
Grafting of Striatal Precursor Cells into Hippocampus Shortly after
Status Epilepticus Restrains Chronic Temporal Lobe Epilepsy

Bharathi Hattiangady, Muddanna S. Rao, and Ashok K. Shetty*
Department of Surgery (Neurosurgery) Duke University Medical Center, Durham, NC 27710.
Medical Research and Surgery Services, Veterans Affairs Medical Center, Durham, NC 27705

Abstract
Status epilepticus (SE) typically progresses into temporal lobe epilepsy (TLE) typified by complex
partial seizures. Because sizable fraction of patients with TLE exhibit chronic seizures that are
resistant to antiepileptic drugs, alternative therapies that are efficient for diminishing SE-induced
chronic epilepsy have great significance. We hypothesize that bilateral grafting of appropriately
treated striatal precursor cells into hippocampi shortly after SE is efficacious for diminishing SE-
induced chronic epilepsy through long-term survival and differentiation into GABA-ergic neurons.
We induced SE in adult rats via graded intraperitoneal injections of kainic acid, bilaterally placed
grafts of striatal precursors (pre-treated with fibroblast growth factor-2 and caspase inhibitor) into
hippocampi at 4 days post-SE, and examined long-term effects of grafting on spontaneous recurrent
motor seizures (SRMS). Analyses at 9–12 months post-grafting revealed that, the overall frequency
of SRMS was 67–89% less than that observed in SE-rats that underwent sham-grafting surgery and
epilepsy-only controls. Graft cell survival was ~33% of injected cells and ~69% of surviving cells
differentiated into GABA-ergic neurons, which comprised subclasses expressing calbindin,
parvalbumin, calretinin and neuropeptide Y. Grafting considerably preserved hippocampal calbindin
but had no effects on aberrant mossy fiber sprouting. The results provide novel evidence that bilateral
grafting of appropriately treated striatal precursor cells into hippocampi shortly after SE is proficient
for greatly reducing the frequency of SRMS on a long-term basis in the chronic epilepsy period.
Presence of a large number of GABA-ergic neurons in grafts further suggests that strengthening of
the inhibitory control in host hippocampi likely underlies the beneficial effects mediated by grafts.
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Epilepsy, epitomized by recurrent spontaneous seizures due to hyperactivity and
synchronization of activity within populations of neurons, affects over 50 million people
(Strine et al., 2005). Temporal lobe epilepsy (TLE), characterized by progressive development
of complex partial seizures and hippocampal neurodegeneration, is seen in ~30% of epileptic
patients (Manford et al., 1992). Although the etiology of TLE is unknown in most cases

*Correspondence should be addressed to: Ashok K. Shetty, M.Sc., Ph.D., Professor, Division of Neurosurgery, Box 3807, Duke
University Medical Center, Durham NC 27710, Phone: 919-286-0411, Ext. 7096, E-mail: Ashok.Shetty@Duke.Edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Neurol. Author manuscript; available in PMC 2009 September 24.

Published in final edited form as:
Exp Neurol. 2008 August ; 212(2): 468–481. doi:10.1016/j.expneurol.2008.04.040.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(McNamara, 1999), it is typically seen after an initial precipitating injury (IPI) such as status
epilepticus (SE), brain injury, tumors, meningitis, and encephalitis in other cases (French et
al., 1993; Mathern et al., 1995; Mathern et al., 1996; Lewis, 2005). Seizures in TLE originate
from the temporal lobe foci, which are associated with learning and memory impairments,
reduced dentate neurogenesis and depression (Devinsky, 2004; Hattiangady et al., 2004;
Detour et al., 2005; Pirttila et al., 2005). Because significant number of people (~25%) afflicted
with epilepsy have seizures that cannot be controlled by antiepileptic drugs and surgical
removal of the epileptic focus can lead to cognitive impairments (Litt et al., 2001; McKeown
and McNamara, 2001), there is pressing need to develop alternative therapeutic approaches
that considerably restrain chronic epilepsy after SE or head trauma.

Interventions that are efficacious for facilitating repair of the disrupted hippocampal circuitry
may also restrain TLE after an IPI. Indeed, replacement of degenerated neurons in the injured
hippocampus via grafting of fetal hippocampal cells has shown promise for restraining
epileptogenic changes and controlling seizures (Shetty et al., 2005; Rao et al., 2007).
Furthermore, it is believed that an increased excitatory neurotransmission found in the epileptic
hippocampus is partly due to a reduced number of GABA-ergic interneurons (Shetty and
Turner, 2000, 2001), loss of functional inhibition (Lloyd et al., 1986; Cornish and Wheal,
1989; During et al., 1995) and diminished numbers of GABA-ergic terminals (Ribak et al.,
1986; Esclapez and Trottier, 1989). From this perspective, the idea of restraining spontaneous
recurrent motor seizures (SRMS) in the epileptic hippocampus via grafting of cells that just
release the inhibitory neurotransmitter GABA at the seizure focus has received considerable
attention (Löscher et al., 2008). For instance, grafting of GABA-soaked beads, immortalized
GABA-ergic cells, cells that are engineered to produce GABA, and fetal GABA-ergic cells
into the epileptic foci have been shown to transiently reduce seizures in a variety of animal
models (Kokaia et al., 1994; Löscher et al., 1998; Gernert et al., 2002; Thompson, 2005;
Castillo et al., 2006). However, it is unknown whether grafting of GABA-ergic cells shortly
after an IPI would be efficacious for restraining SRMS on a long-term basis. Studies on this
issue have been hampered by the poor survival of grafted GABA-ergic cells in the epileptic
brain (Zaman et al., 2000). Thus, for prolonged anti-seizure effects, apart from grafting cells
that are capable of differentiating into GABA-ergic interneurons, it will be necessary to graft
these cells using strategies that promote their enduring survival in the epileptic brain.

We hypothesize that bilateral grafting of appropriately treated striatal precursor cells into
hippocampi shortly after SE is efficacious for diminishing SE-induced chronic epilepsy
through long-term survival and differentiation into GABA-ergic neurons. We addressed this
hypothesis through studies in a SE-model of chronic TLE using Fischer 344 rats (Rao et al.,
2006). Status epilepticus was induced via graded intraperitoneal injections of kainic acid (KA),
which triggered continuous stages III–V seizures (i.e. SE) for over 3 hrs. Grafting was
performed bilaterally into hippocampi at 4 days after SE using striatal precursors from the
embryonic day (E) 15 lateral ganglionic eminence as donor cells. The donor cells were pre-
treated and grafted with fibroblast growth factor-2 (FGF-2) and a caspase inhibitor Ac-YVAD-
cmk, to enhance their survival following grafting. The frequency of SRMS in SE-rats receiving
grafts was measured at 9–12 months post-grafting and compared with SE-rats that underwent
sham-grafting surgery or SE-rats that served as epilepsy-only controls. The survival and
differentiation of grafted cells into GABA-ergic and distinct subtypes of GABA-ergic neurons
were quantitatively assessed after 12 months of grafting.

Materials and Methods
Animals and induction of status epilepticus using kainic acid

Young adult (4–5 months old) Fischer 344 (F344) rats acquired from Harlan Sprague-Dawley
(Indianapolis, IN) were employed in these experiments. All animal experiments performed in
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this study have been approved by the Duke University Institutional Animal Care and Use
Committee and animal studies subcommittee of the Durham Veterans Affairs Medical Center.
In addition, all efforts were made to lessen animal suffering and to use only the number of
animals necessary to produce a reliable scientific data. The schematic of major experiments
performed in this study is illustrated in figure 1.

