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Summary: A high percentage of patients with temporal lobe
epilepsy (TLE) are refractory to conventional pharmacother-
apy. The progressive neurodegenerative processes associated
with a lifetime of uncontrolled seizures mandate the develop-
ment of alternative approaches to treat this disease. Transplan-
tation of inhibitory cells has been suggested as a potential
therapeutic strategy to achieve seizure suppression in humans
with intractable TLE. Preclinical investigations over 20 years
have demonstrated that multiple cell types from several sources
can produce anticonvulsant, and antiepileptogenic, effects in
animal models of TLE. Transplanting GABA-producing cells,
in particular, has been shown to reduce seizures in several
well-established models. This review addresses experimenta-
tion using different sources of transplantable GABAergic cells,

highlighting progress with fetal tissue, neural cell lines, and stem
cells. Regardless of the source of the GABAergic cells used in
seizure studies, common challenges have emerged. Several vari-
ables influence the anticonvulsant potential of GABA-producing
cells. For example, tissue availability, graft survival, immunoge-
nicity, tumorigenicity, and varying levels of cell migration, differ-
entiation, and integration into functional circuits and the microen-
vironment provided by sclerotic tissue all contribute to the efficacy
of transplanted cells. The challenge of understanding how all of
these variables work in concert, in a disease process that has no
well-established etiology, suggests that there is still much basic
research to be done before rational cell-based therapies can be
developed for TLE. Key Words: GABA, cell transplantation,
temporal lobe epilepsy, seizures, genetic engineering.

INTRODUCTION

The CNS has a relatively limited capacity for neuro-
genesis and self-repair. Diseases that are the result of
progressive neural losses, such as Alzheimer’s and Par-
kinson’s disease, are particularly devastating. The greater
the amount of neural tissue loss, the more refractory to
pharmacotherapy the patients become, and the greater
the negative effects on the quality of life of patients,
families, and caregivers.
Cell replacement therapy seems an obvious therapeu-

tic approach for diseases associated with depletion of
specific cell populations, and, after decades of promising
preclinical research, it was tried clinically on a large
scale with fetal grafts for Parkinson’s disease.1,2 The
therapeutic outcomes of the clinical trials were less than
expected, however, and were complicated by a number
of serious issues, including the emergence of graft-in-
duced adverse effects.3,4 Some of the autopsied grafts

exhibited parkinsonian neuropathology, which suggests
that they were affected by the disease process within the
host.5,6 If transplantation for neurological diseases is to
be pursued, consideration of the clinical goals of neural
replacement therapy (treating symptoms of the disease or
the disease process) and a rational determination of the
cases that may benefit from this surgical alternative are
warranted.

CELL-BASED THERAPY FOR
NEUROLOGICAL DISEASES

A number of benefits have been reported for cell trans-
plantation in models of clinically intractable diseases
such as Parkinson’s disease,7 Huntington’s disease,8 and
temporal lobe epilepsy.9 These data demonstrate that this
approach may have the potential to serve as a surgical
alternative for pharmacoresistant neurological diseases
associated with lost or damaged brain tissue.10 Even if
the underlying cause of a disease is not corrected by
neural transplantation, relief of neurological symptoms
might improve the quality of life for patients consider-
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ably. In some otherwise refractory cases, symptomatic
relief may provide more than simply palliative benefits.
For example, in the case of intractable epilepsy, if neural
transplantation provided protection from severe chronic
seizures, it would protect against the progressive adverse
consequences associated with frequent recurrent sei-
zures.11 Although there are many forms of epilepsy with
a wide range of etiologies,12 some cases are thought to be
potential targets for cell-based therapy: specifically, the
cases that are associated with localized brain damage and
that are refractory to pharmacotherapy.
Arguments supporting the exploration of neural trans-

plantation for temporal lobe epilepsy (TLE) are that it is
a disease linked to losses in specific cell populations,13 a
localized pathophysiology,14 and pharmacoresistance.12

The principal alternative therapy for pharmacoresistant
TLE is temporal lobe resection, wherein the epileptic
focus (or epileptogenic zone12) is removed surgically.
This approach has a high success rate in terms of seizure
relief,15 but comes with the cost of a frequent reliance on
toxicity-producing antiepileptic drugs, the loss of func-
tioning brain tissue,12 and the memory deficits reported
in many studies.16–19 The TLE patients who have bilat-
erally originating seizures, or seizures that originate in
tissue related to speech, do not qualify for resection and
few options exist for these patients. For these reasons,
cell-based therapy has been identified as a possible al-
ternative to resection.9,20,21

