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Epilepsy stands as a life-threatening disease that is characterized by unprovoked seizures.
However, an important characteristic of epilepsy that needs to be examined is the
neuropsychiatric aspect. Epileptic patients endure aggression, depression, and other
psychiatric illnesses. Therapies for epilepsy can be divided into two categories:
antiepileptic medications and surgical resection. Antiepileptic drugs are used to
attenuate heightened neuronal firing and to lessen seizure frequency. Alternatively,
surgery can also be conducted to physically cut out the area of the brain that is
assumed to be the root cause for the anomalous firing that triggers seizures. While
both treatments serve as viable approaches that aim to regulate seizures and ameliorate
the neurological detriments spurred by epilepsy, they do not serve to directly counteract
epilepsy’s neuropsychiatric traits. To address this concern, a potential new treatment
involves the use of stem cells. Stem cell therapy has been employed in experimental
models of neurological maladies, such as Parkinson’s disease, and neuropsychiatric
iinesses like depression. Cell-based treatments for epilepsy utilizing stem cells such as
neural stem cells (NSCs), mesenchymal stem cells (MSCs), and interneuron grafts have
been explored in preclinical and clinical settings, highlighting both the acute and chronic
stages of epilepsy. However, it is difficult to create an animal model to capitalize on all the
components of epilepsy due to the challenges in delineating the neuropsychiatric aspect.
Therefore, further preclinical investigation into the safety and efficacy of stem cell therapy in
addressing both the neurological and the neuropsychiatric components of epilepsy is
warranted in order to optimize cell dosage, delivery, and timing of cell transplantation.

Keywords: neuropharmacology, neural circuits, epilepsy, psychiatric comorbidities, complementary and alternative
therapies, stem cells

INTRODUCTION

Epilepsy is a neurological illness that features multiple unprovoked seizures as a result of aberrant
cerebral activity (Hauser and Kurland, 1975; Fisher et al., 2005; Fisher et al., 2014). Across the world,
sixty million people suffer from epilepsy, with approximately 2.3 million afflicted in the United States
(Jobst and Cascino, 2015; “comorbidity,” 2016). Temporal lobe epilepsy (TLE), which occurs in 30%
of epileptic patients, manifests in intricate partial seizures, hippocampal limbic deterioration, and
concomitant neuropsychiatric maladies (Devinsky, 2004; Lewis, 2005; Shetty and Upadhya, 2016).
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TABLE 1 | Recent advances supporting the therapeutic use of stem cells in epileptic treatment.

Type of study
(Preclinical/
Clinical)

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Title, Author, Year

Mesenchymal Stem Cell Protection of Neurons against
Glutamate Excitotoxicity Involves Reduction of NMDA-

Triggered Calcium Responses and Surface GluR1, and
Is Partly Mediated by TNF, Papazian et al. (2018)

Intravenous infusion of mesenchymal stem cells reduces
epileptogenesis in a rat model of status epilepticus,
Fukumura et al. (2018)

Genome Editing in Neuroepithelial Stem Cells to
Generate Human Neurons with High Adenosine-
Releasing Capacity, Poppe et al. (2018)

Neurochemical properties of neurospheres infusion in
experimental-induced seizures, de Gois da Silva et al.
(2018)

Human induced pluripotent stem cell-derived MGE cell
grafting after status epilepticus attenuates chronic
epilepsy and comorbidities via synaptic integration,
Upadhya et al. (2019)

Human Pluripotent Stem Cell-Derived Striatal
Interneurons: Differentiation and Maturation In Vitro and
in the Rat Brain, Noakes et al. (2019)

Transplanting GABAergic Neurons Differentiated from
Neural Stem Cells into Hippocampus Inhibits Seizures
and Epileptiform Discharges in Pilocarpine-Induced
Temporal Lobe Epilepsy Model, Xu et al. (2019)

Mesenchymal stem cell-derived exosomes as a
nanotherapeutic agent for amelioration of inflammation-
induced astrocyte alterations in mice, Xian et al. (2019)

Intranasally Administered Human MSC-Derived

Extracellular Vesicles Pervasively Incorporate into
Neurons and Microglia in both Intact and Status
Epilepticus Injured Forebrain, Kodali et al. (2019)

Human forebrain endothelial cell therapy for psychiatric
disorders, Datta et al. (2020)

Stem cell variety

MSCs

MSCs

NESs derived from human
embryonic stem cells

NSCs

hiPSC-derived MEG-like

precursor cells

hPSC-derived MGE/CGE like

progenitor cells

NSCs and NSC-derived
GABAergic neurons

MSCs

hMSCs

Interneuron graft and
periventricular endothelial
cells

Stem Cell Therapy in Epilepsy

Significant findings

In vitro and in vivo, MSC administration correlated with
downregulation of NMDAR expression and glutamate-
induced calcium ion activity, indicating that MSCs can shield
neurons from glutamate excitotoxicity spurred by epilepsy
(Papazian et al., 2018)
Systematically infused MSCs migrated to the hippocampus of
lithium-pilocarpine rats and protected neurons expressing
GAD67 and NeuN and resulted in curtailed epileptogenesis
and mitigated neurological impairments. Aberrant mossy fiber
sprouting in the dentate gyrus also decreased substantially
(Fukumura et al., 2018)
NESs designed to lack the ADK gene showed a significant
elevation of adenosine production in vitro, indicating that
these genetically engineered NESs may serve as useful
adenosine carriers, mitigating abnormal adenosine
homeostasis in epilepsy (Poppe et al., 2018)
In pilocarpine, pentylenetetrazole, and picrotoxin rats, NSC
intravenous delivery generated antioxidant effects, lowering
levels of glutathione, superoxide dismutase and catalase (de
Gois da Silva et al., 2018)
In a SE model, the transplanted cells migrated swiftly to the
hippocampus and differentiated into fully developed inhibitory
interneurons, as well as secreting a wide range of therapeutic
neuropeptides. The precursor transplantation resulted in
inhibited SRS and improved cognitive, mood, and memory
deficits. In addition, interneuron deterioration, abnormal moss
fiber sprouting in the dentate gyrus, and anomalous
neurogenesis were mitigated (Upadhya et al., 2019)
hPSC-derived MGE/CGE like progenitor cells differentiated
into fully developed striatal interneurons in vitro and following
transplantation into neonatal rats, the progenitor cells evolved
into subclasses of striatal interneurons and migrated to the
hippocampus (Noakes et al., 2019)
Pharmacoresistant epileptic rats received NSCs and NSC-
derived GABAergic neuron transplantation in the
hippocampus, which culminated in a repressed frequency of
electroencephalography GABAergic neurons demonstrated
substantial homing capacity, moving to the injured
hippocampus more swiftly than NSCs (Xu et al., 2019)
MSC-Exo administration to LPS-conditioned hippocampal
astrocytes attenuated epilepsy-induced alterations in
astrocytes, as astrogliosis and neuroinflammation decreased
in SE mice following exosomal treatment. The SE mice
exhibited ameilorated cognitive impairments, showing
improvements in learning and memory (Xian et al., 2019)
Intranasal injection of EVs harvested from hMSCs into SE rats
resulted in hippocampal neuron incorporation of EVs,
primarily in the CA1 sector and entorhinal cortex, which are
regions that develop significant neurodegeneration post-
epilepsy. Furthermore, hMSCs show potential in ameliorating
chronic symptoms of epilepsy by combatting
neurodegeneration and imparting neuroprotection (Kodali
et al., 2019)
In an experimental model of a psychiatric disease, human
periventricular endothelial cells heightened the potency of the
interneuron graft by enhancing the migratory abilities of
interneurons. As a result, the animal model demonstrated
mitigated behavioral impairments (Datta et al., 2020)
(Continued on following page)
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TABLE 1 | (Continued) Recent advances supporting the therapeutic use of stem cells in epileptic treatment.

Type of study Title, Author, Year

Stem cell variety

Significant findings

(Preclinical/

Clinical)

Preclinical Overexpression of fibroblast growth factor-21 (FGF-21) BM-MSCs FGF-21 overexpression in BM-MSCs protected these cells
protects mesenchymal stem cells against caspase- from glutamate excitotoxicity, oxidative stress, and
dependent apoptosis induced by oxidative stress and neuroinflammation, which often result from the onset of
inflammation, Linares et al. (2020) epilepsy. Genetically modified BM-MSCs displayed inhibited

apoptosis, as caspase pathways induced by hydrogen
peroxide and TNF-a were suppressed (Linares et al., 2020)

Clinical Treatment of refractory epilepsy patients with autologous ~ MSCs Drug-resistant epileptic patients were treated with either
mesenchymal stem cells reduces seizure frequency: An AEDs alone or AEDs in conjunction with one dose of
open label study, Hiebokazov et al. (2017) autologous MSCs delivered intravenously and a subsequent

intrathecal administration of autologous MSCs that had
differentiated into neural cells. Over the course of one year, 3
patients in the MSC group out of 10 became seizure free and
5 patients treated with the MSCs became responsive to
AEDs, compared to only 2 of 12 patients in the AED group
(Hlebokazov et al., 2017)

Clinical Multiple Autologous Bone Marrow-Derived CD271+ BMNCs and BM-MSCs Drug-resistant epileptic patients received both an intrathecal/
Mesenchymal Stem Cell Transplantation Overcomes intravenous injection dose of BMNCs and an intrathecal dose
Drug-Resistant Epilepsy in Children, Milczarek et al. of BMMSCs. In the two-year follow up, subjects
(2018) demonstrated improved neurological and cognitive function

and mitigated seizure frequency. The stem cell treatment was
safe, producing no adverse events (Milczarek et al., 2018)

Clinical Safety and seizure control in patients with mesial BMMCs Autologous BMMCs were intra-arterially delivered to MTLE
temporal lobe epilepsy treated with regional patients. Over the course of six months, 40% of the patients
superselective intra-arterial injection of autologous bone displayed seizure remission and cognition significantly
marrow mononuclear cells, DaCosta et al. (2018) improved, as memory scores increased. The transplantation

was safe and generated no adverse effects (DaCosta et al.,
2018)
Clinical Intrathecal Infusion of Autologous Adipose-Derived ADRCs Autologous ADRCs were delivered intrathecally to

Regenerative Cells in Autoimmune Refractory Epilepsy:
Evaluation of Safety and Efficacy, Szczepanik et al.
(2020)

The International League Against Epilepsy established two
categories of seizures: generalized seizures and focal seizures.
Generalized seizures are bilateral, transpire swiftly and emanate
from one site and are divided into these subclasses: tonic-clonic,
absence, clonic, tonic, myoclonic, and atonic. Stemming from one
hemisphere, focal seizures can remain in the initial epileptic
region or move to other locations (Berg et al, 2010).
Diagnosis of epilepsy falls into three major categories:
structural or metabolic, genetic, and unknown source. Genetic
epilepsy is generated directly by a genetic mutation that induces
seizures. Structural/metabolic epilepsy is ultimately engendered
by either a structural lesion or metabolic illness. Seizures spurred
by injuries, such as stroke or infection, are instances of structural/
metabolic epilepsy. An unknown cause epilepsy can be due to a
genetic variable or a separate disorder, but the root cause behind
these seizures is unknown (Berg et al, 2010). Epilepsy also
displays cognitive and behavioural impairments, which
resemble the symptoms that accompany neuropsychiatric
illnesses. These symptoms include hallucination, delusion,
apathy, altered cognition, delirium, etc. (Rektor et al., 2015;
Miyoshi et al, 2016). Other psychiatric illnesses that
commonly arise with epilepsy include anxiety, depression, and

autoimmune refractory epileptic patients three times every
three months. In the follow-up, patients showed rehabilitated
cognitive, social, and motor impairments. While one patient
developed seizure remission, other subjects displayed lower
degrees of seizure amelioration or no apparent recovery
(Szczepanik et al., 2020)

obsessive-compulsive disorder (Verrotti et al., 2014; Kanner,
2016a).

Currently, the main treatments available for epilepsy include
pharmacological medications and surgery. Antiepileptic
drugs, AEDs, are the major source of treatment among
epileptic patients (Stafstrom and Carmant, 2015). AEDs aim
to block sodium ion and other cation protein channels, thereby
attenuating firing in the brain. AEDs also work by stimulating
gamma-Aminobutyric acid (GABA) channels (Stafstrom and
Carmant, 2015). When AED drugs are ineffective, surgical
resection of the temporal lobe serves as another potential
therapy. Surgery involves removing portions of the cerebral
tissue that induce seizures (Ramey et al., 2013). Interestingly,
AEDs address the neuropsychiatric symptoms indirectly via
the suppression of heightened neuronal firing and blockage of
present pathways (Rektor et al., 2015). Epileptic treatment
utilizing deep brain stimulation modifies neuronal firing in
limbic areas and therefore, also indirectly ameliorates
neuropsychiatric symptoms (Shetty and Upadhya, 2016).
Nonetheless, further investigation needs to be conducted in
order to elucidate therapies that address both the neurological
and neuropsychiatric aspects of epilepsy (Shetty and Upadhya,
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FIGURE 1 | The pathophysiology of epilepsy manifests in both neurological and neuropsychiatric symptoms. Stem cell therapy addresses both sets of symptoms
by inducing a multitude of therapeutic mechanisms, primarily through the restoration of GABAergic depletion and production of healthy astrocytes at the injured site.
Stem cells also promote normal hippocampal neurogenesis and attenuate oxidative/inflammatory activity, as well as glutamate excitability.

