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Abstract
We have previously shown that intranigral transplants of immortalized GABAergic cells decrease
the number of kainic acid-induced seizures [5] in an animal model. In the present study, recurrent
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spontaneous behavioral seizures were established by repeated systemic injections of this excitotoxin
into male Sprague Dawley rats. After the seizures had been established, cells were transplanted into
the substantia nigra. Animals with transplants of control cells (without hGAD67 expression) or with
sham transplants showed a death rate of more than 40% over the 12 weeks of observation, whereas
in animals with M213-2O Cl4 transplants, the death rate was reduced to less than 20%. The M213-2O
Cl4 transplants significantly reduced the percentage of animals showing behavioral seizures; animals
with these transplants also showed a lower occurrence of stage V seizures than animals in the other
groups. In vivo and in vitro analyses provided evidence that the GABAergic cells show sustained
expression of both GAD67 and hGAD67cDNA, as well as increased GABA levels in the ventral
mesencephalon of transplanted animals. Therefore, transplantation of GABA-producing cells can
produce long-term alleviation of behavioral seizures in an animal model.
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Neural transplantation; human glutamate descarboxylase-67 (GAD67); gamma-aminobutyric acid
(GABA); temporal lobe epilepsy; animal models; substantia nigra pars reticulata; gabaergic cell line;
kainic acid; high performance liquid chromatography; status epilepticus

INTRODUCTION
The earliest studies demonstrating functional effects of fetal tissue transplants employed animal
models of Parkinson’s disease [4,14,35] and diabetes insipidus [15] and involved
transplantation of fetal tissue known to produce neurochemicals that can alleviate these
conditions, i.e. dopamine or vasopressin. It has reasonably been presumed that the influence
of intracerebral transplants would be spatially limited, and these disorders were targeted
because of their known localized pathophysiology. Other disorders, for which the underlying
defect is similarly localized, might also be good candidates for neural transplantation-based
therapeutic approaches.

Of all disorders that might conceivably be treated by neural transplantation, epilepsy would
seem to be ideal: some forms of epilepsy are focal in nature, and in many cases epilepsy is not
adequately controlled by drugs. In animal models, generalized or kindled seizures can be
suppressed by local injections of GABAergic drugs into the substantia nigra or pyriform cortex
[21,27]. Thus, it seems reasonable that local delivery of an inhibitory neurotransmitter, e.g.
GABA, by transplanted cells might be used to reduce excess neuronal excitability in brain
regions from which seizures are generated.

The principle of employing localized release of GABA to inhibit seizures was demonstrated
in a study by Kokaia and coworkers [28] through the use of implanted GABA-releasing
polymers. These polymers produced a localized release of GABA into the brain and suppressed
seizures, at least for the few days during which high-level GABA release was sustained. This
study suggests that fairly high concentrations of GABA released non-synaptically would be
required to obtain functional effects in epilepsy, perhaps in order to obtain high local
concentrations comparable to those achieved at synapses [7]. Nevertheless, there has been little
progress in developing a transplantation-based therapeutic approach for the treatment of
epilepsy, since neural transplantation has not been demonstrated to produce long-term
suppression of established seizures in animal models.

Many studies have shown that grafts of fetal noradrenergic, cholinergic, and GABAergic
neurons and cells can suppress subsequently induced seizures, in some cases with considerable
intervals between the transplantation and seizure induction [1,3,12,13,29,30]. Another group
of studies of transplantation of fetal brain regions containing GABAergic or noradrenergic
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neurons indicated only minor effects on established seizures [25,26,40,44], or a short lasting
effect [31]. One recent study has shown that intrahippocampal grafts of hippocampal fetal cells
treated with neurotrophic factors and a capase inhibitor survive robustly and reduce the
frequency of spontaneous motor seizures measured two-months after grafting [37].

Lately, attention has turned to the possibility of employing cell lines engineered to produce
high levels of GABA in epilepsy models. For example, Gernert and coworkers [17] found that
transplantion of cells modified to express the GABA-synthesizing enzyme GAD65, elevated
initial seizure thresholds. Seizure thresholds subsequent to kindling were not significantly
elevated, although the transplanted cells continued to express GAD65 at least for the duration
of the experiment, i.e. three weeks. Ross and coworkers [38] found that cells engineered to
express human GAD67 decreased audiogenic seizures for two weeks. Thompson [42] found
that transplantation of cells engineered to express GAD65 into the dentate gyrus increased the
threshold and reduced the duration of the after discharge induced by granule cell stimulation
and also slowed the appearance of stage V seizures after stimulation of the entorhinal cortex.
Using transplants of the same cell line into the substantia nigra, Thompson and Suchomelova
[43] were able to produce a short-term (one week) suppression of previously established
seizures. Castillo et al. [5] also demonstrated an effect of cells expressing human GAD67 on
seizures induced subsequently by kainic acid-induced kindling. None of these studies using
engineered cell lines have demonstrated a long-term seizure-suppressant effect.

To develop cells for transplantation in epilepsy, we have taken the approach of first, employing
immortalized cells which exhibit some properties of GABAergic cells, similar to the primary
cells employed by Löscher and coworkers [31], on the theory that such cells would have the
inherent machinery to produce and release GABA [18,19]. Second, GABA production was
enhanced by introducing the GAD67 gene, the presumed non-synaptic GAD isoform, using
an episomal Epstein-Barr virus based plasmid. These cells were found to produce relatively
high levels of GABA [8] and to suppress audiogenic seizures on a short-term basis [38] and
kainic acid-induced seizures eight weeks after transplantation [5]. In this study we sought to
determine whether grafts of M213-2O/Cl4 cells could suppress established kainic acid-induced
behavioral seizures on a long-term basis.

