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Abstract

The field of stem cell therapy is growing rapidly and hopes to offer an alternative solution to diseases that are historically
treated medically or surgically. One such focus of research is the treatment of medically refractory epilepsy, which is
traditionally approached from a surgical or interventional standpoint. Research shows that stem cell transplantation has
potential to offer significant benefits to the epilepsy patient by reducing seizure frequency, intensity, and neurological deficits
that often result from the condition. This review explores the basic science progress made on the topic of stem cells and
epilepsy by focusing on experiments using animal models and highlighting the most recent developments from the last 4

years.
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Introduction

Epilepsy, defined by high occurrence of seizures secondary
to aberrant electoral neural signaling, affects 50 to 60 million
people around the world!. There are several described sei-
zure types, including generalized, focal, and epileptic
spasms. Generalized seizures can be further broken down
into tonic-clonic, absence, myoclonic, and atonic seizures’.
Furthermore, epilepsy can be categorized as idiopathic,
acquired (through changes in brain structure, infection, or
metabolic disorders), and immunological®. Despite these
multiple classifications, seizures can often be related to a
common underlying pathophysiology: neuronal hyperactiva-
tion. Thus, most therapeutic interventions aim to remove the
aberrant signaling area, via surgery, or reduce neuronal
action potentials, using pharmacological interventions?.
Unfortunately, only two of three patients obtain complete
remittance from their seizures®. Initial treatment approaches
for epilepsy are usually conservative. The availability of
anti-epileptic drugs, costs, and insurance coverage for phar-
maceutical treatments appear generally addressed by health
care systems around the world although there are patients
whose insurance does not cover anti-epileptic drugs.
However, the clinical outcomes of pharmaceutical treat-
ments remain variable, indicating the need for novel and
more effective therapeutic approaches. To this end, while
first-line treatments for epilepsy include pharmaceutical

management, surgical interventions stand as an alternative
treatment option when medical management fails. Unfor-
tunately, cell-based therapy represents an experimental sur-
gical intervention, which probably may pose as a challenge
for uninsured patients warranting case management resolu-
tion. Even surgical interventions only result in complete
absence of seizures in 58% of patients with medically refrac-
tory temporal lobe epilepsy (TLE)*®. Over time, repeated
epileptic episodes can result in cell death, activation of astro-
cytes, reactive oxidative species production, and changes to
mitochondria function®. This aberrant functioning at the cel-
lular level, alongside a plethora of patients with refractory
epilepsy, implores researchers to consider novel treatment
strategies, such as cell-based therapies®. This review will

! University of South Florida Morsani College of Medicine, Tampa, FL, USA

2 Department of Pharmaceutical and Administrative Sciences, Loma Linda
University, Loma Linda, CA, USA

3 Center of Excellence for Aging and Brain Repair, Morsani College of
Medicine, University of South Florida, Tampa, FL, USA

Submitted: December 27, 2022. Revised: January 31, 2023. Accepted:
February 6, 2023.

Corresponding Author:

Cesar V. Borlongan, Center of Excellence for Aging and Brain Repair,
University of South Florida Morsani College of Medicine, 12901 Bruce B
Downs Boulevard, Tampa, FL 33612, USA.

Email: cborlong@usf.edu

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cll
mailto:cborlong@usf.edu

Cell Transplantation

discuss current methods of surgical and pharmacological
approaches for treating epilepsy while also delving into the
less developed concept of using stem cells to reprogram and
remodel neuronal networks to reduce epileptic burden.

Pharmaceutical Treatments for Epilepsy

The primary goal of anti-seizure drugs (ASDs) is to elimi-
nate seizures while minimizing adverse side effects®.
Medication is considered after two documented cases of
unprovoked seizures or one seizure that occurred during
sleep or in the presence of the electrocardiogram (ECG) or
magnetic resonance imaging (MRI)®. The best practice is to
wait for reoccurrence before starting treatment, as treat-
ment after the first seizure will not alter prognosis’.
However, those with a higher risk of occurrence, including
individuals with an identified structural abnormality, an
abnormal electroencephalograph (EEG), or pre-existing
neurological deficit, should start sooner. Considerations
when choosing a medication include factors such as age,
sex, existing comorbidities, seizure type, and tolerability’.
The two main types of seizures, focal and generalized, are
neurologically different, and specific medications may
work better for one type over the other. Furthermore, new-
generation drugs are often better tolerated and have similar
efficacy as previous generation drugs®. Previous work dem-
onstrated that up to 47% of patients become seizure free on
the first appropriately selected ASD?. It is therefore crucial
that physicians understand the classes and mechanisms of
ASDs to choose the right option for their patient. Monotherapy
(single drug) is the best option as polytherapy (multiple
drugs) may increase the risk of poor adherence, adverse
drug interactions, and the potential for long-term toxicity.
If polytherapy is required, the physician must make sure to
not prescribe drugs in the same class to avoid cross sensi-
tivity; use combinations that have synergistic effects; com-
bine drugs with different mechanisms of action; and
anticipate drug doses appropriately based on potential side
effects’. Each drug should be introduced slowly with the
dosage gradually raised to the maximum tolerated dose. If
the patient does not receive benefit at the maximally toler-
ated dose, an alternative first-line drug should then be
tried’. Drug-resistant epilepsy is defined as the failure of
adequate trials of two appropriately chosen ASDs’.
Surgical intervention is the next likely choice for these
individuals (Figure 1).