Astrocytes

\5(

Neuropsychiatric
Manifestations

2016). Recently, autologous stem cell transplantation has
become a potential treatment for epilepsy which addresses
both neurological and neuropsychiatric effects. Stem cell
therapy has been explored for the treatment of several
neurological diseases including multiple sclerosis, stroke,
and Parkinson’s disease (Chu et al., 2004). Having been
employed in a wide-range of neurological and
neuropsychiatric maladies, stem cell therapy bears
significant therapeutic potential in epilepsy, aiming to
bolster stem cell differentiation into GABAergic neurons
and amplify the GABAergic lineage, which in turn, helps
ameliorate the GABA-deficient neural firing pathways
observed in epilepsy (Shetty and Upadhya, 2016).
depicted in Table 1, preclinical and clinical investigations
have explored various cell types for the treatment of epilepsy,
such as hippocampal precursor cells, NSCs, GABAergic
precursor cells, and systematic delivery of bone marrow-
derived mononuclear cells and mesenchymal cells
(Scheibel et al., 1974; Rao et al., 2006; Waldau et al., 2010;
Shetty and Upadhya, 2016; Papazian et al., 2018; Xu et al.,
2019; Xian et al., 2019). NSCs, MSCs and interneuron
precursors in epilepsy work to improve neuronal circuitry
and restore GABAergic neurons. Furthermore, the
neurological and neuropsychiatric aspects of epilepsy are
amenable to therapeutic mechanisms of stem cells, as
shown in Figure 1 (Valenzuela et al., 2007; Braun and
Jessberger, 2014). These stem cell treatments have been
explored through clinical and preclinical trials; however
further research needs to be conducted to investigate the
efficacy of these stem cell transplantations. This review
explores the safety and efficacy of stem cell therapy as a
novel treatment for epilepsy, and investigates the potential
mechanisms underlying stem cells’ therapeutic potency
against the neurological and neuropsychiatric components
of epilepsy.

EPILEPSY: A DOUBLE-EDGED SWORD
WITH NEUROLOGICAL AND
NEUROPSYCHIATRIC ELEMENTS

The Link Between Epilepsy and
Neuropsychiatric lliness

Research indicates that behavioural and psychiatric diseases as
well as deficits in social cognition often accompany the
neurological symptoms of epilepsy (Kanner, 2008; Mula and
Hesdorffer, 2011; Hecimovic et al, 2012; Realmuto et al,
2015). Evidence suggests that the peri-ictal and interictal
psychiatric impairments of epilepsy can be linked to
psychiatric illnesses (Rektor et al., 2013). Those who suffer
from psychiatric perturbations induced by a seizure commonly
experience the same disturbances between recurrent seizures
(Rektor et al, 2013). Several epileptic patients experience
mood alterations, such as depressed moods, and memory
deficits (Rektor et al., 2013; Korczyn et al., 2015; Rektor et al.,
2015). Other psychological disorders such as bipolar disorder and
depression have also been associated with epilepsy (Rektor et al.,
2015).

In addition, nocturnal epileptic episodes and AEDs both
frequently incite sleep perturbations, making this a potential
target for comprehensive therapeutic strategies in epilepsy
(Plioplys et al,, 2007; Magiorkinis et al., 2010; Rektor et al.,
2013; Rektor et al, 2015; Ladino et al, 2016; Mula et al,
2016). Since epilepsy patients often experience impaired sleep,
this negatively affects their cognitive function and memory
(Walker and Stickgold, 2006). Sleep deprivation may provoke
insults in positive and neutral memories, indicating why
depressed mood often arises as a psychiatric symptom in
epileptic patients (Jensen, 2011; Bullmore and Sporns, 2012;
Kramer and Cash, 2012; Rektor et al, 2013). Epilepsy can
affect the normal development of neuronal networks in

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 596287


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

children, making early diagnosis and intervention critical to
curtailing the effects of comorbid psychological deficits on the
individual (Jensen, 2011; Bullmore and Sporns, 2012; Kramer and
Cash, 2012; Rektor et al, 2013). Injuries arising during
development may consequently engender cognitive deficits
that are often overlooked in epileptic patients and go
untreated (Plioplys et al., 2007; Rektor et al., 2015). Further
investigation into how epilepsy influences the mind as the
mind ages is critical for curating more holistic therapies
(Rektor et al., 2013).

As research indicates, epilepsy is concomitant with a multitude
of neuropsychiatric maladies. (Kanner and Balabanov, 2002;
Kanner, 2006; Hesdorffer and Trimble, 2016). Notably,
patients suffering from depression may be more prone to
developing seizures than normal individuals. Therefore, a
bidirectional correlation among epilepsy and neuropsychiatric
illnesses may exist (Hesdorffer et al, 2006; Kanner, 2006).
Epileptic patients also tend to experience mood impairments
such as depression, anxiety, and personality disorders (Kogeorgos
et al,, 1982; Hermann et al., 2000; Swinkels et al., 2005; Garcia-
Morales et al., 2008). In addition, patients with epilepsy who also
display psychiatric disorders exhibit aberrant clinical traits
(Garcia-Morales et al, 2008). Psychiatric events can be
designated at the inception of epileptic seizures (Garcia-
Morales et al., 2008). Epileptic symptoms are divided into the
following categories: preictal, ictal, interictal, and postictal
(Garcia-Morales et al, 2008). The preictal stage marks the
time between the onset of the seizure and up to two days
prior (Garcia-Morales et al, 2008). Ictal symptoms can be
identified during the seizure (Garcia-Morales et al, 2008).
Interictal symptoms manifest independently of the seizure, and
the postictal phase begins within five days following the seizure
(Garcia-Morales et al., 2008).

Since neuropsychiatric comorbidities often arise in epileptic
patients, it is essential for clinicians to take indications of
mood impairments into account when treating patients with
epilepsy. When conducting a psychiatric assessment of an
epileptic patient, it is important to notice symptoms like
anhedonia, irritability, decreased self-esteem, reduced
concentration, fatigue, etc (Cramer et al, 2003). Many
patients also experience anxiety as part of their seizures
(Cramer et al., 2003). Almost half of all patients with
epilepsy experience postictal anxiety and this can be
associated with other mood disorders (Jones et al., 2005).
Some epileptic patients display psychosis with inconsistent
symptoms. However, the psychotic symptoms demonstrated
by epileptic patients are less drastic than nonepileptic patients,
and so, diagnosing psychosis in conjunction with epilepsy is
complicated (Tadokoro et al., 2007).

Unfortunately, inaccurate diagnosis of  psychiatric
comorbidities in epileptic patients is common and not only
negatively affects the individual, but also generates harmful
repercussions in regard to the healthcare system altogether
(Lee et al, 2005; Sancho et al, 2008). A late diagnosis
negatively impacts the patient, their loved ones, and society
(Lee et al, 2005; Sancho et al., 2008). Additionally, evidence
has illustrated that the psychiatric component of epilepsy

Stem Cell Therapy in Epilepsy

unfavourably influences the effectiveness of surgery and
epileptic therapy (Anhoury et al., 2000; Hitiris et al., 2007).

The Mechanistic Connection Between

Epilepsy and Neuropsychiatric Disorders
The physiological foundation of epilepsy and its psychiatric
comorbidities require further examination. Indeed, there are
some fundamental similarities in the two different diseases
that can be observed in animal models for epilepsy (Dailey
et al,, 1992; Jobe et al.,, 1999; Ryu et al., 1999). Norepinephrine
and serotonin play a central role in the pathophysiology of
epilepsy, as observed in experimental models (Dailey et al,
1992; Jobe et al, 1999; Ryu et al, 1999). The depletion of
these neurotransmitters exacerbates seizure intensity (Dailey
et al, 1992; Jobe et al, 1999; Ryu et al, 1999). However,
elevating levels of these neurotransmitters via the
administration of reuptake inhibitors leads to a reduction in
seizure intensity (Dailey et al., 1992; Jobe et al., 1999; Ryu et al,,
1999). Concentrations of neurotransmitters also play a key role in
psychiatric disorders (Cheetham et al., 1989). In patients affected
with neuropsychiatric disorders, the activity of serotonin receptor
(5-HT1A) was analyzed utilizing positron emission tomography
(Toczek et al., 2003; Savic et al., 2004; Giovacchini et al., 2005).
Reduced 5-HT1A binding was observed in the temporal lobes
proximal to the raphe nuclei in both epileptic and mood disorder
patients (Toczek et al., 2003; Savic et al., 2004; Giovacchini et al.,
2005). Additional investigation into the mechanistic link between
epilepsy and neuropsychiatric comorbidities is essential to
formulating effective treatment for epilepsy.

MULTIMODAL TREATMENTS FOR
EPILEPSY: NEUROLOGICAL

AEDs

Presently, treatment of epileptic seizures can be managed by
AEDs (Remy and Beck, 2006) that are typically effective in
ameliorating symptoms for a large number of epileptic
patients (Schmidt and Schachter, 2014). Drug treatments aim
to attenuate the intensified electrical activity in the brain by
suppressing neuronal firing through the hindrance of sodium
channels and calcium channels as well as the glutamate-mediated
response (Stafstrom and Carmant, 2015). Another mechanism of
action employed by AEDs includes the stimulation of GABAergic
secretion and bolstered potassium ion channel conductivity in
order to repress neuronal activity (Stafstrom and Carmant, 2015).
However, AED resistance can be observed in approximately 30%
of patients with epilepsy (Remy and Beck, 2006). While the
mechanisms behind pharmacotherapy-resistance are unknown
and believed to be spurred by a wide range of genetic and
nongenetic determinants, the ABCB1 gene may be involved
(Keangpraphun et al, 2015). A crucial transporter that may
generate drug efflux is p-glycoprotein that may be coded for
by ABCB.1 (Keangpraphun et al., 2015). Patients that suffer from
mutations in the ABCBl gene may develop AED
pharmacotherapy-resistance on account of variable expression
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of the gene, which in turn, hinders AEDs’ mechanism of action
(Keangpraphun et al., 2015). Additionally, the alternative forms
of the apolipoprotein E in patients correlate with increased risk
for some subclasses of epilepsy and may be involved with AED
pharmacotherapy-resistance (Gong et al., 2016). Even with the
formulation of novel AEDs, the prominence of
pharmacotherapy-resistance still remains (Remy and Beck,
2006). Moreover, for treatment of drug-resistant epilepsy,
alternative therapeutic approaches, such as surgery, should be
explored (Lopez Gonzalez et al., 2015).

Surgical Resection

Besides pharmaceutics, other potential therapies for epilepsy
involve surgical resection to remove the portion of the
brain causing the seizures (Lopez Gonzalez et al., 2015).
Generally, neurosurgery is considered following the
inefficacy of around two rounds of AED treatment for
pharmacotherapy-resistant patients (Lopez Gonzalez et al,
2015). Early deliberation for surgery leads to higher quality
of life and reduced medical expenses for epileptic patients
(Lopez Gonzalez et al,, 2015). In most cases, injury to the
temporal lobe occurs with drug-resistant epilepsy and
therefore, surgical resection of this impaired region serves
as a fruitful therapy that culminates in regulation of
seizures and ameliorated neurological impairments (Lopez
Gonzalez et al., 2015). Surgical resection has been shown to
be generally safe and effective in epileptic patients, particularly
with the epileptic tissue in the temporal lobe (Coyle et al,
2017). Nonetheless, in some cases, surgery may result in
exacerbated neurobehavioral complications (Coyle et al,
2017). Amygdalohhippcampectomy serves as another type
of surgical resection that has been shown as effective,
though it is still invasive (Coyle et al., 2017). Furthermore,
while surgical intervention displays significant safety and
efficacy against epilepsy, it does carry some limitations and
more minimally invasive therapies that more effectively target
the neuropsychiatric component of epilepsy should be
explored.