The kainic acid (KA) animal model of epilepsy produces spontaneous seizures that do not
disappear over time. Systemic administration of repeated, low doses of KA, results in a pattern
of hippocampal degeneration similar to that observed after a single, high dose of kainate, with
improved survival, and increased percentage of animals showing spontaneous seizures [20,
23,24,33]. After KA administration, during the acute phase that may last up to 10 hours, the
animal presents immobility, facial clonus, sniffing, wet dog shakes, and stage III to V seizures
(rated according to Racine’s scale), all leading to status epilepticus (SE). Then, there is an
active phase that lasts 10–30 days, during which seizures of brief duration are observed. This
phase is followed by a latent phase of 30–90 days, during which no seizures occur. It is during
this phase that synaptical reorganization takes place, as evidenced by neurogenesis,
synaptogenesis, and up-regulation of transcription factors, among other significant cellular and
molecular changes. Finally, there is the chronic phase that lasts from 90 days to several months.
Seizures similar to those observed during the acute phase reappear, and they increase in
frequency and duration [2,24,32].

The aims of the present study were: first, to characterize the effects of the systemic
administration of low doses of kainate by evaluating the occurrence of behavioral seizures
during the light/dark cycle and observing the duration of the seizures over several months;
second, to evaluate, over a three-month period, the effect of intranigral transplants of a
GABAergic cell line on already established motor seizures induced by systemic kainate
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administration; and third, to evaluate the changes in GABA content of cells grown in vitro,
and in tissue homogenates obtained from the area of the transplant.

MATERIAL AND METHODS
In vitro experiments

Cell cultures—Briefly, cell lines were cultured in DMEM-F12 (1:1 Gibco, Invitrogen Life
Technologies, Carlsbad, CA, U.S.A) with 10% fetal calf serum (FCS, Gibco) and 1%
penicillin-streptomycin (Gibco) in 75-cm2 culture flasks at 33°C and 5% CO2. Only M213-2O
GAD 67 (M213-2O CL-4) cells were grown in selection medium containing Hygromycin B
(200 μg/μl) (Sigma-Aldrich, St. Louis, MO, U.S.A). Some cultures were used to verify the
expression of various proteins, glutamate decarboxylase-67 (mouse anti GAD67, Chemicon
MAB5401; 1:1000, 1:3000; Chemicon, Temecula, CA, U.S.A.), glial acidic fibrillary protein
(rabbit anti GFAP, DAKO Z0334; 1: 1000, 1:3000; DAKO, Hamburg, Germany), doublecortin
(guinea pig anti doublecortin Chemicon AB5910; 1: 1000, 1:3000), and β-tubulin (mouse anti
beta tubulin E7 Developmental Studies Hybridoma Bank, University of Iowa1; 1:1000,
1:10,000). The secondary antibodies (1:200) were either a Cy™3-conjugated F(ab’)2 fragment
of goat anti-mouse IgG (H+L) for GAD67 (Jackson ImmunoResearch, West Grove, PA,
U.S.A.); a goat anti-rabbit IgG (H+L) FITC conjugate for GFAP (Zymed, Carlsbad, CA,
U.S.A.); a Cy™2-conjugated Affini-Pure goat anti-guinea pig IgG (H+L) for doublecortin
(Jackson ImmunoResearch), or a goat anti-mouse IgG FITC conjugate for beta tubulin
(Zymed). Briefly, culture medium was aspirated, cells were incubated in 4% paraformaldehyde
for 10 min, washed (3×) with phosphate buffered saline (PBS, 0.1 M, pH 7.4), permeabilized
with EtOH:acetic acid (95:5 v/v), washed (3x) with PBS, incubated in 10% horse serum (10–
40 min), incubated with the first antibody overnight, washed with PBS (3x), and incubated in
the secondary antibody for 120 min. The coverslips with the cells attached were carefully
retrieved and mounted onto glass slides using a Vectashield/DABCO Mounting medium
(Vector Laboratories).

GABA determination by high performance liquid chromatography of cells grown in vitro. In
order to test if cells responded to a depolarizing solution, the M213-2O CL-4 cell line and the
control cell line without the hGAD67 transgene, M213-2O (CONTROL) were cultured in 6-
well plates until they reached 90% confluence. Media was then aspirated, and cells were washed
with sterile saline solution (NaCl 0.9%); 500 μl of a buffer solution (1.0 mM MgCl2; 1.8 mM
CaCl2; 3.0 mM NaH2PO4; 140 mM NaCl; 10 mM HEPES: 5 mM glucose, pH 7.4) was added
and retrieved after 5 min in order to obtain basal GABA levels; then a similar buffer solution
except that it contained 50 mM KCl and 94 mM NaCl was added and retrieved after 15, 30, or
45 minutes. The samples were stored at −70°C until chromatographic analysis. Cells from each
well were resuspended in saline, and an aliquot was used to obtain the total cell count and
percent viability using the trypan blue dye-exclusion test. The remaining cells were stored at
−20°C for total protein determination with the Bradford method.

To determine total GABA content for each cell line, cells were cultured in 25-cm2 flasks. When
they reached 90% confluence, 1 ml of 35% sulfosalicilic acid was added. After 20 minutes,
cells were separated with a cell sorter, placed into tubes, and stored overnight at 4°C. After
centrifuging 5 min at 3,000 rpm (850 g, Sorvall MC-12V, Thermo Scientific, Waltham MA,
U.S.A.) the supernatant was obtained and analyzed by HPLC; the pellet was used for protein
determination.