There are currently 26 US Food and Drug Administration
(FDA) approved ASDs which fall into four main categories.
Eight (benzodiazepines, lamotrigine, levetiracetam, peram-
panel, phenobarbital, topiramate, sodium valproate, and
zonisamide) are used for focal and most generalized epileptic
conditions. An additional 10 (brivaracetam, carbamazepine,
eslicarbazepine acetate, gabapentin, lacosamide, oxcarbaze-
pine, phenytoin, pregabalin, tiagabine, and vigabatrin) are

used in focal conditions only. Ethosuximide is used in
absence seizures only, and the additional five (cannabidiol,
everolimus, felbamate, rufinamide, and stiripentol) are used
in special encephalopathies’. These drugs are classified into
four main types of mechanisms®. Ton channel modulators
include those that exert their effects on sodium, calcium, and
potassium channels. The sodium channel modulators are
phenytoin, carbamazepine, and lacosamide. The calcium
channel modulators are lamotrigine and ethosuximide’. A
second class of drugs enhances the effect of inhibitory neuro-
transmission. For example, phenobarbital and benzodiaze-
pines bind to the GABA-A complex at distinct sites,
felbamate and topiramate activate the GABA-A receptor,
and vigabatrin irreversibly inhibits GABA-transaminase’.
Perampanel is the sole ASD that acts on glutamate to attenu-
ate excitatory neurotransmission while others such as felb-
amate and topiramate have multiple mechanisms that include
the attenuation of excitatory neurotransmission. Finally, the
new generation of ASDs have novel mechanisms such as the
ability of levetiracetam and brivaracetam to bind to synaptic
vesicle 2A (SV2A) on presynaptic vesicles. This is believed
to regulate vesicle shape and neurotransmitter trafficking®.

As with all medications, potential side effects and drug—
drug interactions must be considered when choosing which
ASD to prescribe. In all, 20% to 50% of users experience
neurologic, psychiatric, cognitive, or mental disorders such
as mood, anxiety, attention deficit, and migraines®. Additional
side effects such as fatigue, dizziness, unsteadiness, and irri-
tability may also occur’. Furthermore, Cytochrome P450
ASDs such as carbamazepine and phenytoin may worsen
comorbid coronary and cerebrovascular disease due to
hyperlipidemia®. Also, women with childbearing potential
should avoid valproate due to the potential side effect of tera-
togenicity®. Additional research is needed to develop new
ASDs to increase their success rate while decreasing the
potential side effects.

Surgical Treatments of Epilepsy

Three different randomized control trials have shown that
surgery for epileptic patients is effective, but this treatment
option is often underutilized>'*!". These studies show that
surgical treatment is safe, but less than 1% of epilepsy
patients are referred for surgery'?. Misconceptions or fears
about surgery may cause this underutilization, but results
have shown that the seizure-free rate of individuals after
surgery ranges from 50% to 80%’. With the development of
advanced imaging techniques such as functional magnetic
resonance imaging (fMRI), surgeons can locate the epileptic
region and determine any post-surgical deficits that may
result from surgery in that area of the brain. The prototypical
surgical patient is one with TLE due to unilateral hippocam-
pal sclerosis; but recent advances have widened the range of
patients who may benefit from surgical intervention’. Of the
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Figure |. The primary underlying pathophysiology of epilepsy: aberrant excitatory and inhibitory signaling at the neural level. Stem cells
may ameliorate this imbalance in signaling pathways, while also promoting brain repair secondary to epileptic episodes.

roughly 60% of patients with focal epilepsy, 15% do not
receive the relief they need from medications alone!’.
Individual cases which may benefit from surgery include
TLE with focal lesions, lesional extratemporal epilepsies,
hemispherical epilepsies, and gelastic epilepsy with hypo-
thalamic hamartoma. Furthermore, corpus callosotomy and
vagal nerve stimulation may be beneficial for children with
diffuse and multifocal epilepsies'®. Those with an electro-
clinically concordant structural lesion on MRI have the best
outcomes with seizure reduction in 60% to 70% of cases,
whereas those with extratemporal lobe foci, focal-to-bilat-
eral tonic-clonic seizures, normal imaging, psychiatric
comorbidities, and learning disabilities often have lower
success rates*. The future of epilepsy surgery includes tech-
niques such as stereotactic radiosurgery, radiofrequency
thermocoagulation, and laser interstitial thermal therapy’.
More research is required in these fields, but they have the
potential to improve surgical outcomes while lessening the
chance of unintended brain damage. Surgical treatments for
epilepsy are underused but should seriously be considered

for patients with focal epilepsy where two to three medica-
tions have failed.