Transplantation in TLE
Despite relatively meager preclinical data, a small

number of humans have received transplants of fetal
porcine mesencephalon into epileptic hippocampi, and
some benefit was reported.22 The trials were suspended
because of concerns of potential cross-species virus
transfer. This early report of clinical success is promis-
ing, but must be viewed with some caution in light of
reports of only transient clinical benefit after cerebral
transplantation surgery,23 and reports of adverse effects
produced by fetal transplants in humans with Parkinson’s
disease.3,4 Additionally, preclinical studies have reported
epileptogenicity resulting from hippocampal transplants
of fetal tissue.24–26

The aggressive leap into clinical application illustrates
the desperate nature of the search for effective therapies
for pharmacoresistant TLE. It also highlights the need for
attaining a greater understanding of the potential of cell-
based therapies for TLE through rigorous preclinical ex-
perimentation, with the concomitant goal of developing
safeguards against the potential problems that can arise
with this approach.
The consensus view is that the epileptic brain suffers a

pathological imbalance of excitation over inhibition.
Some research has emphasized the loss of inhibitory cell
function in the highly epileptogenic hippocampus and

parahippocampal areas.13,27–29 The loss of function of
key GABA-containing interneurons in the dentate gyrus,
for example, may release the excitatory dentate granule
cells from GABAergic inhibition and be permissive for
seizure expression.30 Other studies emphasize the altered
circuits that result from the synaptic rearrangement that
follows loss of cells in the temporal lobe.31,32 Patholog-
ical circuits could lead to hypersynchrony, seizure-pro-
moting recurrent excitation, or both.
Other important changes at the genetic level can alter

the seizure circuits. For example, gene regulation is per-
turbed by seizures,33 and this leads to ectopic expression
of transmitter molecules that could promote seizures.34,35

In all cases, the cell replacement strategy would be
designed to restore normal levels of inhibition to the
seizure-prone area or areas of the brain while sparing the
rest of the CNS from potentially toxicity-producing in-
hibition. This could be achieved simply by raising the
inhibitory tone of the epileptogenic zone, without alter-
ing the existing circuitry, with a strategically placed bo-
lus of inhibitory cells—providing the cells do not mi-
grate from the site of transplantation.36 Alternatively, the
goal could be the replacement of lost or dysfunctional
inhibitory cells, and the restoration of the circuits that
they normally comprise in nonpathological tissues.
This could be achieved by transplanting a cell type
that can disperse from the injection site and migrate
into damaged areas, where the cells would differenti-
ate into GABAergic neurons and integrate into circuits
based on the chemical cues of the microenvironment.37

An additional objective might be to provide missing
targets for axons of excitatory cells (e.g., the mossy
fibers of dentate granule cells) to promote rewiring and
the undoing of excitatory epileptic circuits.38 These dif-
ferent hypotheses have influenced the experimental ap-
proach in preclinical studies.
The many considerations involved in the experimental

design of transplantation studies for epilepsy include the
cell type and tissue source of the grafted cells, the ana-
tomical target within the host (i.e., the seizure focus or a
seizure modulating nucleus), the migratory potential of
the grafted cells, and the consequences of synaptic inte-
gration within the host (which can be prevented by cell
containment within a matrix or by the use of cells that
do not form synaptic contacts, such as glial cells39,40).
Several recent reviews have described various tissue
sources and cell types that have been used in models
of TLE.9,21,41

Over the last 20 years, several cell types and tissue
sources have been evaluated for their potential antiepi-
leptogenic or anticonvulsant effects after transplantation
into models of TLE.21 For example, fetal tissue rich in
cells producing norepinephrine,42,43 acetylcholine,44–46

or GABA47–49 has been shown to retard the development
of seizures, primarily in the kindling model of epilepsy.21
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Immortalized neural cell lines (both neuronal and glial)
engineered to overexpress glutamate decarboxylase (GAD)
and GABA have been shown to suppress seizures in
several seizure model.50–54

More recently, rodent embryonic stem cells (SCs) that
overproduce adenosine36 and human embryonic SCs that
can differentiate into GABAergic neurons55 have been
shown to suppress seizures. Some reports indicate that
synaptic integration within the host is not required for
seizure relief,56 and that anticonvulsant effects can be
achieved by raising GABA concentrations focally57 (at
least in the short term), but others stress the need for
synaptic integration and brain repair for effective seizure
control.20,41

