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Abstract Temporal lobe epilepsy (TLE), exemplified by
complex partial seizures, is recognized in ~30% of epileptic
patients. Seizures in TLE are associated with cognitive
dysfunction and are resistant to antiepileptic drug therapy in
~35% of patients. Although surgical resection of the
hippocampus bestows improved seizure regulation in most
cases of intractable TLE, this choice can cause lasting
cognitive deficiency and reliance on antiepileptic drugs.
Thus, alternative therapies that are proficient in both
containing the spontaneous recurrent seizures and reversing
the cognitive dysfunction are needed. The cell transplanta-
tion approach is promising in serving as an adept alternate
therapy for TLE, because this strategy has shown the
capability to curtail epileptogenesis when used soon after
an initial precipitating brain injury, and to restrain sponta-
neous recurrent seizures and improve cognitive function
when utilized after the occurrence of TLE. Nonetheless, this
treatment needs further advancement and rigorous evalua-
tion in animal prototypes of chronic TLE before the
conceivable clinical use. It is especially vital to gauge the
efficacy of distinct donor cell types, such as the hippocam-

pal precursor cells, γ-aminobutyric acid-ergic progenitors,
and neural stem cells derived from diverse human sources
(including the embryonic stem cells and induced pluripotent
stem cells) for longstanding seizure suppression using
continuous electroencephalographic recordings for prolonged
periods. Additionally, the identification of the mechanisms
underlying the graft-mediated seizure suppression and
improved cognitive function, and the development of apt
grafting strategies that enhance the anti-seizure and pro-
cognitive effects of grafts will be necessary. The goal of this
review is to evaluate the progress made hitherto in this area
and to discuss the prospect for cell-based therapy for TLE.
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Abbreviations
AEDs antiepileptic drugs
BDNF brain-derived neurotrophic factor
BNC BDNF, NT-3 and caspase inhibitor
CA1 cornu ammonis 1
CA3 cornu ammonis 3
DG dentate gyrus
EEG electroencephalographic
ES cells embryonic stem cells
FC FGF-2 and caspase inhibitor
FDA food and drug administration
fEPSP field excitatory postsynaptic potential
FGF-2 fibroblast growth factor-2
FHC fetal hippocampal cell
GABA γ-aminobutyric acid
GAD-67 glutamic acid decarboxylase-67
GDNF glial-cell derived neurotrophic factor
ICV KA intracerebroventricular kainic acid
IPI initial precipitating injury
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iPS cells induced pluripotent stem cells
KA kainic acid
MGE medial ganglionic eminance
MGE-NSC medial ganglionic eminence neural stem cell
NPY neuropeptide Y
NSCs neural stem cells
NT-3 neurotrophin-3
PV parvalbumin
SE status epilepticus
SRS spontaneous recurrent seizures
SVZ-NSCs subventricular zone neural stem cells
TLE temporal lobe epilepsy
VNS vagal nerve stimulation

Introduction

Epilepsy affects more than 50 million people worldwide
and temporal lobe epilepsy (TLE) is the leading and the
most difficult to treat type of epilepsy. Although the
etiology of TLE is unknown in most cases, it is typically
seen after an initial precipitating injury (IPI), such as status
epilepticus (SE), traumatic brain injury, tumors, meningitis,
and encephalitis [1–3]. TLE is seen in more than 30% of
epilepsy patients and is typified by multiple hippocampal
abnormalities [4, 5]. These include variable loss of principal
excitatory neurons in different subfields (also referred to as
hippocampal sclerosis), a substantial reduction in the
numbers of diverse subclasses of inhibitory γ-aminobutyric
acid positive (GABA-ergic) interneurons, an aberrant
synaptic reorganization in the dentate gyrus, altered
expression of neurotransmitter receptors and ion channels,
hippocampal hyperexcitability due to an increase in the
overall excitatory tone vis-à-vis the inhibitory function,
spontaneous complex partial seizures (referred to as
spontaneous recurrent seizures [SRS] in animal models of
TLE) originating mostly from the hippocampus, and
impairments in hippocampal-dependent cognitive function
and mood [6–16]. Although a lifelong intake of antiepi-
leptic drugs (AEDs) is effective for restraining seizures in
most patients, a sizeable fraction (>35%) of patients
develop intractable TLE [17]. This is typified by sustained
occurrences of SRS, despite the intake of AEDs, which
submits these patients to the risk of irrepressible seizure
activity. Furthermore, long-term AED therapy has side
effects, and most TLE patients have memory and mood
dysfunction that are not alleviated with AEDs [5, 13, 18,
19].

The treatment choices that are alternative to the intake of
AEDs for TLE are inadequate. The ketogenic diet, effective
for diminishing seizures in children with refractory epilep-
sy, has shown limited capability for remedying adult

patients and this diet is challenging to persevere for
protracted periods [20, 21]. Interventional treatment strate-
gies comprise the surgical resection of the hippocampus and
vagus nerve stimulation (VNS). Although the resection
surgery intended to eliminate the seizure-generating sector
is beneficial for restraining seizures in nearly two thirds of
patients with intractable epilepsy, only a subgroup of
patients with drug-resistant epilepsy is eligible for surgery,
because the seizure-generating zone is not well-delineated
and the surgical resection of the hippocampus often leads to
significant cognitive impairments, loss of viable tissue, and
the possibility of continuing dependence on AEDs [22]. On
the other hand, VNS therapy decreases seizure frequency
by ~50% in only one third of epilepsy patients [23].
Therefore, novel therapies that are efficacious for both
preventing and diminishing SRS, and reversing memory
and mood dysfunction in TLE are needed. In this context,
cell transplantation approach has promise in serving as an
adept alternate therapy for TLE. This is because this
strategy has shown the capability to curb epileptogenesis
(the succession that modifies a normal brain region into an
epileptic precinct) when employed soon after an IPI, and
to contain SRS when utilized after the occurrence of TLE
in pre-clinical studies [24–30]. Because the seizure-
generating zone and the associated cell loss are mainly
localized to the hippocampus in most cases, TLE appears
to be good candidate to treat it with the cell transplantation
approach.