1Developed by Klymkowsky, M.; Developmental Studies Hybridoma Bank under the auspices of NICHD and University of Iowa,
Departement of Biological Sciences, Iowa City IA 52242).
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GABA was quantified by high performance liquid chromatography (HPLC); briefly, samples
were pre-derivatized with O-phthalaldehyde (5 mg OPA in 625 μl methanol, 5.6 ml 0.4 M
borate buffer, 25 μl 2-mercaptoethanol, pH 9.5) and separated by means of HPLC using a C18
reverse-phase column (ESA HR 80 column, ESA, Inc., Chelmsford, MA, U.S.A.) with
electrochemical detection (Coulochem III, ESA, Inc.). A guard cell (Model 5020, ESA, Inc.)
and a coulometric analytical cell (Model 5010, ESA, Inc.) were employed with a 1100 Series
chromatograph (Agilent Technlologies Waldbronn, Germany) provided with a 20-μl manual
injector (Model 7725i, Rheodyne, Rohnert Park, CA, U.S.A.). The mobile phases were a 50
mM sodium phosphate buffer containing methanol (15 % solution A; 35% solution B; pH 6.7)
the elution was performed at room temperature by means of a linear gradient from 0% to 100%
solution B (15% to 35% methanol) in 20 min, at a flow rate of 1.4 ml/min. An external standard
was used to construct a calibration curve for GABA; the concentration obtained from each
sample was expressed in μmol per g of protein.

In vivo experiments
Animals—Male Sprague-Dawley rats from the local animal facility were kept under a normal
12-hour/12-hr light/dark cycle (lights on at 8:00 AM) in individual cages with free access to
food and water. Experiments were carried out according to the Norma Oficial Mexicana de la
Secretaría de Agricultura (SAGARPA NOM-062-ZOO-1999) which complies with the
guidelines in the Institutional Animal Care and Use Committee Guidebook (NIH publication
80-23. Bethesda, MD, USA, 1996) and were approved by the local Committee on Bioethics.
Weight of the animals was recorded weekly; animal appearance and sensorimotor function
were evaluated at the beginning and at the end of the experiments, as described in Castillo et
al. [6]. Briefly the response of the animal to various sensory stimuli, muscle tone, posture, and
general appearance were evaluated.

Experiment 1: Effect of KA treatment (see Figure 4 for experimental design)
Kainic Acid Treatment: Rats (n = 51) received ip injections of KA (5 mg/kg/h) dissolved in
physiological saline, over the course of 4 h or until two, stage V seizures were presented by
the animal (the maximum amount of KA any animal received was 20 mg/kg). If animals showed
hyperactivity or if there were more than 10, stage-IV or V seizures, no more KA was injected.
Intact animals (n = 15) received vehicle only. This method has been shown to reliably induce
spontaneous motor seizures after a latent period [24].

Behavioral rating of seizures: Based on Racine’s observations [36], seizures were defined as
follows: stage III when forelimb clonus was observed, stage IV when rearing and forelimb
clonus were observed, stage V when animals showed characteristics of the previous stages and
also fell over. After the acute phase, behavior was monitored for 1–2 h periods totaling 6–8 h/
week, and the incidence of stage III, IV, and V seizures was quantified. In order to determine
when during the cycle to carry out observations, a 24-h observation period was scheduled.
Based on the results obtained and those of others [23], subsequent observations were done
during the light-phase of the cycle.

Experiment 2: Intranigral transplants in KA-treated animals (see Figure 6 for
experimental design)
Kainic Acid Treatment: Rats (n = 147) received ip injections of KA (5 mg/kg/h) dissolved
in physiological saline, over the course of 4 h or until two, stage-V seizures were presented by
the animal. Behavioral ratings followed the same criteria as indicated above for experiment 1.
Briefly, the incidence of stage III, IV, and V seizures was quantified during the light phase of
the daily cycle for 6–8 h/week.
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Transplants: Since bisbenzimide (Hoechst 33342) was used as a marker for transplanted cells,
it was important to verify that it did not leak and was internalized by the surrounding tissue
after transplantation. Therefore, in a preliminary experiment three different concentrations (5,
10, and 15 μM) of the marker (2 μl; 0.5 μl/min) were injected directly into the brain (striatum
and substantia nigra), or used to label cells (400, 000 cells/2 μl) that were either intact or lysed
before transplantation; at least three animals per condition were used. Seven or fifteen days
after transplantation, the animals were sacrificed by decapitation, the brain was sectioned in a
cryostat (40 μm), and sections were observed under a fluorescence microscope. At seven days,
fluorescent nuclei were evident in the striatum and substantia nigra of animals receiving
transplants of intact cells; a halo of fluorescence and some labeled nuclei were observed after
direct injection of the marker or after transplantation of lysed cells labeled with the higher
concentrations (10 and 15 μM) of the marker. By fifteen days, fluorescence was present only
on the sections of animals receiving transplants of intact cells at all concentrations of the
marker. Thus, at this time-point, fluorescent nuclei labeled by direct injection of bisbenzimide
or by transplantation of lysed cells had disappeared; only the nuclei of intact and labeled cells
were visible. This finding indicates that, at the concentration used in the present experiment
(5 μM) and at fifteen days after administration, there was no evidence that bisbenzimide had
leaked from the transplanted lysed cells and had been internalized by the surrounding host
cells, since only nuclei from transplanted intact cells were fluorescent.

In order to receive intranigral transplants, KA-treated animals had to show two spontaneous,
stage-V seizures (n = 71). Care was taken to ensure that all animals had an equal chance of
being selected for any of the subgroups, so that all subgroups had a similar distribution in terms
of latency to reach criterion (two spontaneous, stage-V seizures). Once they reached criterion,
animals were assigned to one of these subgroups, (1) SHAM, which received only vehicle; (2)
M213-2O CL-4, which received transplants of the GABAergic cell line with the hGAD67
cDNA; (3) CONTROL, which received intranigral transplants of a control cell line, of similar
origin but without the hGAD67 cDNA. Care was taken to ensure that all animals had an equal
chance of being selected for any of these subgroups, regardless of their latency to reach criterion
(two spontaneous, stage-V seizures), so that each subgroup had a similar distribution in terms
of latency.

