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Human mesenchymal stem cell grafts engineered to
release adenosine reduce chronic seizures in a
mouse model of CA3-selective epileptogenesis
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Summary A novel generation of silk-based brain implants engineered to release adenosine was
recently shown to provide robust seizure suppression in kindled rats. As a first step to develop
stem cell-coated silk-based 3D-scaffolds for the therapeutic long-term delivery of adenosine
we engineered human mesenchymal stem cells (hMSCs) to release adenosine. Here we demon-
strate reduction of chronic seizures in a mouse model of CA3-selective epileptogenesis after
infrahippocampal transplantation of adenosine-releasing hMSCs.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Adenosine is an endogenous anticonvulsant with effi-
cacy in pharmacoresistant epilepsy (Gouder et al., 2003).
To avoid peripheral side effects of systemic adenosine,
focal adenosine augmentation therapies have been evalu-
ated and demonstrated to provide therapeutic benefit in
rodent models of induced and chronic seizures (Boison,
2007a). To develop a therapeutic system compatible with
future clinical application we recently developed a new
generation of silk-based polymers engineered to release
adenosine (Wilz et al., 2008). Infrahippocampal implants
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of these polymers provided robust seizure suppression in
the rat kindling model. Seizure suppression correlated
with the dose/release profile of adenosine (Wilz et al.,
2008).

Transplantation of stem cells as a novel approach to
epilepsy therapy has received much attention, recently
(Boison, 2007b; Loscher et al., 2008; Raedt et al., 2007;
Shetty and Hattiangady, 2007). Stem cells are considered
for reconstruction of the epileptic hippocampus and for
the delivery of trophic and/or anticonvulsant compounds.
Human mesenchymal stem cells (hMSCs) that hold promise
as potential autologous patient-derived brain-implants have
already successfully been used in models of neuronal cell
loss, including stroke and Parkinson’s disease (e.g. Kim et
al., 2009; Ohtaki et al., 2008), but have not yet been used
in models of epilepsy. To achieve better control of stem cell
location within the brain and to allow for surgical retrieval —
an important safety-consideration — a combination of stem
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cells with suitable biopolymers might offer a promising alter-
native.

To develop a silk-based stem cell-coated 3D-scaffold for
the therapeutic long-term delivery of adenosine we recently
engineered hMSCs to release a therapeutically active dose
of adenosine (Ren et al., 2007) and demonstrated that
silk supports the release of adenosine from stem cells
(Uebersax et al., 2006). As a first step in the development
of therapeutic hMSC/silk-scaffolds we conducted a proof-
of-feasibility study to demonstrate that adenosine-releasing
hMSC-derived brain implants can suppress chronic seizures
in a post-status epilepticus model. For these studies we used
a novel mouse model of CA3-selective epileptogenesis (Li et
al., 2008). This model is based on the intraamygdaloid injec-
tion of the excitotoxin kainic acid (KA) and induces acute
seizures resulting in ipsilateral CA3-selective neuronal cell
loss. Within 12 days after KA-injection astrogliosis, upregu-
lation of the adenosine-removing enzyme adenosine kinase
(ADK), and spontaneous electrographic subclinical seizures
coincide, all restricted to the ipsilateral CA3 (Li et al.,
2007a); these seizures are focal in nature and do not have a
behavioral correlate. Three weeks after KA-injection spon-
taneous seizure patterns are robust and reproducible and
present as 4.3 ± 1.5 CA3-selective electrographic seizures
per hour with each seizure lasting 17.5 ± 5.8 s (Li et al.,
2008). We consider this model ideal for the following rea-
sons: (i) this model affords the unique opportunity to
study epileptogenesis and seizure development in a highly
restricted area within a largely intact brain environment.
Focal adenosine deficiency causes seizures in this model.
Thus, this model is highly suited to study focal cell-based
adenosine augmentation therapies. (ii) This model allows
studying three different parameters: acute seizures and
acute injury, epileptogenesis, and expression of chronic
seizures. (iii) This model is highly reproducible and yields
a high seizure frequency (around 4 seizures per hour) within
a relatively short time frame (stable seizure patterns are
fully established three weeks after KA-injection). Thus, this
model is highly suited for the rapid screening of novel
neuroprotective, antiepileptogenic, and/or anti-ictogenic
strategies.