The protocol for inducing SE in F344 rats using KA was adapted from the procedure developed
by Hellier et al. (Hellier et al., 1998) for Sprague-Dawley rats, and seizures were scored as per
the modified Racine’s scale (Racine, 1972; Ben-Ari, 1985; Rao et al., 2006). Rats received
graded intraperitoneal injections of KA (3.0 mg/Kg b.w./hr) until they exhibited SE. On an
average, induction of SE required each rat to receive a total KA dose of ~10.5 mg/Kg b.w.,
which is consistent with our earlier study (Rao et al., 2006). The motor seizures were
characterized by unilateral forelimb clonus with lordotic posture (stage III seizures), bilateral
forelimb clonus and rearing (stage IV seizures) and bilateral forelimb clonus with rearing and
falling (stage V seizures). All animals that received a total KA dose of 10.5 mg/Kg b.w.
exhibited >10 stages IV-V seizures during the 3-hr of observation after the onset of SE. The
motor seizures subsided gradually thereafter and were not apparent at 5–6 hours after SE. Rats
were given moistened rat chow and subcutaneous injections of lactated Ringer’s solution (10
ml/day) for 3–5 days after SE.

In vivo labeling of striatal precursor cells
The donor striatal cells were labeled with BrdU in vivo by employing daily intraperitoneal
injections of BrdU (50 mg/kg body weight) into timed pregnant rats between embryonic days
11 and 15. Our previous study has shown that this labeling protocol gives a reliable and
consistent labeling of vast majority of striatal precursor cells (Zaman et al., 2000).

Preparation of striatal precursor cells for grafting
On embryonic day 15, fetuses were removed from deeply anesthetized pregnant rats by
cesarean section and collected in a culture medium comprising Dulbecco’s modified Eagle’s
medium/F12, L-glutamine, and B-27 nutrient mixture containing vitamins, essential fatty
acids, hormones and antioxidants (Life Technologies, Grand Island, NY). The brains were
carefully removed and by cutting through the cortical plate, the medial and lateral ganglionic
eminences were identified. Following this, the lateral ganglionic eminence tissue in every
hemisphere was carefully dissected out, collected in 2 ml of fresh culture medium and triturated
(Zaman et al., 2000). The resulting cell suspension was diluted with 8 ml of fresh medium,
sieved through a cell strainer (pore size 70 μm) and centrifuged at 800 rpm for 8 minutes, and
the pellet was re-suspended in 10 ml of fresh medium and washed twice through centrifugation.
The final pellet was re-suspended in a fresh culture medium and viability was assessed using
the trypan blue exclusion test. Both live and dead cells were counted and the percentage of live
cells relative to the total number of cells was measured to ascertain cell viability in the cell
suspension. Cell suspensions where viability was >75% were used for treatment with FGF-2
and caspase inhibitor.

Pre-treatment of striatal precursor cells with FGF-2 and caspase inhibitor and BrdU labeling
index

Striatal precursor cell suspension containing >75% viable cells was re-suspended in 2 ml
culture medium and incubated with the neurotrophic factor FGF-2 (200ng/ml; Peprotech,
Rocky Hill, NJ), and a caspase inhibitor Ac-YVAD-cmk (500μM; Calbiochem, La Jolla, CA)
for 3 hours at 37°C in a water bath with gentle shaking. Following this, the cell suspension was
washed twice with fresh culture medium through centrifugation. The tissue pellet was re-
suspended in 40μl of the proliferation medium and viability was again assessed using the trypan
blue exclusion test. The viability of cells in the suspension did not change with 3-hour
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incubation of cells in a culture medium containing FGF-2 and caspase inhibitor. The cell
density was adjusted 1 × 105 viable cells per μl. To ascertain BrdU labeling index at the time
of grafting in the cell suspension, samples from the cell suspension were plated onto poly-
lysine coated 35 mm culture dishes and incubated in the culture medium for an hour. The
adhered cells were then fixed using 2% paraformaldehyde solution and the dishes were
processed for rapid BrdU immunocytochemical staining (Shetty et al., 1994). Quantification
of BrdU positive cells relative to the total cells revealed that 93% (Mean ± SEM = 93.4 ± 0.4,
n = 4) of striatal precursor cells were immunopositive for BrdU at the time of grafting.

Neural grafting into hippocampi of rats that underwent status epilepticus
Striatal precursor cells pre-treated with FGF-2 and caspase inhibitor were transplanted
bilaterally into hippocampi of rats that underwent SE, at 4 days post-SE (n=5). Grafting
protocol was similar to that described in our earlier reports (Hattiangady et al., 2006; Rao et
al., 2007). Eighty thousand live cells in 0.8μl of the cell suspension were injected into each of
the four sites in every hippocampus using the following stereotaxic co-ordinates: (i) antero-
posterior (AP) = 3.0 mm from bregma, lateral (L) = 1.8 mm from midline, and ventral (V) =
3.5 mm from the surface of the brain; (ii) AP = 3.6 mm, L = 2.5 mm, V = 3.5 mm; (iii) AP =
4.2 mm, L = 3.0 mm, V = 3.5 mm; (iv) AP = 4.8 mm, L = 3.5 mm, V = 4.0 mm. These co-
ordinates were specifically chosen to place the grafts in the CA3 subfield through injection of
the cell suspension at the end of hippocampal fissure. Each hippocampus received ~320,000
live striatal fetal cells. Out of these cells, ~298,880 cells were BrdU labeled, based on the BrdU
labeling index measured at the time of grafting. For elucidation of the specific effects of striatal
precursor cell grafting (rather than the grafting procedure) on SE-induced chronic epilepsy, a
second group of rats that underwent SE received sham-grafting surgery (n=5). These rats went
through the entire grafting procedure except that cells were not injected into hippocampi.
However, grafting needles were introduced into all sites of hippocampi chosen for grafting in
SE-rats that received striatal precursor cell grafts. For further comparison with grafted and
sham-grafted groups, a third group of rats that underwent SE (n=5) were used as epilepsy-only
controls. Neither grafting nor surgery was performed on these rats.

Analyses of spontaneous recurrent motor seizures (SRMS)
The behavior of rats in different groups (SE-rats receiving striatal cell grafts, SE-rats receiving
sham-grafting surgery, and epilepsy-only controls) were observed at 9–12 months post-SE for
measuring the frequency of SRMS. For this, rats were observed for eight hours every week (4
hrs/session, two sessions per week) during the day light period (total = 32 hrs/month, and 128
hours for the entire duration of 4 months). The scoring of SRMS was similar to that described
earlier (Racine, 1972; Ben-Ari, 1985). Only stages III–V motor seizures were scored, as the
occurrence of these seizures is very apparent to the observer due to their conspicuous features.
The recorded seizures had one or more of the following features: unilateral forelimb clonus
(stage III seizure), bilateral forelimb clonus with rearing (stage IV seizure), and bilateral
forelimb clonus with rearing and falling (stage V seizure). While the observer was aware of
the broad treatment status in different groups (i.e. SE-alone group, SE-rats with sham-grafting
surgery, SE-rats with grafts), the observer did not know about the type of cell transplants the
grafted group received, as SE rats that received striatal precursor cell transplants in this study
were observed with SE rats that received other types of cell transplants belonging to additional
studies in the laboratory. Thus, the observer was blind to the specific type of cells the grafted
group received.
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Tissue Processing, Nissl staining, and selection of grafts for BrdU immunostaining and
quantification

Rats were perfused transcardially with 4% paraformaldehyde at one-year after SE. The brains
were cryoprotected in sucrose and sliced coronally (30-μm-thick sections) through the
hippocampus using a cryocut, and collected serially in phosphate buffer (PB). Every 10th

section through the entire hippocampus was stained for Nissl and the sections were scanned to
identify the presence and location of transplants in relation to different cell layers of the
hippocampus in the grafted group or to identify the extent of lesion in other groups. In rats that
received striatal precursor cells, grafts were mostly located partly inside the hippocampus and
partly below the hippocampus in the lateral ventricle. For quantitative analyses of the yield of
surviving grafted cells, every 10th section through transplants was processed for BrdU
immunostaining, as detailed in our earlier reports (Hattiangady et al., 2006; Rao et al., 2007).