On the day of transplantation, cells were harvested with trypsin-EDTA (Gibco), pelleted, and
incubated in 5 μM bisbenzimide for 30 min, washed three times, pelleted, and resuspended in
DMEM-F12 without serum. The cell suspension was maintained on ice until transplantation,
and an aliquot of it was used to determine cell viability (95–98%) with the trypan blue dye-
exclusion essay. Previous studies [5] have determined that at this concentration bisbenzimide
has no effect on cell viability measured 30 min or 4 weeks after incubation. Before surgery
rats were anesthetized with ketamine (70 mg/kg) and xylazine (6 mg/kg) and mounted on a
stereotaxic frame. Two trephine holes were made with a dental burr in the skull at these
coordinates: AP −5.8, ML ±2.0 for Bregma and DV −7.2 for the dura [34]. Bilateral
transplantation of 40, 000 bisbenzimide-labeled cells/3 μl into the substantia nigra, pars
reticulata was made using a Hamilton syringe (10 μl). Cells are slowly delivered using a
microinjection unit (David Kopf Instruments, Tujunga, CA, U.S.A.); the syringe was kept in
place for 2 additional minutes and then slowly retracted.

Behavioral rating of seizures after transplantation: Behavioral ratings followed the same
criteria as indicated above for experiment 1. The incidence of stage III, IV, and V seizures,
defined according to Racine’s observations [38], was quantified during the light phase of the
daily cycle for 6–8 h/week, totaling 24–32 h/month. Between transplantation and euthanasia,
each animal was observed 72–96 h.
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Spontaneous locomotor activity: To evaluate the general condition of the animals, nocturnal
activity (12 h) was monitored using an automated system (Digiscan Animal Activity Monitors,
Accuscan Inc., Columbus OH, U.S.A.). Animals were placed in an acrylic box (40 × 40 × 30
cm) with access to food and water for 12 hours during the dark phase of the light/dark cycle.
The locomotor variables analyzed were total distance traveled and number of vertical
movements per hour (rearing).

Histology: At the end of the experiments animals were anesthetized with an overdose of
sodium pentobarbital (≈50 mg/kg) and intracardially perfused with physiological saline
followed by 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). The brain was removed
and kept in paraformaldehyde for 24 h, and then transferred to a 35% sucrose solution at 4°C
until sectioning. Forty-μm coronal sections were obtained using a freezing microtome, and
they were observed under a fluorescence microscope (UV fluorescence excitation/emission
350/461 nm). The same sections were then stained with cresyl violet. Serial sections were used
for immunocytochemistry or immunofluorescence with anti-GAD67, anti-GFAP, anti-
doublecortin, and anti-beta tubulin. Antibodies used were the same as those described for the
in vitro experiments. Briefly, free-floating slices were incubated overnight at 4°C with the
primary antibodies diluted in PBS with 2% non-specific serum. The sections were rinsed four
times in PBS for a total time of 60 min, then incubated for 120 min with the secondary antibody
in PBS, and mounted onto gelatinized glass slides using glycerol as mounting medium.

In addition to histological analysis, the mesencephalic tissue of some animals was processed
to detect the expression of hGAD67 cDNA by RT-PCR. Thus, the presence of the transplant
was verified either by histology, or by RT-PCR. Briefly, animals were decapitated, the ventral
mesencephalon was dissected, and the tissue was immediately frozen in liquid nitrogen and
kept at −70°C until processing. Total RNA extraction with Trizol (Invitrogen) was done
according to manufacturer’s specifications. Reverse transcription was done using 10 μg of the
total RNA obtained (Superscript, Invitrogen), and 2 μl of the resulting reaction was used for
subsequent polymerase chain reactions (PCRs). PCRs were performed using a sense
oligonucleotide corresponding to a fragment of the pREP10 vector (5′-
TATCATGTCTGGATCGGTAC-3′) and an antisense oligonucleotide corresponding to part
of the hGAD67 gene (5′-CACAAAGCCTCAGGGGTGTG-3′). Conditions used for the PCRs
were: initial denaturation for 2 min at 94°C, followed by 25 cycles of denaturation for 30 s at
95°C, annealing for 20 s at 62°C, extension for 30s at 72°C, and a final extension step for 5
min at 72°C. Amplified DNA fragments were fractionated on 2% agarose gels.

Experiment 3: GABA content in tissue homogenates—A separate group of animals
(n = 25) was transplanted in order to measure GABA content in tissue homogenates. Animals
received intranigral transplants (40,000 or 400,000 cells/2 μl) at the aforementioned
coordinates. Animals were further assigned to one of three groups (1) INTACT; (2)
CONTROL, which received grafts of a control cell line, of similar origin but without the
hGAD67 cDNA; (3) M213-2O CL-4, which received grafts of the GABAergic cell line with
the hGAD67 cDNA. At 12 weeks after transplant, animals received an ip injection of the GAD
inhibitor 3-mercaptopropionic acid (1.2 mmol/kg), and were quickly decapitated. The brain
was rapidly removed, and the ventral mesencephalon was obtained; tissue was homogenized
with 85% methanol, and after centrifugation, the supernatant was analyzed for GABA by HPLC
as described above, and the pellet was used for protein determination. Samples were analyzed
by HPLC as described above.

Statistical analyses: For locomotor activity data, and GABA content, single factor or factorial
analysis of variance was used, followed by post-hoc Fisher’s LSD tests, with the Bonferroni
correction. If the data did not meet specifications required for parametric analysis, non-
parametric analysis of variance was used (Kruskal-Wallis) followed by comparisons between
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groups (Mann-Whitney U). The unit of analysis for behavioral motor seizures was the group
and not the individual, therefore data are expressed as percent of animals showing behavioral
seizures within each group. Percentage data was analyzed using the chi-square test, and for
survival analysis, the Gehan’s Wilcoxon test was employed. A significance level of <0.05 was
chosen, and STATISTICA (StatSoft, Tulsa OK, U.S.A.) software was utilized for all statistical
tests.

RESULTS
In vitro experiments

In vitro immunofluorescence staining showed that CONTROL and M213-2O CL-4 cells
expressed β-tubulin, and were negative for GFAP and doublecortin. GAD67
immunofluorescence was evident only in M213-2O CL-4 cells (Figures 1–2).