The goal of this review is to evaluate the progress made
hitherto in this area and to discuss the perspective for cell-
based therapy for TLE. The first part of this review
discusses the prospects for preventing or minimizing SRS
through intracerebral grafting of distinct donor cell types (e.
g., hippocampal precursor cells, GABA-ergic progenitors,
and neural stem cells [NSCs] from diverse sources) at early
time points after an IPI in the hippocampus. The next part
of this review confers the efficacy of diverse cell grafts for
restraining SRS and easing cognitive dysfunction when
used after the occurrence of chronic TLE. Additionally,
critical issues that need to be resolved before initiating the
clinical use of cell grafting therapy for TLE are discussed.

Cell Therapy for Restraining Epileptogenesis Shortly
after an Initial Precipitating Injury

The ability of the adult hippocampus for self-repair after
injury is limited, despite the fact that multipotent and self-
renewing NSCs persist in this region and neurogenesis in
the dentate gyrus of the hippocampal formation continues
all through life [27, 31, 32]. As a consequence, spontaneous
replacement of lost neurons with region-specific new
neurons does not occur adequately in the adult hippocam-
pus after injury or disease. In addition, the plasticity of
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surviving neurons and the circuitry of a fraction of newly
born dentate granule cells after the injury appear to be
detrimental toward normalizing the hippocampal function
after injury [24, 27, 33, 34]. These issues have provided an
impetus for replacing lost neurons through grafting of fresh
hippocampal precursor cells obtained from the fetal brain or
NSCs/neuronal progenitors expanded from diverse sources
in animal models of hippocampal injury and TLE [25, 27–
30]. Grafting of specific post-mitotic hippocampal precur-
sor cells shortly after hippocampal injury or SE has
significance, because such an approach has promise for
replacing the lost neurons, as well as facilitating the
reconstruction the disrupted hippocampal circuitry [14, 24,
25, 35, 36]. Grafting of NSCs, on the other hand, is
attractive because of the possibility that immature NSCs to
the injured area may secrete a multitude of beneficial
neurotrophic and anticonvulsant factors and may also
strengthen the inhibitory neurotransmission through addi-
tion of new GABA-ergic neurons to the hippocampal
circuitry [37]. Apt reorganization of the damaged host
hippocampal circuitry by neural cell grafts may also inhibit
or reverse the aberrant circuitry formation observed after
hippocampal injury or SE [14, 36]. Studies that addressed
these issues using cell grafts in models of TLE are
discussed as follows.

Efficacy of Fetal Hippocampal Cell Grafts in a Unilateral
Hippocampal Injury Model of TLE

A unilateral hippocampal injury in adult rats induced
through an intracerebroventricular kainic acid administra-
tion was initially used as a model of TLE for grafting
studies. Because of a substantial loss of CA3 pyramidal
neurons and a significant loss of CA1 pyramidal neurons,
this prototype is believed to be closer to the unilateral
hippocampal sclerosis typically seen in TLE. Several
studies have examined the usefulness of fetal hippocampal
cell grafts placed shortly after injury for facilitating an apt
reconstitution of the damaged hippocampal circuitry and
suppressing many epileptogenic changes [14, 24, 25].
Quantification of the graft cell survival revealed that
survival of grafted cells in the injured adult hippocampus
depends on the specificity of donor cells to the region of
grafting, which was evidenced by a better survival of
hippocampal-derived fetal neurons than fetal neurons
derived from nonspecific regions, such as the striatum
[38]. The studies also showed that the receptivity of the
injured hippocampus for survival of even the specific cell
grafts decreases with time after injury [39]. However, the
fraction of grafted cells that survived the first month of
grafting was shown to persist even after a year of grafting
in this model [40]. Analyses of graft-host connectivity

revealed extensive axonal growth from fetal CA3 cell grafts
into the deafferented inner molecular layer of the dentate
gyrus and the strata oriens and radiatum of the CA1
subfield (Fig. 1) [14]. These cell grafts also established
robust commissural and septal projections [35].

Fig. 1 The pattern and extent of axon growth from a mouse CA3 cell
graft in the host rat hippocampus at 30 days after grafting, visualized
with M6 immunostaining (A1). The graft axon growth into the injured
hippocampus is highly conspicuous in the strata oriens (SO) and
radiatum (SR) of the CA1 subfield (A2), the inner molecular layer (IML)
of the dentate gyrus (DG) (A3), and the dentate hilus (DH) (A3). GCL =
granule cell layer; T = transplant; SP = strata pyramidale. Scale bars =
(A1) 500 μm; (A2, A3) 100 μm. (Figure reproduced with modifications
from (Fig. 4), Shetty et al., J Neurosci 2005;25:8391–8401)
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Furthermore, the fetal cell grafts comprising CA3
neurons promoted several antiepileptogenic effects. First,
they were efficient for normalizing the hippocampal injury-
induced depletions in the numbers of GABA-ergic inter-
neurons (Fig. 2), likely through reinnervation of the
deafferented and GAD-67 deficient interneurons [8]. This
effect is considered beneficial because reactivation of
interneurons could ease the loss of functional inhibition
and hyperexcitability observed in the injured/epileptic
hippocampus. Second, these grafts can greatly diminish
the overall extent of the aberrant mossy fiber sprouting into
the dentate supragranular layer (a type of synaptic reorga-
nization that occurs after hippocampal injury in epilepsy
models and TLE) (Fig. 3) on a long-term basis [14].
Additionally, sprouts of host mossy fibers from the host
principal mossy fiber bundle invaded and densely inner-
vated the larger CA3 pyramidal neurons within grafts
(Fig. 3). It appeared that the suppression of aberrant mossy
fiber sprouting depended on a numerically dense innerva-
tion of more appropriate postsynaptic targets within the
grafts (i.e., CA3 neurons) than the abnormal vacant
synaptic sites in the dentate supragranular layer. Suppres-
sion of this sprouting is considered useful because the
aberrantly sprouted mossy fibers are generally believed to
contribute toward the generation and propagation of
seizures in TLE [14, 41, 42]. Third, grafting of fetal CA3
cells can restore the injury-induced loss of the calcium-
binding protein calbindin in both dentate gyrus and the
CA1 subfield, which is likely a result of restitution of the
disrupted circuitry previously mentioned. Because the loss
of the calbindin after hippocampal injury is linked to
hyperexcitability [43], restoration of calbindin expression
with CA3 cell grafting indirectly implied that specific cell

grafting can ameliorate the injury-induced hyperexcitability
in the hippocampus. Overall, it was suggested in the
previous series of studies that specific cell grafting can
restore the damaged circuitry, as well as minimize several
epileptogenic changes in the injured/epileptic host hippo-
campus. However, the effect of grafts was not directly
examined on the extent of SRS occurring at extended time
points after injury, as behavioral SRS are typically minimal
or inconsistent in this model. Long-term electroencephalo-