GABA-producing cells for TLE
A number of studies have focused on GABAergic cells

as the source of material for transplantation. Cells that
produce and release the inhibitory amino acid GABA
are a clear choice for transplantation in epilepsy.9,21

GABAergic cell losses in brain areas involved in seizure
generation or propagation (or both) have been consis-
tently observed in animal models of TLE,58 and the loss
of GABAergic populations in epileptogenic zones has
been confirmed in resected tissue taken from patients
with TLE.13 Although some debate can legitimately be
raised concerning the therapeutic potential of tonically
released GABA59 and the altered physiology of GABA
receptors in refractory TLE patients60, the empirical pre-
clinical evidence suggests that GABAergic cells can pro-
vide relief from seizures in well-characterized models of
TLE.

Fetal and embryonic tissue transplants
In the last decade, a number of studies investigating

fetal transplantation have advanced the concept that cell-
based therapies for TLE are feasible. These studies have
demonstrated that both seizure control and, to some de-
gree, circuit repair within damaged temporal lobes can be
achieved in models of TLE. Löscher et al.48 showed that
transient seizure control could be achieved by transplant-
ing GABA-rich fetal tissue into the substantia nigra (SN)
using the kindling model of epilepsy. Animals with es-
tablished seizures had higher afterdischarge thresholds
and lower seizure severity scores after transplantation,
compared with their pretransplantation measures. No sig-
nificant changes were seen after control non-GABAergic
spinal cord tissue was transplanted. This was a proof-of-
principle study, showing that GABA-producing cells
could modulate experimental seizures when placed in a
region that has been shown to serve as a GABA-respon-
sive gate for the expression of seizures.61–63

In a 2008 report, striatal tissue containing neural pre-
cursor cells was shown to suppress the expression of
spontaneous seizures following status epilepticus (SE)
when transplanted into the hippocampus bilaterally 4

days after the initial seizure.64 After a series of studies
that established a graft pretreatment strategy that in-
creases the survival of fetal grafts after transplantation,65

this group used the procedure to treat striatum collected
from 15-day-old rat embryos containing cells capable of
differentiating into GABAergic neurons. These cells
were grafted into a rat model of TLE that produces
spontaneous seizures. This study was important for a
number of reasons. First, it extended the anticonvulsant
effect of transplanted cells from days to several weeks
(reported in other studies51,53,55) to several months to 1
year, by pretreatment of the tissue with growth factors
and antiapoptotic agents. Second, it demonstrated that, in
a model of SE that produces hippocampal and extrahip-
pocampal damage (also seen in clinical cases of TLE66),
transplanting exclusively into the hippocampus could
block seizure occurrence. Third, it showed that the ther-
apeutic transplant was predominantly composed of
GABAergic neurons.
A series of fetal transplant studies have investigated

circuit repair within the hippocampus of animals that
have experienced SE. Repair of hippocampal damage
produced by the excitotoxin kainate, a pattern of damage
that has overlapping features of temporal lobe sclerosis,
has been approximated using homotopic fetal trans-
plants,67 and these treatments have been shown to reduce
epileptogenicity,65 possibly by reducing the aberrant
mossy fiber growth thought to contribute to chronic sei-
zure development.38,68

Axons from dentate granule cells, known as mossy
fibers, can sprout into the inner molecular layer of the
dentate gyrus, where they can potentially synapse onto
granule cell dendrites to create an epileptogenic excita-
tory loop. A means to diminish mossy fiber sprouting is
an important advance, and suggests the possibility that
some transplantable cell types may not only increase
inhibition by raising GABA levels but may reduce exci-
tatory drive by reconstituting a nonpathological circuit.
Nonetheless, in these reports of circuit repair, the fetal

tissue grafts remain as ectopic clusters of cells at the
injection site (sometimes infiltrating the ventricles) and
do not form consistently reproducible, or recognizable,
hippocampal cell layers, and there are limitations related
to compatibility between the tissue source and the target
region within the host.67 Report of seizure induction
produced by ectopically placed hippocampal transplants
makes this a serious concern.25,69 Additionally, poor sur-
vival of the transplants is associated with delay of trans-
plantation, relative to the initial injury.70