Neurostimulative Interventions for Epilepsy

A variety of interventional treatments for epilepsy exist,
including deep brain stimulation (DBS), responsive neuro-
stimulation (RNS), vagus nerve stimulation therapy (VNS),
and trigeminal nerve stimulation (TNS). In the 2010 SANTE
trial, DBS of the anterior nuclei of the thalamus (ANT)
reduced seizures by 29% more compared with the control
group'4. When a follow-up was performed 2 years later, the
researchers found a median 56% reduction in seizure fre-
quency. These results led to FDA approval for DBS in epi-
lepsy patients'. Further work in the field of DBS agreed that
stimulation of the ANT reduced seizures between 46% and
90%. Furthermore, stimulation of the hippocampus resulted
in a 48% to 95% reduction in seizures'®. The ANT connects
to the hippocampus via the mammillothalamic tract and for-
nix before projecting to the cingulate cortex and neocortex.
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This area is involved in emotional processing and seizure
propagation'®. However, stimulation of this area is associ-
ated with higher rates of self-reported depression and subjec-
tive memory impairment; thus, more work is needed to
elucidate these causes to help prevent them in the future!”.
Furthermore, the hippocampus is a target for DBS due to its
role in the Papez circuit, as hippocampal stimulation may
attenuate epileptic activity originating in the medial temporal
region'®. Other areas of possible DBS such as the centrome-
dian nucleus of the thalamus, the cerebellum, and the nucleus
accumbens have yet to show significant beneficial results'”.

RNS was approved in 2013 as a potential therapy for
adults with uncontrolled focal seizures that are limited to one
or two foci. RNS works through an implantable neurostimu-
lator connected to one or two cortical strip leads each con-
taining four electrodes'®. These leads are surgically placed at
the seizure foci where they continually monitor electrical
activity and provide responsive electrical stimulation when
necessary. The measurement thresholds and response param-
eters are individually tailored to suit the needs of the patient's.
Studies have shown a reduction in seizure frequency of 44%
after 1 year, 53% after 2 years'®, and 48% to 66% in years 3
to 6%°. The most common side effect after a 5.4-year follow-
up was implant site infection which occurred in around 9%
of patients®.

VNS entails a pulse generator implanted below the clavi-
cle with an attached lead that is wrapped around the vagus
nerve in the carotid sheath?'-?2, Complete seizure freedom is
rare, but previous work revealed that 26% to 40% of patients
see a 50% reduction in seizure frequency®. External trigemi-
nal nerve stimulation (ETNS), a new experimental treatment,
demonstrated a benefit in small sample size studies®*. This
therapy entails a non-invasive neurostimulation therapy that
is delivered bilaterally with adhesive skin electrodes.
Experimental results show a drop of 43.5% in seizure fre-
quency in the treated group versus the control group. The
same study shows that ETNS improved quality of life with-
out an increase in anxiety or depression, and no relevant
adverse events were observed. Additional research into this
field is required to determine the efficacy and safety of this
therapy as it relates to the larger population before wide-
spread use.

Stem Cell Therapy in Epilepsy

The application of stem cells for neurological disorders is a
rapidly growing field. Research has uncovered potential ben-
efits for degenerative disorders such as Parkinson’s and
Alzheimer’s disease, stroke recovery, and epilepsy among
other diseases?. Stem cells exist at various levels of differen-
tiation such as pluripotent, multipotent, and oligopotent cells
with varying potential to develop into target tissue. They can
often proliferate much more often than target tissue, aiding in
the recovery of damaged tissue?®. Stem cells are an attractive
option for use in the treatment of epilepsy because of their

potential to replace damaged cells, restore cognitive func-
tion, and stabilize focal electrical activity. Indeed, early ani-
mal models display potential for restricting the duration and
frequency of focal seizures®’-*8. This can be life-changing for
patients with medically refractory epilepsy because it pro-
vides an alternative to invasive or stimulatory techniques. In
fact, the use of stem cells has a distinct advantage over cer-
tain stimulatory control techniques because stem cells do not
require real-time detection of seizures to deliver a therapeu-
tic inhibitory signal.

Grafting embryonic striatal precursor cells collected
from the lateral ganglionic eminence into adult rats with
induced status epilepticus (SE) reduced the frequency of
spontaneous recurrent major motor seizures by up to 89%,
at 12 months post-SE?. This is likely due to the presence of
inhibitory GABA-ergic neurons in the graft which could
control the frequency and intensity of subsequent seizures.
These findings only looked at the improvements on major
motor seizures, but the grafting of GABA progenitors was
later found to also decrease the frequency of electrographic
seizures, with the added benefit of restoring behavioral defi-
cits such as aggression and hyperactivity?’. Evidence shows
that the benefits of stem cell therapy also extend to absence
seizures seen in stargazer mouse models. The transplanta-
tion of medial ganglion eminence (MGE) cells into the pri-
mary visual cortex of mice produces a significant
post-synaptic inhibitory current which holds promise for the
treatment of absence seizures. In fact, stargazer mouse mod-
els grafted with MGE cells experienced significant rescue
from absence seizures and experienced significantly lower
excitability in the primary visual cortex during potassium-
induced excitability challenges when compared with control
stargazer mice’’.