�Fig. 2 Comparison of the distribution of GAD-67-positive interneur-
ons in the dentate gyrus (A1-A4) and the CA1 subfield (B1-B4) of an
intact control hippocampus (A1, B1), a kainic acid (KA)-lesioned
hippocampus (A2, B2), a KA-lesioned hippocampus receiving mixed
hippocampal cell graft (A3, B3), and a KA-lesioned hippocampus
receiving CA3 cell graft (A4, B4). Note that, in comparison to the
intact hippocampus, GAD-67-positive interneuron density appears
decreased in both dentate gyrus and CA1 subfield of the lesion-only
hippocampus (A2, B2). In contrast, both of these regions in the
lesioned hippocampus receiving either mixed hippocampal (A3, B3)
or CA3 cell grafts (A4, B4) exhibit interneuron density that is closer to
the intact hippocampus. DH = dentate hilus; GCL = granule cell layer;
ML = molecular layer; SO = stratum oriens; SP = stratum pyramidale;
SR = stratum radiatum. Scale bar=100 μm. The bar chart compares
GAD-67+ interneuron density in the dentate gyrus between different
groups. Compared to the intact control hippocampus, interneuron
density in the lesion-only hippocampus is reduced in all 3 layers of the
dentate gyrus (p<0.05). In contrast, interneuron density in the dentate
gyrus of lesioned hippocampi receiving grafts of either mixed
hippocampal or CA3 cells is comparable with that in the intact
control hippocampus (p>0.05) and significantly greater than the
lesion-only hippocampus (p<0.05). Values are means ± SEM. (Figure
reproduced with modifications from (Fig. 4), Shetty and Turner, J
Neurosci 2000;20:8788–8801)
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graphic (EEG) recordings will be needed in the future to
fully evaluate the usefulness of fetal hippocampal CA3 cell
grafts for preventing SRS in this unilateral injury model of
TLE.

Ability of Fetal Hippocampal Cell Grafts for Diminishing
SE-Induced SRS

To ascertain whether an early grafting after SE would
prevent or diminish the occurrence of chronic TLE typified
by SRS and cognitive dysfunction, grafting studies were
performed in an SE prototype of TLE, induced through
graded intraperitoneal injections of kainic acid [44, 45].
Because of the partial bilateral loss of both CA1 and CA3
pyramidal neurons in this model, mixed fetal hippocampal
cell grafts were placed bilaterally into the hippocampi at
4 days post-SE. The results revealed that such cell grafting
is effective for considerably attenuating chronic epilepsy on
a long-term basis. The hippocampal cell grafts were found
to be efficient for suppressing the frequency (~90%
reduction) and duration (~75% reduction) of behavioral
SRS for prolonged periods [45]. A greatly diminished SRS
in the grafted hippocampus was also revealed through
direct EEG recordings at 6-months postgrafting. Histolog-
ical analyses revealed robust long-term survival (equivalent
to ~67% of injected cells) and apt differentiation of grafted

hippocampal precursor cells into the neurons (91% of
surviving cells), GABA-ergic interneurons (16%), and CA3
pyramidal neurons (19%). In comparison to hippocampi of
rats that underwent SE alone, hippocampi of rats that
underwent SE and received hippocampal cell grafts
exhibited minimal aberrant mossy fiber sprouting, a
significant preservation of calbindin in dentate granule
cells, and increased numbers of neuropeptide Y (NPY) and
parvalbumin (PV) positive interneurons. These beneficial
effects observed after hippocampal cell grafting were
specific to the presence of grafted hippocampal cells, as
grafting of nonspecific cerebellar cells or sham-grafting
surgery did not impede the SE-induced robust chronic
epilepsy development [45]. Additional studies showed that
grafting of hippocampal precursor cells as previously
described considerably eased the spatial learning and
memory deficits that are typically associated with SE-
induced TLE [46].

Efficacy of Grafts of GABA-Producing Cells
for Diminishing SE- or Kindling-Induced SRS

It is believed that an increased excitatory neurotransmission
found in the epileptic hippocampus is partly due to a
reduced number of GABA-ergic interneurons [8, 9], loss of
functional inhibition [47–49], and diminished numbers of

Fig. 3 Extent of the mossy fiber sprouting in the dentate gyrus of
control, lesion-only, and lesioned, grafted animals. (A1) Example of
the intact control hippocampus. (A2) Enlarged view of the upper blade
of the dentate gyrus (A1), which demonstrates the absence of aberrant
mossy fiber sprouting in the dentate supragranular layer (DSGL)
(black asterisks). (B1) Example of the lesion-only hippocampus at
12 months after injury, and (B2-B4) regions of the upper blade, the
crest, and the lower blade of the dentate gyrus (B1) demonstrate very
robust aberrant mossy fiber sprouting into the DSGL (white asterisks).
(C1) An example of the lesioned hippocampus receiving (CA3) cell
grafts at 4 days after injury and analyzed at 1 year after grafting. The
transplant (boundaries depicted by interrupted lines) is located in the

(CA3) region. Figures in (C2-C4) are regions from the upper blade,
the crest, and the lower blade of the dentate gyrus (C1) and show
minimal aberrant mossy fiber sprouting into the DSGL (black
asterisks). (C5) Illustrates the innervation of the transplant by host
mossy fibers. (C6) Enlarged view of the boxed region in (C5) of the
transplant in shows clusters (CA3) of pyramidal neurons surrounded
by mossy fiber terminals. DH = dentate hilus; GCL = granule cell
layer; Hps = hippocampus; KA = kainic acid; MFB = mossy fiber
bundle; T = transplant. Scale bars = (A1, B1, C1) 500 μm; (A2, B2-
B4, C2-C4, C6) 100 μm; (C5) 200 μm. (Figure reproduced with
modifications from (Fig. 1), Shetty et al., J Neurosci 2005;25:8391–
8401)
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GABA-ergic terminals [50, 51]. From this perspective, the
idea of restraining SRS in the epileptic hippocampus via
grafting of cells that just release the inhibitory neurotrans-
mitter GABA at seizure foci has received much attention
[28]. Accordingly, the efficacy of grafting of different
GABA-producing cells into different regions of the brain
for restraining SRS has been evaluated in several models of
TLE. Bilateral grafting of conditionally immortalized
neurons engineered to produce GABA into the substantia
nigra of rats at 45 to 65 days after SE resulted in fewer SRS
at 1 to 10 days postgrafting in comparison to the SE group
that received only control cells [52], suggesting that
grafting of cells that simply produce GABA can also
diminish SRS if grafted into the seizure-modulating
nucleus. Several other studies have also examined the
effects of grafting of GABA-producing cells into the
dentate gyrus or the substantia nigra on SRS in both
kindling and SE models [53–57]. Transplantation of these
cells were associated with increased GABA levels, en-
hanced local electrical seizure threshold, and delayed onset
of behavioral SRS in the kindling model of epilepsy [53]
and diminished extent of seizures in SE models [55, 56].