GABA was detectable only in M213-2O CL-4 cells, and their average total GABA content
was 188 ± 46.80 μmol/g of protein (n = 4). In response to a depolarizing stimulus, GABA levels
in the medium were significantly higher after a 15-min exposure to 50 mM KCl, whereas after
a 30- or 45-min exposure, GABA levels were no different from basal levels (Figure 3) [Time
effect, F(3, 26) = 7.28, p < 0.01; followed by Fisher’s LSD comparisons, p < 0.01].

In vivo experiments
Experiment 1: Effect of KA treatment—Fifty-seven percent of Sprague-Dawley rats
treated with KA (n = 29) survived the first month after treatment, when they no longer lost
weight or showed any other overt symptoms (Figure 5B). The 24-h observation period of stage
III, IV, and V seizures indicated more animals showed seizures during the light phase (Figure
5A), with an even distribution throughout the daylight hours. After KA administration there
was a latent period of several weeks before spontaneous behavioral seizures occurred; once
the first seizure took place, their incidence increased. The insert in Figure 5A shows the percent
of animals presenting stage V seizures during a 9-month period, and how this percent increased
over time until it leveled off at 50–60% from the sixth month after KA administration. From
all KA-treated animals, 8% were not found to have seizures, while none of the INTACT
(vehicle-treated) animals were found to show spontaneous behavioral seizures at any time. It
is important to note that during the 9-month observation period, KA-treated animals continued
to die; death was not preceded by any apparent pre-mortem state such as sudden weight loss
or incapacitation. Survival analysis indicated a significant difference in survival compared to
untreated animals (Gehan’s Wilcoxon test statistic = 4.92, p < 0.01) (Figure 5B). After an initial
period of weight loss following KA treatment, all animals recovered and show similar rates of
weight gain (data not shown).

Experiment 2: Intranigral transplants in KA-treated animals with spontaneous
seizures—After KA-treatment, seventy-one animals survived and reached criterion, i.e. two
stage V seizures, and were transplanted. Latency to criterion in weeks showed a mode of 16,
a median of 24, and a quartile range of 14.

Histology: Figures 7 and 8 show the location of transplants of M213-2O CL-4 and CONTROL
cell lines labeled with bisbenzimide, and located within the SNpr. Transplants were found in
the anterior portion of the SNpr and reached the limit of the posterior SNpr (coordinates from
Bregma −4.8 to −5.8 mm; [41]; no tumors or host tissue necrosis was observed. Transplanted
cells were smaller that host cells, they were usually found in clusters, and in some sections
cells were apparent along the cannula tract. GAD67 immunoreactivity was present in some
labeled cells (Figure 7F), while macrophages were occasionally observed around the grafts.
Transplants were usually well integrated into the host tissue, with very little GFAP
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immunoreactivity surrounding them. The transplants were negative for this marker (data not
shown).

The presence of the transplant was also verified by hGAD67 cDNA expression using RT-PCR
in M213-2O CL-4 transplanted animals. Figure 7G shows bands of about 700 bp in the ventral
mesencephalon from M213-2O CL-4 transplanted animals 12 weeks after transplantation. The
plasmid, as well as RNA extracted from cell cultures of M213-2O CL-4 cells, served as positive
controls. No signal was detected in the CONTROL cells or in tissue obtained from animals
transplanted with this cell line.

Behavioral observations: The most evident observation made was that more animals with
M213-2O CL-4 transplants survived for longer periods (Figure 9). Survival analyses indicated
a significant difference in the cumulative percentage of survival between M213-2O CL-4 and
CONTROL group (Gehan’s Wilcoxon test statistic = 1,86, p < 0.05) and between M213-2O
CL-4 and SHAM groups (Gehan’s Wilcoxon test statistic = 2.085, p < 0.05).

In terms of spontaneous locomotor activity, the treatment with KA significantly increased total
distance traveled and rearing [F(3,53) = 5.81; p < 0.05; F(3,53) = 4.18; p < 0.05, respectively;
data not shown]; the INTACT group, which received vehicle only, was significantly different
from all other groups for total distance traveled, and from the CONTROL group for rearing
(Fisher’s LSD tests, p≤0.003). Animals were evaluated again at four and twelve weeks after
transplantation; locomotor behavior was similar at these two time-points; therefore, only the
12-week data are presented. There was no group effect for total distance traveled, and no
difference with respect to the pre-transplant measure. For rearing, there was a significant group
effect [F(3,40) = 3.75; p < 0.05]; the M213-2O CL-4 group showed less rearing activity at
twelve weeks after transplant compared to the pre-transplant measure [F(1,40) = 3.54; p <
0.05].

For three months following transplantation Stage III, IV, and V behavioral seizures were
monitored daily. The data presented include those animals in which the transplants were located
within the SNpr (all but two animals in each group). Twelve weeks after transplantation the
percentage of animals in group M213-2O CL-4 showing Stage III seizures was significantly
smaller than that in the SHAM group (67% vs. 94%, respectively, χ2 = 6.94, p < 0.05) (Figure
10B). This significant difference was also observed for Stage IV seizures, at four and twelve
weeks post transplantation (60% vs. 92%; 60% vs. 94%; χ2 = 6.94; χ2 = 5.02; p < 0.05
respectively; Figures 10A, B). Similar effects were observed for Stage V seizures at four and
twelve weeks post transplant (55% vs. 96%; 38% vs. 75%; χ2 = 10.04; χ2 = 4.48; p < 0.05
respectively; Figures 10A, B). The CONTROL group, which received a cell line without the
hGAD67 cDNA, showed a significant difference only in the percentage of animals presenting
Stage V seizures at four-weeks post transplant (65% vs. 96%; χ2 = 7.46; p < 0.05; Figure 10A).