The findings discussed so far have been restricted to mouse
models and mouse-derived cell grafts, but use of human cells,
although much less studied, yields similar results. For exam-
ple, human fetal fibroblast cells can be converted into induced
neuronal cells in vitro and subsequently matured, with robust
survival in the short term after being transplanted into adult
rats®!. Promisingly, fetal human fibroblast-derived induced
neurons transplanted into rat hippocampi progressively
matured and displayed robust functionality and integration
into their transplant sites*2. This highlights the feasibility of
using induced neuron cell grafts as a potential human source
of stem cells for cell replacement therapy. Interestingly,
human adipose stem cell extract administered to mouse mod-
els prior to pilocarpine-induced SE seems to reduce abnormal
behavior induced by SE*. This is likely due to the cytokines
and growth factors contained within these cells which have
been shown to protect against neuroinflammation and rescue
damaged neurons®*,

Human umbilical mesenchymal stem cells (HUMSCs)
can also display positive effects on epileptic rat models.
These cells can be obtained from Wharton’s jelly of fetal
umbilical cords, which can raise ethical concerns although
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certain ethically secure techniques can be used, such as
obtaining them from medical waste after delivery. These
cells have displayed neuroprotective properties in other
applications such as stroke®, with possible use in epilepsy.
Pilocarpine-treated rats transplanted with HUMSCs experi-
enced lower frequencies of recurrent motor seizures and
experienced less tissue damage than control rats, showing
that this neuroprotective effect extends to damage caused by
recurrent seizures**. HUMSC implantation also corrected the
dysregulated adenosine receptor expression seen in rat mod-
els of chronic epilepsy, showing potential for the treatment of
medically refractory epilepsy®’. Recently, autologous mesen-
chymal stem cells (MSCs) were tested in human patients
with medically refractory epilepsy and caused most patients
in the treatment group to either experience remission or
begin responding to ASDs*

Mechanisms of Stem Cell Therapy for Epilepsy

Stem cells may provide therapeutic and neuroprotective
benefits to epileptic patients in various ways. Endogenous
neural stem cells (NSCs) are activated as a result of seizure
activity*'*2, Following a seizure, the brain undergoes many
pathological changes, including excitotoxicity, neuroinflam-
mation, oxidative damage, and ultimately neurodegeneration®,
These changes may contribute to the initial increase in adult
hippocampal neurogenesis, causing an activation of endoge-
nous NSC that normally remains quiescent in the dentate
gyrus*'. These endogenous stem cells offer insufficient neuro-
protection, as persistently elevated adult hippocampal neuro-
genesis eventually depletes the NSC pool, resulting in a
diminished neuroregenerative capacity*'.

Both exogenous and endogenous stem cells exert much of
their effects by redefining the aberrant neuronal circuitry
characteristic of epilepsy. Specifically, stem cells function to
restore inhibitory GABA-ergic neurons and provide a counter
to the hyperexcitability that characterizes seizures**3, MSCs
may attenuate glutamate excitotoxicity following seizures, as
they have been shown to migrate to rat hippocampi and pro-
tect neurons by downregulating N-methyl D-aspartate
(NMDA) receptor expression and glutamate-induced calcium
activity*. This is a significant therapeutic effect, as excitotox-
icity leads to neuronal death and an inflammatory environ-
ment incompatible with neuroregeneration*®. Furthermore,
NSCs, human embryonic stem cells (hESCs), and MGE-
derived interneuron precursors can replenish hippocampal
GABA-ergic interneurons in the epileptic rats*7 %,
Specifically, these cells can integrate into pre-existing neuro-
nal networks*’# and provide nearby excitatory cells with
inhibitory post-synaptic signals®, reducing epileptogenic
processes. Given the loss of GABA-ergic interneurons in the
epileptic brain*®, protecting and replenishing them may serve
as a significant mechanism in ameliorating epilepsy-induced
damage. Stem cells may also exert their effects via astrocytes**.
NSCs can differentiate into astrocytes, which play a key role

in regulating neuronal homeostasis, neuroinflammation,
and synaptic activity’!. Astrocytes may also directly
decrease seizure activity, as they secrete anti-convulsant
protective proteins, such as glial-derived neurotrophic fac-
tor (GDNF)*. In addition, MSCs inhibit astrogliosis, a
response to pathological conditions that is associated with
neuroinflammation®'.

The ability of stem cells to attenuate neuroinflammation
and oxidative damage is key to their therapeutic effects.
Seizures cause increased reactive oxygen species (ROS),
which cause neuronal apoptosis, cell loss, and mitochondrial
damage®. Given the susceptibility of hippocampal CAl
pyramidal neurons to oxidative stress>?, reducing such stress
may preserve hippocampal architecture and function.
Transplanted MSCs can reduce oxidative stress and neuroin-
flammation in SE mice. Specifically, MSC-derived exo-
somes (MSC-Exo) protect against neuroinflammation and
oxidative stress via nuclear factor erythroid 2—related factor
2 (Nrf2) signaling®'*2, Nrf-2, an antioxidant transcription
factor, regulates redox homeostasis by inducing the expres-
sion of antioxidant proteins>. By inducing Nrf-2 signaling,
MSC exosomes diminish neuroinflammation and promote
antioxidant activity, creating an environment conducive to
tissue repair®’-*2,