Quantification of graft cell survival using the optical fractionator method
For analyses of graft cell survival, 20 transplants (in five different hippocampi) were analyzed.
In each transplant, BrdU+ cells were counted in every 10th section through the entire antero-
posterior extent of transplants using the StereoInvestigator system (Microbrightfield Inc.,
Williston, VT). The StereoInvestigator system consisted of a color digital video camera
(Optronics Inc., Muskogee, OK) interfaced with a Nikon E600 microscope. In each transplant,
BrdU+ cells were counted from 50–100 randomly and systematically selected frames using the
100X oil immersion objective lens. The numbers and densities of frames were determined by
entering the parameter grid size in the optical fractionator component of the StereoInvestigator
system. Details of the counting procedure are described in our previous reports (Rao and Shetty,
2004; Hattiangady et al., 2006; Rao et al., 2007). Briefly, the contour of the transplant area was
first delineated in every section using the tracing function and the optical fractionator
component was activated. The number and location of counting frames, and the counting depth
was determined by entering parameters such as the grid size (75 × 75 μm), the thickness of top
guard zone (4–μm) and the optical dissector height (i.e. 6 μm). Based on the above parameters
and cell counts, the StereoInvestigator program calculated the total number of BrdU+ cells per
transplant by utilizing the optical fractionator formula (Rao and Shetty, 2004).

Phenotypic analyses of grafted cells using dual immunofluorescence and confocal
microscopy

To measure percentages of neurons, GABA-ergic neurons and subtypes of GABA-ergic
interneurons among surviving BrdU+ grafted cells, representative sections through transplants
(4 transplants per animal for each antigen) were processed for identification of BrdU and one
of markers of neurons such as neuron-specific nuclear antigen (NeuN), gamma-amino butyric
acid (GABA), calbindin, parvalbumin, calretinin and neuropeptide Y, using dual
immunofluorescence methods. A sequential immunofluorescence method was employed and
BrdU was visualized first. Immunofluorescence staining for BrdU mainly comprised treatment
of sections for various BrdU staining pre-treatment protocols (Rao and Shetty, 2004), overnight
incubation of sections in a rat anti-BrdU solution (1:200; Serotech, Raleigh, NC), and treatment
of sections with the anti-rat IgG conjugated to Alexa Fluor 594 (Molecular Probes) for 60
minutes. Following confirmation of BrdU immunofluorescence, separate sets of sections
comprising BrdU immunofluorescence in grafted cells were processed for identification of
different neural antigens using specific primary antibodies. The antibodies include mouse anti-
NeuN (1:1000; Millipore, CA), rabbit anti-GABA, mouse anti-calbindin, mouse anti-
parvalbumin (1:1000; Sigma), rabbit anti-calretinin (1:1000; Millipore) or rabbit anti-
neuropeptide Y (1:1000; Peninsula lab). For this, the sections were incubated overnight in the
primary antibody solution at 4°C, washed in tris-buffered saline (TBS), incubated in
appropriate secondary antibody solution (biotinylated anti-mouse or anti-rabbit IgG; 1:200;
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Vector labs Burlingame, CA) for 60 minutes, rinsed in TBS and treated with streptavidin
fluorescein (1:200; Molecular Probes, Eugene, OR) solution for 60 minutes. The sections were
then washed and mounted on clean glass slides using a slow-fade mounting medium (Molecular
Probes Eugene, OR). The above protocol facilitated visualization of BrdU as red fluorescence
and other markers as green fluorescence. The sections processed were examined using a
confocal microscope (LSM-510, Carl Zeiss) and Z-stacks were taken at 1-μm intervals through
the transplant area. From the multiple z-section stacks, percentages of BrdU positive cells (i.e.
grafted cells) expressing NeuN, GABA, calbindin, parvalbumin, calretinin or neuropeptide Y
were measured in different transplants using the LSM image browser.

Calbindin immunostaining
To identify the effect of striatal precursor cell grafting early after SE on the expression of
calbindin in the host hippocampus, we processed serial sections (every 15th) through the
hippocampus from both grafted and epilepsy-only groups for calbindin immunostaining, as
described in our earlier report (Shetty and Hattiangady, 2007). Briefly, the sections were
blocked in 10% normal horse serum, incubated overnight in a mouse anti-calbindin antibody
(1:1000; Sigma), washed in PBS, treated with biotinylated anti-mouse IgG (Vector lab) for 60
minutes, washed in PBS, and incubated with ABC reagent (Vector labs) for 60 minutes. The
sections were then thoroughly washed in PBS, developed using diaminobenzidine as the
chromogen, dehydrated, and cover slipped using Permount.

Neuropeptide Y immunostaining
Because neuropeptide Y identifies mossy fiber terminals in the epileptic hippocampus, we used
neuropeptide Y immunostaining to visualize aberrant mossy fiber sprouting in the dentate
supragranular layer (DSGL) of epilepsy-only rats and SE-rats that received striatal precursor
cell grafts. In brief, serial sections (every 15th) through the hippocampus were treated with 0.1
M Tris buffer (TB) containing 1% hydrogen peroxide for 30 minutes, washed in TB, and treated
consecutively with TB containing 0.1% Triton X-100 (Tris A), TB containing 0.1% Triton
X-100 and 0.005% bovine serum albumin (Tris B), and 10% normal goat serum in Tris B.
Sections were then treated sequentially with Tris A and Tris B and incubated in rabbit anti-
neuropeptide Y antibody for 48 hours at 4°C. Sections were then washed consecutively in Tris
A and Tris B solutions, and incubated in biotinylated goat anti-rabbit IgG (1:1000; Vector) for
45 minutes, washed again in Tris A and Tris D (0.5M TB containing 0.1% Triton X-100 and
0.005% bovine serum albumin) solutions, and incubated in ABC reagent diluted in Tris D
(1:1000) for 60 minutes, as described elsewhere (Scharfman et al., 2002; Hattiangady et al.,
2005). The tissue-bound peroxidase was then developed using diaminobenzidine (Vector DAB
kit, Vector) as chromogen.

Statistical analyses
All comparisons for different parameters used one-way analysis of variance (ANOVA) with
Student’s Newman-Keuls multiple comparisons post-hoc tests. The differences were
considered significant if the p value was found to be less than 0.05.