Experiment 3: GABA content in tissue homogenates—The GABA content in tissue
homogenates from ventral mesencephalon was increased only in those animals with M213-2O
CL-4 transplants (40 and 400 × 103 cells) at 12 weeks after transplantation compared to the
corresponding CONTROL; the number of transplanted cells had no effect on GABA tissue
levels, which were similar after intranigral transplants of 40,000 or 400,000 cells (Figure 11,
inset) [Group effect, F (1, 16) = 54.70, p < 0.01; Number effect, F (1, 16) = 0.53, p > 0.01;
Group × Number effect, F (1, 16) = 0.041, p>0.01; followed by Fisher’s LSD comparisons, p
< 0.01]. Since there was no effect of the number of transplanted cells, data from all transplanted
animals in each transplant group were combined, and a one-way ANOVA was calculated
including the INTACT group. There was a significant effect of group [Group effect, F (2, 22)
= 33.47, p < 0.01], and significant differences between group M213-20 CL4 and the INTACT
and CONTROL groups were found (Fisher’s LSD comparisons, p < 0.01) (Figure 11).

Castillo et al. Page 9

Behav Brain Res. Author manuscript; available in PMC 2009 November 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
This study evaluated the ability of intranigral transplants of GABAergic cells to reduce
spontaneous behavioral seizures induced by previous systemic administration of KA, for a
period up to three months after transplantation. The results show that intranigral transplants of
the hGAD67 cDNA containing cell line (M213-2O CL-4) resulted in a lasting reduction in the
percentage of animals with stage V seizures, four and twelve weeks after transplantation,
compared to SHAM animals. These transplants also reduced to zero the number of animals
with an index of occurrence for stage V seizures greater than 20, increased the survival rate
throughout the three-month long evaluation, and led to higher GABA levels in the ventral
mesencephalon. This is the first study to show that intranigral transplants of a GABAergic cell
line can reduce spontaneous motor seizures on a long-term basis, and also improve survival of
the transplanted animals.

The results also show that the CONTROL cell line had a short-term effect at the fourth week
after transplantation on stage V seizures induced by KA treatment, reducing the number of
animals exhibiting generalized motor seizures. This finding seems to indicate that the mere
presence of transplanted cells within the substantia nigra could modify nigral function, such
that the frequency of seizures is reduced [13]. Alternatively, the reduction in the percentage of
animals showing seizures in the CONTROL group may be due to the loss of those animals
with more seizures, and not to a beneficial effect of the transplant per se. Indeed, when looking
into the behavior of those animals in the CONTROL group that died before the twelfth week
after transplantation, it was found that they showed a higher percentage of stage V seizures,
than those in group M213-20 CL-4.

It must be noted that in experiment one it was shown that after KA administration, and as others
have also found [2,24,32,37] there was a latent period of several weeks before spontaneous
seizures occurred, and once the first seizure took place, their incidence increased. Therefore,
the decrease in the percentage of transplanted animals showing severe tonic-clonic seizures
cannot be attributed to spontaneous remission.

KA treatment increased locomotor activity during the dark phase of the daily cycle in all treated
groups when compared to an intact group. After transplantation, activity in terms of total
distance traveled remained elevated in all groups. Group M213-2O CL-4 showed a significant
decrease of rearing behavior at twelve weeks after transplantation, which may very well be a
consequence of excessive nigral inhibition by the GABAergic transplant. However, we cannot
conclude that the effect was due to the nigral transplant without first replicating this finding,
because the reduction was not observed in a different measure of exploratory activity. This
behavioral evaluation also indicated that animals did not show other behavioral abnormalities
in addition to the spontaneous motor seizures, but instead showed normal levels of activity in
comparison to an intact, non KA-treated group.

In this study, we verified the expression of GAD67 in the transplanted cells, both in vitro and
in vivo, through indirect immunofluorescence and by RT-PCR twelve weeks after
transplantation. Immunofluorescence using a monoclonal antibody (Chemicon MAB5401,
1:1000) was observed consistently in tissue culture of M213-2O Cl-4 cells and in brain sections
but not in CONTROL cells. From all the sections analyzed, it was clear that not all transplanted
cells, which were detected by means of the nuclear marker bisbenzimide, expressed GAD67
in vivo. This observation does not seem to be the result of an overall down-regulation of the
protein, since GABA levels were significantly increased in the ventral mesencephalon of
animals transplanted with the GABAergic cell line. Instead it indicates that in vivo, where the
cells are no longer under the control of a selection medium, the expression of the enzyme is
more heterogeneous than in vitro. Alternatively, the fluorescent marker used to track the
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transplanted cells (Hoechst 33342) may be labeling cells other than those transplanted. This is
unlikely since preliminary experiments showed that either direct administration of the
fluorescent marker, or transplantation of lysed cells resulted in only short-term fluorescence
(7 days), indicating that the fluorescent label that could have been taken up by surrounding
host cells is not enough to account for the fluorescence observed three months after
transplantation.

The GABA content in homogenates of ventral mesencephalon increased at twelve weeks after
transplantation of only the GABAergic cell line (M213-2O CL-4) suggesting that the
behavioral effect observed in this group at twelve weeks is related to this increase in GABA.
The increase in GABA content was independent of the number of cells transplanted. This
finding may indicate that regardless of the number of cells initially transplanted, the host brain
may have the ability to support only the survival of a certain maximum number of cells that
continue to synthesize GABA, resulting in comparable GABA levels. Alternatively, the
increase in GABA content could be explained as a result of changes in the host tissue brought
about only by the GABAergic cell line. This seems improbable since the GABAergic cell line
was derived from the control cell line, and their difference lies in the presence of the plasmid
containing the hGAD67 cDNA. Only by using microdialysis to measure GABA release in
vivo at the transplant site and correlating the levels of GABA with the number of transplanted
cells will this issue be resolved.