Recent Developments in Stem Cell
Therapy

Outlined in the following text and Table 1 are pertinent pre-
clinical studies that focus on stem cell treatment in epilepsy
models from 2018 to 2022. These papers were identified via
a PubMed search using the terms “stem cell and seizure” and
“stem cell and epilepsy.” A subsequent review of the result-
ing 873 studies to include only those that relate to transla-
tional models of stem cell therapy results in the studies
described below and in Table 1. A variety of different types
of stem cells are used in experiments from different sources,
most often murine or human. Epilepsy models typically use
pilocarpine, pentylenetetrazol, or kainate to induce SE. As
stated below, stem cells and related cell products (such as
extracellular vesicles and exosomes) provide therapeutic
benefits in epilepsy models, often reducing seizure frequency
and duration, and improving neurobehavioral outcomes.
Fukumura et al.** sought to understand whether the sys-
temic infusion of MSCs could attenuate epileptogenesis in a
lithium-pilocarpine rat model of SE. Seizure frequency was
quantified using a video-monitoring system, and a Morris
water maze test was used to assess cognitive function of ani-
mals. The findings showed that MSC therapy reduced seizures
and improved cognitive function of SE rats. Green flourescent
protein staining also confirmed that the MSCs localized to the
rat hippocampus, and thus promoted neuronal survival. The
exact mechanism for this neuroprotective effect is unclear, but
it may involve the direct preservation of GABA-ergic inter-
neurons by the infused MSCs. Manganese-enhanced MRI and
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Table 1. In Vivo Stem Cell Studies Targeting Epileptic Disease Models.

Citation Sample Cell type Route Dosage Results Mechanism
Fukumura Pilocarpine- MSCs Intravenous 1 X 106 cells Epileptogenesis is inhibited Paracrine
et al>* induced SE with preservation of neuroprotective
rats cognitive function. effect
Abnormal mossy fiber
sprouting is suppressed.
Backofen- PTZ-induced Human/rat/ Intracranial 8 X 10*or 1.5 X MGE-derived and VM- Direct GABA-ergic
Wehrhahn seizure porcine 10° (STN); derived NPCs migrate activity
etal¥ rats with MGE- 8 X 10%or 5 X and differentiate into
or without derived and 10° (aSNr) inhibitory interneurons.
pilocarpine- VM-derived Anti-convulsant effects are
induced SE NPCs produced with human and
porcine VM-derived NPCs
in the STN.
Anderson Pilocarpine- hESC-derived Intrahippocampal 2 X 10° cells Transplanted progenitors Direct GABA-ergic
et al.® induced TLE interneuron differentiate into GABA- activity
mice progenitors ergic interneurons.
Cognitive function
improves without
suppression of seizures.
Upadhya KA-induced SE hiPSC-derived Intrahippocampal 3 X 10° cells Transplantation ameliorates Direct integration
etal?® MGE-like spontaneous recurrent as GABA-ergic
interneuron seizures, and improves interneurons as
precursors cognition, memory, and well as a paracrine
mood. Interneuron loss neuroprotective
in the hippocampus and effect
aberrant neurogenesis is
decreased.

Xu et al.®® Pilocarpine- NSCs Intrahippocampal 3 X 10 cells NSCs decrease the frequency  Direct GABA-ergic
induced of electroencephalography activity
epileptic rats in addition to the

frequency and duration
of spontaneous recurrent
seizures.

Ali et al.* PTZ-induced EPCs Intravenous 2 X 10° cells EPCs migrate to the Paracrine
epileptic rats hippocampus to neuroprotective

improve memory effect
and motor deficits.

BDNF is upregulated,
neurotransmitter activity

is stabilized, and autophagy

is upregulated.

Xian et al.%¢ Pilocarpine- MSC-derived Intraventricular 3.2 % 10° MSC-derived exosomes Paracrine/exosomal
induced SE exosomes particles ameliorate learning and neuroprotective
rats memory deficits. effect

Kodali et al.*’ KA-induced SE MSC-derived Intranasal I X 10'° particles  Unilateral intranasal Paracrine/exosomal
rats EVs injections of MSC-derived neuroprotective

EVs leads to bilateral effect
incorporation in all regions

of the forebrain, with

favorable migration to the
hippocampal CA subfield

and entorhinal cortex.

Hattiangady KA-induced SE NSCs Intrahippocampal 3.2 X 10° cells NSCs differentiate into Direct integration

etal.® rats GABA-ergic interneurons, as GABA-ergic

astrocytes, and
oligodendrocytes and
express FGF-2, BDNF,
IGF-1, and GDNF. This
reduces abnormal neuronal
migration, maintains
normal neurogenesis, and
diminishes progression of
epileptogenic processes.

interneurons as
well as a paracrine
neuroprotective
effect

(continued)
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Table I. (continued)

Citation Sample Cell type Route Dosage Results Mechanism

Liu et al.’' Pilocarpine- IL-1B-treated Intraventricular 1.5 pL particles IL-1B-treated MSC Paracrine/exosomal
induced SE MSC exosomes reduce neuroprotective
mice exosomes neuroinflammation effect

and improve cognitive
function.