Vagus Nerve Stimulation

Vagus nerve stimulation (VNS) serves as another
neuromodulation-related therapy that lessens seizure
frequency but does not fully inhibit seizure activity (Englot
etal., 2016). A VNS device mirrors a cardiac pacemaker and is
placed just inferior to the clavicle, encircling the left vagus
nerve (Gonzalez et al,, 2019). While VNS therapy may not
culminate in full cessation of seizures in patients, evidence
suggests that it does ameliorate quality of life for epileptics
(Gonzilez et al, 2019). A previous investigation has
demonstrated that high-frequency VNS lowered the
occurrence of seizures in epileptic patients by 25%
(Gonzalez et al, 2019). Along with reducing seizure
recurrence, VNS has been shown to mitigate the post-ictal
state, mood alterations, learning deficits, and memory
impairments (Gonzdlez et al, 2019). While VNS is
minimally invasive and is typically safe and effective, VNS
therapy has resulted in adverse events in some cases (Gonzalez

Stem Cell Therapy in Epilepsy

et al,, 2019), demonstrating the need to investigate additional
therapies for epilepsy.

Ketogenic Diet

Notably, a ketogenic diet has also been explored as a treatment
method (Zamani et al, 2016). The ketogenic diet has
demonstrated therapeutic potency in both adult and pediatric
epilepsy. The ketogenic diet mirrors fasting in that it spurs ketone
generation (e.g., B-hydroxybutyrate (BHB), acetoacetate, and
acetone). It influences mitochondrial energy metabolism, as it
can directly enter the tricarboxylic acid cycle without glycolysis.
For epileptic patients who do not show improvement with
traditional pharmaceutics and surgical resection, a ketogenic
diet can be considered. In a TLE rat model, the ketogenic diet
attenuated the frequency of epileptic events via suppression of
ADK expression and elevation of adenosine levels (Boison and
Steinhduser, 2018). Evidence indicates that cerebral energy
metabolism is substantially elevated following adoption of the
ketogenic diet, and neuronal tissue becomes increasingly fortified
against stressful conditions. As a consequence, the seizure
threshold greatly improves (Boison and Steinhduser, 2018).
With reduced brain glucose metabolism induced by a
ketogenic  diet, glycolytic ATP may engender the
hyperpolarization of neurons. This may attenuate the extent of
neuronal excitability, which demonstrates therapeutic benefit in
preventing epileptic seizures (Boison and Steinhduser, 2018).

MULTIMODAL TREATMENTS FOR
EPILEPSY: NEUROPSYCHIATRIC

Pharmaceutics

Many patients with epilepsy experience anxiety and depression
(Hamilton et al., 2014) and these disorders often go untreated
even though they are the most common psychiatric comorbidities
for epileptic patients (Selassie et al., 2014). Evidence indicates that
psychosocial or neurological deficits may spur the
neuropsychiatric components of epilepsy (Cardamone et al,
2013). While anxiety and depression are often overlooked in
epilepsy patients, specific, single-item screening procedures could
be beneficial in addressing these ailments (Cardamone et al.,
2013). Treatment methods for the neuropsychiatric aspect of
epilepsy fall into two categories: traditional and non-traditional.
Antidepressants, such as selective serotonin reuptake inhibitors
(SSRIs) and serotonin-noradrenaline reuptake inhibitors
(SNRIs), serve as traditional remedies for neuropsychiatric
symptoms (Cardamone et al, 2013). Evidence has
demonstrated that antidepressants lessen seizure frequency,
but further investigation is necessary to fully elucidate the
correlation between antidepressants and epilepsy (Cardamone
et al, 2013). While antidepressants can potentially reduce
recurrent seizure risk, it is not advisable for physicians to
prescribe amoxapine, bupropion, clomipramine, or maprotiline
to treat depression in epileptic patients (Gorska et al., 2018).
However, SSRIs and SNR1s like sertraline and citalopram, display
safety and efficacy in treating epilepsy-related depression (Gorska
etal,, 2018) and even bear anticonvulsant activity (Kanner, 2016b;
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Gorska et al, 2018). Indeed, initiating clinical studies to
illuminate the connection between antidepressants and
epilepsy is a complicated task on account of the long-term
follow-up and multifaceted evaluation of results (Cardamone
et al, 2013). In a clinical trial investigating the role of
antidepressants in epilepsy treatment, seizure frequency was
greatly decreased in subjects receiving antidepressants
compared to the placebo group (Kanner, 2016b). Nevertheless,
overdosing these medications can have dangerous and
proconvulsant effects (Kanner, 2016b).

Non-Traditional Therapies
Non-traditional alternatives to pharmaceutics are currently being
examined for epilepsy and include neurostimulation, deep brain
stimulation, laser ablation, ultrasound therapy, meditation, and
art and musical therapy (Dawit and Crepeau, 2020). The
relaxation that ensues from mediation and art/music therapy
may not only reduce seizure frequency but may also result in
better quality of life by addressing the neuropsychiatric
comorbidities of epilepsy (Dawit and Crepeau, 2020).
Cognitive behavioural therapy, yoga, and biofeedback have
also risen as potential non-invasive therapies for epilepsy
(Leeman-Markowski et al.,, 2017). Fortunately, non-traditional
therapies for the neuropsychiatric component of epilepsy are
becoming fairly common. In the clinical setting of drug-resistant
epilepsy, mindfulness-based therapy demonstrated positive
results (Tang et al, 2015). By integrating mindfulness into
their lives, patients developed improved quality of life, better
mood, and reduced seizure frequency (Tang et al., 2015).
Cannabidiol-based treatments serve as another non-
traditional remedy that bears anticonvulsant properties and
aids in regulating the neuropsychiatric aspect of epilepsy
(Devinsky et al, 2014). The US Food and Drug
Administration (FDA) provided approval for cannabidiol
(CBD) use in Lennox-Gastaut syndrome (LGS) and Dravet
syndrome (DS) (Ryan, 2020). Receptors for G-protein coupled
cell membrane cannabinoid type 1 (CB1) are prominent in the
cerebral cortex, hippocampus, basal ganglia, and the cerebellum
(Ryan, 2020). CB1 has been shown to suppress glutamate
secretion into the glutaminergic synapse, indicating its
potential to ameliorate both the neurological and
neuropsychiatric aspects of epilepsy (Ryan, 2020). Evidently,
CBD may suppress heightened excitability of neurons and
exert neuroprotection in epilepsy (Ryan, 2020). Nonetheless,
CBD treatment can induce adverse side effects, such as
drowsiness, diarrhea, vomiting, and reduced appetite (Silva
and Del Guerra, 2020). Therefore, evaluating other therapies
that can effectively mitigate the neurological and psychiatric
aspects of epilepsy is essential.

THE THERAPEUTIC POTENTIAL OF STEM
CELL THERAPY IN EPILEPSY

Stem cell therapy has emerged as a fascinating potential treatment
for epilepsy that varies substantially from current treatments.
While anticonvulsant medications and electrical stimulation
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address the symptoms of epilepsy, they do not target the
ultimate source. With stem cell therapy, neurotrophic factors
are increased, and neurogenesis is promoted. Further
investigation is required to evaluate the integrity of NSC grafts
and their ability to attenuate SRS and give rise to GABAergic
interneurons. The adoption of a regulated procedure to induce
stem cell differentiation into needed cell types is key to
establishing an effective cell-replacement therapy for epilepsy.
Nonetheless, the great differentiative and migratory potential of
stem cells indicate risk of tumorigenesis and metastasis. To
further elucidate the safety and efficacy of stem cell therapy in
epilepsy, the viability of stem cell grafts and length of survival
time should be assessed. Indeed, animal models representing
status epilepticus (SE) have demonstrated the curative potential
of stem cell therapy in epileptic patients. Stem cells have been
shown to help alleviate the pathology of epilepsy, impart
neuroprotection, diminish the frequency and duration of
seizures, and ameliorate memory and learning deficits
(Scheibel et al., 1974; Hattiangady et al., 2008; Waldau et al,,
2010; Shetty, 2014; Shetty and Upadhya, 2016; de Gois da Silva
et al,, 2018; Fukumura et al., 2018; Papazian et al., 2018; Du et al,,
2019; Luo et al., 2019; Upadhya et al., 2019; Datta et al., 2020; Lu
et al,, 2020). Additionally, they confer several therapeutic effects
including attenuated neuronal death, boosted neurogenesis,
repressed microglia and astrocyte reactivity, and mitigated
neuroinflammation (Li et al., 2009; Costa-Ferro et al., 2010;
Abdanipour et al, 2011). However, the neuropsychiatric
component of epilepsy has still not been examined in animal
models. Neuropsychiatric disorders often arise with the
development of epilepsy. Neurogenesis in sectors of the brain
that affect mood may ameliorate depression and other
neuropsychiatric illnesses (Valenzuela et al., 2007). While stem
cell transplantation may be a viable option for treatment of
epilepsy, the use of cell therapy for treating both the
neurologic and neuropsychiatric characteristics of epilepsy
needs to be further evaluated.

RECENT PRECLINICAL AND CLINICAL
EVIDENCE SUPPORTING THE SAFETY AND
EFFICACY OF STEM CELL THERAPY
AGAINST THE NEUROLOGICAL
COMPONENT OF EPILEPSY

Pathophysiologic Processes of Epilepsy
that llluminate Therapeutic Targets for

Stem Cell-Based Treatments

As numerous studies indicate, epilepsy’s pathology is intricate
and encompasses a wide-range of mechanisms, several of which
may serve as therapeutic targets for stem-cell based remedies.
Indeed, irregular neuronal pathways, potentially engendered by
the dysregulated construction of the neuronal network, has been
associated with epilepsy (Homan et al., 2018; Schuster et al., 2019;
Ahamad et al., 2020). Impaired dentate granule cell (DGC)
development from NSCs may spur warped hippocampal

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 596287


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

activity, neuroplasticity, and formation of mature neurons, which
would lead to hippocampal-related disorders like mesial temporal
lobe epilepsy (MTLE) (Ahamad et al., 2020). It has been indicated
that FHL2 protein is involved with dentate gyrus metabolism and
neurogenesis (Ahamad et al, 2020). Findings suggested that
FHL2 overexpression in DGCs induce heightened dendritic
sprouting; whereas, FHL2 repression bolsters the length of
dendrites (Ahamad et al., 2020). Moreover, understanding the
mechanisms behind hippocampal deficits that manifest in MTLE
is key to formulating cell-based therapeutic strategies to mitigate
these impairments. Additionally, PCDHI19-Girls Clustering
Epilepsy (PCDH19-GCE) may also arise due to impaired
neuronal development. PCDHI19-GCE is generated by a
mutation in the PCDH19 gene found on the X-chromosome
(Homan et al., 2018). PCDH19 demonstrates elevated expression
in human neural stem and progenitor cells (NSPCs). In vitro,
PCDH19 deletion upregulated neurogenesis of mice NSPCs
(Homan et al., 2018). Heightened neurogenesis was also found
in human NSPCs lacking the PCDH19 gene (Homan et al., 2018).
Moreover, these findings suggest that the heterochrony of neuron
development is altered with the PCDH19 mutation, which may
spur irregularities in the genesis of the neuronal network,
resulting in the emergence of epilepsy (Homan et al, 2018).
Regarding Dravet Syndrome (DS), iPSC GABA cells from DS
patients displayed alterations in sodium current stimulation,
aberrant reactivity to oxidative injury, and defective genes
coding for chromatin formation, advancement of mitosis, and
excitability (Schuster et al., 2019). Moreover, these findings
suggest that GABAergic neurons generate irregular pathways
in DS and elucidates a potential therapeutic strategy for
regenerative treatment, replacing defective GABAergic neurons
with healthy cells.

Novel research points to the link between epilepsy and
aberrant calcium ion activity (Volkening et al.,, 2018; Xu et al,,
2018; Avazzadeh et al., 2019). CaV1.2 and CaV1.3 are prominent
L-type voltage-gated calcium channels (LTCCs) in the CNS and
are coded for by Cacnald (Volkening et al., 2018). LTCCs like
CaV1.2 and CaV1.3 are involved in modulating the firing of
neurons and stimulating Ca2+ dependent signalling, as well as
regulating gene expression. Neuronal hyperexcitability that
manifests in epilepsy may be spurred by LTCC impairment
(Xu et al, 2018). Cavl.2 dysfunction has been shown to
hinder hippocampal neurogenesis in type-1 astrocyte-like stem
cells from the adult dentate gyrus (Xu et al., 2018). To investigate
the role of CaV1.3, hippocampal NPCs were isolated from
Cacnald-deficient mice and examined in vitro. The lack of
Cacnald expression upregulated astrogenesis but suppressed
neurogenesis. In vivo, NPCs in the dentate gyrus demonstrated
weakened neuronal differentiation and proliferation (Xu et al,,
2018). Moreover, administration of NPSs expressing normal
Cacnald may prove to be therapeutically potent in
ameliorating the detrimental effects of mutated LTCCs
associated with epilepsy. In addition to Cacnald, altered
expression of gene NRXN1 may also play a role in epilepsy
(Avazzadeh et al., 2019). Omission of the NRXN1 gene is found in
epilepsy, autism spectrum disorder (ASD), and schizophrenia
(Avazzadeh et al, 2019). Compared to iPSCs derived from
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healthy individuals, iPSCs from ASD subjects displayed
knockdown of NRXNla, resulting in atypical calcium activity
and ion transport/transporter function. Notably, voltage-gated
calcium channels were drastically augmented (Avazzadeh et al,
2019). Moreover, aberrant calcium mechanisms induced by
NRXN1 absence may be a potential target for stem cell
therapy in epilepsy and its neuropsychiatric symptoms.