Some of the limitations of hippocampal fetal tissue
dispersal and integration within the host hippocampus
might be addressed by using a cell source that is less
differentiated and that can still respond to migratory
cues. Embryonic cells capable of migration and differ-
entiation have a demonstrated capacity to integrate into
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extant cell layers after dispersal, even in the adult.71

Rodent embryonic tissue from the lateral ganglionic em-
inence and medial ganglionic eminence (the source of
most cortical interneurons) can disperse into, and align
within, both cortical cell layers and hippocampal pyra-
midal cell layers, and within the hilar region of the
dentate gyrus.37 These cells differentiate into recogniz-
able and biochemically appropriate interneurons, and can
increase GABA-mediated inhibition within the dentate
gyrus. To date, these cells have not been used in models
of TLE, but it has been suggested.20

Despite the advances made with fetal grafting into
models of TLE, there remain major limitations to fetal
transplants that can compromise experimental design and
interpretation. Obligate tissue heterogeneity makes it diffi-
cult to assign the therapeutic effect solely to GABAergic
cells in these studies, and control tissue typically comes
from heterotopic areas of the fetal brain that are pre-
sumed to be non-GABAergic. Characterization of the
transplanted cells in tissue sections using immunohisto-
chemical techniques narrows the analysis to subpopula-
tions of cells. Interpretations using this methodology are
confounded by the fact that undetected cell types could
potentially contribute to proconvulsant or anticonvulsant
effects. Using transplants in Parkinson’s disease patients
as an example, the question has been raised of how, and
to what extent, contaminating serotonergic cells (recently
identified as a major part of the mixed population within
transplants evaluated after autopsy) contribute to the
long-term therapeutic potential.72 Some researchers are
pursuing transplantation strategies in models of TLE by
genetically engineering transplantable GABA-producing
cell lines. This method avoids many of the ethical and
practical problems that are associated with the clinical
use of fetal tissue, and the approach has been productive
when applied to animal models of epilepsy.

Genetically engineered GABA-producing cells
We40,52,53,73 and other investigators44,48,50,51,56,57,74–77

have shown that transplants of genetically modified in-
hibitory cells can modulate seizures in animal models of
TLE. A large number of these studies have used genet-
ically engineered GABA-producing neural cells. The
ability to generate self-renewing clonal populations of
transplantable GABA-producing cells provides an un-
limited cell source and a level of control that has not been
available in prior experimentation using cellular trans-
plants for the treatment of seizures.
Cells can be engineered to express either of the two

major isoforms of the GABA-synthesizing enzyme,
GAD65 and GAD67. Both isoforms have been intro-
duced into immortalized neural populations to produce
GABAergic cell lines.78,79 There is a dogmatic belief that
GAD65 contributes more GABA to the transmitter pool
and that GAD67 contributes more GABA to a metabolic

pool. This idea is largely driven by the fact that GAD65

is found predominantly in the neuropil and GAD67 is
found predominantly in the cell soma80, but the reported
heterodimerization of the two isoforms81 and distribution
of GAD67 in GAD65 knockout mice raises questions
about this assumption.82 Whether GABA is stored in
vesicles and released primarily under depolarizing con-
ditions or whether GABA was released tonically or non-
synaptically (or both), from transplanted cells, could
have a considerable effect on the ultimate physiological
effect of transplanted cells.
The use of clonal GABA-producing cell lines has pro-

vided a means to investigate transplant-induced seizure-
suppression using a homogeneous population of GABA-
producing cells50,51,53,54,83 Clonal cell lines have been
engineered using two main strategies: 1) GABA-produc-
ing neural cells have been immortalized with oncogenes,
and these cells have also been additionally engineered
with GAD67 to make them GABA-overexpressing cell
lines50, and 2) non-GABAergic neural cells have been
immortalized84 and then converted to a GABAergic phe-
notype by engineering the cells to express GAD65.

52

Although the transplantation of cells containing onco-
genes (e.g., the SV40 large T oncogene) raises concerns
about tumorigenicity, the use of genetically modified85

or temperature-sensitive variants of the oncogene52,78

(conditional immortalization) has largely avoided the
problem of tumor formation.
A major advantage to using clonal, self-renewing