Although these results are interesting and provide a
proof of principle for suppressing SRS using GABA-
producing cells, it is unknown whether cells engineered to
produce GABA are capable of exhibiting enduring survival
and maintaining GABA release on a long-term basis in the
epileptic brain. From this perspective, grafting of GABA-
ergic precursor neurons appears attractive for long-term
functional recovery, as these cells can be obtained from
discrete regions (such as the medial and lateral ganglionic
eminences) of the fetal brain. Indeed, a study has
demonstrated that bilateral grafting of GABA-ergic striatal
precursor cells pre-treated with fibroblast growth factor
(FGF)-2 and caspase inhibitor into hippocampi at 4 days
post-SE is efficacious for diminishing SE-induced chronic
epilepsy through long-term survival and differentiation into
GABA-ergic neurons [58]. Analyses at 9 to 12 months
postgrafting revealed that the overall frequency of behav-
ioral SRS was 67 to 89% less than that observed in SE rats
that underwent sham-grafting surgery and SE rats that
received neither grafts nor sham-grafting surgery (Fig. 4).
Graft cell survival was ~33% of injected cells and ~69% of
surviving cells differentiated into GABA-ergic interneurons
(Fig. 5), which comprised subclasses expressing calbindin,
PV, calretinin, and NPY. Grafting also preserved hippocam-
pal calbindin but had no effects on the aberrant mossy fiber
sprouting in the dentate gyrus.

Thus, grafting of appropriately treated striatal precursor
cells into hippocampi shortly after SE is proficient for
greatly reducing SRS on a long-term basis in the chronic
epilepsy period. Presence of a large number of GABA-ergic
neurons in grafts further suggested that strengthening of the

inhibitory control in the host hippocampus likely underlies
the beneficial effects mediated by grafts. Consistent with
these findings, a study has shown that grafting of GABA-
ergic precursor cells from the medial ganglionic eminence
(MGE) into the hippocampi of mutant postnatal mice
lacking a shaker-like potassium channel (Kv1.1./Kcna1;
mimicking a neuronal ion channelopathy associated with
epilepsy in humans) greatly reduces both frequency and
duration of spontaneous EEG seizures [59]. Likewise, a
recent study has shown restoration of the hippocampal
inhibitory function with grafting of MGE-derived GABA-
ergic precursor cells in a mouse prototype of seizure
susceptibility, induced through an injection of the neuro-
toxic saproin conjugated to substance P [60].

Effects of Grafts of Adenosine-Producing Cells
for Reducing Kindling or SE-Induced SRS

In addition to grafting of GABA-producing cells, a
succession of investigations have ascertained the outcome
of grafts of encapsulated fibroblasts engineered to release

Fig. 4 Effects of striatal precursor cell grafting shortly after status
epilepticus (SE) on the extent of chronic epilepsy. The bar chart
illustrates the frequency of spontaneous recurrent motor seizures
(SRMS) at 9 to 12 months post-SE in different groups of rats that
underwent SE. Values in different groups represent means and
standard errors. Both rats receiving no grafts (i.e., epilepsy-only rats,
n=5) and rats receiving sham grafting surgery (n=5) exhibit ~3.0
SRMS/h during this period. In sharp contrast, epileptic rats receiving
striatal precursor cell grafts (treated with fibroblast growth factor-2
and a caspase inhibitor Ac-YVAD-cmk, n=5) exhibit considerably
diminished frequency of SRMS during this period. Overall, there was
67 to 89% decrease in seizure frequency in the grafted group in
comparison to epilepsy-only and sham grafting surgery groups
(***p<0.001). (Figure reproduced with modifications from (Fig. 2),
Hattiangady et al., Exp Neurol 2008;212:468–481)
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the brain’s endogenous anticonvulsant adenosine on SRS
[61–64]. In standard conditions, adenosine is produced by
the astrocytes. However, in epileptic environments because
of the upregulation of the adenosine kinase the concentra-
tion of adenosine is greatly reduced in the hippocampus.
An initial study reported that grafting of these cells into the
brain ventricles of rats kindled in the hippocampus induces
temporary reductions (lasting ~2 weeks) in behavioral SRS
and after discharges. The use of mouse myoblasts engi-
neered to release adenosine also revealed similar transient

suppressing effects on SRS in ~50% of animals [65]. The
ephemeral nature of helpful effects in these studies
insinuated that either the grafted cells fail to exhibit
enduring survival in an ectopic location or the quantity of
adenosine released by these cells becomes scarce with the
passing of time. Grafting of embryonic stem (ES) cell-
derived neural precursors that are engineered to release
adenosine through biallelic genetic disruption of the
adenosine kinase gene (Adk-/-), however, resulted in
sustained protection against developing generalized SRS

Fig. 5 Differentiation of grafted
striatal precursor cells into neu-
rons and γ-aminobutyric acid
(GABA) positive neurons.
(A1-A3) Examples of 5'-
bromodeoxyuridine (BrdU)-pos-
itive grafted cells that differen-
tiated into neuron-specific
nuclear antigen (NeuN) positive
neurons (arrows) using BrdU
and NeuN dual immunofluores-
cence. (A4-A8) Illustrates Z-
section analyses of grafted cells
that are positive both BrdU and
NeuN, using confocal micros-
copy. (B1-B3) Examples of
grafted cells that are differenti-
ated into GABA-positive neu-
rons (arrows) using BrdU and
GABA dual immunofluores-
cence. (B4-B8) Illustrates Z-
section analyses of a grafted cell
that is positive for both BrdU
and GABA using confocal mi-
croscopy. (C1) Bar chart depicts
average numbers of BrdU-
positive cells, NeuN-positive
neurons, and GABA-ergic neu-
rons derived from individual
striatal precursor cell grafts in
the hippocampus. (A1-A3, B1-
B3)=20 μm; (A4-A8, B4-B8)=
10 μm. (Figure reproduced with
modifications (Fig. 5), from
Hattiangady et al., Exp Neurol
2008; 212:468–481)
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in a kindling model of TLE [66] and suppression of SRS in
mice when grafted after the epileptogenesis-precipitating
brain injury [67]. These results are indeed promising for
future development of stem cell-mediated adenosine deliv-
ery for treating TLE. However, it remains to be validated
whether cells engineered to release adenosine have the
ability to deliver adequate amount of adenosine on a
permanent basis in chronic epileptic conditions, as such
delivery is not likely to be dependent on the synaptic
activity of neurons. Hence, it will be vital to scrupulously
investigate the practicality of these grafts placed into the
brain of animals exhibiting chronic SRS. Additionally, it is
unknown whether the extent of seizure suppression medi-
ated through increased concentrations of adenosine would
be sufficient for reversing cognitive and mood dysfunction
seen in chronic TLE.