The results of other studies also suggest that transplant size is not related to functional effects.
Loscher et al., [31] used grafts of fetal striatal GABAergic neurons into the substantia nigra in
kindling epilepsy, and found that the number of viable transplanted cells decreased over time,
but that there was no significant correlation between the decrease in seizures and transplant
size or number of cells, which expressed a protein found in striatal cells and were transplanted
into the substantia nigra. Zaman and Shetty [45] quantified absolute graft cell survival of fetal
cells in CA3 using bromodeoxyuridine immunostaining at 1 year post transplantation. They
found that 36% of the cells survived for one year, and that this result paralleled the degree of
cell survival observed at 1 month (i.e., 31%) in an earlier study [46]. Apparently then, only a
maximum number of cells can survive in the host brain regardless of how many are
transplanted, and if they survive initially, they can do so for extended periods. This maximum
number may be regulated by the conditions of the host brain and other factors that may influence
graft survival and its functional effects. Among those factors that improve graft survival are
fibroblast growth factor-2 (FGF-2) and brain-derived neurotrophic factor (BDNF) as described
in a recent study by Rao et al., [37]. These authors also found that combining these growth
factors with a caspase inhibitor, significantly improved graft survival and behavioral effects.

The significant reduction in number of animals presenting stage 5 seizures, twelve weeks after
transplantation of the GABAergic cell line, appears to be related to the increase in GABA levels
in homogenates of ventral mesencephalon at the same time, as discussed above. In the
entorhinal cortex-kindling model, Thompson [42] observed increased GABA levels in the
hippocampus three and ten days after transplantation of a cell line that produces GABA under
the control of doxycycline. They found that behavioral seizures and afterdischarges were
reduced only in the animals with transplants of the GABA cells. GABA levels in vivo and in
vitro decreased when the cells were treated with doxycycline, and so did the behavioral effects.
In an earlier study using a model of spontaneous seizures (lithium pilocarpine model) the
authors observed similar effects with the same cell line [43]. Kokaia et al. [28] observed a
reduction in generalized seizures in rats previously kindled in the amygdala when GABA-
releasing polymer matrices were implanted bilaterally, dorsal to the substantia nigra. The effect
lasted until GABA release from the polymer matrices was reduced. These results indicate that
increased GABA levels in the area of the transplant may underlie the behavioral effects
observed in various animal models of generalized seizures. However, these studies do not
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indicate whether synaptic integration with the host, and regulated GABA release are needed
in order to obtain sustained suppression of seizures.

As discussed above, positive results in terms of reduction of electrophysiological and
behavioral parameters have been observed after transplantation of GABA cells into various
brain regions. We selected the substantia nigra as a target for transplantation, given the positive
results previously observed in the GAERS model, and in models of motor seizures after
intranigral GABA agonist administration [10,11,27], and after GABAergic transplants [13,
28,31,41,43]. It has been proposed that the substantia nigra exerts a seizure-gating function,
but the exact mechanisms underlying these effects are not well understood [16]. By inhibiting
endogenous nigral cells, intranigral transplants of GABAergic cells could attenuate the
inhibitory effect of the SNpr on anticonvulsant areas of the brain and could thus raise the seizure
threshold, or block convulsive seizures [9,16]. These transplants would not be expected to
restore the normal hippocampal circuitry as intrahippocampal CA3 fetal grafts appear to do
[39], but to act more as a remote control system of epileptic seizures [9]. Some studies using
intrahippocampal transplants of GABAergic cell lines have found positive effects in a model
of kindling [42], but others have found no evidence for cessation of seizures or improvement
in behavior using the KA model [22] RR352987891ES[37] have recently reported amelioration
with fetal hippocampal grafts in the KA model. A conclusion as to which is the best target for
transplantation in epilepsy models can only be reached with more studies, and by directly
addressing this question.