GABA producing cell lines, is that they can be well
characterized in vitro prior to transplantation. For exam-
ple, individual cell lines can be compared biochemically
and morphologically over many passages under different
growth conditions.78 The cells can be tested for both
basal and evoked release of GABA, and the concentra-
tions of released GABA can be quantified (FIG. 1). In
this way, selection of lines with desired release charac-
teristics can be made, based on the experimental aims.
Some cell lines have been developed with regulatable
promoters driving the GAD enzyme, so that GABA pro-
duction and release is under tight control (FIG. 1C). If
similar strategies were adapted to clinical applications, it
would permit individualized treatments and a mechanism
to reduce adverse effects related to GABA-overproduc-
tion.
GABA-producing cell lines have demonstrated the

ability to retard the development of seizures, and block
the expression of established seizures in the kindling
model of epilepsy.50–52,54,73,83 GAD65-engineered mouse
cortical neurons and astrocytes, transplanted into the hip-
pocampus54 or the anterior SN52, have been shown to be
antiepileptogenic with the ability to slow the develop-
ment of electrical kindling through daily entorhinal cor-
tex stimulation. The cortical neurons, engineered with
regulatable GAD, affect hippocampal electrical activity
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after transplantation into the dentate gyrus by raising
afterdischarge thresholds and shortening afterdischarge
durations. Hippocampal transplants slow kindling in a
doxycycline-dependent manner.54 Biochemical analysis
of hippocampal regions containing the transplanted cells
shows that focal tissue elevations in GABA concentra-
tion are produced by GAD-engineered cells in the ab-
sence, but not in the presence of the controlling agent
(Fig. 1D). This is important if the desired goal is to raise
inhibition only in an epileptogenic zone, while protecting
other regions of the brain from enhanced inhibition.
Striatal cells that are engineered with GAD67 become

GABA-overexpressing, and these cells have been eval-
uated for both antiepileptogenic and anticonvulsant ef-
fects in seizure models. Two months after transplantation
into the anterior SN, engineered striatal neurons have
been shown to raise the amount of systemically delivered
kainate necessary to induce seizures, and to suppress the

development of generalized seizures.50 Anticonvulsant
effects of these cells on established, electrically induced
seizures has been also been reported after transplantation
into the SN, but the effects in that study were short-
lived83; this study raised important concerns about the
potential immunologic response of the epileptic brain to
foreign gene products. This is particularly relevant to
GAD overproducing cells, because of the known immu-
nogenic properties of this enzyme.86,87

GAD-engineered cell lines have been transplanted into
the anterior SN of animals that exhibit spontaneous sei-
zures following lithium-pilocarpine (LiPC) -induced, and
kainate-induced, SE. In the LiPC study, there was a
significant reduction of established spontaneous seizures
in animals transplanted with GABA-producing cells,
compared with animals transplanted with the parental
cells engineered with a reporter molecule, with some
animals becoming seizure-free. Notably, the effect was

FIG. 1. Characterization of GABA production and release in genetically engineered cell lines, using high performance liquid chroma-
tography. Immortalized rat striatal cells were transfected with human GAD67 and evaluated for total GABA content (A) and depolariza-
tion-induced release (B). The characterization of the M213-20 cell line was performed after maintaining the cells in culture for 12–15
months. Immortalized mouse cortical neurons were transfected with rat GAD65 under the control of a tetracycline-regulatable vector. The
cells were characterized for GABA content (C, black bars) and release into the media (C, gray bars) in the presence of doxycycline (a
tetracycline derivative) (in ng/mL). Control over the therapeutic transgene can also be achieved in vivo. Animals were transplanted with
GABA-producing cells in one hippocampus and green fluorescent protein (GFP)–producing cells in the other. The GABA concentration
more than doubled on the side that received GABA-producing cells, but not in the group of animals that received 1 mg/mL of
doxycycline in their drinking water (D). GAD � glutamate decarboxylase; GFP � green fluorescence protein. (Images A and B are
reproduced, with permission, from Exp Neurol 2000;161:453–461.78)
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reversible; when the animals were given doxycycline in
their drinking water, it suppressed transcription of the
GAD65 transgene.53 Among the beneficial effects of
transplantation of GABA-overexpressing cells in this
kainate-induced SE study was a reduction of the percent-
age of animals that experienced severe seizures for as
long as 12 weeks after transplantation, and reduced mor-
tality in the animals that received GABA-overexpressing
cells. Biochemical evaluation of the transplanted tissue
in that study showed that GABA concentrations were
elevated in the target tissue for the duration of the ex-
periment.51