Luo et al.*? Pilocarpine- MSC-derived Intravenous 50 pg particles MSC-EVs upregulate Paracrine/exosomal
induced SE EVs the Nrf2 pathway to neuroprotective
mice promote neurorestoration effect

against oxidative damage
from seizure-induced
hippocampal injury.

Wang et al.*® KA-induced TLE ~ ADSCs Intrahippocampal 5 X 10* cells ADSCs inhibit seizure Paracrine
rats activity and restore neuroprotective

learning capacity, effect
associated with a release

of BDNF, NT3, NT4, and
anti-apoptotic factors.

Waloschkova KA-induced SE hESC-derived Intrahippocampal I X 10° cells GABA-ergic precursors Direct GABA-ergic

et al.*° rats GABA-ergic promoted inhibitory activity
interneuron synaptic connections
precursors between host neurons,
reduced the rate of
epileptiform discharges,
and decreased both the
frequency and length of
spontaneously recurring
seizures.
Venugopal KA-induced SE Dental pulp Intrahippocampal | X 10° cells Dental pulp stem cells Paracrine
et al.*? mice stem cells or are more effective neuroprotective
BM-MSCs than BM-MSCs in effect
preventing hippocampal
neurodegeneration and
neuroinflammation while
promoting neurogenesis
and cognitive function
through downregulation of
apoptosis.
Upadhya KA-induced TLE ~ hiPSC-derived Intrahippocampal 3 X 10° cells Interneuron grafting reduces  Direct integration
et al.*® rats MGE-like spontaneous recurrent as GABA-ergic
interneuron seizures and ameliorates interneurons as
precursors cognitive function. well as a paracrine
neuroprotective
effect

Arshad et al.®! Pilocarpine- MGE-derived Intrahippocampal I X 10° cells/uL GABA-ergic progenitors Direct integration
induced TLE GABA-ergic reduce aberrant as GABA-ergic
mice progenitors neurogenesis patterns, interneurons as

as evidenced through
reductions in inverted
type |, type 2, and hilar
ectopic type 3 cells.

well as a paracrine
neuroprotective
effect

This table outlines cell-based preclinical trials finding improved functional outcomes in epileptic disease from 2018 to 2022.
SE: status epilepticus; STN: subthalamic nucleus; PTZ: pentylenetetrazol; KA: kainic acid; GABA: y-aminobutyric acid; NSC: neural stem cell; BDNF: brain-derived neurotrophic
factor; FGF-2: fibroblast growth factor 2; IGF-1: insulin-like growth factor I; GDNF: glial cell-derived neurotrophic factor; NT: neurotrophin; TLE: temporal lobe epilepsy;
MSC: mesenchymal stem cell; BM-MSC: bone marrow—derived mesenchymal stem cell; NPC: neural progenitor cell; EPC: endothelial progenitor cell; hESC: human embryonic
stem cell; hiPSC: human-induced pluripotent stem cell; ADSC: adipose-derived stem cell; MGE: medial ganglionic eminence; VM: ventral mesencephalon; EV: extracellular
vesicle; Nrf2: nuclear factor erythroid 2—related factor 2; CA: cornu ammonis.

Timm staining also confirmed that MSC treatment decreased
aberrant mossy fiber sprouting in the dentate gyrus of SE rats.
Therefore, MSCs may have attenuated epileptogenesis by
controlling neuronal death and preventing aberrant mossy

fiber sprouting.

Seeing that various partial seizure types can be remotely
controlled via inhibition of the subthalamic nucleus or sub-
stantia nigra pars reticulata, Backofen-Wehrhahn and oth-

ers?’

investigated whether the transplantation of neural

precursor cells (NPCs) into the above-mentioned brain sites
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could ameliorate seizures in pentylenetetrazol-injected rats.
The group used NPCs harvested from the ventral mesen-
cephalon and MGE of humans, pigs, and rats. The findings
of their study showed that transplanted NPCs migrated as
expected, transformed into GABA-ergic inhibitory interneu-
ron phenotypes, and survived =4 months post-transplanta-
tion. Temporary anti-epileptic effects were also observed in
rats that received bilateral grafting of NPCs derived from
human and pig ventral mesencephalon into their subthalamic
nucleus, but not into the substantia nigra. Unfortunately,
NPCs derived from the MGE did not produce significant
effects in either injection site, despite pretreatment of these
cells with retinoic acid and potassium chloride to promote
their differentiation into GABA-ergic neurons.

Anderson et al.*’ investigated whether hESC-derived
interneuron progenitors could appropriately differentiate into
GABA-ergic cells, correct hippocampus-dependent spatial
memory deficits, and attenuate seizures in pilocarpine-
treated mice. In their study, they used hESC-derived inter-
neuron progenitors and transplanted them into the hippocampi
of animals. The findings showed that the transplanted cells
differentiated into GABA-ergic interneurons. Mice that
received these cells showed improvement in Morris water
maze performance, but not attenuation of seizures, contrary
to the findings of most preclinical studies. The lack of effect
of the transplant on seizures was attributed to cell type het-
erogeneity of the transplants.