Efficacy of Grafts of Neural Stem Cells for Easing
Injury or SE-Induced SRS

NSCs are attractive for use as donor cells for grafting
in TLE because these cells can be expanded in culture
for extended periods from diverse sources, such as the
fetal, postnatal, and adult brain human ES cells and
human-induced pluripotent stem (iPS) cells [68–73].
The reasons for using NSC grafting therapy for suppress-
ing SRS in TLE include their ability to: 1) migrate
profusely into different cell layers of the hippocampus, 2)
give rise to a sizable fraction of neurons synthesizing the
inhibitory neurotransmitter GABA, and 3) generate
astrocytes secreting the anticonvulsant factors such as
the glial-derived neurotrophic factor (GDNF) [37, 74, 75].
In addition, NSC grafting has promise for easing
cognitive and mood dysfunction seen in TLE, as NSCs
can be a source of multiple neurotrophic factors that are
capable of increasing the proliferation of endogenous
NSCs and boosting the extent of net hippocampal neuro-
genesis [76], one of the substrates believed to be
important for maintaining the hippocampal-dependent
cognitive function and mood [77–81].

One of the earlier studies examined the efficacy of an
intravenous administration of beta galactosidase-encoded
(β-gal+) human NSCs at 1 day after the induction of SE for
suppressing SRS [82]. Evaluation at 28 to 35 days post-SE
revealed SRS in only 13% of rats that received NSC grafts
after SE, in contrast to SRS in 87% of rats that underwent
SE alone. Analyses of the field excitatory postsynaptic
potentials in the CA1 subfield revealed smaller field
excitatory postsynaptic potentials in rats that received
NSC grafts after SE than rats that underwent SE alone.
These functional effects were associated with the presence
of variable numbers of β-gal+ NSC graft-derived cells in

multiple regions of the brain including the hippocampus
and differentiation of some of the graft-derived cells into
GABA and PV expressing interneurons. It is possible that
the introduction of new GABA-synthesizing cells into the
inhibitory circuitry of the injured hippocampus underlies
the reductions in SRS in this study. In another study, NSCs
obtained from the adult subventricular zone (SVZ)-NSCs
were expanded in culture as neurospheres, and neurosphere
cells were grafted into the rat hippocampus at 1 week after
a hippocampal injury induced through a unilateral intra-
cerebroventricular kainic acid administration [83]. This
study showed that the KA-treated rats receiving NSC grafts
exhibited reduced frequencies of abnormal spikes at 2 to
3 weeks postgrafting in comparison to the KA-treated rats
receiving nonspecific grafts, implying that NSC grafting
shortly after injury has the ability to decelerate the process
of epileptogenesis. These effects were associated with
improved survival of subclasses of host GABA-ergic
interneurons and reduced aberrant sprouting of mossy
fibers, which suggested that SVZ-NSC grafting after injury
induces some anti-epileptogenic effects in the host. Fur-
thermore, the frequency of abnormal spikes was found to be
inversely proportional to the numbers of surviving graft-
derived cells, implying that a reduced frequency of
abnormal spikes in grafted animals is linked to the presence
of graft-derived cells. However, the possible differentiation
of graft-derived cells into GABA-ergic interneurons and the
effects of grafting on SRS were not evaluated.

A recent study investigated the efficacy of grafting of
NSCs from the embryonic day 19 hippocampus (expanded
as neurospheres in vitro) into hippocampi of adult rats at
1 week after the induction of SE for diminishing SRS in the
chronic phase after SE [74]. To facilitate better survival and
neuronal differentiation after grafting, the donor cells were
treated and grafted with the neurotrophic factors FGF-2 and
the brain-derived neurotrophic factor (BDNF). The results
showed that rats receiving hippocampal NSC grafts after
SE exhibited a considerably diminished frequency and
intensity of behavioral SRS at 4 to 6 months postgrafting in
comparison to rats that received sham-grafting surgery after
SE (82-90% reduction in all seizures and 89-93% reduction
in stage-V seizures; p<0.01). Further evaluation of SRS at
6 months postgrafting using EEG recordings for 4 days
demonstrated that grafting of NSCs is also efficacious for
reducing the EEG seizures (53-63% reduction in compar-
ison to epilepsy-only and sham-grafted groups; p<0.001) in
the chronic phase after SE [84]. Moreover, grafting of
hippocampal NSCs after SE ameliorated the memory and
mood dysfunction associated with SE-induced chronic
epilepsy [84]. Histological analyses revealed pervasive
migration of NSC graft-derived cells into different regions
of the hippocampus and the overall yield of graft-derived
cells was equivalent to ~50% of the injected cells.
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Additional analyses demonstrated the ability of hippocam-
pal NSCs to give rise to GABA-ergic neurons (equivalent
to ~15% of graft-derived cells) following grafting into the
epileptic hippocampus and to exert a neuroprotective effect
on the survival of host interneurons positive for the NPY
and PV [84]. These properties likely underlie the dimin-
ished SRS and improved memory and mood function
observed in rats that received NSC grafts after SE. Overall,
the several beneficial effects shown with grafting of
hippocampal NSCs in this study are relevant for the future
clinical application of NSC grafting for restraining TLE
development after a hippocampal injury inflicted through
acute seizures, SE, stroke, or head injury.