Results
Extent of chronic epilepsy in SE-rats receiving striatal precursor cell grafts

To ascertain whether striatal precursor cell grafting at 4-days after SE restrains SRMS on a
long-term basis, we quantified the frequency of SRMS in grafted rats for four months at
extended time-points after SE (i.e. at 9–12 months after SE) (Fig. 1). For comparison, we also
quantified SRMS in age-matched SE-rats that received sham grafting surgery at 4 days post-
SE and age-matched SE-rats that remained as epilepsy-only controls (Fig. 1). The measurement
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of SRMS comprised 8 hours of direct observation per week (4 hrs/session, 2 sessions/week,
32 hours/month, and 128 hours in total). Only stages III–V motor seizures were carefully
scored, in view of the fact that an episode of these seizures during surveillance is obvious to
the observer due to their striking features. All rats that underwent SE alone exhibited robust
SRMS; the average frequency of SRMS varied from 2.96–3.24 per hour (Fig. 2) suggesting
that, in the absence of any therapeutic intervention, the frequency of SRMS remains stable.
Similarly, all SE-rats that received sham-grafting surgery exhibited robust SRMS; the average
frequency of SRMS varied from 2.76–3.18 per hour (Fig. 2), which is highly comparable to
the frequency observed in rats that underwent SE alone. This suggests that sham-grafting
surgery after SE does not interfere with the development of chronic epilepsy. Only minor
variations in the frequency of SRMS (per month) over the recording period within the above
two groups further suggests that 4 hrs of continuous observation per session (with two sessions
of observation per week) is adequate for reliably quantifying the frequency of SRMS in the
F344 model of TLE, which is consistent with our earlier study (Rao et al., 2006).

All SE-rats that received striatal precursor cell grafts treated and transplanted with FGF-2 and
caspase inhibitor also exhibited some SRMS. However, the frequency of SRMS was
dramatically less than that observed in epilepsy-only rats and SE-rats that received sham
grafting surgery at all post-SE months examined in this study (Fig. 2). The overall reductions
in the frequency of SRMS in comparison to epilepsy-only rats and SE-rats that received sham
grafting surgery were equivalent to 89% at 9 months post-SE (p < 0.001), 67–69% at 10 months
post-SE (p < 0.001), 74% at 11 months post-SE (p < 0.001) and 71–72% at 12 months post-
SE (p < 0.001; Fig. 2). Thus, bilateral placement of striatal precursor cell grafts (treated and
transplanted with FGF-2 and caspase inhibitor) shortly after SE into hippocampi is efficacious
for considerably reducing the frequency of SRMS on a long-term basis in the chronic epilepsy
period.

Hippocampal neurodegeneration in different groups, and cytoarchitecture and location of
grafts

The cytoarchitecture of the hippocampus in epilepsy-only rats was conspicuous through
bilateral loss of neurons in the dentate hilus, the CA3c subregion and the CA1 pyramidal cell
layer (Fig. 3 [B1–B3]), in comparison to the age-matched naive hippocampus (Fig. 3 [A1–
A3]). In addition, there was thinning of the CA3 pyramidal cell layer throughout the antero-
posterior extent of the hippocampus. The loss of pyramidal neurons in CA3a and CA3b
subregions was extensive in some rats however (data not illustrated). In contrast, in grafted
animals, the overall neurodegeneration particularly in the CA1 region (Fig. 3 [D2]) appeared
less than that observed in epilepsy-only rats (Fig. 3 [B1]). Examination of serial sections (every
10th) stained for Nissl or immunostained for BrdU from grafted animals demonstrated the
presence of grafts along the entire septo-temporal axis of the hippocampus. Visualization with
BrdU immunostaining demonstrated that grafted cells remained in clusters at the grafted site,
as BrdU+ cells were densely packed in the graft core (Fig. 3 [C3]) and no BrdU+ cells were
observed away from the graft core in the hippocampus. Majority of BrdU+ cells within grafts
exhibited dense BrdU immunoreaction product (Fig. 3 [C3]) suggesting that transplanted cells
did not undergo significant cell division after grafting. Examination of the Nissl stained sections
revealed the presence of a large number of neurons within the graft core (Fig. 3 [D1–D3]).

In all grafted animals, grafts were located either inside the hippocampus or in close vicinity of
the hippocampus with clear attachments to the hippocampus at all septo-temporal levels
examined. Because we aimed to place the grafts in the CA3 region by injecting the cell
suspension at the end of the hippocampal fissure, grafts were found either in the CA3b
subregion (i.e. close to the lateral ends of the granule cell layer) or on the ventral surface of
the CA3b subregion with projections into the lateral ventricle below (Fig. 3 [C1, C2, D1, D2]).
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The location of grafts in serial sections through the hippocampus of a rat that received striatal
precursor cell grafts is illustrated in Figure 4, via tracing of different hippocampal cell layers,
subfields and grafts using Neurolucida (Microbrightfield Inc., Williston, VT). The location of
grafts with respect to the hippocampal cell layers and subfields shown in this figure is a good
example of transplant location found in all grafted animals.

Neuronal phenotypes within transplants
Examination of grafted cells using BrdU and NeuN dual immunofluorescence and confocal
microscopy demonstrated the presence of neurons within grafts (Fig. 5 [upper panels]). Grafted
cells that were immunoreactive for both BrdU and NeuN displayed BrdU immunofluorescence
in the nucleus and NeuN expression in both nucleus and cytoplasm of the cell body (Fig. 5).
Quantification of the percentages of BrdU+ grafted cells expressing NeuN in different groups
demonstrated that 87% (Mean ± S.E.M. = 87.2 ± 3.4%) of surviving grafted cells are neurons.
Although BrdU+ cells counted at the time of grafting likely comprised both neuronal and glial
precursors, E15 lateral ganglionic eminence (the age of striatal precursors used in this study
for collecting donor cells) mostly comprise neuronal precursors based on earlier cell culture
analyses (Zaman et al., 2000). This may be one of the reasons for most of the BrdU cells
encountered within grafts are neurons. In addition, neuronal precursors (i.e. cells from E15
lateral ganglionic eminence) being post-mitotic at the time of grafting retain the BrdU label
permanently, whereas glia (even though fewer in number at the time of grafting) likely divide
after grafting and lose their BrdU label over time. Assessment of GABA-ergic neurons via
BrdU and GABA double immunofluorescence methods and confocal microscopy revealed the
presence of a large number of GABA-ergic neurons within grafts (Fig. 5 [lower panels]).
Quantification revealed that 69% (68.8 ± 3.1%) of surviving grafted cells are GABA-ergic
neurons, suggesting that a vast majority of neurons derived from striatal precursor cell grafts
are GABA-ergic neurons.

Yields of surviving cells, total neurons, and GABA-ergic neurons from grafts
We transplanted 80,000 live cells into each of the 4 locations in every hippocampus. This
amounts to 320,000 live cells per hippocampus and 640,000 live cells per animal. However,
based on the BrdU labeling index (93.4%), the average number of BrdU labeled live cells
implanted per site was ~74,700 (or ~298,800 cells per hippocampus). We quantified the total
yield of surviving grafted cells (i.e. BrdU+ cells) in individual transplants within hippocampi
of different grafted animals (n=20 transplants in 5 hippocampi of 5 different animals) using
serial sections (every 10th) immunostained for BrdU and the optical fractionator cell counting
method. The yield of BrdU+ cells was equivalent to ~24,500 ± 3,300 cells per transplant (Fig.
5 [C1]), ~98,000 ± 13,200 per hippocampus, which amounts to ~196,000 cells per animal. In
comparison to the number of BrdU-labeled cells initially grafted per site (i.e. 74,700 live cells),
the average yield of surviving grafted cells was equivalent 33% of injected cells. Thus, the
overall long-term survival of striatal precursors treated and grafted with FGF-2 and caspase
inhibitor into the epileptic hippocampus is moderate in comparison to similarly treated fetal
hippocampal cells in the epileptic hippocampus (98% of injected cells; (Rao et al., 2007) but
is clearly enhanced in comparison to the standard striatal precursor cell grafts placed into the
injured hippocampus (Zaman et al., 2000).