In another study, Upadhya et al.?® investigated the effects
of human-induced pluripotent stem cell (hiPSC)—derived
MGE-like interneurons in a TLE model. The hiPSC-derived
MGE-like interneuron precursors were grafted into rat hip-
pocampi following SE. They reported that grafted cells sur-
vived well, migrated into the different areas of the
hippocampus, and differentiated into various types of inhibi-
tory interneurons that express calcium-binding proteins and
neuropeptides. Behaviorally, grafting of the cells also con-
trolled spontaneous recurrent seizures (SRSs), and improved
cognitive and memory deficits of SE animals. In addition, it
reduced interneuron death and aberrant mossy fiber sprout-
ing in the dentate gyrus, displaying a paracrine neuroprotec-
tive effect viatherelease of neurotrophic factors. Furthermore,
efficient graft-host synaptic integration was observed as evi-
denced by axons from graft-derived interneurons forming
synapses with dendrites of host excitatory neurons in the
dentate gyrus and CA1 regions of the hippocampus. A recent
study by the group further confirmed the grafted cells’ direct
regulation of SRS and improvement of cognitive functions
of rat models of TLE®. Using hiPSC-derived MGE-like
GABA-ergic progenitors that were engineered to express
inhibitory designer receptors exclusively activated by
designer drugs (DREADDs), they showed that activation of
these DREADDs-expressing cells transplanted into the hip-
pocampi reduced SRS and memory impairment. Deactivating
them through the use of a designer drug produced the

opposite effect, that is, it increased SRS and impaired mem-
ory functions of TLE rats.

Waloschkova and others®® examined effects of hESC-
derived GABA-ergic interneuron precursors grafted into rat
hippocampi following kainate-induced SE. They observed
that grafted cells were forming inhibitory GABA-ergic syn-
aptic connections onto host neurons. This treatment reduced
SRS frequency and duration compared with non-transplanted
controls.

Xu and colleagues® examined whether GABA-ergic neu-
rons generated in vitro from NSCs reduces SRS frequency
and duration and compared their effects with those of intra-
hippocampal transplantation of NSCs. Using a pilocarpine-
injection TLE model, they showed that transplantation of the
differentiated cells decreased the seizure frequency and dura-
tion of SRS and achieved the highest number of GABA inter-
neurons expression in the hippocampus compared with
NSC transplantation and phosphate-buffered saline treat-
ment (control). Moreover, GABA levels were also increased
in the hippocampus of GABA interneuron-transplanted rats.
Thus, the differentiated cells successfully grafted into the
hippocampi of epileptic rats and produced anti-epileptic
effects by enhancing GABA-mediated inhibition.

Ali et al.*® explored the effects of intravenously adminis-
tered endothelial progenitor cells (EPCs) in a pentylenetetra-
zol-induced epilepsy model in rats. They reported that EPCs
migrated into the hippocampus and improved the memory
and motor deficits of rats. There was a neuroprotective para-
crine effect leading to an increase in brain-derived neuro-
trophic factor (BDNF) expression as well as autophagy-related
proteins: light chain protein-3, beclin-1, and autophagy-
related gene-7. Increasing autophagy activity is beneficial,
allowing neurons to properly ensure equilibrium between
synthesis and degradation of intracellular substances.

MSC-Exo exert substantial anti-inflammatory effects in
the treatment of neurological disorders, including epilepsy.
Xian et al.*® investigated the mechanism behind MSC-Exo’s
robust anti-inflammatory effects in in vitro and in vivo epi-
lepsy models. They showed that MSC-Exo integrated well
into hippocampal astrocytes and decreased reactive astrogli-
osis and inflammatory responses. Importantly, MSC-Exo
improved learning and memory impairments of mice sub-
jected to pilocarpine-induced SE. Inhibiting the Nrf2 path-
way via ML385 injection in SE rats decreased the putative
therapeutic effects of MSC-Exo. They proposed that the Nrf2
signaling pathway mediates the anti-inflammatory effects of
MSC-Exo, and the therapeutic value of MSC-Exo in control-
ling seizures. In a different study, Liu et al.’! explored the
mechanism underlying the therapeutic effects of exosomes
derived from Interleukin-1p treated MSCs (IL-1-Exo) on SE
mice. The IL-1-Exo reduced the inflammatory response and
enhanced cognitive functions of SE mice. Moreover, they
also showed that the Nrf2 pathway is involved in the anti-
inflammatory effects of IL-1 Exo.
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MSC-derived extracellular vesicles (MSC-EVs) attenuate
oxidative stress-induced neuronal damage and show promise
as neurological disorders treatment. Luo et al.>* further
showed that MSC-EVs restored oxidative stress-induced
dendritic spine alterations, electrophysiological changes,
mitochondrial changes, and other functional and structural
impairments in hippocampal neurons. Using mouse seizure
models, they also showed that MSC-EVs improved cognitive
functions of rats. Moreover, their studies showed that the anti-
oxidant activity of MSC-EVs was exerted through the Nrf2
signaling pathway. This study further demonstrates the value
of MSC-derived nanotherapeutics as epilepsy treatments.