Cell Therapy for Easing Chronic TLE

The patients with drug-resistant TLE are the most likely
candidates for cell grafting therapy among the epilepsy
patient population as an alternative to hippocampal resec-
tion surgery. Hence, it is important that graft-efficacy
studies will need to be performed in prototypes where
animals exhibit chronic epilepsy at the time of grafting. As
seizures in TLE mainly originate from the hippocampus
and are associated with cognitive impairments and reduced
hippocampal neurogenesis, it is also important to examine
the effects of cell transplantation into hippocampi of
animals that exhibit not only SRS, but also cognitive
impairments at the time of grafting intervention. The
relevant graft efficacy studies performed so far are
discussed as follows.

Usefulness of Fetal Hippocampal Cell Grafts for Easing
Chronic TLE

A study by Rao et al. [26] investigated both survival and
anti-seizure effects of embryonic day 19 fetal hippocampal
cell (FHC) grafts pretreated with different neurotrophic
factors and a caspase inhibitor. Grafts were placed
bilaterally into the hippocampi of 3 groups of rats
exhibiting kainate-induced chronic TLE, where the fre-
quency of behavioral SRS varied from 0.38 to 0.44/h. The
first group received standard (untreated) FHC grafts, the
second group received pretreated FHC grafts that were
transplanted with (BDNF, neurotrophin-3 and caspase
inhibitor [BNC] treated FHC grafts), and the third group
received FHC grafts pretreated and transplanted with FGF-
2 and Ac-YVAD-cmk (FGF-2 and caspase inhibitor [FC]
treated FHC grafts). A fourth group of rats with chronic
epilepsy served as epilepsy-only controls. Epileptic rats
receiving standard FHC grafts exhibited 119% increase in
the frequency of behavioral SRS at 2 months postgrafting,
consistent with the 125% increase in seizure frequency

observed in epilepsy-only controls during the same period
(Fig. 6). In contrast, in the epileptic rats receiving FHC
grafts treated with BNC or FC, the frequency of behavioral
SRS was 33 to 39% less than their pre-transplant scores and
73 to 76% less than rats receiving standard FHC grafts or
epilepsy-only controls (Fig. 6). The yield of surviving
neurons was equivalent to 30% of injected cells in standard
FHC grafts, and 57 to 98% in FHC grafts treated with BNC
or FC. Furthermore, rats receiving FHC grafts pretreated
with either BNC or FC exhibited greater numbers of graft-
derived neurons and GABA-ergic inhibitory interneurons in
hippocampi. Because the extent of damage to different
hippocampal cell layers inflicted by the grafting procedure
and the locations of grafts were similar in the 3 transplant
groups, it appeared that diminished frequency of SRS
observed in animals receiving BNC or FC-treated trans-
plants is linked to the addition of a large number of new
neurons (including GABA-ergic interneurons) from these
grafts to chronically epileptic hippocampi. Taken together,
this study provided the first evidence for the ability of

Fig. 6 Progression of the frequency of spontaneous recurrent motor
seizures (SRMS) in different groups of chronically epileptic rats at 4,
5, and 6 months poststatus epilepticus (SE). Note that the in epileptic
rats receiving no grafts and the epileptic rats receiving standard
hippocampal fetal cell (HFC) grafts, the frequency of SRMS increases
dramatically during this period. In contrast, in the epileptic rats
receiving grafts treated with brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and caspase inhibitor (C.I.), or grafts
treated with fibroblast growth factor (FGF)-2 and C.I., the frequency
of SRMS declines significantly. Comparison of the frequency of
SRMS between the different groups at 4, 5, and 6 months post-SE
reveals that the frequency of SRMS in the epileptic rats was similar in
all groups at 4 months post-SE. However, at 1 to 2 months postgrafting,
the frequency of SRMS in rats receiving grafts treated with BDNF, NT-3,
and C.I., or grafts treated with FGF-2 and C.I., is considerably less than
the frequency observed in the epileptic rats receiving either no grafts or
standard HFC grafts. (Figure reproduced with modifications (Fig. 2),
from Rao et al., Neurobiol Dis 2007;27:117–132)
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appropriately treated FHC grafts to restrain behavioral SRS
in a rat model of chronic TLE.

A follow-up study examined the long-term efficacy of
FHC grafts treated with FC and placed bilaterally into the
hippocampi of rats exhibiting robust (2.0-3.0/h) SRS [85].
Measurement of SRS through intermittent direct observa-
tion (32 h/month) for 5 months after grafting uncovered
progressive decreases in the frequency of behavioral SRS in
rats receiving grafts. At 4 to 5 months postgrafting
(equivalent to 9–10 months post-SE), the frequency of
behavioral SRS was reduced to 11% of the frequency
observed at the time of grafting. In contrast, in chronically
epileptic rats receiving sham-grafting surgery and chroni-
cally epileptic rats receiving no surgery, the frequency of
behavioral SRS at 9 to 10 months post-SE remained
comparable to the frequency of SRMS observed at 5 months
post-SE. Moreover, epileptic rats receiving FHC grafts
exhibited 71% reduction in the duration of individual SRS.
Short-term EEG recordings at 6 months postgrafting
corroborated with the findings from behavioral SRS
measurements. Graft analyses revealed robust long-term
survival of grafted cells (with a recovery that is equivalent
~81% of injected cells), and a majority (95%) of grafted
cells differentiated into neurons (and ~10% into GABA-
ergic inhibitory interneurons). Thus, grafting of FHCs
treated with FC into the hippocampus was found to be
highly efficacious for restraining SRS on a long-term basis
in a rat model of chronic TLE.

Efficacy of MGE Precursor Cell Grafts for Treating
Chronic TLE

The precursor cells from the MGE are one of the donor cell
types that are being considered for treating chronic TLE
with great interest. This is because the epileptic hippocam-
pus exhibits an altered inhibitory function, and MGE is the
source of most hippocampal GABA-ergic interneurons in
the developing brain, and the observation that GABA-ergic
interneurons derived from the MGE cells display ability for
both functional integration and increasing the extent of
inhibition when grafted into the normal postnatal brain [59,
86]. Therefore, a recent study examined the effects of
grafting of freshly harvested MGE cells from gestation day
14 of rat brains into the hippocampi of rats exhibiting KA-
induced chronic TLE typified by SRS and spatial memory
dysfunction [87]. Quantitative measurements revealed a
greatly reduced behavioral SRS in epileptic rats receiving
MGE precursor cell grafts. The overall reductions in
comparison to their pre-grafting seizure scores were 91%
for the frequency of all SRS, 93% for the total percentage
of time spent in SRS, and 100% for the frequency of stage-
V seizures. Additional comparison with the epilepsy-only

group revealed that MGE precursor cell grafting greatly
reduced both behavioral and EEG seizures. Analyses of
spatial memory scores between the pre-grafting and post-
grafting periods showed that MGE cell grafting eased the
memory dysfunction seen before grafting. It was demon-
strated that the grafts had a survival that is equivalent to
~30% of injected cells and a migration pattern that is
somewhat restricted to the immediate surrounding regions
of the graft core. Furthermore, grafted cells differentiated
into large numbers of GABA-ergic interneurons including
the subclasses that are positive for NPY, somatostatin, and
PV. Thus, grafting of MGE precursor cells into the
hippocampi of rats exhibiting chronic TLE result in the
addition of substantial numbers of GABA-ergic neurons,
the reductions in both frequency and intensity of SRS, and
an improved spatial memory function. However, the
mechanisms underlying these functional effects are yet to
be ascertained.