Through extrapolation of numbers of BrdU+ cells recovered from different grafts with the
percentages of NeuN expressing neurons among BrdU+ cells (87%), we obtained the yield of
neurons per graft. The average yield of neurons per graft was ~21,300 ± 800 (Fig. 5 [C1]),
which amounts to addition of ~85,200 new neurons to each hippocampus. In comparison to
the number of BrdU-labeled cells initially grafted (i.e. 74,700 live cells), the yield of surviving
neurons was equivalent to 29% of injected cells. Furthermore, extrapolation of the total
numbers of BrdU+ cells recovered from different transplants with fractions of GABA-ergic
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interneurons among BrdU+ cells (68.8%), we obtained the yield of GABA-ergic neurons (Fig.
5 [C1]). The average yield of GABA-ergic neurons per graft was ~16,800 ± 2,000 (Fig. 5 [C1]),
which amounts to addition of ~67,200 new GABA-ergic neurons to each hippocampus. In
comparison to the number of BrdU-labeled cells initially grafted (i.e. 74,700 live cells), the
average yield of surviving GABA-ergic neurons in each graft was equivalent to 23% of injected
cells. Collectively, our results suggest that a considerable number of new GABA-ergic neurons
get incorporated into the circuitry of the epileptic hippocampus following striatal precursor
cell grafting at 4 days post-SE.

Subtypes of GABA-ergic phenotypes within transplants
Since a vast majority of surviving neurons within striatal precursor cell grafts were GABA-
ergic neurons, we examined whether this population comprises different subtypes of GABA-
ergic neurons through dual immunofluorescence and confocal microscopic analyses of cells
positive for BrdU and markers of subtypes of GABA-ergic neurons such as calbindin,
parvalbumin, calretinin and neuropeptide Y. Interestingly, all of these subtypes of GABA-ergic
neurons were present in grafts and representative samples are illustrated in Figure 6.
Quantification revealed that, among surviving grafted cells, 30% (30.4 ± 4.9%) are calbindin
+ neurons, 29% (28.9 ± 3.1%) are parvalbumin+ neurons, 31% (30.8 ± 2.2%) are calretinin+
neurons, and 8% (7.8 ± 3.1%) are neuropeptide Y+ neurons. Some overlap between these
populations likely exists, as addition of percentages of different subclasses of GABA-ergic
neurons amounts to more than 100% and a greater percentage than the percentage of GABA-
ergic neurons in the graft. Extrapolation of the total numbers of BrdU+ cells recovered from
different transplants with fractions of different subtypes of GABA-ergic interneurons among
BrdU+ cells, we obtained the overall yields of these subtypes of GABA-ergic neurons (Fig. 6
[E1]). The average yield per graft was ~7,300 ± 1,200 for calbindin+ neurons, ~7,100 ± 700
for parvalbumin+ neurons, ~7,600 ± 500 for calretinin+ neurons, and ~2,000 ± 700 for
neuropeptide Y+ neurons (Fig. 6 [E1]).

Effects of grafting on hippocampal calbindin immunoreactivity
Calbindin plays an important role in controlling abnormal discharges in hippocampal neurons
via its function as an intracellular facilitator of calcium diffusion with a high affinity and
selectivity for calcium in the micromolar range (Baimbridge et al., 1992). A sustained loss of
the calcium binding protein calbindin has been observed in major fractions of dentate granule
and CA1 pyramidal cells in animal models of TLE (Shetty and Turner, 1995; Shetty and
Hattiangady, 2007), which is consistent with the loss of calbindin observed in the surviving
dentate granule cells of TLE patients (Magloczky et al., 1997). Although the precise reason
for calbindin loss during TLE is still unclear, studies suggest that the loss of calbindin in dentate
granule cells and CA1 pyramidal cells after the KA-induced CA3-region injury implies the
existence of hyperexcitability (Nagerl et al., 2000; Kim et al., 2006; Selke et al., 2006).
Considering these, we investigated whether striatal precursor cell grafting early after SE would
prevent or diminish the loss of calbindin in dentate granule cells and CA1 pyramidal neurons.

In the naive control hippocampus, calbindin is robustly expressed in dentate granule cells and
superficial cells of the CA1 pyramidal cell layer (Fig. 7 [A1–A3]). However, in epilepsy-only
rats (i.e. rats exhibiting robust SRMS), there was dramatic down-regulation of calbindin in
both dentate granule cells and CA1 pyramidal neurons (Fig. 7 [B1–B3]), consistent with
previous studies in other models of TLE (Shetty and Turner, 1995;Shetty and Hattiangady,
2007). Interestingly, in SE rats that received striatal precursor cell grafts at 4 days post-SE,
calbindin was preserved in both dentate granule cells and CA1 pyramidal neurons (Fig. 7 [C1–
C3]). The overall expression of calbindin in the hippocampus of grafted rats was dramatically
greater than epilepsy-only rats, though the extent of immunoreactivity was less than that in the
age-matched hippocampus of naive rats. Overall, it is clear that the expression of calbindin is
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robust when no seizures are present (i.e. naive control rats), moderate with lower frequency of
seizures (i.e. SE-rats that received striatal precursor cell grafts), and scarce with much greater
frequency of seizures (i.e. epilepsy only rats). Thus, it appears that there is a link between the
extent of SRMS and hippocampal calbindin expression.

Effects of grafting on aberrant mossy fiber sprouting
To examine whether reduced frequency of seizures in SE-rats that received striatal precursor
cell grafts was linked to a diminished abnormal mossy fiber sprouting, we examined the extent
of mossy fiber sprouting using NPY immunostaining. The NPY immunostaining in the
hippocampus of naive rats reveals mainly the NPY+ interneurons and NPY+ positive axon
terminals (Hattiangady et al., 2005). However, in the epileptic hippocampus, because of the
up-regulation of NPY expression in dentate mossy fibers, NPY immunostaining has been found
to be useful for ascertaining aberrant mossy fiber sprouting into the dentate supragranular layer
(Rao et al., 2007). As expected, NPY immunostaining revealed a large number of interneurons
in the dentate gyrus of naive rats (Fig. 8 [A1–A2]). The NPY immunostaining in epilepsy only
rats on the other hand revealed reduced number of interneurons in the dentate hilus but robust
NPY expression in mossy fibers (Fig. 8 [B1]). Aberrant sprouting of mossy fibers into the
dentate supragranular layer could be visualized very clearly (Fig. 8 [B2]). Rats that received
grafts after SE also exhibited aberrant mossy fiber sprouting into the dentate supragranular
layer (Fig. 8 [C1–C2]), suggesting that the suppression of aberrant mossy fiber sprouting is
not the mechanism underlying the reduced frequency of SRMS in SE-rats receiving grafts.