2. Methods

2.1. Stem cells

Human mesenchymal stem cells (hMSCs) were engineered to release
adenosine using a lentivirus co-expressing emerald green fluo-
rescent protein (EmGFP) and miRNA directed against the major
adenosine-removing enzyme adenosine kinase (ADK). The resulting
ADK-knockdown cells H239 were used in the present study. Produc-
tion and characterization of the cells has been described in detail
(Ren et al., 2007).

2.2. Epilepsy model and cell transplantation

All experiments were conducted in an AAALAC-accredited facility
adhering to protocols approved by Legacy’s Institutional Animal
Care and Use Committee adhering to NIH regulations and guidelines
on the humane use of animals in research. We used a mouse model
of CA3-selective epileptogenesis that has been fully described (Li
et al., 2008). In this model CA3-selective spontaneous recurrent
seizures develop 3 weeks after intraamygdaloid injection of kainic

acid (KA). Briefly, under full anesthesia, 12 adult male C57BL/6
mice received unilateral stereotaxic microinjection of KA (0.3 �g in
0.2 �l) into the basolateral amygdala nucleus based on stereotac-
tic coordinates relative to bregma: AP = −0.94 mm, ML = −2.85 mm,
DV = −3.75 mm. Status epilepticus following the KA-injection was
terminated after 30 min with lorazepam (6 mg/kg, i.v.). 24 h after
KA-injection 6 animals were treated with 50,000 H239 cells that
were slowly injected in a volume of 2.5 �l of culture medium (uni-
lateral injection of DMEM, ipsilateral to KA-injection) using a drill
hole above the left hippocampus and a single diagonal injection
tract spanning from coordinate (AP +1.6; ML +1.2, DV 0.0) to coordi-
nate (AP −2.8; ML −1.75; DV −4.0), thus depositing the cells within
the infrahippocampal fissure. The remaining 6 animals received cor-
responding sham treatments (injection of 2.5 �l culture medium
using the same stereotactic coordinates). All animals, including the
sham controls received daily immunosuppression with cyclosporine
A (15 mg/kg, i.p.) initiated 2d prior to cell transplantation and main-
tained throughout the course of this study.

2.3. Seizure monitoring

Three weeks after transplantation all animals were equipped with
bipolar EEG recording electrodes implanted into the CA3 ipsilateral
to the cell graft/KA-injection. As reference a monopolar electrode
was placed onto the cortex as described (Li et al., 2008). One day
after electrode implantation mice were placed in Plexiglas cages
where they could move freely. Electrical brain activity was mon-
itored using the Nervus EEG Recording System connected with a
Nervus magnus 32/8 Amplifier and filtered (high-pass filter 0.3 Hz
cutoff, low-pass 100 Hz). Each EEG file was analyzed manually by
an observer not aware of the animal’s identities. EEG-seizure activ-
ity was defined as high-amplitude rhythmic discharges that clearly
represented a new pattern of tracing (repetitive spikes, spike-and-
wave discharges, and slow waves) that lasted at least 5 s. Epileptic
events occurring with an interval less than 5 s without the EEG
returning to baseline were defined as belonging to the same seizure.
All animals were subjected 16 h of continuous EEG monitoring. After
the injection of the adenosine A1 receptor antagonist 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX, 1 mg/kg in 20% DMSO/saline, i.p.) an
additional 8 h of EEG recordings were added.

2.4. Histology

After completion of EEG-monitoring, the animals were transcar-
dially perfused with 4% paraformaldehyde in phosphate buffer
(0.15 M, pH 7.4). The brains were postfixed in the same fixative for
6 h and cryoprotected before being cut into 40-�m coronal sections
that were mounted on slides using 4′,6-diamidino-2-phenylindole
(DAPI)—–containing mounting medium. Using a Leica fluorescence
microscope, graft-derived cells were identified by green EmGFP-
derived fluorescence.

2.5. Statistical analysis

Statistical variability is indicated as ±SD and data were analyzed
using one-way ANOVA with Student—Newman—Keuls test.

3. Results and discussion

As outlined in Fig. 1 hMSCs (H239 cells) were grafted into the
infrahippocampal fissure of mice 24 h after intraamygdaloid
injection of KA, i.e. after the initial epileptogenesis precip-
itating injury had occurred. This is a viable strategy, since
the location of the KA injection (amygdala) is distinct from
the location of the cells (infrahippocampal fissure), thus
avoiding possible interference between both procedures.
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