Cells derived from genetically engineered neural cell
lines provide a number of experimental advantages, but
they also have limitations that diminish their clinical
potential. Besides the concerns of tumorigenicity, and
immunogenicity, a major problem has been an inability
to sustain long-term effects due to the lack of survival or
integration of cells derived from neuronal cell lines in the
majority of studies. Limited survival of the transplanted
cells has yielded only transient therapeutic effects in
most studies—although survival alone may not be the
only important determinant of lasting effects, because
fetal transplants were reported to provide only transient
seizure suppression despite the long-term survival of
GABAergic cells.48

To date, there is no report of GAD-engineered neuro-
nal cells becoming fully differentiated, and integrated
into the seizure circuit of the host; the lack of integration
may limit access to trophic factors and thus reduce the
survival potential of these cells. Vascular integration
is also important and has been addressed only anec-
dotally.54 The transient benefit of engineered cell lines
has limited the possibility of investigations with a clin-
ically relevant experimental design. Reviews on this
topic have highlighted these limitations.9,21 Although re-
cent investigation has sought to address the survival is-
sue by using allografts (rat GABA-producing cell lines
into rat brain), that study was complicated by issues
seemingly related to the particular epilepsy model and
the cell line that was used.83 Other survival-promoting
strategies, such as pretreating cells with survival fac-
tors,88 or engineering them with molecules that promote
angiogenesis,89,90 may be a way to enhance the survival
potential and efficacy of genetically engineered GABA-
producing cell lines.
The clinical goal would be to transplant cells that

produce a sustainable therapeutic effect for the life of the
patient. In TLE, the loss of both principal cells and
GABAergic interneurons in circuits that are critical for
learning and memory justifies the search for transplant-
able cell types that not only increase GABAergic inhi-
bition, but can, ideally, repopulate multiple cell layers
with neurons of the appropriate phenotype and rebuild
nonpathological circuits in a predictable manner in scle-

rotic tissue. Recent report of a transplant-induced reduc-
tion of the supragranular sprouting88 and the associated
reduced spontaneous seizure occurrence seen in an ani-
mal model of SE-induced epilepsy after hippocampal
grafting suggests that some approximation of circuit re-
pair can been achieved with hippocampal transplants. As
noted, however, reconstitution of normal cytoarchitec-
ture has not been demonstrated in those studies.
An obvious path of exploration for cell-based therapy

would be transplantation using a cell type that demon-
strated both long-term survival and the capacity to inte-
grate into areas with damaged or lost brain tissue and the
ability to repair those sites in a region-specific manner.
Ideally, the cells would also have growth characteristics
that make possible the development and propagation of
clonal cell lines, and the option of genetic engineering,
for conditional immortalization or for the introduction of
therapeutic genes. Embryonic SCs and neural stem/pro-
genitor cells (NSC) meet these conditions.
Undifferentiated embryonic SCs,91 NSC derived from

embryonic SCs, and neural progenitor cells92 all have the
ability to differentiate into neural phenotypes and inte-
grate into the adult brain in a region-specific manner.
Stem cells can be engineered in culture to express mol-
ecules that drive phenotypic differentiation,93 therapeutic
molecules,94 oncogenes (useful for slow propagating
SCs and progenitor cells),95 and reporter molecules that
permit tracking and identification of SC derivatives in
the host brain.

STEM/PROGENITOR CELL TRANSPLANTS

Although a large number of studies have evaluated the
therapeutic potential of SCs and their derivatives in mod-
els of neurologic disease,10,75,96 research using SCs for
transplantation into seizure models is extremely limited.
A recent review tabulated just three peer-reviewed stud-
ies.41 This seems odd, considering that the default dif-
ferentiation pathway for many rodent and human neural
SC lines in culture seems to be GABAergic neurons.97,98

In models of traumatic brain injury with hippocampal
degeneration, SCs have been reported to migrate into the
injured dentate gyrus and differentiate into neurons and
glia,99 and predifferentiated GABAergic cells derived
from embryonic SCs can restore sensorimotor function
after traumatic brain injury.100 Furthermore, differentia-
tion and integration of SC lines into all hippocampal
subfields of the aged brain was associated with improve-
ment in spatial learning, which is thought to be hip-
pocampus dependent.101 These data seem to indicate a
potential for using SCs to raise hippocampal inhibition
and to restore functional circuitry within seizure dam-
aged areas.
The anticipated potential of SCs has not been fully