Discussion
This study, for the first time, demonstrates that bilateral grafting of appropriately treated striatal
precursor cells into hippocampi shortly after SE is efficacious for considerably reducing the
frequency of SRMS on a long-term basis in the chronic epilepsy period. A reduced frequency
of SRMS after striatal precursor cell grafting in SE rats was associated with long-term (one-
year) survival of a sizable fraction grafted cells with differentiation of a vast majority of grafted
cells into GABA-ergic neurons. Additional analyses revealed the presence of multiple
subclasses of GABA-ergic neurons within grafts, including neurons positive for calbindin,
parvalbumin, calretinin and neuropeptide Y. Furthermore, significantly reduced frequency of
SRMS in SE rats that received striatal precursor cell grafts was coupled with substantial
preservation of the hippocampal calbindin, in contrast to its dramatic loss in rats that underwent
SE alone. Additionally, substantially diminished frequency of SRMS in SE rats that received
striatal precursor cell grafts appeared to be specific to the presence of grafts, as sham grafting
surgery had no effects on the frequency of SRMS in the chronic epilepsy period. These results
have importance towards developing an apt cell transplantation therapy for restraining chronic
epilepsy after SE or brain injury.

Links between decreased frequency of SRMS and graft-derived new GABA-ergic neurons
Analyses of the frequency of SRMS revealed ~3 seizures per hour during 9–12 months post-
SE in both SE-rats receiving no grafts (i.e. epilepsy-only rats) and SE-rats receiving sham
grafting surgery, suggesting that sham-grafting surgery has no influence on the evolution of
SE into chronic epilepsy. On the contrary, in SE-rats that received striatal precursor cell grafts,
the frequency of SRMS was 67–89% less than that observed in both epilepsy-only rats and
SE-rats that received sham grafting surgery. This suggests that a remarkably reduced frequency
of SRMS observed after striatal precursor cell grafting is linked to graft-derived neurons in the
hippocampus rather than effects of the grafting surgery. However, there are certain issues that
need to be addressed rigorously in future studies to validate the efficacy of striatal precursor
cell grafting for substantially diminishing the SE-induced chronic epilepsy. First, as only the
frequency of major motor seizures (stages III–V seizures) was scored in this study, it remains
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to be seen whether striatal precursor cell grafting is efficacious for reducing both frequency
and intensity of electrographic seizures. Second, as SRMS were recorded only at 9–12 months
after SE and grafting, it is unclear whether striatal precursor cell grafting into hippocampi
delays the evolution of SE into chronic epilepsy. Third, as no control cells, dead cells or medium
was injected in SE rats that underwent sham grafting surgery, it remains to be validated whether
the beneficial effects observed in this study were specific to striatal precursor cell grafts. From
these perspectives, continuous EEG recordings for prolonged periods after grafting of striatal
precursor cells, control cells or dead cells in different groups of SE rats are needed in future to
address these issues.

Nevertheless, histological analyses at one-year post-grafting in this study revealed long-term
survival of sizable fraction (31%) of grafted cells with differentiation of a vast majority of them
into GABA-ergic neurons, which supports the premise that decreased frequency of SRMS
observed in SE rats after striatal precursor cell grafting is likely linked to graft-derived GABA-
producing neurons. Based on the yield of surviving cells, GABA-ergic neurons among
surviving cells and the number of grafts placed per hippocampus, the average number of graft-
derived GABA-ergic neurons added to each hippocampus was ~67,300, which is equivalent
to addition of ~134,600 new GABA-ergic neurons to hippocampi of each animal. One-year
survival of graft-derived GABA-ergic neurons reflects their integration into the host
hippocampal circuitry, as lack of integration of grafted cells typically leads to their
degeneration over time after grafting. It is likely that a decreased frequency of SRMS observed
in SE-rats receiving striatal precursor cell grafts is influenced by these newly added GABA-
ergic neurons because, in the absence of these new GABA-ergic neurons (i.e. in rats receiving
sham-grafting surgery), the frequency of SRMS remains comparable to epilepsy-only rats. This
possibility is also supported by the following observations. First, it emerges that a reduced
frequency of seizures following striatal precursor cell grafting is not due to the suppression of
aberrant mossy fiber synaptic reorganization, an epileptogenic change that is believed to
contribute to the occurrence or extent of SRMS (Cronin and Dudek, 1988; Mathern et al.,
1993; Okazaki et al., 1995; Buhl et al., 1996; Lynch et al., 2000; Wuarin and Dudek, 2001;
Shetty et al., 2005). This is because aberrantly sprouted mossy fibers could be clearly observed
in the dentate supragranular layer of both SE-rats receiving no grafts and SE-rats receiving
striatal precursor cell grafts. Second, it is unlikely that striatal precursor cell grafts mediate
repair of the disrupted tri-synaptic hippocampal circuitry as observed with grafts of fetal
hippocampal cells (Shetty and Turner, 1997, 2000; Shetty et al., 2005) because a vast majority
of striatal precursor cells differentiate into GABA-ergic neurons rather than hippocampal CA1
or CA3 pyramidal neurons. Considering the above, and based on yields of new GABA-ergic
neurons derived from grafts, it is likely that strengthening of the inhibitory GABA-ergic
neurotransmission in the host hippocampus underlies the beneficial effects mediated by grafts.
Thus, addition of a significant number of new GABA-ergic neurons into the hippocampus after
SE appears to be a useful approach for restraining chronic epilepsy development after SE or
brain injury.

Would increased addition of new GABA-ergic neurons to the hippocampus prevent SE-
induced chronic epilepsy?

While the frequency of SRMS in SE rats receiving striatal precursor cell grafts was
considerably less than both SE-rats receiving no grafts and SE-rats receiving sham grafting
surgery, striatal precursor cell grafting did not completely prevent SE-induced chronic
epilepsy. This could be due to addition of an insufficient number of new GABA-ergic
interneurons into the hippocampal circuitry, as seizure-induced hippocampal injury is
associated with dramatic depletions in the number of GABA-ergic interneurons, reduced
granule cell inhibition and reduced excitatory drive onto interneurons (Sloviter, 1987; Shetty
and Turner, 2000, 2001; Doherty and Dingledine, 2001; Kobayashi and Buckmaster, 2003;
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Sloviter et al., 2003; Ben-Ari, 2006). Previous studies have also suggested that survival of
grafted neurons in the hippocampus is an important pre-requisite for reducing the frequency
of SRMS through grafts. For instance, Hasegawa and colleagues (Hasegawa et al., 2004)
demonstrated that grafting of 40,000–80,000 Layton Bioscience (LBS) neurons per
hippocampus is inefficient for diminishing seizures in a KA-model of TLE because of poor
survival of grafted cells. Similarly, a recent study (Rao et al., 2007) reveals that seizure-
reducing effects of fetal hippocampal cell grafts is directly linked to their survival in the
chronically epileptic hippocampus. Grafting of standard fetal hippocampal cells (i.e. without
pre-treatment with graft augmentation factors) led to their poor survival and no seizure-
reducing effects whereas grafting of fetal hippocampal cells treated with distinct neurotrophic
factors and caspase inhibitor resulted in robust graft cell survival and considerable seizure-
reducing effects. In this context, it is plausible that an improved survival of grafted striatal
precursor cells might prevent the occurrence of chronic epilepsy after SE. Alternatively,
grafting of increased number of precursor cells per site or increasing the number of grafts per
hippocampus might be useful approaches for future studies. Additionally, as SE also leads to
hyperexcitability in the entorhinal cortex due to loss of inhibitory interneurons (Kobayashi and
Buckmaster, 2003; Kumar and Buckmaster, 2006) bilateral grafting of striatal precursor cells
into hippocampi as well as entorhinal cortices may be important for completely preventing the
chronic epilepsy development after SE.