Additionally, epilepsy induces astrocyte malfunction, which
plays a role in neuronal hyperexcitability. Hippocampal sclerosis
(HS) induced by MTLE may involve the depletion of inter-
astrocytic gap junction (GJ) coupling (Deshpande et al., 2020).
MTLE was induced in mice with kaintate and HS developed.
Heightened frequency of seizures occurred in the mice lacking GJ
coupling and hyperexcitability of neurons increased significantly
(Deshpande et al., 2020). Another study illustrated that BDNF
and TrkB play a role in TLE-induced astrocyte impairment
(Ferndndez-Garcia et al, 2020). In lithium-pilocarpine mice,
BDNF overexpression in astrocytes exacerbated TLE
(Fernandez-Garcia et al., 2020). In vitro, abolishing astrocyte
BDNF expression via knockdown of the BDNF gene attenuated
the level of neuron firing and firing rate (Ferndndez-Garcia et al.,
2020). TrKB gene elimination in both hippocampal neurons and
astrocytes resulted in neuroprotection in TLE mice, while the
mice with astrocyte TrkB knockdown also demonstrated
improved spatial learning (Ferndndez-Garcia et al, 2020).
Furthermore, astrocyte dysfunction in epilepsy may be
amenable to cell-replacement therapy, as certain stem cells
demonstrate the ability to differentiate into functioning
astrocytes.

Cell Migration and GABAergic Interneuron

Differentiation

In epilepsy, stem cells have demonstrated the ability to replace
GABAergic neurons that were depleted due to epilepsy, as they
can differentiate into these neurons (Treiman, 2001). Epilepsy
spurs the depletion of GABAergic neurons, leading to diminished
inhibitory control in affected brain regions (Shetty and Upadhya,
2016). Therefore, GABAergic cell therapy aims to restore the lack
of GABAergic neurons, thereby bolstering the inhibitory synaptic
regulation in the epileptic cerebral regions (Shetty and Upadhya,
2016). Though grafts of engineered GABA producing cells have
exhibited anti-seizure properties, these therapeutic effects are
transient on account of low graft viability (Shetty and
Upadhya, 2016). In preclinical studies, the efficacy of
precursor cells harvested from the lateral ganglionic eminence
and the medial ganglionic eminence (MGE) in the treatment of
epilepsy has been investigated (Shetty and Upadhya, 2016).
Notably, the combination of embryonic stem cells derived
from the lateral ganglionic eminence, fibroblast growth factor
2, and a caspase inhibitor demonstrated significant curative
potential, as the number of spontaneous recurrent seizures
(SRS) drastically decreased (Shetty and Upadhya, 2016).
Evidence indicates that MGE progenitor cells display great
migratory ability, as they move to areas adjacent to the initial
graft location (Shetty and Upadhya, 2016). In animal models,
grafts of bilateral hippocampal precursor cells resulted in
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diminished seizure frequency (Hattiangady et al., 2008). The graft
attenuated anomalous mossy fiber sprouting and stimulated
GABAergic interneurons, which in turn rehabilitated the
impaired neuronal circuitry in the epileptic brain region
(Shetty and Upadhya, 2016). By upregulating the number of
GABAergic interneurons, the hippocampal precursors
augmented inhibitory control and as a result, injury in affected
brain regions improved (Hattiangady et al., 2008). Interestingly,
the inhibitory effect induced by stem cell transplantation may be
due to the crosstalk among pyramidal neurons and recently
developed interneurons (Hattiangady et al., 2008). In order to
further elucidate the safety and efficacy of GABAergic cell therapy
in the clinical context of epilepsy, the chronic repercussions of cell
grafts, the effectiveness of this therapy against drug-resistant
epilepsy, and this treatment’s utility in ameliorating the
neuropsychiatric component of epilepsy should be investigated
(Shetty and Upadhya, 2016).

NSCs display significant differentiative, migratory, and
survival capacity, making them robust contenders for stem
cell-based therapeutics against epilepsy. Preclinically, NSC
transplantation has been shown to maintain normal levels of
GABAergic inhibitory neurons and attenuate aberrant mossy
fiber growth, both of which contribute to hippocampal
excitability associated with epilepsy (Scheibel et al., 1974; Rao
et al., 2006). NSC transplantation demonstrates significant
neuroprotective potential in combatting epileptic seizures, as
NSC  grafting repressed anomalous firing,
upregulated the release of neurotrophic factors, and
diminished atypical mossy fiber growth (Scheibel et al., 1974;
Rao et al,, 2006). The transplantation of NSCs culminates in the
production of new GABAergic interneurons and additional
astrocytes (Shetty and Upadhya, 2016). Importantly, glial-
derived neurotrophic factor (GDNF) expression is upregulated
with the production of new astrocytes, and GDNF has been
shown to bear anticonvulsant abilities (Waldau et al., 2010). NSC
transplantation aids in lowering the amount of seizures and
shortening the seizure duration (Waldau et al., 2010). The
therapeutic efficacy of NSCs can also be observed in the
pilocarpine induced TLE model. Notably, only 13% of
pilocarpine rats continued experiencing SRS following
B-galactosidase-encoded human NSC transplantation (Scheibel
et al., 1974). In addition, the NSCs migrated to the CA1 and CA3
regions of the hippocampus, but only a few differentiated into
mature neurons, expressing NeuN (Scheibel et al., 1974). A
number of the NSCs were able to differentiate into GABAergic
neurons, as depicted by the expression of specific markers
(Scheibel et al, 1974). In the dentate gyrus of a TLE mice
model, NSCs effectively evolved into GABAergic interneurons
(Maisano et al., 2012). Following the graft transplantation of
MGE-derived NSCs, rats exhibited a 43% reduction in SRS
occurrence, and the cells that evolved from the NSCs migrated
to the hippocampus, specifically to the CA3 and CAl regions
(Shetty, 2014). At three months post-grafting, the NSC graft
displayed a survival rate of 30% and a high percentage of cells that
survived gave rise to GABAergic neurons (Shetty, 2014).

A recent study examined whether neural precursor cell (NPS)
grafts extracted from a range of species (e.g. rat, human, pig)

neuronal
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could engender anticonvulsant outcomes in adult rats (Backofen-
Wehrhahn et al., 2018). NPSs were isolated from two different
sources: MGE and ventral mesencephalon (VM) (Backofen-
Wehrhahn et al.,, 2018). Notably, in adult rats, the NPSs from
both sources demonstrated great migratory ability, differentiated
into inhibitory interneurons, and displayed significant graft
viability, as the grafts survived for 4 months (Backofen-
Wehrhahn et al., 2018). NPCs that were isolated from the VM
of humans and pigs demonstrated anticonvulsant abilities when
delivered to the subthalamic nucleus (STN) but not the substantia
nigra pars reticulata (SNr), indicating that NPCs’ therapeutic
potency may be dependent on injection site (Backofen-
Wehrhahn et al,, 2018). On the other hand, NPCs extracted
from MGE failed to induce anticonvulsant effects in both the STN
and SNr (Backofen-Wehrhahn et al., 2018). Since the findings
indicate that NPCs harvested from different sources generate
varying results, further investigation is warranted in order to
delineate the most effective type of NPC in epileptic treatment. In
another study, NSCs were extracted from new-born rats and
evolved into GABAergic neurons in vitro (Backofen-Wehrhahn
et al, 2018). Then NSCs and GABAergic neurons were
transplanted into the hippocampus of pharmacoresistant
epileptic rats treated with pilocarpine (Backofen-Wehrhahn
et al., 2018). Both the NSC and GABAergic rats demonstrated
a reduction in the recurrence of electroencephalography;
however, the rats treated with the GABAergic neurons
displayed the greatest cell migration to the hippocampus (Xu
et al, 2019). Moreover, NSC-derived GABAergic neuron
intrahippocampal ~ transplantation  exhibits  substantial
therapeutic efficacy in generating GABA-related inhibitory
effects, thereby repressing SRS (Xu et al., 2019). In addition,
PET imaging was employed to assess dynamic metabolic
alterations in TLE rats following NSC and human GABA
progenitor cell (GPCs) administration (Du et al, 2019).
Glucose metabolism showed slight amelioration with NSCs but
was exacerbated in the GPC and control groups (Du et al., 2019).
Both NSCs and GPCs quelled seizures and demonstrated great
viability, migratory capabilities, and differentiative potency (Du
et al., 2019).

Interneuron precursor cells derived from various stem cell
sources have demonstrated significant curative potential in
epilepsy due to their robust homing capabilities. In vitro,
medial and caudal ganglionic eminences (MGE/CGE) like
progenitor cells derived from human pluripotent stem cells
(hPSCs) evolved into mature striatal interneurons, as the cells
displayed cortical and striatal interneuron mRNAs and proteins
(Noakes et al., 2019). When the progenitor cells were delivered to
the striatum of neonatal rats, the cells developed into subclasses of
striatal interneurons and effectively migrated to the hippocampus
(Noakes et al, 2019). In addition, human periventricular
endothelial cells substantially expedited migration of human
interneurons in co-culture and improved interneuron graft
efficacy in vivo by bolstering homing capacity (Datta et al,
2020) Consequently, behavioral deficits were ameliorated in
the psychiatric disorder animal model (Datta et al, 2020).
Furthermore, interneuron grafts may alleviate the
neuropsychiatric aspect of epilepsy by mitigating GABA-ergic
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neuron deficiency. Although interneuron precursors derived
from hPSCs display therapeutic promise, hPSC differentiation
into these precursor cells occurs at a slow rate. Therefore, recent
studies have focused on finding ways to accelerate hPSC
differentiation. For instance, hPSC differentiation into GABA
interneurons (GINs) can be expedited with a combination of
smoothened agonist (SAG), Forskolin, and azidothymidine
(AZT) in vitro (Shen et al., 2020).

Notably, interneuron precursor cells have showcased great
ability to ameliorate various pathological manifestations of
epilepsy. When hiPSC-derived MEG-like
precursor cells were transplanted into the hippocampus of an
SE model, the cells effectively moved to the hippocampus and
evolved into mature inhibitory interneurons, releasing a
multitude of different neuropeptides (Upadhya et al,, 2019).
Importantly, the graft demonstrated substantial viability post
SE (Upadhya et al, 2019). The grafted cells ameliorated SRS,
along with cognitive, mood, and memory deficits that manifest in
TLE’s chronic stage (Upadhya et al., 2019). The hiPSC-MGE cells
also alleviated interneuron death, anomalous mossy fiber
sprouting in the dentate gyrus, and aberrant neurogenesis, as
well as assimilating well into synaptic networks (Upadhya et al.,
2019). Of note, the administration of a drug that repressed hiPSC-
MGEs significantly attenuated the graft’s therapeutic impact in
inhibiting seizures (Upadhya et al, 2019). In another
investigation, interneuron progenitors harvested from the
embryonic MGE were transplanted into APP/PS1 mice, a
model of Alzheimer’s disease (Lu et al., 2020). The progenitor
cells displayed great viability and migratory capacity, and
effectively evolved into GABAergic interneurons (Lu et al,
2020). The transplanted cells ameliorated dysfunctional
synaptic plasticity in the hippocampus and attenuated
hyperexcitability of neurons, thereby improving cognitive
function (Lu et al,, 2020). Moreover, interneuron progenitors
may be equally beneficial in repressing hyperexcitability that
manifests in epilepsy.

interneuron

Astrocyte Differentiation

In addition to GABAergic neuron differentiation, stem cells
demonstrate the ability to evolve into astrocytes, which bears
therapeutic potency in epilepsy, as astrogliosis is a critical feature
of epileptic pathology. Recent evidence indicates that impaired
astrocyte function is a critical component of epileptogenesis
(Boison and Steinhduser, 2018). Astrocytes play a crucial role
in maintaining energy homeostasis of neurons (Boison and
Steinhduser, 2018) by generating the secretion of glutamate,
ATP and Dp-serine in the synapse. Importantly, astrocytes
maintain appropriate levels of glutamate and regulate glucose
metabolism (Boison and Steinhéduser, 2018). Astrocytes function
in inducing the sequestration of gliotransmitters like glutamate,
and if neurotransmitter uptake is dysregulated, hyperexcitability
of neuronal circuitry can arise (Boison and Steinhduser, 2018). In
mice with impaired astrocytes, the sequestration of potassium
ions and glutamate was hindered, culminating in greater
frequency of seizures and astrocyte swelling (Boison and
Steinhduser, 2018). The regulation of K+ levels by astrocytes is
warped in epilepsy on account of heightened excitability of
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neurons (Wang F. et al, 2020). As K+ ions increase
significantly in the extracellular space, a seizure is often
spurred. Astrogliosis during an epileptic incident attenuates
the entry of K+ into the cell in an active or passive manner
(Wang F. et al,, 2020). In both patients with Alzheimer’s disease
(AD) and mice models of AD, increased phosphorylated tau has
been found in GABAergic interneurons of the dentate gyrus
(Zheng et al., 2020). Heightened phosphorylated tau spurred
heightened astrogliosis, which led to reduced GABA levels and
neuronal hyperexcitation (Zheng et al., 2020), as observed in
epilepsy. Moreover, restoring proper astrocyte function via stem
cell therapy may serve as an effective therapeutic strategy against
epilepsy.