Therapeutic Effects of Medial Ganglionic Eminence
Neural Stem Cell Grafts in a Model of Chronic TLE

A recent study examined the effects of grafting of NSCs
expanded in vitro from the embryonic MGE into hippocampi
(80,000 cells/graft; 4 grafts on each side) of adult rats
exhibiting kainate-induced chronic TLE with cognitive
impairments for ~12 months [37]. At 3 months after MGE-
NSC grafting, the frequency of behavioral SRS was
decreased by 43%, the duration of individual SRS was
reduced by 51%, and the frequency of stage V seizures (the
most severe form of SRS) was reduced by 90% (Fig. 7).
However, sham grafting surgery had no effect on chronic
epilepsy. Graft-derived cells migrated extensively into
different layers of the CA3 subfield and the lateral regions
of the CA1 and DG subfields throughout the anteroposterior
axis of the hippocampus. Quantification of the total numbers
of graft-derived cells demonstrated a yield that was
equivalent to 28% of injected cells or ~81,536 cells per
hippocampus. Extrapolation of the yield of graft-derived
cells with percentages of different phenotypes suggested that
MGE-NSC grafting resulted in addition of more than 10,000
new neurons, 46,000 new astrocytes, 2,000 new oligoden-
drocyte progenitors and 8,000 new GABA-ergic neurons into
each hippocampus of chronically epileptic rats. A substantial
fraction (~50%) of cells derived from the MGE-NSC grafts
also expressed the GDNF, which morphologically appeared
to be astrocytes. This resulted in addition of more than
40,000 new GDNF + cells into each hippocampus of the
epileptic rats. Furthermore, MGE-NSC grafting restored
GDNF expression in the host hippocampal astrocytes.

A significant suppression of SRS by NSC grafts
appeared to be due to both additions of GABA-ergic
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neurons and GDNF secreting cells, and restoration of the
GDNF expression in the host hippocampal astrocytes. This
is because: 1) GABA-ergic function is reduced in TLE [6,
8, 9, 15, 48]; 2) grafting of cells that just release GABA can
facilitate transient anti-seizure effects [28, 29, 53, 56, 88];
3) axons of GABA-ergic neurons derived from the MGE
cell grafts exhibit a high propensity for increasing the
extent of inhibition in the normal postnatal brain [59, 86];
and 4) increased GDNF levels in the epileptic brain restrain
SRS [89, 90]. However, rigorous electrophysiological,
electron-microscopic, and biochemical studies are needed
in the future to confirm these possibilities. Transplantation
of the MGE-NSC grafts did not reverse the hippocampal-
dependent spatial learning and memory deficits; however,
this could be due to the fact that MGE-NSC grafting did not
improve hippocampal neurogenesis, which is a substrate
believed to be important for hippocampal-dependent learn-
ing and memory function [78–81], and exhibits a substan-
tial decline in chronic TLE [91, 92]. Furthermore, MGE-

NSC grafting did not result in the replacement of the lost
CA1 or CA3 pyramidal neurons in the host hippocampus. It
is possible that restoration of the cognitive function may
need a much higher level of seizure suppression than what
was observed in this study. Additionally, grafting of NSCs
that are capable of substantially enhancing the extent of
hippocampal neurogenesis via both engraftment into the
neurogenic region and stimulation of the endogenous NSCs
(Hattiangady et al., [76] in 2007) or grafting of cells that
have the ability to differentiate into hippocampal pyramidal
neurons and restore the damaged CA1-CA3 circuitry [8, 14,
26] may also be helpful. Overall, this study provided novel
evidence that grafting of MGE-NSCs into the hippocampi
is a promising approach for suppressing SRS in chronic
TLE. However, additional strategies for improving: 1) the
yield of graft-derived GABA-ergic neurons, 2) the overall
seizure suppression; and 3) the hippocampal neurogenesis
and cognitive function, will need to be developed prior to
any clinical application of this strategy.

Fig. 7 Long-term effects of
medial ganglionic eminence
(MGE)-neural stem cell (NSC)
grafting (a-d) on spontaneous
recurrent motor seizures
(SRMS) in chronically epileptic
rats. The Y-axis in bar charts (a)
and (c) denotes the average
numbers of seizures per session
(4-h block) of observation. Note
that MGE-NSC grafting consid-
erably decreases the seizure fre-
quency (a), the duration of
individual seizures (b), the se-
verity of seizures (c), and the
total time spent in seizures (d).
*p<0.05; **p<0.01. (e, f) The
bar charts show seizure fre-
quency and seizure duration in
chronically epileptic animals
that received sham-grafting sur-
gery. Sham-grafting surgery
does not alter the seizure fre-
quency or the seizure duration in
chronically epileptic rats. (Fig-
ure reproduced with modifica-
tions (Fig. 3), from Waldau et
al., Stem Cells 2010;28:1153–
1164)
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Efficacy of ES Cell-Derived NSC Grafts for Easing
Chronic TLE

A recent study has examined the effectiveness of grafting
NSCs originated from the mouse ES cells into the hippocam-
pus of kindled epileptic mice displaying the stage V seizures
for controlling SRS [75]. Assessment of SRS at 6 weeks
following the grafting through behavioral surveillance
revealed a partial recovery from seizures in all animals that
received NSC grafts. The improvement was however
demonstrated only in terms of decreases in the intensity of
seizures (i.e. from the stage V seizure to the stage III/IV
seizure) but was significant in comparison to the sham-
operated rats presenting the stage V seizures through the
equivalent time period. Qualitative immunohistochemical
analyses showed some differentiation of the graft-derived
cells into neurons including neurons that are positive for the
GABA synthesizing enzyme GAD-67. Even though this
study provided the suggestion that NSCs derived from the
ES cells are also useful for restraining SRS in a TLE model,
there are quite a few drawbacks in this study. These include:
1) short discontinuous investigations of SRS (i.e., at 2, 4, and
6 weeks after the grafting); 2) no EEG recordings to
document all SRS occurring in the entire postgrafting
observation period; and 3) no quantitative correlation
between the phenotype of the NSC graft-derived cells (such
as cells positive for GAD-67) and SRS.