In conclusion, this study, the first to evaluate the effects of intranigral GABAergic transplants
in the KA model of spontaneous seizures for up to three months, showed that the transplants
reduced the number of behavioral motor seizures, and that the effects observed at three months
correlate with an increase in GABA levels observed in the mesencephalon of animals with the
GABAergic transplants, indicating that intranigral GABAergic transplants may exert their
positive effects by increasing local GABA levels in the substantia nigra. In vivo and in vitro
analyses provide evidence that the GABAergic cells showed sustained expression of GAD67
and hGAD67 cDNA. These results indicate that seizures can be controlled by localized delivery
of an inhibitory neurotransmitter using modified cells as vehicle, and they bring forward the
development of a therapeutic alternative for curing intractable forms of epilepsy.
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Figure 1.
Morphological appearance and protein expression in the cell line transfected with hGAD67
cDNA (clone M213-2O CL-4) (A–F) and in CONTROL cell line (G–I) A. GAD-67
(monoclonal antibody) indirect immunofluorescence. B, E and H. bisbenzimide fluorescence
of cells shown in A, D and G. C,F and I. Phase contrast photomicrograph of cells shown in A,
D and G. D and G. Beta-tubulin expression. Clone M213-20 CL-4 was grown in selection
medium (Hygromycin B, 200 μg/μl) with 10% FCS at 33°C and 5% CO2. CONTROL cells
were grown in the same conditions without Hygromycin. Bar = 50 μm.
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Figure 2.
Differential GAD67 indirect immunofluorescence in clone M213-2O CL-4 and CONTROL
cells using a Cy™3-conjugated secondary antibody. A. CONTROL cell line. B. clone M213-2O
CL-4. Notice the differential level of expression of the protein in the two cell lines. Bar = 100
μm.
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Figure 3.
In vitro GABA levels in the culture medium before and 15, 30, and 45 minutes after exposure
to 50 mM KCl in clone M213-2O CL-4. Each bar represents mean ± SEM of seven experiments.
Insert indicates total cellular content of GABA in this cell line. Data are expressed in μmol/g
protein. In the CONTROL cell line GABA was not detectable.
* p < 0.01 different from basal, and 45-min levels according to Fisher’s LSD tests.
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Figure 4.
Experiment 1. Effect of KA treatment. Diagram showing the experimental design used to
characterize the effects of the systemic administration of low doses of kainate by evaluating
the occurrence of behavioral seizures during the light/dark cycle and observing the duration of
the seizures over several months.
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Figure 5.
Experiment 1. Effect of KA treatment. Graphs show the effects of kainic acid (KA) treatment
on behavior and survival. A. Percentage of animals treated with kainic acid (5mg/kg/hr)
showing stages III, IV, and V spontaneous seizures during the light-dark cycle, indicated by
the horizontal bar. This representative figure was obtained from observations made nine weeks
after treatment, when approximately 30% of the animals already showed spontaneous stage V
seizures (see insert). The insert indicates the percentage of animals presenting spontaneous
stage V seizures during a 9-month period of observation; which leveled off at about 6 months
after KA administration, and no decrease was observed afterwards. B. Severity of the effects
of KA treatment as evidenced by cumulative survival curves for KA-treated and INTACT
animals for the duration of the experiment. Significant differences were found between groups
according to Gehan′s Wilcoxon test (p < 0.05).
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Figure 6.
Experiment 2. Intranigral transplants in KA-treated animals. Diagram showing the
experimental design used to evaluate, over a three-month period, the effect of intranigral
transplants of a GABAergic cell line on already established motor seizures induced by systemic
kainate administration. In order to receive a transplant, animals had to show two spontaneous
stage V seizures. The latency in weeks to reach this criterion was variable, with a median of
24, and a quartile range of 14. After transplantation, animals were observed for twelve weeks.
In addition to rating of seizures, behavioral observations included recording of spontaneous
locomotor activity.
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Figure 7.
Experiment 2. Intranigral transplants in KA-treated animals. Representative coronal brain
drawings and photomicrographs showing the location of intranigral transplants of the M213-2O
CL-4 cell line in KA-treated animals. A. The majority of transplants were located between
−5.20 and −6.04 mm from bregma as indicated by numbers on the left according to Paxinos
and Watson (1986). Darker shading indicates areas of overlap among animals in each group.
B. Amplification of the coronal section showing the greatest overlap among animals. Only
animals with evidence of bilateral transplants within the substantia nigra pars reticulata
(SNpr) were included in this figure, and in the behavioral analysis. C and E. Coronal brain
sections at the level of the SNpr from M213-2O CL-4 transplanted cells labeled with
bisbenzimide. D and F. Indirect immunofluorescence for GAD67 in the same sections as in C
and E, using a Cy™3-conjugated secondary antibody. GAD67 immunoreactivity was evident
in the SNpr (D), and it was present in some transplanted cells, especially in transplants of this
cell line (F). Arrows indicate the same location within the transplant site. Bar = 200 μm (C and
D), and 20 μm (E and F). G. Expression of hGAD67 cDNA amplified by RT-PCR in cultures
of M213-2O CL-4, and mesencephalic tissue of M213-2O CL-4 transplanted animals at 12
weeks post-transplant. No expression was found in cultures of the CONTROL cell line, or in
the tissue of animals transplanted with this cell line.
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Figure 8.
Experiment 2. Intranigral transplants in KA-treated animals. Representative coronal brain
drawings and photomicrographs showing the location of intranigral transplants of the
CONTROL (213-2O) cell line in KA-treated animals. A. The majority of transplants were
located between −5.20 and −6.04 mm from bregma as indicated by numbers on the left
according to Paxinos and Watson (1986). Darker shading indicates areas of overlap among
animals in each group. B. Amplification of the coronal section showing the greatest overlap
among animals. Only animals with evidence of bilateral transplants within the Snpr were
included in this figure, and in the behavioral analysis. C and E. Coronal brain sections at the
level of the SNpr from CONTROL cells labeled with bisbenzimide, and GAD67
immunoreactivity (D, F) in the same section, using a Cy™3-conjugated secondary antibody.
GAD67 immunoreactivity was evident in the SNpr (D) and it was present in some transplanted
cells (F). Arrows indicate same location within the transplant site. Bar = 200 μm (C and D),
and 20 μm (E and F).
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Figure 9.
Experiment 2. Intranigral transplants in KA-treated animals. Cumulative survival curves for
Sham group, CONTROL cell line transplanted, and M213-2O CL-4 transplanted groups,
showing the effect of intranigral transplants on survival of KA-treated animals presenting
spontaneous seizures. These data represent survival at ten time-points after transplantation over
a period of 12 weeks. A significant difference was observed between M213-2O CL-4 and
CONTROL groups, and between M213-2O CL-4 and SHAM groups according to Gehan′s
Wilcoxon tests (p < 0.05).
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Figure 10.
Experiment 2. Intranigral transplants in KA-treated animals. Percentage of animals showing
stage III, IV, and V seizures (see text for details) at 4 and 12 weeks after SHAM, CONTROL,
and M213-2O CL-4 transplants. Note that four weeks (A) and twelve weeks (B) after the
M213-2O CL-4 transplant, there was a significant reduction in the percentage of animals
showing stage V seizures. In contrast, in animals with CONTROL cell line transplants, the
effect was of shorter duration.
* p < 0.05, compared to SHAM, χ2 tests.
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Figure 11.
Experiment 3. GABA content in tissue homogenates. GABA content (μmol/g of protein) in
ventral mesencephalon twelve weeks after CONTROL and M213-2O CL-4 transplants. The
GABA content was significantly higher in animals with M213-2O CL-4 transplants (n = 10)
than in INTACT (n = 5) and CONTROL groups (n = 10). In contrast, the number of transplanted
cells did not have any effect on GABA content. The insert shows the GABA content (μmol/g
of protein) in animals transplanted with 40,000 cells and 400,000 cells. Asterisks indicate
differences with the corresponding CONTROL group.
* p<0.01 different from INTACT and CONTROL groups according to Fisher’s LSD tests.
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