Preclinical studies have investigated the capacity of stem cells
to replace impaired astrocytes and therefore, restore normal
excitatory levels of neurons in epilepsy. Remarkably, MSCs
demonstrate significant capacity to alleviate epilepsy-induced
alterations in astrocytes. Changes in astrocytes spurred by
inflammation associated with epilepsy may be amenable to
mesenchymal stem cell-derived exosome (MSC-Exo) treatment
(Xian et al., 2019). In vitro, MSC-Exo was administered to a
culture of hippocampal astrocytes conditioned with
lipopolysaccharide (LPS) and these cells then
transplanted into SE mice (Xian et al.,, 2019). In both in vitro
and in vivo, the astrocytes took in the exosomes, resulting in
mitigated astrogliosis and inflammation (Xian et al., 2019). In
vitro, atypical calcium dynamics and impairments in
mitochondrial function were alleviated by MSC-Exo (Xian
al., 2019). NSCs also display great potential
differentiating into functioning astrocytes (Byun et al., 2020).
In vitro, NSCs produced from human embryonic stem cells
(hESCs) were able to differentiate into astrocytes at an 80%
capacity (Byun et al, 2020). On account of astrocytes’
anticonvulsant abilities, NSC differentiation into healthy
astrocytes bears significant therapeutic promise is cell-based
epilepsy treatment (Waldau et al, 2010). In rats treated with
KA, adult SVZ-derived NSCs were transplanted into the
hippocampus, resulting in a drastic attenuation of aberrant
electroencephalography spiking two weeks following NSC
delivery (Jing et al, 2009). Remarkably, NSCs differentiated
into astrocytes, as indicated by glial fibrillary acidic protein
expression, and mature neurons, as neuronal nuclei (NeuN)
were expressed (Jing et al, 2009). Another investigation
explored the delivery of GDNF to the hippocampus of rats
with epilepsy (Paolone et al, 2019) via an implantable cell
encapsulation mechanism. The source of GDNF was human
colonel ARPE-19 cells, which provided continuous release of
GDNF. Following treatment, frequency of seizures was decreased
by 93% over a period of 3 months (Paolone et al., 2019) in the
pilocarpine model. GDNF treatment rehabilitated astrocytosis
and neurodegeneration in the hippocampus, as well as the
depletion of GABAergic neurons (Paolone et al., 2019).

were

et in

Neuroprotection

Notably, stem cells display neuroprotective capacity in epilepsy
due to their ability to suppress oxidative injury and glutamate
excitotoxicity. Overexpression of glutamate receptors generates
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the rapid entry of cations, impairment of mitochondria, and the
accumulation of reactive oxygen species (ROS), all of which
contribute to the neurotoxicity and eventual cell death
(Armada-Moreira et al, 2020). An abundance of recent
evidence points to the therapeutic relevance of MSCs in
repressing epileptogenesis. In a lithium-pilocarpine injection
rat model, MSCs were systematically infused and resulted in
MSC build up in the hippocampus, safeguarding GAD67+ and
NeuN + neurons (Fukumura et al., 2018). MSC treatment
hindered epileptogenesis, ameliorated neurological deficits, and
attenuated anomalous mossy fiber sprouting in the hippocampus
(Fukumura et al., 2018). Importantly, MSC transplantation has
been shown to shield neurons from glutamate excitotoxicity
associated with epilepsy in both vitro and in vivo (Papazian
et al., 2018). MSC-induced neuroprotection can be linked to
diminished expression of NMDA glutamate receptor (NMDAR),
attenuated Ca2+ activity in neurons spurred by glutamate, and
upregulated expression of genes correlated with stem cells
(Papazian et al,, 2018). Bone marrow mesenchymal stem cells
conditioned medium (MSC CM) engendered the
phosphatidylinositide 3-kinase/protein kinase B (PI3-K/Akt)
pathway in neurons from the rat hippocampus in culture,
thereby inhibiting apoptosis (Papazian et al., 2018). In vitro,
MSC CM was shown to impart neuroprotection by
suppressing the expression of the GluR1 a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic ~ acid (AMPA)  receptors
(AMPAR) subunit, which in turn diminished he release of
glutamate (Papazian et al,, 2018). In cultured cortical neurons
from mice, MSCs inhibited NR1 and NR2A expression, which are
N-Methyl-p-aspartic acid (NMDA) receptor (NMDAR) subunits
that are associated with glutamate signalling (Papazian et al,
2018), and consequently, glutamate excitotoxicity was attenuated
(Papazian et al., 2018).

NSCs can effectively combat oxidative stress and glutamate
excitotoxicity associated with epilepsy. NSCs were intravenously
administered to epileptic rats treated with pilocarpine,
pentylenetetrazole, and picrotoxin (de Gois da Silva et al,
2018). When compared to the control, rats with NSCs
demonstrated diminished glutathione, superoxide dismutase,
and catalase levels (de Gois da Silva et al., 2018). Moreover,
NSCs show therapeutic promise, as they bear antioxidant
capabilities that can alleviate epilepsy-induced oxidative injury
(de Gois da Silva et al., 2018). Regarding glutamate excitotoxicity,
traumatic brain injury (TBI) rats received autologous NSCs
extracted from the cortex of these neonatal rats (Luo et al.,
2019). Hippocampal neuron viability in the CA1l region was
significantly greater in the NSC group than the control (Luo
et al,, 2019). In addition, the NSCs attenuated excitotoxicity by
repressing Glu secretion and safeguarding GABA-related
inhibition in the hippocampus, thereby ameliorating cognitive
defects in these rats (Luo et al., 2019). Moreover, the ability of
NSCs to hinder glutamate excitotoxicity and preserve inhibitory
control indicate its therapeutic efficacy in epilepsy (Luo et al,
2019). In addition, glutamatergic excitation, prevalent in the
dentate gyrus of those afflicted with epilepsy, may be alleviated
by NSC-derived GABAergic neurons, as these neurons express
neuropeptide Y, which weakens glutamatergic excitation (Patrylo
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et al,, 1999). Findings suggest that NSCs release stem cell factors
in conjunction with higher concentrations of c-Kit, which serves
as the ligand for the stem cell factors (Yasuhara et al., 2006). These
stem cell factors may play a role in the mechanisms behind NSC-
induced amelioration of epileptic symptoms.

Anomalous Neurogenesis

Stem cell transplantation can ameliorate neurodegeneration that
arises in the chronic stage of epilepsy. Indeed, epileptic seizures
may generate aberrant neurogenesis, which further accelerates
epileptogenesis and exacerbates cognitive function (Martin-
Sudrez et al., 2020). Hippocampal neurogenesis proceeds when
NSCs proliferate at significant levels in the dentate gyrus (Martin-
Sudrez et al., 2020). Since proper hippocampal neurogenesis is
critical for memory, learning, and response to stress, warped
neurogenesis in the hippocampus may serve as a therapeutic
target for stem-cell based treatment of both the neurological and
neuropsychiatric components of epilepsy (Martin-Sudrez et al.,
2020). Patients with epilepsy demonstrate substantial detrimental
changes in hippocampal neurogenesis (Martin-Sudrez et al,
2020). Preclinically, TLE-induced seizures spur the formation
of reactive-NSCs, which in turn generates anomalous neuronal
migration, morphology, and functionality (Martin-Sudrez et al.,
2020). In Dravet syndrome mice, an appreciable level of rogue
neurogenesis was observed (Martin-Sudrez et al, 2020).
Additionally, the mitigation of anomalous neurogenesis
spurred by seizures during the clinically relevant window
resulted in the repression of SRS in models of MTLE (Varma
et al,, 2019). Though neurogenesis during the acute phase of
epilepsy is detrimental, neurogenesis in the chronic stage is vital
for rehabilitating neurodegeneration (Andres-Mach et al.,, 2011;
Zhong et al., 2016). Moreover, stimulating normal hippocampal
neurogenesis via stem cell therapy may be effective in inhibiting
recurrent seizures in the chronic phase of epilepsy. Various stem
cells have been explored as potential therapeutic agents in treating
neurodegeneration spurred by epilepsy, such as human bone
marrow mesenchymal stem cells (hBM-MSCs), NSCs, and
endothelial progenitor cells (EPCs) (Ali et al, 2019; Dever
et al,, 2019; Kodali et al,, 2019). Extracellular vesicles (EVs)
derived from human bone marrow mesenchymal stem cells
(hMSCs) were intranasally delivered to SE rats (Kodali et al.,
2019). Compared to the control, a greater number of EVs
integrated themselves into hippocampal neurons in the SE
group, particularly in the CA1 region and entorhinal cortex,
which are areas that normally suffer from neurodegeneration
following SE (Kodali et al., 2019). Moreover, hMSC-derived EV's
demonstrate ability to migrate to injured regions and may
alleviate neurodegeneration due to their neuroprotective
capabilities (Kodali et al., 2019). Regarding neural stem cells,
designer NSCs were transplanted into oligodendrocyte mutant
shiverer-immunodeficient mice. The cells homed to injured sites
and developed into mature neurons, astrocytes and
oligodendrocytes (Dever et al., 2019). Furthermore, genetically
modified NSCs exhibit significant potential in alleviating
neurodegeneration associated with epilepsy, as well as
generating healthy astrocytes that bear anticonvulsant
capabilities (Waldau et al., 2010). In another study, endothelial
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progenitor cells (EPCs) were intravenously delivered to rats
treated with pentylenetetrazole (PTZ) (Ali et al, 2019). The
EPCs effectively migrated to the hippocampus, alleviated
neurological deficits, and upregulated BDNF expression (Ali
et al, 2019). The cells also improved memory and motor
function, as well as mitigating aberrations in neurotransmitter
mechanisms and increasing expression of genes associated with
autophagy (Ali et al,, 2019). EPCs’ ability to stimulate autophagy
suggests that EPC-based therapy may be beneficial in
ameliorating epilepsy-induced neurodegeneration.

Stem Cell Modifications and Their Value as
Therapeutics for Epilepsy

Recent studies have explored the efficacy of stem cell therapy
combined with other treatments, as well as genetically engineered
stem cells in abating epilepsy. One such investigation examined
whether Rhynchophylline (Rhy) may enhance stem cell
metabolism,  bolstering  its  therapeutic  efficacy in
neurodegenerative disorders like epilepsy (Kaneko et al., 2020).
When Rhy was administered to bone marrow human
mesenchymal stromal cells (SM-hMSCs), Rhy altered
mitochondrial activity, fibroblast growth factor (FGF() and
BDNF concentrations (Kaneko et al, 2020). Rhy also
influenced metabolism by modifying oxytocin receptors and
ATP levels (Kaneko et al., 2020). Rhy amended expression of
genes associated with proliferation and differentiation in BM-
hMSCs (Kaneko et al., 2020). Moreover, Rhy in conjunction with
stem cell therapy may result in bolstered stem cell metabolism,
generating even greater therapeutic benefits (Kaneko et al., 2020).
Additionally, genetically modifying stem cells to increase their
potency has become a significant area of focus and various
methods of genetically engineering stem cells in the context of
epilepsy are being explored. For instance, human adult neural
stem/progenitor cells (NS/PSCs) were extracted from medically
intractable epileptic patients during surgery (Abdolahi et al,
2020). These cells were then designed to express a green
fluorescent protein (GFP) and the gene was delivered via
lentivirus (Abdolahi et al., 2020). In vitro, approximately 80%
of the NS/PCs were transduced by the lentivirus vector and GFP
expression was apparent from 3 days following transduction up to
at least four weeks (Abdolahi et al, 2020). Moreover, the
lentivirus is an effective means of genetically engineering NS/
PCs (Abdolahi et al., 2020). Interestingly, fibroblast growth factor
21 (FGF-21) has been shown to shield neurons from glutamate
excitotoxicity (Linares et al., 2020). FGF-21 overexpression in
BM-MSCs may boost its therapeutic potential by safeguarding the
stem cells from apoptosis (Linares et al., 2020). BM-MSCs were
genetically modified to overexpress FGF-21 through lentivirus
transduction. Heightened expression of FGF-21 significantly
attenuated hydrogen peroxide and TNF-a-induced caspase
pathways (Linares et al, 2020). Indeed, BDNF plays an
important role in regulating synaptic activity and GABAergic
neuron viability (Kim HS. et al., 2020). Human neural stem cells
overexpressing BDNF (HB1.F3. BDNF) were transplanted into a
Huntington’s disease rat model (Kim HS. et al., 2020). The cells
moved to the QA-lesioned striatum, differentiated into
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GABAergic neurons, and integrated effectively into the host’s
cerebral network (Kim HS. et al, 2020). In addition,
neuroinflammation was substantially alleviated (Kim HS. et al,,
2020). Moreover, human NSCs designed to overexpress BDNF
may exhibit therapeutic potential in epilepsy due to their
migratory, differentiative, and anti-inflammatory abilities.

