of
neuronal circuitry and other epileptogenic changes to some
extent. Despite this, currently no individual AED can be
projected as potential neuroprotectant capable of thwarting
epileptogenesis, as adequate data from animal and human studies
are lacking. Among the conventional drugs, early administration
of diazepam or VPA after the SE appears promising for
preventing chronic epilepsy. Among the new generation AEDs,
only TPM, LTG and VGB seem to have some anti-epileptogenic
effects. Considering these, examining the effects of a combina-
tion of two or more AEDs may be useful for ascertaining their
ability to modify the progression of epileptogenesis.

Second, the high fat KD is gaining considerable importance
for treating or preventing epilepsy because of relatively fewer
side-effects and usefulness in managing refractory epilepsies.
Despite some biochemical complications, neuroprotective
effects of KD are quite evident. Nonetheless, it is still uncertain
whether introduction of the KD after the SE or an IPI will be
efficacious for preventing chronic epilepsy development
and learning and memory impairments. Therefore, detailed
studies are needed to validate the KD approach as a potent
neuroprotective therapy for preventing epileptogenesis and the
occurrence of chronic epilepsy after an IPI or the SE.

Third, the neurotrophic factors and their receptors appear to
be important targets for anticonvulsant drug development. From
the studies so far, it emerges that blocking the activity of BDNF
and NGF has promise for suppressing epileptogenesis and
preventing chronic epilepsy development after the SE or an IPI.
Additionally, in view of their ability to suppress epileptogenic
changes, strategies that increase the levels of GDNF and NT-3
may be advantageous for suppressing chronic epilepsy devel-
opment after the SE. Clearly, additional long-term studies are
needed to fully ascertain the utility of these approaches.

Fourth, because of their ability to provide neuroprotection in
excitotoxic conditions, the antioxidants resveratrol and
curcumin are promising as powerful neuroprotective drugs
against acute seizures or the SE in future, as these compounds
have almost nil side-effects, considerable anti-apoptotic
properties and ability to protect neurons against seizures.
Nonetheless, it will be essential to determine in future whether
the antioxidant-mediated neuroprotection is adequate for
preventing the SE-induced epileptogenesis, the development
of SRMS, and learning and memory impairments. Among the
major gonadal steroids, low-dose PROG administration appears
useful for suppressing seizures as well as enhancing GABA-
ergic function. In contrast, because of both anticonvulsant and
proconvulsant actions, estrogen administration may not be
useful for restraining chronic epilepsy development after the
SE. On the other hand, some of the steroid metabolites,
endogenous neurosteroids and EPO have some promise.

Fifth, the cell transplantation therapy (using either fetal
hippocampal cells or NSCs as donor cells) is emerging as an
alternative therapeutic strategy for preventing and treating
chronic epilepsy. Appropriate fetal cell grafting shortly after the
SE induced injury appears efficacious for blocking multiple
processes of epileptogenesis and facilitating useful compensa-
tory repair mechanisms for restoring the abnormal neural
circuitry after an IPI. Effective structural recovery, suppression
of excitatory inputs, restoration of GABAergic function and
calbindin re-expression in the lesioned adult hippocampus is
some of the fruitful indications foretelling neuroprotection
efficacy of neural cell transplants. However, detailed studies in
animal models of seizures are needed before this approach can be
applied clinically. Additionally, availability of fetal cells is
severely limited, which necessitates the development of
alternative sources of donor cells such as NSCs or embryonic
stem cells for grafting in future (SanMartin and Borlongan, 2006;
Yasuhara et al., 2006a, b; Shetty and Hattiangady, 2007b).
Additionally, rigorous characterization of these donor cell types
following grafting in animal models of epilepsy are needed to
determine their efficacy for thwarting chronic epilepsy after an
IPIL. Thus, the prospect of cell transplantation therapy for TLE
looks promising but is not ready for clinical application.

Taken together, it is apparent that promising neuroprotective
strategies need to be employed immediately after the initial
precipitating injuries for forestalling the development of
abnormal excitatory circuitry in the injured brain. Potential
neuroprotection and treatment strategies for preventing chronic
epilepsy are illustrated in Fig. 9. The interventions such as the
administration of drugs, the KD, the neurotrophic factors, the
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Fig. 9. Potential neuroprotection and treatment strategies for preventing the chronic epilepsy development after an initial precipitating injury. An IPI leads to
abnormal structural and functional reorganization of the brain circuitry, which gradually develops into chronic epilepsy characterized by spontaneous recurrent motor
seizures (SRMS). A number of molecular as well as organizational level alterations occur during this gradual process. The neuroprotective interventions such as
administration of the anti-epileptic drugs (AEDs), the ketogenic diet therapy (KD), the neurotrophic factors such as GDNF and NT-3, the antioxidants such as
resveratrol and Curcumin and transplants of cells containing fetal hippocampal cells or neural stem cells may be beneficial immediately after an IPI for preventing
subsequent epileptogenesis. The potential treatment strategies either during or after latency periods may also help in controlling the SRMS and cognitive deficits.
Additionally, pre-conditioning with natural anti-oxidants may be effective in reducing IPI or seizure induced brain damage and the consequent epileptogenesis.

antioxidants and neural cell transplantation would be more
efficacious if applied immediately after an IPI, as this early
intervention may considerably prevent hippocampal neurode-
generation and abnormal reorganization of the hippocampal
circuitry. The application of these interventions during the
latent period (i.e. before the commencement of SRMS) may
also be useful for preventing chronic epilepsy and learning and
memory impairments. On the other hand, the application of
interventions during the early phase of chronic epilepsy may be
useful for reducing chronic seizures and improving cognitive
functions. Additionally, pre-conditioning strategies such as
regular dietary intake of antioxidants like resveratrol and
curcumin may prove beneficial for both minimizing neurode-
generation in susceptible neuronal targets of the SE and for
preserving normal brain function during and after initial insults.
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