Conclusions and Future Directions

After reviewing grafting studies that have been conducted so
far in animal models of TLE, the emerging conclusions are
that cell therapy pertaining to epilepsy has 2 major goals. One
of the goals is to use grafting intervention as a prophylaxis
against chronic epilepsy development after an IPI. The other
goal is to use grafting for containing SRS and improving
cognitive function after the occurrence of chronic TLE.

The occurrence of SRS in the chronic phase after insults,
such as SE or head injury, is believed to be due to both
hippocampal neurodegeneration and multiple epileptogenic
changes that ensue in the hippocampus after injury. The
evolution into a chronic TLE state progressively occurs after
an IPI. Hence, interventions that are efficacious for blocking
or greatly reducing the epileptogenic processes have great
significance for reducing the likelihood of developing
chronic TLE after a hippocampal injury occurring from
causes such as SE, stroke, and traumatic brain injury. Indeed,
several cell grafting approaches into the hippocampus shortly
after an IPI have shown considerable efficiency for diminish-
ing the frequency and intensity of SRS and cognitive
dysfunction in the chronic phase after an IPI. Nonetheless,
there is no proof so far to support that neural cell grafting
after an IPI can effectively prevent the occurrence of chronic

TLE. Hence, clinical application of neural cell grafting as a
prophylaxis against chronic epilepsy development after an
IPI is not recommended at this time. Rigorous analyses of
anti-epileptogenic effects of diverse donor cell types that are
easily accessible will be needed in IPI models of TLE. The
donor cells may include hippocampal precursor cells,
GABA-ergic progenitors, and NSCs obtained from diverse
sources, including the human ES cells and the human iPS
cells, as the technology for generating such cells from these
sources is currently being developed [93, 94]. The use of
such cells would also prevent the dependency on human fetal
derived cells, which are difficult to obtain in sufficient
quantities required for grafting, and their use is also
restrained because of ethical concerns [25].

On the other hand, neural cell grafting treatment may be
suitable for restraining SRS in chronic TLE patients. This is
particularly true for intractable TLE because the available
treatment options, such as AED intake, VNS, and ketogenic
diet are ineffective and have considerable side effects. The
option of hippocampal resection surgery may not be
feasible for all patients with intractable TLE and may result
in severe cognitive dysfunction. To date, grafting of several
cell types (e.g., fetal hippocampal precursor cells, MGE
precursors, and MGE-NSCs) has shown considerable
efficacy for restraining SRS when applied shortly or at
prolonged periods after the onset of TLE in animal models.
Although precise mechanisms by which neural cell grafts
mediate seizure suppression are unknown, correlative
analyses in different studies suggest that neural cell
grafting: 1) adds, substantial numbers of the GABA-ergic
interneurons and GDNF-secreting cells (likely astrocytes)
into the epileptic host hippocampus [37]; 2) induces the
reactivation of the host hippocampal GABA-ergic inter-
neurons [8]; 3) facilitates the restoration of the GDNF
expression in the host hippocampal astrocytes [37]; and 4)
diminishes the aberrant mossy fiber sprouting in the dentate
gyrus [36]. In this context, an earlier Food and Drug
Administration-approved study of porcine fetal GABA-
ergic cell xenografts in 3 patients with AED-resistant partial
epilepsy showing efficacy for seizure suppression is very
relevant [28, 95]. Although the porcine to human xeno-
grafting clinical trials had to be halted by the Food and
Drug Administration because of the potential risk of
porcine derived retroviruses, the results of this human
study and the several recent studies in animal models of
chronic TLE do support the use of apt GABA-ergic
progenitors for treating drug-resistant TLE in the near
future. However, additional rigorous studies are needed to
reach the stage of clinical trials. Such studies should
examine the efficacy of hippocampal and GABA-ergic
progenitors, as well as NSCs derived from sources, such as
human ES cells and human iPS cells for enduring survival
and ability to generate significant numbers of GABA-ergic

732 Shetty



interneurons and GDNF-secreting astrocytes after grafting
into the hippocampus in animal models that exhibit SRS for
prolonged periods prior to the grafting intervention. Such an
animal prototype would be critical for these studies to simulate
the scenario in drug-resistant epilepsy. Furthermore, assess-
ment of seizure suppression using continuous video EEG
analyses for months after grafting will be required to
rigorously gauge the anticonvulsant properties of distinct
grafts on a long-term basis. Additionally, it will be important
to determine whether the synaptic integration of graft-derived
GABA-ergic interneurons underlies the suppression of SRS.
This should also include evaluation of the effects of graft-
derived GABA-ergic interneurons on host brain activity at
both cellular and network levels [96]. Although a clear
demonstration of the efficacy may be adequate for a
treatment to be approved by the Food and Drug Adminis-
tration, comprehending the mechanisms of seizure suppres-
sion mediated by different grafts will be important for further
improving the overall therapeutic benefit of grafts.

Another issue that may emerge is that some grafting
strategies might suppress SRS via increased inhibition, but
may fail to improve the cognitive and mood function in chronic
TLE [37]. From this perspective, application of combined
strategies may be considered. This may include grafting of
neural cells (hippocampal or MGE progenitors or NSCs) into
the hippocampus with: 1) systemic administration of hippo-
campal neurogenesis-enhancing factors such as neurotrophic
factors, antidepressants, antioxidants, dietary supplements, or
small molecules; and 2) NSCs that are engineered to release
neurogenesis enhancing factors. Furthermore, developing
strategies that are proficient for enhancing the overall yield
of graft-derived GABA-ergic interneurons and GDNF secret-
ing cells, the connectivity of graft-derived GABA-ergic
interneurons, and the engraftment of graft-derived NSCs into
the neurogenic region of the hippocampus to restore the
greatly waned hippocampal neurogenesis observed in chronic
TLE [91, 92] will be helpful.
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