Stem Cell Clinical Trials in Epilepsy

Clinically, the safety and efficacy of stem cell therapy in epileptic
patients have been investigated. Adults suffering from MTLE
received an intra-arterial autologous bone marrow mononuclear
cell (BMMC) injection and were assessed over 6 months
(DaCosta et al., 2018). At the end of the observation period,
40% of the subjects no longer had seizures. In addition, memory
scores escalated substantially. Importantly, the stem cell
transplantation was safe, exhibiting no adverse
(DaCosta et al., 2018). In another clinical trial, autologous
adipose-derived regenerative cells (ADRCs) were intrathecally
administered via liposuction to autoimmune refractory epileptic
patients (Szczepanik et al., 2020). They received treatment three
times for every three months (Szczepanik et al., 2020). The
patients demonstrated cognitive recovery, as observed in
ameliorated academic, social, and motor performance. One
subject became completely seizure free, but other patients
showed less seizure mitigation or no improvement at all
(Szczepanik et al., 2020). Despite ADRCs apparent safety, its
efficacy must be further explored in the context of epilepsy
(Szczepanik et al., 2020). In addition, a clinical trial utilizing
pediatric patients investigated the effectiveness of autologous
bone marrow stem cell transplantation in ameliorating drug-
resistant epilepsy (DRE) (Milczarek et al, 2018). Every three
months, the subjects received an intrathecal or intravenous dose
of bone marrow nucleated cells (BMNCs) in conjunction with
intrathecal bone marrow mesenchymal stem cells (BMMSCs)
(Milczarek et al., 2018). After two years, the treatment proved to
be safe with no adverse incidents and demonstrated positive
results, ameliorating neurological function and lowering
frequency of epileptic seizures (Milczarek et al., 2018). Indeed,
recent clinical trials have displayed encouraging findings;
however, further preclinical investigation into the safety and
efficacy of stem cell therapy in ameliorating the neurological
and neuropsychiatric aspects of epilepsy is warranted to ascertain
optimal dosage, timing, and delivery method.

events

THE EFFICACY OF STEM CELLS IN
ALLEVIATING THE NEUROPSYCHIATRIC
COMORBIDITIES OF EPILEPSY

Regulating Adenosine Homeostasis

In addition to addressing the neurological deficits engendered by
epilepsy, stem cells also show potential in ameliorating epilepsy’s
neuropsychiatric aspect. Epilepsy, along with depression and
schizophrenia, have exhibited mutated adenosine homeostasis,
which may serve as a therapeutic target in cell-based therapy
(Poppe et al., 2018). Heightened energy metabolism in a epileptic
event manifests in a significant rise of adenosine levels (Boison
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and Steinhduser, 2018). Indeed, astrocytes and adenosine kinase
(ADK) play an important role in regulating adenosine
homeostasis in the brain (Boison and Steinhduser, 2018).
Previous investigations have indicated that ADK bears an
important function in cerebral development postnatally. A
study found that knockdown of the Adk gene resulted in
altered neuroplasticity, which spurred seizures, as well as
imparired memory and learning (Gebril et al., 2020). Mutated
ADK expression during brain development is correlated with
anomalous adenosine homeostasis, which has been linked to
neuropsychiatric maladies like autism and schizophrenia
(Gebril et al., 2020). In vitro, zinc finger nuclease (ZFN) was
utilized to delete the ADK gene in neuroepithelial stem cells
(NES) extracted from human embryonic stem cells. A drastic
increase in adenosine secretion was observed in ADK lacking It-
NES cells than the control (Poppe et al., 2018). Furthermore,
these cells may serve as effective adenosine carriers and may be
therapeutically potent in ameliorating epilepsy-induced
alterations in adenosine levels (Poppe et al., 2018), which
would address both the neurological and neuropsychiatric
aspects of epilepsy. In addition, astrogliosis in intractable
epilepsy spurs boosted expression of ADK, leading to
adenosine scarcity (Estiri et al, 2018). A lentivirus vector
carrying anti-ADK miR-shRNA abolished ADK expression at
a 95% capacity in Wharton’s jelly mesenchymal stem cells
(hWJMSCs) and the astrocytoma cell line (Estiri et al., 2018).
Moreover, genetically modified WJMSCs may be effective in
drastically improving adenosine levels in epilepsy and
therefore, demonstrates therapeutic potential in alleviating the
neuropsychiatric comorbidities of epilepsy.

The Role of the Amygdala in Epilepsy and
Implications for Neuropsychiatric

Comorbidities

Interestingly, targeted stem cell therapy to the amygdala may be a
potent therapeutic strategy in epilepsy. Indeed, patients with drug
resistant lesional and nonlesional TLE have frequently
demonstrated amygdala enlargement (AE) (Peedicail et al,
2020). Out of 42 patients, 33 displayed AE and 11 of these
patients also showed hippocampal enlargement (HE). In a case
study with a TLE patient demonstrating neuropsychiatric
complications (e.g. psychosis, depression, irritability), anterior
temporal lobectomy and amygdalohippocampectomy resulted in
a decrease in seizure frequency and the amelioration of the
neuropsychiatric manifestations (Shahani and Cervenka, 2019).
Moreover, amygdala injury is significant feature of epilepsy
pathology, thereby indicating a potential treatment target for
both neurological and neuropsychiatric symptoms. Notably, an
in vitro investigation found that neurospheres derived from the
adult human amygdala afflicted with intractable epilepsy
differentiated into human neural stem/progenitor cells (hNS/
PCs) and astrocytes (Ghasemi et al., 2018). With administration
of SHH and retinoic acid, these cells were able to differentiate into
motor neurons (Ghasemi et al., 2018). Moreover, the amygdala
may serve as a source for autologous stem cell therapy in epilepsy
and may demonstrate potential in treatment of the
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neuropsychiatric disorders associated with epilepsy like anxiety
(Ghasemi et al., 2018). The activity of multipotent NSCs play a
key role in hippocampal neurogenesis in the adult brain (Muro-
Garcia et al., 2019). MTLE was mirrored in mice that received
kainic acid (KA) in the amygdala. The KA spurred the
transformation of NSCs to React-NSCs, leading to aberrant
neurogenesis. Indeed, evidence indicates that cognitive
impairment, anxiety and depression in patients with MTLE
may be due to anomalous neurogenesis induced by epilpetic
seizures (Muro-Garcia et al., 2019). The fact that KA injection
into the amygdala showed similar effects to hippocampal delivery
further suggests the role of the amygdala in epilepsy, as well as a
potential mechanism for anxiety that accompanies epilepsy.
Additionally, the amygdalae harvested from MTLE patients
demonstrated neuronal death and gliosis (Jafarian et al., 2019).
In epilteptic patients, the amygdalae demonstrated escalated
neuronal impairment and apoptosis, along with reduced
GABAergic receptor subunit expression (Jafarian et al., 2019).
However, levels of NR1, NR2B, mGluR1a, GluR1, and GluR2,
which are glutamate excitatory receptor subunits, were similar to
the control group (Jafarian et al., 2019). On account of stem cells’
ability to differentiate into GABAergic neurons, targeted cell
therapy in the amygdala may serve as an effective therapeutic
strategy against epilepsy as well as its neuropsychiatric
comorbidities.

Neurotrophic Factors

Evidently, alterations in expression of neurotrophic factors, such
as BDNF and GDNF, have been observed in epilepsy and
neuropsychiatric disorders, and aberrant expression of these
factors may be amenable to stem cell therapy. Indeed, in vivo
studies have demonstrated that BDNF depletion spurs an
anomalous response to stress and BDNF has been implicated
in chronic stress disorders like PTSD (Notaras and van den
Buuse, 2020). It has been shown that glucocorticoid pathways
upregulate BDNF, resulting in intensified fear memory (Notaras
and van den Buuse, 2020). Additionally, BDNF plays a key role in
epilepsy pathology in that it is substantially downregulated in
epilepsy models (Ali et al., 2019). BDNF is involved with
differentiation of hippocampal neurons, as well as the
transmission of neurotransmitters like dopamine, serotonin,
and glutamate (Ali et al., 2019). Diminished BDNF expression
in the hippocampus has been correlated with impaired learning
and memory (Ali et al, 2019). Through PET imaging,
pilocarpine-induced  epilpetic =~ rats  showed  thalamic
hypometabolism, diminished [18F]FDG and upregulated septal
[18F]MPPF, which have been linked to changes in behavior and
anxiety (Di Liberto et al, 2018). These thalamic and septal
changes were associated with decreased BDNF in blood serum
(Di Liberto et al., 2018). Moreover, epilepsy-induced alterations
in BDNF expression may play a role in engendering the
neuropsychiatric comorbidities of epilepsy. In addition,
endothelial progenitor cells (EPCs) were delivered to the
hippocampus of PTZ-induced epilepsy rats (Ali et al., 2019),
resulting in improved memory and motor capacity. EPCs
ameliorated neuronal injury, upregulated BDNF expression,
alleviated impaired neuronal circuitry, and elevated the
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expression of autophagy-related proteins, which was suppressed
in epileptogenesis (Ali et al., 2019). By increasing BDNF levels, EPCs
may mitigate the neurological complications of epilepsy, as well as
neuropsychiatric comorbidities like anxiety, PTSD, and cognitive
impairments. Additionally, rats treated with intrahippocampal KA
received adipose-derived stem cells (ADSCs) (Wang et al., 2021).
The ADSCs demonstrated significant differentiative capacity, as
observed with the high levels of Tujl, MAP2, NeuN, and PSD-95
expression in these cells (Wang et al,, 2021). Importantly, the rats
completed the Morris water maze task more effectively following
ADSC treatment, indicating ameliorated learning and memory
deficits spurred by epilepsy (Wang et al,, 2021). The ADSCs also
secreted neurotrophic factors like BDNF, NT3, and NT4, which may
play a role in alleviating cognitive impairments accompanying
epilepsy (Wang et al., 2021).