In view of these outcomes, Kodali et al.>’ examined the
impact of intranasally administered MSC-EVs in SE rats.
Intranasal administration is non-invasive and allows repeti-
tive administration and rapid delivery of EVs into multiple
forebrain regions. The group administered 10 billion EVs via
the left nares of control rats and those that underwent 2 h of
kainate-induced SE. Six hours post administration, EVs were
observed bilaterally in nearly all regions of the forebrain in
both SE mice and controls. The percentage of neurons that
incorporated EVs was comparable between groups for most
forebrain regions, except in the hippocampal CA1 region and
the entorhinal cortex, in which the percentage was higher in
the SE group. Notably, these brain regions are most vulner-
able to neurodegeneration after experimental SE. Therefore,
unilateral intranasal administration of EVs is an effective
method to deliver EVs to forebrain regions. That the integra-
tion of EVs was higher in injured neurons indicates that
injury-related signals help in the penetration and incorpora-
tion of EVs in neurons. Moreover, the findings further dem-
onstrate the therapeutic potential of MSC-EVs in epilepsy.

Hattiangady et al.*® performed bilateral hippocampal
grafting of neural progenitor cells 6 days after SE in animals
to examine the effect of the transplant on the chronic phase
of epilepsy. They showed that 8 months post-SE, the trans-
plantation attenuated frequency and severity of SRS and
improved memory. The grafted cells migrated into the hip-
pocampus and differentiated into GABA-ergic interneurons,
astrocytes, and oligodendrocytes, and also exhibited a neuro-
protective paracrine effect. There was an increase in BDNF,
fibroblast growth factor-2, insulin-like growth factor-1, and
glial cell line—derived neurotrophic factor. The graft also
improved host neurogenesis and reduced aberrant mossy
fiber sprouting in the dentate gyrus.

Wang et al.’® investigated the efficacy of adipose-derived
stem cells in kainate-induced epilepsy rat models. They
showed that the transplanted cells inhibited EEG seizure
activity and restored learning capacity and memory of rats as
measured by the Morris water maze conducted 2 weeks and
2 months post-transplantation. The proposed mechanism
points to a neuroprotective effect due to the release of BDNF,
NT3, and NT4 to reduce apoptosis within the hippocampus.
Proapoptotic BAX was reduced, whereas anti-apoptotic
Bcl-2 and Bcel-xL were increased.

Knowing that transplanted GABA-ergic interneurons
form synaptic contacts with host cell, and help control sei-
zures, Arshad et al.%' investigated whether grafted GABA-
ergic progenitors into the dentate gyrus ameliorated existing
abnormalities in adult neurogenesis due to TLE. Accordingly,
TLE alters neurogenesis by increasing neuronal proliferation
and abnormal inversion of Type 1 progenitors, leading to the
ectopic migration of Type 3 progenitors into the hilus of the
dentate gyrus. Upon their maturation into granule cells, they
become hyperexcitable and thus contribute to SRS. Arshad
et al. showed that GABA-ergic progenitors transplanted into
intact mice increased GABA-ergic interneurons in the den-
tate gyrus and significantly reduced type 2 progenitors. Type
3 progenitors were also increased. However, in epileptic
mice, the transplantation resulted in reductions of inverted
type 1, type 2, and hilar ectopic type 3 cells. It also resulted
in increased radial migration of type 3 cells into the granule
cell layer of the hippocampus. These effects are presumed to
be due to paracrine signaling changes caused by the implanted
progenitors. Therefore, hilar transplantation of GABA-ergic
interneurons may correct aberrant adult neurogenesis due to
TLE and prevent seizures.

The recent research on stem cell therapy has elucidated
new target pathways, methods of administration, and
increased our knowledge on the integration of transplanted
stem cells in translational epilepsy models. Other areas of
neurological disease, such as stroke, have expert consensus
and recommendations that direct future research in the field.
For example, stem cell therapy as an emerging paradigm for
stroke (STEPS) is a report generated to guide translational
research on cell-based restorative therapy in stroke®>%, This
was later expanded via the RIGOR guidelines in 2013%. A
similar consensus and set of guidelines are missing in epi-
lepsy stem cell research and could be beneficial for the struc-
tured development of the field. One of the important future
directions of research will be to assess the safety and efficacy
of stem cell therapy when combined with current established
pharmaceutical and surgical interventions. Most patients
who will qualify for stem cell therapy will have undergone
several prior lines of therapy, and it is important to ensure
their safety. Combining different treatments with stem cells
may also result in a better outcome, so it is important to iden-
tify the most efficacious combination therapies for different
epilepsy models.

Conclusion

Stem cell therapy is an emerging field with a promising
future. Epilepsy has long been treated with medical, surgical,
or interventional techniques, but among the emerging thera-
pies lies the potential for stem cells to offer a potent and
effective new way to treat the condition. Experiments with
animal models display a striking capacity for stem cell grafts
to inhibit major motor, electrographic, and absence seizures
while also exhibiting neuroprotective and regenerative
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properties. Cells can be administered both before and after
the onset of SE for varying neuroprotective effects. More
recently, focus has shifted from animal-derived cell lines to
the usage of human-derived cells such as mesenchymal and
fibroblast cells. Limited human trials have taken place but as
the body of evidence matures, it will become critical to apply
the accumulated knowledge to humans in clinical trials to
assess the safety of this therapy in humans and how well
these results can translate to real-world applications.
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