The survival of striatal precursor cells following placement into the injured hippocampus is
generally poor (Zaman et al., 2000). However, the survival of striatal precursor cells in the
hippocampus after SE in this study is much improved with recovery at one-year post-grafting
equaling 33% of injected cells. This is likely due to the pre-treatment and grafting of donor
cells with FGF-2 and caspase inhibitor. The selection of combined neurotrophic
supplementation and caspase inhibition for improving the yields of surviving cells and neurons
in the hippocampus was based on results of multiple previous studies on graft augmentation
in the injured adult brain (Schierle et al., 1999; Hansson et al., 2000; Helt et al., 2001; Cicchetti
et al., 2002; Zaman and Shetty, 2002; Hattiangady et al., 2006; Rao et al., 2007). Considering
the functions of neurotrophic factors and caspase inhibitors, it appears that enhanced yields of
surviving grafted neurons observed after combined neurotrophic supplementation and caspase
inhibition are a result of rapid differentiation of grafted cells and rescue of grafted cells from
grafting trauma-related apoptosis (Esclapez and Trottier, 1989; Maisonpierre et al., 1990;
Friedman et al., 1991; Ernfors et al., 1992; Friedman et al., 1998; Zawada et al., 1998; Sortwell
et al., 2001). Nevertheless, in comparison to the survival of similarly treated fetal hippocampal
cells in the chronically injured or epileptic hippocampus (with recovery of over 98% of injected
cells; Hattiangady et al., 2006; Rao et al., 2007) the overall long-term survival of striatal
precursors treated and grafted with FGF-2 and caspase inhibitor in this study is moderate. Thus,
graft augmentation strategies that are specific for increasing the survival of striatal precursor
cells in the epileptic hippocampus are needed in future.

Significance of reduced frequency of SRMS in SE-rats receiving striatal precursor cell grafts
The efficacy of transplantation of different GABA-producing cells into different regions of the
brain for restraining seizures has been examined in several earlier studies. However, the
usefulness of these cell grafts for reducing chronic SRMS could not be ascertained, as seizure
analyses were performed only during the early post-grafting period, the survival of grafted
cells was limited and the beneficial effects were transient. For instance, bilateral grafting of
conditionally immortalized neurons engineered to produce GABA into the substantia nigra of
rats at 45–65 days after SE in a pilocarpine model of epilepsy results in fewer spontaneous
seizures at 1–10 days post-grafting than epileptic rats receiving only control cells (Thompson
and Suchomelova, 2004). Additional studies have examined the effects of grafting of GABA-
producing cells into the dentate gyrus (Thompson, 2005) or the substantia nigra (Löscher et
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al., 1998; Castillo et al., 2006) on the development of seizures. Transplantation of these cells
were associated with increased GABA levels, enhanced local electrical seizure threshold and
delayed onset of behavioral seizures in the kindling model of epilepsy (Thompson, 2005), and
diminished extent of seizures with KA administration (Castillo et al., 2006). Although these
results are interesting and provide the proof of principle for suppressing seizures using GABA-
producing cells, it remains an interesting question to verify whether cells engineered to produce
GABA are capable of exhibiting enduring survival and maintaining GABA release on a long-
term basis in the epileptic brain. Apart from GABA producing cells, a series of studies have
ascertained the effects of grafts of encapsulated fibroblasts engineered to release the brain’s
endogenous anticonvulsant adenosine on seizures (Boison et al., 1999, 2002; Boison, 2005;
Huber et al., 2001). An initial study reported that transplantation of these cells into the brain
ventricles of rats kindled in the hippocampus is associated with only transient reductions
(lasting ~2 weeks) in behavioral seizures and afterdischarges. Use of mouse myoblasts
engineered to release adenosine also demonstrated similar transient suppressing effects on
seizures (Fedele et al., 2004; Guttinger et al., 2005). Recent studies by using embryonic stem
(ES) cell derived neural precursors that are engineered to release adenosine as donor cells report
sustained protection against developing generalized seizures in a kindling model of TLE (Li
et al., 2007) and suppression of spontaneous seizures in mice when implanted after the
epileptogenesis-precipitating brain injury (Li et al., 2008). These results are certainly promising
for future development of stem cell-mediated adenosine delivery for treating epilepsy. Yet, it
remains to be determined whether these cells have the ability to deliver adenosine on a long-
term basis.

Thus, to understand the usefulness of distinct grafting approaches for preventing SE-induced
chronic epilepsy, it is imperative that prolonged effects of distinct cell transplants placed into
the hippocampus or other regions such as the substantia nigra after the induction SE be tested
rigorously in appropriate animal models. From this perspective, the finding of the present study
that appropriately treated striatal precursor cell grafts placed bilaterally into hippocampi shortly
after SE reduce the frequency of SRMS on a long-term basis in the chronic epilepsy period has
clinical significance. More importantly, a reduced frequency of SRMS observed after striatal
precursor cell grafting was associated with one-year survival of ~33% of grafted cells with
differentiation of a vast majority of grafted cells into GABA-ergic neurons. Additionally, these
beneficial effects of grafts were associated with substantial preservation of the hippocampal
calbindin. Because a dramatic loss of calbindin in hippocampi during epileptic conditions is
believed to be due to hyperexcitability (Magloczky et al., 1997; Nagerl et al., 2000; Kim et al.,
2006; Selke et al., 2006; Shetty and Hattiangady, 2007), preservation of calbindin in the
hippocampus of SE-rats receiving striatal precursor cell grafts and exhibiting reduced
frequency of SRMS likely suggests a reduced hippocampal hyperexcitability with grafting of
striatal precursor cells. This is presumably mediated through an increased GABA-ergic
inhibitory neurotransmission on principal hippocampal neurons by the new GABA-ergic
interneurons derived from grafts. However, additional electrophysiological studies of both
graft-derived GABA-ergic neurons and hippocampal principal neurons are required in future
to confirm the presence of this mechanism. In conclusion, the results obtained with striatal
precursor cell grafting in this long-term study are promising towards developing cell based
therapies that are potentially capable of restraining chronic epilepsy development after SE or
brain injury.
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Figure 1.
Schematic of major experiments performed in this study. The top left half illustrates the
preparation of donor cells for grafting. The steps include dissection of lateral ganglionic
eminences from embryonic day 15 fetuses, preparation of a single cell suspension of striatal
precursor cells, and pre-treatment of donor cells with fibroblast growth factor and a caspase
inhibitor Ac-YVAD-cmk. The donor cells were pre-labeled with 5′-bromodeoxyuridine
(BrdU) via intraperitoneal injections of BrdU between embryonic days 11 and 15 to pregnant
mothers of the fetuses used in this study. The top right half describes the preparation of young
adult male rats for striatal precursor cell grafting, sham-grafting surgery and epilepsy-alone
groups. The status epilepticus (SE) was induced through graded intraperitoneal injections of
the kainic acid (KA) in all rats. In rats designated for grafting, ~80,000 live striatal precursor
cells were placed into each of 4 sites in the hippocampus on both sides, whereas in rats
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designated for sham-grafting surgery, grafting needles were introduced to all sites of
hippocampi chosen for grafting. Another group of rats which received neither grafts nor sham
grafting surgery served as epilepsy-only controls. The frequency of spontaneous recurrent
motor seizures (SRMS) was measured at 9–12 months post-SE and animals were perfused for
histological analyses at one-year after grafting.
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Figure 2.
Effects of striatal precursor cell grafting shortly after status epilepticus (SE) on the extent of
chronic epilepsy. The bar chart illustrates the frequency of spontaneous recurrent motor
seizures (SRMS) at 9–12 months post-SE in different groups of rats that underwent SE. Values
in different groups represent means and standard errors. Both rats receiving no grafts (i.e.
epilepsy-only rats, n = 5) and rats receiving sham grafting surgery (n = 5) exhibit ~3.0 SRMS
per hour during this period. In sharp contrast, epileptic rats receiving striatal precursor cell
grafts (treated with fibroblast growth factor-2 and a caspase inhibitor Ac-YVAD-cmk, n = 5)
exhibit considerably diminished frequency of SRMS during this period. Overall, there was 67–
89% decrease in seizure frequency in the grafted group, in comparison to epilepsy-only and
sham grafting surgery groups (p <0.001).