Of note, GDNF may also play a role in epilepsy-induced
neuropsychiatric compilations. The cerebrospinal fluid (CSF)
of patients with schizophrenia, bipolar disorder, and major
depressive disorder was examined (Hidese al, 2020).
Concentrations of GDNF and CSF amyloid precursor protein
(APP) were substantially reduced in schizophrenic patients
(Hidese et al, 2020). APP and neural adhesion molecule 1
(NACAM-1) was significantly downregulated in BD patients
(Hidese et al,, 2020). Furthermore, utilizing stem cells to deliver
these neurotrophic factors may be therapeutically potent in epilepsy.
GDNF-releasing ARPE-19 cells were transplanted in quinolinic acid
rats, a model of Huntington’s disease (Emerich et al, 2019).
Treatment resulted in effective GDNF permeation throughout the
rat striatum (Emerich et al., 2019). GDNF ameliorated behavioral
impairments and functioned to maintain healthy striatal size
(Emerich et al,, 2019). In a similar study, GDNF delivery to the
hippocampus via encapsulated GDNF-release cells resulted in
decreased anxiety and alleviated seizure frequency, indicating that
GDNF therapies may also address the neuropsychiatric
comorbidities of epilepsy (Paolone et al., 2019).

et

Glutamate Excitotoxicity

Glutamate excitotoxicity has been implicated in epilepsy, as well
as in neuropsychiatric illnesses like schizophrenia and obsessive-
compulsive disorder (OCD) (Karthik et al.,, 2020). Glutamate
plays a critical role in regulating cell migration in the striatum.
However, a stable concentration of glutamate must be maintained
to prevent neuronal complications (Karthik et al., 2020).
Glutamate is heavily involved with the cortico-striato-thalamo-
cortical (CSTC) pathway, which may become aberrant in OCD
(Karthik et al, 2020). OCD patients who were not taking
medication demonstrated substantially greater concentrations
of glutamate in CSF compared to the control group (Karthik
et al, 2020). Among epilepsy patients, OCD is a frequent
neuropsychiatric comorbidity that manifests, but it often goes
untreated (Kim SJ. et al., 2020). 40.3% of 221 epileptic adults
displayed an Obsessive-Compulsive Inventory-Revised (OCI-R)
score of greater than or equal to 21, indicating that OCD is a
common comorbidity of epilepsy, including severe epilepsy and
TLE (Kim SJ. et al., 2020). Some AED treatments like lamotrigine
may exacerbate OCD in patients. Therefore, exploring other
therapeutics that effectively mitigate the neurological and
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neuropsychiatric components of epilepsy are critical for bettering
the lives of epileptic patients. Stem cells demonstrate the capacity to
alleviate glutamate excitotoxicity, thereby showing potential to
reduce the frequency of seizures and treat OCD that may
accompany epilepsy. Glutamate excitotoxicity has also manifested
in the pathology of schizophrenia, as it spurs structural changes in
cortical thickness (Shah et al., 2020). Imaging of the brain from ultra-
treatment-resistant  schizophrenia (UTRS) patients revealed
significant thinning of the cortex (Shah et al, 2020).
Schizophrenia, as a comorbidity of epilepsy, may be amenable to
stem cell regenerative therapy. Lastly, fear related seizures, known as
ictal fear (IF), arise in a certain class of MTLE patients on account of
epilepsy-induced alterations in the defensive survival circuitry of the
brain (Leal et al., 2020). These variations are thought to be correlated
with the phosphorylation of Ser831 and Ser848, which are
components of the GluAl subunit (Leal et al., 2020). Compared
to the control, MTLE patients with hippocampal sclerosis showed an
11% downregulation of Ser845 and Ser831 phosphorylation in the
amygdala (Leal et al, 2020). By interacting with the glutamate
receptors, stem cells may be able to correct the anomalous
survival circuitry that manifests with IF epilepsy.

CONCLUSION

In the current state, epilepsy impacts millions of people world-
wide and its devastating cerebral effects can only be regulated with
limited therapeutic options but not fully eliminated. While symptoms
may be treated with the use of AEDs and surgical resection, the
neuropsychiatric aspect of epilepsy is usually overlooked. Indeed,
autologous stem cell transplantation has emerged as a potential
therapeutic approach for epilepsy. The therapeutic potency of
NSCs, MSCs, and interneuron precursors in epilepsy has been
explored preclinically and in some clinical trials. These stem cells
demonstrate the ability to ameliorate aberrant neuronal circuitry and
restore depleted GABA-ergic inhibitory neurons, as well as exert
neuroprotection against glutamate excitotoxicity and oxidative stress.
Stem cell therapy may also effectively mitigate the neuropsychiatric
comorbidities of epilepsy by maintaining adenosine homeostasis,
targeting GABAergic neuron loss in the amygdala, releasing
neurotrophic factors, and suppressing glutamate excitotoxicity.
Nevertheless, further preclinical investigation into the safety and
efficacy of stem cell therapy in clinically relevant models of
epilepsy, incorporating both neurological and neuropsychiatric
aspects is warranted. Before findings can be translated to clinical
trials, optimal stem cell dosage, delivery method, and timing of
transplantation must be established.

AUTHOR CONTRIBUTIONS

Conceptualization, NS, MS, BG-P, and CB; literature analysis, NS,
MS, BG-P, and CB; resources, CB; writing—original draft
preparation, NS, MS, BG-P, and CB; writing—review and
editing, NS, MS, BG-P, and CB; supervision, CB; project
administration, CB; funding acquisition, CB. All authors have
read and agreed to the published version of the manuscript.

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 596287


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

FUNDING

CB is funded by National Institutes of Health (NIH)
ROINS090962, NIH ROINS102395, and NIH
R21NS109575.

REFERENCES

Abdanipour, A., Tiraihi, T., and Mirnajafi-Zadeh, J. (2011). Improvement of the
pilocarpine epilepsy model in rat using bone marrow stromal cell therapy.
Neurol. Res. 33 (6), 625-632. doi:10.1179/1743132810Y.0000000018

Abdolahi, S., Khodakaram-Tafti, A., Aligholi, H., Ziaei, S., Ghadiri, M. K,
Stummer, W., et al. (2020). Lentiviral vector-mediated transduction of adult
neural stem/progenitor cells isolated from the temporal tissues of epileptic
patients. Iran J. Basic Med. Sci. 23 (3), 354-361. doi:10.22038/I]JBMS.2019.
42285.998

Ahamad, A., Wang, J., Ge, S., and Kirschen, G. W. (2020). Early dendritic
morphogenesis of adult-born dentate granule cells is regulated by FHL2.
Front. Neurosci. 14, 202. doi:10.3389/fnins.2020.00202

Alj, S. O, Shahin, N. N,, Safar, M. M., and Rizk, S. M. (2019). Therapeutic potential
of endothelial progenitor cells in a rat model of epilepsy: role of autophagy.
J. Adv. Res. 18, 101-112. d0i:10.1016/j.jare.2019.01.01

Andres-Mach, M., Fike, J. R, and Luszczki, J. J. (2011). Neurogenesis in the
epileptic brain: a brief overview from temporal lobe epilepsy. Pharmacol. Rep.
63 (6), 1316-1323. doi:10.1016/s1734-1140(11)70696-x

Anhoury, S., Brown, R. J., Krishnamoorthy, E. S., and Trimble, M. R. (2000).
Psychiatric outcome after temporal lobectomy: a predictive study. Epilepsia 41
(12), 1608-1615. doi:10.1111/j.1499-1654.2000.001608.x

Armada-Moreira, A., Gomes, J. L, Pina, C. C., Savchak, O. K., Goncalves-Ribeiro, J.,
Rei, N, et al. (2020). Going the extra (synaptic) mile: excitotoxicity as the road
toward neurodegenerative diseases. Front Cell Neurosci. 14, 90. doi:10.3389/
fncel.2020.00090

Avazzadeh, S., McDonagh, K., Reilly, J., Wang, Y., Boomkamp, S. D., Mclnerney,
V., etal. (2019). Increased Ca2+ signaling in NRXN1a+/- neurons derived from
ASD induced pluripotent stem cells. Mol. Autism 10, 52. doi:10.1186/s13229-
019-0303-3

Backofen-Wehrhahn, B., Gey, L., Broer, S., Schiff, M., Handreck, A., Stanslowsky,
N., etal. (2018). Anticonvulsant effects after grafting of rat, porcine, and human
mesencephalic neural progenitor cells into the rat subthalamic nucleus. Exp.
Neurol. 310, 70-83. doi:10.1016/j.expneurol.2018.09.004

Berg, A. T., Berkovic, S. F., Brodie, M. J., Buchhalter, J., Cross, J. H., Boas, W. V. E,,
etal. (2010). Revised terminology and concepts for organization of seizures and
epilepsies: report of the ILAE commission on classification and terminology,
2005-2009. Epilepsia 51 (4), 676-685. doi:10.1111/j.1528-1167.2010.02522.x

Boison, D., and Steinhduser, C. (2018). Epilepsy and astrocyte energy metabolism.
Glia 66 (6), 1235-1243. doi:10.1002/glia.23247

Braun, S. M. G., and Jessberger, S. (2014). Adult neurogenesis and its role in
neuropsychiatric disease, brain repair and normal brain function. Neuropathol.
Appl. Neurobiol. 40 (1), 3-12. doi:10.1111/nan.12107

Bullmore, E., and Sporns, O. (2012). The economy of brain network organization.
Nat. Rev. Neurosci. 13 (5), 336-349. doi:10.1038/nrn3214

Byun, J. S, Lee, C. O., Oh, M., Cha, D., Kim, W. K,, Oh, K. J,, et al. (2020). Rapid
differentiation of astrocytes from human embryonic stem cells. Neurosci. Lett.
716, 134681. doi:10.1016/j.neulet.2019.134681

Cardamone, L., Salzberg, M. R, O’Brien, T. ., and Jones, N. C. (2013). Antidepressant
therapy in epilepsy: can treating the comorbidities affect the underlying disorder?.
Br. J. Pharmacol. 168 (7), 1531-1554. doi:10.1016/j.addr.2011.11.006

Cheetham, S. C., Crompton, M. R,, Czudek, C., Horton, R. W, Katona, C. L., and
Reynolds, G. P. (1989). Serotonin concentrations and turnover in brains of
depressed suicides. Brain Res. 502 (2), 332-340. doi:10.1016/0006-8993(89)
90629-x

Chu, K., Kim, M., Jung, K. H,, Jeon, D., Lee, S. T., Kim, J., et al. (2004). Human
neural stem cell transplantation reduces spontaneous recurrent seizures
following pilocarpine-induced status epilepticus in adult rats. Brain Res.
1023 (2), 213-221. doi:10.1016/j.brainres.2004.07.045

Stem Cell Therapy in Epilepsy

ACKNOWLEDGMENTS

The authors thank the entire staff of the Borlongan Neural
Transplantation Laboratory for critical discussions of this
manuscript.

Comorbidity in Adults with Epilepsy — United States (2010). http://www.cdc.gov/
mmwr/preview/mmwrhtml/mm6243a2.htm (Accessed March 8 2016).

Costa-Ferro, Z. S., Vitola, A. S., Pedroso, M. F., Cunha, F. B., Xavier, L., Machado,
D. C,, et al. (2010). Prevention of seizures and reorganization of hippocampal
functions by transplantation of bone marrow cells in the acute phase of
experimental epilepsy. Seizure 19 (2), 84-92. doi:10.1016/j.seizure.2009.12.003

Coyle, A, Riley, J., Wu, C,, and Sharan, A. (2017). From resection to ablation: a
review of resective surgical options for temporal lobe epilepsy and rationale for
an ablation-based approach. Neurol. India (65Suppl. 1), S71-S77. doi:10.4103/
0028-3886.201662

Cramer, J. A,, Blum, D., Reed, M., and Fanning, K. (2003). Epilepsy Impact Project
Group. The influence of comorbid depression on seizure severity. Epilepsia 44
(12), 1578-1584. doi:10.1111/j.0013-9580.2003.28403.x

DaCosta, J. C., Portuguez, M. W., Marinowic, D. R,, Schilling, L. P., Torres, C. M.,
DaCosta, D. I, et al. (2018). Safety and seizure control in patients with mesial
temporal lobe epilepsy treated with regional superselective intra-arterial
injection of autologous bone marrow mononuclear cells. J. Tissue Eng.
Regen. Med. 12 (2), e648-e656. doi:10.1002/term.2334

Dailey, J. W., Mishra, P. K,, Ko, K. H,, Penny, J. E., and Jobe, P. C. (1992).
Serotonergic abnormalities in the central nervous system of seizure-naive
genetically epilepsy-prone rats. Life Sci. 50 (4), 319-326. doi:10.1016/0024-
3205(92)90340-u

Datta, D., Subburaju, S., Kaye, S., Baruah, J., Choi, Y. K., Nian, Y., et al. (2020).
Human forebrain endothelial cell therapy for psychiatric disorders. Mol.
Psychiatry 8, 39. doi:10.1038/s41380-020-0839

Dawit, S., and Crepeau, A. Z. (2020). When drugs do not work: alternatives to
Antiseizure medications. Curr. Neurol. Neurosci. Rep. 20 (9), 37. doi:10.1007/
s11910-020-01061-3

de Gois da Silva, M. L., da Silva Oliveira, G. L., de Oliveira Bezerra, D., da Rocha
Neto, H. J., Feitosa, M. L. T., Argolo, N. M., et al. (2018). Neurochemical
properties of neurospheres infusion in experimental-induced seizures. Tissue
Cell 54, 47-54. doi:10.1016/j.tice.2018.08.002

Deshpande, T., Li, T., Henning, L., Wu, Z., Miiller, J., Seifert, G., et al. (2020).
Constitutive deletion of astrocytic connexins aggravates kainate-induced
epilepsy. Glia 68 (10), 2136-2147. doi:10.1002/glia.23832

Dever, D. P., Scharenberg, S. G., Camarena, J., Kildebeck, E. J., Clark, J. T., Martin, R.
M., et al. (2019). CRISPR/Cas9 genome engineering in engraftable human brain-
derived neural stem cells. iScience 15, 524-535. doi:10.1016/j.is¢i.2019.04.036

Devinsky, O., Cilio, M. R., Cross, H., Fernandez-Ruiz, J., French, J., Hill, C, et al.
(2014). Cannabidiol: pharmacology and potential therapeutic role in epilepsy
and other neuropsychiatric disorders. Epilepsia 55 (6), 791-802. doi:10.1111/
epi.12631

Devinsky, O. (2004). Diagnosis and treatment of temporal lobe epilepsy. Rev.
Neurol. Dis. 1 (1), 2-9.