realized in the few published studies in which they have
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been transplanted into seizure models.41 Rüschenschmidt
et al.102 reported that embryonic SC–derived neural pre-
cursor cells transplanted into the hippocampi of both
naïve animals and animals that had experienced SE could
demonstrate neural physiology and develop local cir-
cuits. There was no evidence of cell type–specific dif-
ferentiation within the hippocampus at 1 month after
transplantation, nor was there evidence of neural repair.
Some evidence of region-specific migration and dif-

ferentiation of embryonic SC–derived neural progenitor
cells was shown after transplantation into the dentate gyrus
of animals that were given the convulsant drug kainate, and
then injected with cells within the CA3 region of the hip-
pocampus and the fimbria 7 days later.103 After migration
into the dentate, most of the cells remained undifferen-
tiated and had markers of immature neuroblasts thought
to give rise to granule cells and astrocytes. Prior seizures
seemed to protect the immunocompromised animals
from the formation of tumors, suggesting a unique mi-
croenvironment in the epileptic brain.
When neural SCs, derived from the hippocampi of

embryonic mice, were transplanted into the kainate-le-
sioned rat brain, limited differentiation was seen. Barely
more than 50% of transplanted neurospheres became
differentiated cells, and only a small percentage of those
cells demonstrated neuronal phenotypes.104 The study
was performed in aged animals, and the inability of the
cells to differentiate into neurons was attributed to the
paucity of differentiation and growth factors in the mi-
croenvironment of injured, aged brain tissue. Some in-
vestigators have argued that the majority of transplant
recipients in clinical settings will in fact be older,
intractable patients suffering from neurodegenerative
processes88 and that therefore transplantation studies in
aged rats should be explored.101

A study by Chu et al.55 is notable for reported reduc-
tion of recurrent spontaneous seizures, cell dispersion
into areas of damage, and enhanced GABAergic inhibi-
tion in the damaged hippocampus after transplantation of
NSC. In that study, animals experienced 1 hour of con-
tinuous seizure induced by LiPC SE. This treatment typ-
ically leads to acute cell death in limbic structures, fol-
lowed later by synaptic reorganization in the dentate
gyrus, and the development of the spontaneous seizures.
Genetically modified human neural SCs, or saline injec-
tions, were introduced into the tail vein of animals at 1
day after they had experienced the hour of generalized
seizure. The animals were evaluated visually for behav-
ioral seizures roughly 1 month after the SE. Slice phys-
iology, and histology, were performed roughly 6 weeks
after SE. The principal findings were that spontaneous
seizure expression was reduced in the SC-injected ani-
mals, and that GABAergic inhibition was increased in
slice preparations from these animals. Additionally, the
tail vein-injected cells selectively infiltrated the damaged

limbic structures (primarily the hippocampi and the piri-
form cortex) with more than 25% of the cells spontane-
ously differentiating into GABAergic neurons. A vast
majority of cells did not show markers of differentiated
neurons. Interestingly, no transplanted cells were found
in the brains of animals that received SCs but had not
experienced seizures, potentially linking seizures to
blood–brain barrier disruptions that would affect cell-
based therapies.105

We have recently reported a mouse embryonic SC line
(ZHTc6) that we genetically engineered with regulatable
GAD65 so that the cells and their derivatives overproduce
GABA in a controlled manner.106 The cells have addi-
tional transgenes that produce unique growth character-
istics and the �-galactosidase reporter molecule.107 We
have transplanted these cells into animals that have es-
tablished seizures resulting from LiPC SE. In these ani-
mals, we have seen dispersion from the sites of trans-
plantation (four bilateral hippocampal injections) into
several brain regions (hippocampal and extrahippocam-
pal). Transplanted cells align within extant cell layers in
a reproducible manner, and the cells assume specific
phenotypes that are dependent on the location of inte-
gration. Integration within the hippocampus occurs pref-
erentially in areas that are heavily damaged by SE and
chronic seizures; for example, more cells are found
within hippocampal pyramidal cell layers than are found
in the dentate granule cell layers (FIGS. 2E and 2F).
Animals that do not have hippocampal damage do not
show this pattern of integration. The transplantation of
these genetically engineered SCs led to seizure suppres-
sion (complete in some cases), despite an extended pe-
riod of chronic epilepsy prior to transplantation (�18
months). In some cases, the seizure suppression could be
reversed when the controlling agent, doxycycline, was
introduced into the drinking water. The combination of
seizure suppression and tissue repair in this study is
encouraging, but much remains to be done in terms of
biochemically characterizing the cells, investigating
whether they are electrically active and integrated into
functional circuits, and determining the durability of the
seizure suppression.