Hattiangady et al. Page 20

Exp Neurol. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Hippocampal cytoarchitecture and location of grafts. The top two panels illustrate the
hippocampal cytoarchitecture in a naive age-matched intact rat (A1–A3), and a rat that
exhibited status epilepticus (SE) induced chronic epilepsy and euthanized at 12 months post-
SE (B1–B3). The figures A2–A3 and B2–B3 are magnified views of dentate and CA1 regions
from A1 and B1. Note a significant loss of neurons in the dentate hilus (B2), the CA1 subfield
(B3) and the CA3c subregion (B2). The third and fourth panels show the location of striatal
precursor cell grafts, as revealed by 5′-bromodeoxyuridine (BrdU) immunostaining (C1–C3)
and Nissl staining (D1–D3) of adjacent sections. Note that, transplants are located partly inside
the hippocampus and partly project into the lateral ventricle below. The figures C3 and D3 are
magnified views of transplant regions from C2 and D2 showing the morphology of grafted
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cells and neurons. Scale bar, A1, B1, C1–C2, D1–D2 = 500μm; A2, B2 = 200μm; A3, B3, C3,
D3 = 100μm. DG, dentate gyrus; DH, dentate hilus; SO, stratus oriens; SP, stratum pyramidale;
SR, stratum radiatum; T, transplant.
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Figure 4.
Location of transplants with respect to hippocampal cell layers and subfields. The figure
illustrates drawings of serial sections through the hippocampus of a rat that received striatal
precursor cell grafts. The tracings of different hippocampal cell layers, subfields and grafts
were done using the Neurolucida software. Note that, grafts (the red masses denoted by arrows
in all drawings) were located either in the CA3b subregion close to the lateral ends of the
granule cell layer (A3, A5, A8) or on the ventral surface of the CA3b subregion with projections
into the lateral ventricle below (A1–A10). Scale bar, 1000μm.
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Figure 5.
Differentiation of grafted striatal precursor cells into neurons and gamma-amino butyric acid
(GABA) positive neurons. Figures A1–A3 show examples of 5′-bromodeoxyuridine (BrdU)
positive grafted cells that differentiated into neuron-specific nuclear antigen (NeuN) positive
neurons (arrows), using BrdU and NeuN dual immunofluorescence. Figures A4–A8 illustrate
Z-section analyses of grafted cells that are positive both BrdU and NeuN, using confocal
microscopy. Figures B1–B3 show examples of grafted cells that differentiated into GABA-
positive neurons (arrows), using BrdU and GABA dual immunofluorescence. Figures B4–B8
illustrates Z-section analyses of a grafted cell that is positive for both BrdU and GABA using
confocal microscopy. The bar chart in C1 depicts average numbers of BrdU positive cells,
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NeuN positive neurons, and GABA-ergic neurons derived from individual striatal precursor
cell grafts in the hippocampus. A1–A3, B1–B3 = 20μm; A4–A8, B4–B8 = 10μm.
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Figure 6.
Differentiation of grafted striatal precursor cells into subclasses of gamma-amino butyric acid
(GABA) positive neurons, visualized through dual immunofluorescence and confocal
microscopy. The figures show examples of 5′-bromodeoxyuridine (BrdU) positive grafted cells
that differentiate into interneurons positive for calbindin (A1–A3), parvalbumin (PV, B1–B3),
calretinin (C1–C3) and neuropeptide Y (NPY, D1–D3). Figures A4–A8, B4–B8, C4–C8 and
D4–D8 illustrate Z-section analyses of grafted cells that are positive BrdU & calbindin, BrdU
& parvalbumin, BrdU & calretinin, and BrdU & neuropeptide Y respectively. The bar chart in
E1 depicts average numbers of interneurons positive for calbindin, parvalbumin, calretinin and
neuropeptide Y in individual striatal precursor cell grafts. Scale bar, A1–A3, B1–B3, C1–C3,
D1–D3 = 10μm; A4–A8, B4–B8, C4–C8, D4–D8 = 5μm. CBN, calbindin, PV, parvalbumin,
CR, calretinin, and NPY, neuropeptide Y.
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Figure 7.
Effects of grafting on calbindin immunoreactivity. Figures show calbindin immunoreactivity
in the hippocampus of a naive adult rat (A1–A3), a rat that exhibited SE-induced chronic
epilepsy (B1–B3), and a rat that underwent SE and received grafts of striatal precursor cells
(C1–C3). A2–A3, B2–B3 and C2–C3 are magnified views of dentate and CA1 regions from
A1, B1, and C1. Note that calbindin immunoreactivity in the hippocampus diminishes
dramatically in both dentate granule cells and CA1 pyramidal neurons during SE-induced
chronic epilepsy (B1–B3), in comparison to the naive hippocampus. Contrastingly, when rats
that underwent SE receive striatal precursor cell grafts, substantial amount of calbindin is
preserved in both dentate gyrus and CA1 subfield of the hippocampus during the chronic phase

Hattiangady et al. Page 27

Exp Neurol. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(C1–C3). Scale bar, A1, B1, C1 = 500μm; A2–A3, B2–B3, C2–C3 = 100μm. DH, dentate
hilus; GCL, granule cell layer; ML, molecular layer; SO, stratus oriens; SP, stratum pyramidale;
SR, stratum radiatum.
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Figure 8.
Effects of grafting on abnormal mossy fiber sprouting in the host hippocampus. Figures
illustrate neuropeptide Y (NPY) immunostaining in the hippocampus of a naive adult rat (A1–
A2), a rat that exhibited SE-induced chronic epilepsy (B1–B2), and a rat that underwent SE
and received grafts of striatal precursor cells (C1–C2). A2, B2 and C2 are magnified views of
a dentate gyrus region from A1, B1, and C1. In naive rat (A1–A2), NPY immunostaining
visualizes mainly the interneurons in the dentate hilus, whereas in the rat that underwent SE-
induced chronic epilepsy (B1–B2), NPY expression is found in mossy fibers including those
mossy fibers that sprout aberrantly into the dentate supragranular layer (DSGL). Note that the
extent of aberrant sprouting in the DSGL is comparable between the rat that underwent SE
alone (B1–B2) and the rat that underwent SE and received striatal precursor cell grafts (C1–
C2). Scale bar, A1, B1, C1 = 500μm; A2, B2, C2 = 100μm. DH, dentate hilus; GCL, granule
cell layer; ML, molecular layer.
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