CONCLUSION

GABA-producing cells can raise inhibition and block
seizures in animal models of TLE. Seizure suppression
has been demonstrated with a number cell types. Fetal
tissue grafts composed predominantly, but not entirely,
of GABAergic neurons have a demonstrated ability to
block the expression of established seizures and the de-
velopment of spontaneous seizures when transplanted
into seizure-modulating nuclei of the brain. Within the
hippocampus, homotopic transplants of fetal tissue have
been shown to reduce aberrant axonal sprouting that is
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potentially epileptogenic,88 but these grafts seldom align
along endogenous cell layers or demonstrate recogniz-
able cytoarchitecture, so the question of whether the
grafts produce functional circuits is still open. Embry-
onic GABA neuron precursors from the medial gangli-
onic eminence seem to respond to local cues and insert
themselves into extant hippocampal cell layers more

readily, and it will be worth investigating to see if these
cells can suppress seizures.20

Immortalized neural cell lines that produce GAD and
GABA have the advantage of being a homogeneous,
self-renewing population of GABAergic cells, and the
use of cell lines overcomes some of the practical and
ethical limitations of using fetal tissue. Genetically en-

FIG. 2. GABAergic cells from different sources have different growth characteristics in the host hippocampus. (A,B) Nissl-stained
sections at low (A) and higher (B) magnification from an animal that underwent SE and received GABAergic fetal grafts show clusters
of cells surrounding hippocampal cell layers. These transplants can reduce aberrant mossy fiber sprouting, but there is little restoration
of normal cytoarchitecture. (C,D) Nissl-stained sections at low (C) and higher (D) magnification from a kindled animal that was
transplanted with conditionally immortalized mouse cortical neurons engineered to produce GABA shows the cells existing within the
host as a highly circumscribed bolus, which is typical of this cell type. (E,F) Stem cells that were genetically engineered with both a
reporter molecule and GAD65 under the control of a tet-off promoter were transplanted into an animal that experienced SE induced by
pilocarpine after lithium pretreatment. The cells migrated to, aligned within, and reconstituted the damaged pyramidal cell layer. (E)
Histochemical stain with blue 	-galactosidase reaction product in transplanted cells; the cells differentiated into cell layer appropriate
phenotypes. (F) Immunohistochemical stain with antibody directed against 	-galactosidase. CA1 and CA3 � pyramidal cell layers; DG �
dentate granule cells; DH � dentate hilar region; T � transplant core. (Images A and B are reproduced, with permission, fom Exp Neurol
2008;212:468–481.64)

GABA-PRODUCING CELLS FOR EPILEPSY 291

Neurotherapeutics, Vol. 6, No. 2, 2009



gineering transplantable cells to produce GABA pro-
vides a number of advantages, including control over the
amount of GABA that is produced and released from the
cells. There is little evidence, however, of dispersion or
integration within the host after transplantation of genet-
ically modified GABA-producing cell transplants. Even
though this cell type can suppress many types of exper-
imental seizures,50–54,83 including spontaneous seizures,
the ability of these cells to restore functional circuitry is
questionable. The lack of synaptic integration of these
cells likely reduces access to trophic factors and vascu-
larization by the host, leading, generally, to short-term
survival and short-term benefit.
Recent studies have shown that transplantation of em-

bryonic SCs, and embryonic SC–derived neural stem/pro-
genitor cells can disperse and integrate into the damaged
hippocampus and restore function.99,101 Transplantation of
human NSC is associated with cell dispersion into dam-
aged areas of the limbic system, increased hippocampal
inhibition, and reduction of spontaneous seizures. Many
questions remain to be answered about the ability of SCs
to completely differentiate within the host, and to differ-
entiate into region-specific phenotypes rather than glial
cells in sclerotic hippocampi,108 and the long-term inte-
gration and survival capacity in the seizure-prone brain
of these cells is unknown.
Further development of immortalized GABA-produc-

ing lines109 and neural stem cell/progenitor cell lines that
can differentiate into GABAergic cells and principal
cells is reasonable. Experiments are needed that are de-
signed to understand the survival potential of trans-
planted cells, the site-specific integration and electro-
physiological properties of the cells, and the ability to
suppress seizures on the scale of months to years. The
continued development of transplantation strategies with
GABA-producing cells may eventually lead to a useful
therapeutic alternative for intractable temporal lobe epi-
lepsy.
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