Di Liberto, V., van Dijk, R. M., Brendel, M., Waldron, A. M., Méller, C., Koska, L,
et al. (2018). maging correlates of behavioral impairments: an experimental
PET study in the rat pilocarpine epilepsy model. Neurobiol. Dis. 118, 9-21.
doi:10.1016/j.nbd.2018.06.010

Du, R, Zhu, X,, Wu, S., Zhang, X,, He, Y., Zhang, K., et al. (2019). PET imaging of
metabolic changes after neural stem cells and GABA progenitor cells
transplantation in a rat model of temporal lobe epilepsy. Eur. J. Nucl. Med.
Mol. Imaging 46 (11), 2392-2397. doi:10.1007/s00259-019-04408-2

Emerich, D. F., Kordower, J. H., Chu, Y., Thanos, C., Bintz, B., Paolone, G., et al.
(2019). Widespread striatal delivery of GDNF from encapsulated cells prevents
the Anatomical and functional consequences of excitotoxicity. Neural Plast.
2019, 6286197. doi:10.1155/2019/6286197

Englot, D. J., Rolston, J. D., Wright, C. W., Hassnain, K. H., and Chang, E. F. (2016).
Rates and predictors of seizure freedom with vagus nerve stimulation for
intractable epilepsy. Neurosurgery 79 (3), 345-353. doi:10.1227/NEU.
0000000000001165

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 596287


https://doi.org/10.1179/1743132810Y.0000000018
https://doi.org/10.22038/IJBMS.2019.42285.998
https://doi.org/10.22038/IJBMS.2019.42285.998
https://doi.org/10.3389/fnins.2020.00202
https://doi.org/10.1016/j.jare.2019.01.01
https://doi.org/10.1016/s1734-1140(11)70696-x
https://doi.org/10.1111/j.1499-1654.2000.001608.x
https://doi.org/10.3389/fncel.2020.00090
https://doi.org/10.3389/fncel.2020.00090
https://doi.org/10.1186/s13229-019-0303-3
https://doi.org/10.1186/s13229-019-0303-3
https://doi.org/10.1016/j.expneurol.2018.09.004
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1002/glia.23247
https://doi.org/10.1111/nan.12107
https://doi.org/10.1038/nrn3214
https://doi.org/10.1016/j.neulet.2019.134681
https://doi.org/10.1016/j.addr.2011.11.006
https://doi.org/10.1016/0006-8993(89)90629-x
https://doi.org/10.1016/0006-8993(89)90629-x
https://doi.org/10.1016/j.brainres.2004.07.045
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6243a2.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6243a2.htm
https://doi.org/10.1016/j.seizure.2009.12.003
https://doi.org/10.4103/0028-3886.201662
https://doi.org/10.4103/0028-3886.201662
https://doi.org/10.1111/j.0013-9580.2003.28403.x
https://doi.org/10.1002/term.2334
https://doi.org/10.1016/0024-3205(92)90340-u
https://doi.org/10.1016/0024-3205(92)90340-u
https://doi.org/10.1038/s41380-020-0839
https://doi.org/10.1007/s11910-020-01061-3
https://doi.org/10.1007/s11910-020-01061-3
https://doi.org/10.1016/j.tice.2018.08.002
https://doi.org/10.1002/glia.23832
https://doi.org/10.1016/j.isci.2019.04.036
https://doi.org/10.1111/epi.12631
https://doi.org/10.1111/epi.12631
https://doi.org/10.1016/j.nbd.2018.06.010
https://doi.org/10.1007/s00259-019-04408-2
https://doi.org/10.1155/2019/6286197
https://doi.org/10.1227/NEU.0000000000001165
https://doi.org/10.1227/NEU.0000000000001165
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

Estiri, H., Fallah, A., Soleimani, M., Aliaghaei, A., Karimzadeh, F., Abraki, S. B.,
et al. (2018). Stable knockdown of adenosine kinase by lentiviral anti-ADK
miR-shRNAs in Wharton’s jelly stem cells. Cell ] 20 (1), 1-9. doi:10.22074/cell;.
2018.4916

Fernandez-Garcfa, S., Sancho-Balsells, A., Longueville, S., Hervé, D., Gruart, A.,
Delgado-Garcia, J. M., et al. (2020). Astrocytic BDNF and TrkB regulate severity
and neuronal activity in mouse models of temporal lobe epilepsy. Cell Death
Dis. 11 (6), 411. doi:10.1038/s41419-020-2615-9

Fisher, R. S., Acevedo, C., Arzimanoglou, A., Bogacz, A., Cross, J. H., Elger, C. E.,
et al. (2014). ILAE Official Report:A practical clinical definition of epilepsy.
Epilepsia 55 (4), 475-482. doi:10.1111/epi.12550

Fisher, R. S., van Emde Boas, W., Blume, W., Elger, C., Genton, P., Phillip, Lee.,
et al. (2005). Epileptic seizures and epilepsy: definitions proposed by the
international League against epilepsy (ILAE) and the International Bureau
for Epilepsy (IBE). Epilepsia 46 (4), 470-472. doi:10.1111/j.0013-9580.2005.
66104.x

Fukumura, S., Sasaki, M., Kataoka-Sasaki, Y., Oka, S., Nakazaki, M., Nagahama, H.,
et al. (2018). Intravenous infusion of mesenchymal stem cells reduces
epileptogenesis in a rat model of status epilepticus. Epilepsy Res. 141, 56-63.
doi:10.1016/j.eplepsyres.2018.02.008

Garcia-Morales, 1., de la Pefia Mayor, P., and Kanner, A. M. (2008). Psychiatric
comorbidities in epilepsy: identification and treatment. Neurologist 14 (6 Suppl.
1), S15-S25. doi:10.1097/01.nrl.0000340788.07672.51

Gebril, H. M., Rose, R. M., Gesese, R., Emond, M. P., Huo, Y., Aronica, E,, et al.
(2020). Adenosine kinase inhibition promotes proliferation of neural stem cells
after traumatic brain injury. Brain Commun., 2, 17. doi:10.1093/braincomms/
fcaa017

Ghasemi, S., Aligholi, H., Koulivand, P. H., Jafarian, M., Ravandi, H. H., Ghadiri,
M. K., et al. (2018). Generation of motor neurons from human amygdala-
derived neural stem-like cells. Iran J. Basic Med. Sci. 21 (11), 1155-1160. doi:10.
22038/1JBMS.2018.29587.7146

Giovacchini, G., Toczek, M. T., Bonwetsch, R., Bagic, A., Lang, L., Fraser, et al.
(2005). 5-HT1A receptors are reduced in temporal lobe epilepsy after partial-
volume correction. J. Nucl. Med. 46 (7), 1128-1135.

Gong, J. E,, Qu, J., Long, H. Y., Long, L. L., Qu, Q,, and Li, X. M. (2016). Common
variants of APOE are associated with anti-epileptic drugs resistance in Han
Chinese patients. Int. J. Neurosci. 127 (1), 14-19. doi:10.3109/00207454.2015.
1137295

Gonzélez, H. F. ], Yengo-Kahn, A., and Englot, D. J. (2019). Vagus nerve
stimulation for the treatment of epilepsy. Neurosurg. Clin. N. Am. 30 (2),
219-230. doi:10.1016/j.nec.2018.12.005

Gorska, N., Stupski, J., Cubata, W. J., Wiglusz, M. S., and Galuszko-Wegielnik, M.
(2018). Antidepressants in epilepsy. Neurol. Neurochir Pol. 52 (6), 657-661.
doi:10.1016/j.pjnns.2018.07.005

Hamilton, K. T., Anderson, C. T., Dahodwala, N., Lawler, K., Hesdorffer, D., and
French, J. (2014). Utilization of care among drug resistant epilepsy patients with
symptoms of anxiety and depression. Seizure 23 (3), 196-200. doi:10.1016/j.
seizure.2013.11.012

Hattiangady, B., Rao, M. S., and Shetty, A. K. (2008). Grafting of striatal precursor
cells into hippocampus shortly after status epilepticus restrains chronic
temporal lobe epilepsy. Exp. Neurol. 212 (2), 468-481. doi:10.1016/j.
expneurol.2008.04.040

Hauser, W. A,, and Kurland, L. T. (1975). The epidemiology of epilepsy in
Rochester, Minnesota, 1935 through 1967. Epilepsia 16 (1), 1-66.

Hecimovic, H., Santos, J. M., Carter, J., Attarian, H. P., Fessler, A. J., and Vahle, V.
(2012). Depression but not seizure factors or quality of life predicts suicidality in
epilepsy. Epilepsy Behav. 24 (4), 426-429. doi:10.1016/j.yebeh.2012.05.005

Hermann, B. P., Seidenberg, M., and Bell, B. (2000). Psychiatric comorbidity in
chronic epilepsy: identification, consequences, and treatment of major
depression. Epilepsia 2 (41Suppl. 1), S31-S41. doi:10.1111/j.1528-1157.2000.
tb01522.x

Hesdorffer, D. C., Hauser, W. A., Olafsson, E., Ludvigsson, P., and Kjartansson, O.
(2006). Depression and suicide attempt as risk factors for incident unprovoked
seizures. Ann. Neurol. 59 (1), 35-41. doi:10.1002/ana.20685

Hesdorffer, D. C., and Trimble, M. (2016). Musical and poetic creativity and
epilepsy. Epilepsy Behav. 57 (Pt B), 234-347. doi:10.1016/j.yebeh.2015.12.042

Hidese, S., Hattori, K., Sasayama, D., Tsumagari, T., Miyakawa, T., Matsumura, R.,
et al. (2020). Cerebrospinal fluid neuroplasticity-associated protein levels in

Stem Cell Therapy in Epilepsy

patients with psychiatric disorders: a multiplex immunoassay study. Transl.
Psychiatry 10 (1), 161. doi:10.1038/s41398-020-0843-5

Hitiris, N., Mohanraj, R, Norrie, J., Sills, G. J., and Brodie, M. J. (2007). Predictors
of pharmacoresistant epilepsy. Epilepsy Res. 75 (2-3), 192-196. doi:10.1016/j.
eplepsyres.2007.06.003

Hlebokazov, F., Dakukina, T., IThnatsenko, S., Kosmacheva, S., Potapnev, M.,
Shakhbazau, A., et al. (2017). Treatment of refractory epilepsy patients with
autologous mesenchymal stem cells reduces seizure frequency: an open label
study. Adv. Med. Sci. 62 (2), 273-279. doi:10.1016/j.advms.2016.12.004

Homan, C. C., Pederson, S., To, T. H., Tan, C,, Piltz, S., Corbett, M. A., et al. (2018).
PCDHI19 regulation of neural progenitor cell differentiation suggests
asynchrony of neurogenesis as a mechanism contributing to PCDH19 Girls
Clustering Epilepsy. Neurobiol. Dis. 116, 106-119. d0i:10.1016/j.nbd.2018.
05.004

Jafarian, M., Modarres Mousavi, S. M., Alipour, F., Aligholi, H., Noorbakhsh, F.,
Ghadipasha, M., et al. (2019). Cell injury and receptor expression in the
epileptic human amygdala. Neurobiol. Dis. 124, 416-427. doi:10.1016/j.nbd.
2018.12.017

Jensen, F. E. (2011). Epilepsy as a spectrum disorder: Implications from novel
clinical and basic neuroscience. Epilepsia 1 (52 Suppl. 1), 1-6. doi:10.1111/j.
1528-1167.2010.02904.x

Jing, M., Shingo, T., Yasuhara, T., Kondo, A., Morimoto, T., and Wang, F. (2009).
The combined therapy of intra- hippocampal transplantation of adult neural
stem cells and intraven- tricular erythropoietin-infusion ameliorates
spontaneous recurrent seizures by suppression of abnormal mossy fiber
sprouting. Brain Res. 1295, 203-217. doi:10.1016/j.brainres.2009.07.079

Jobe, P. C., Dailey, J. W., and Wernicke, J. F. (1999). A noradrenergic and
serotonergic hypothesis of the linkage between epilepsy and affective
disorders. Crit. Rev. Neurobiol. 13 (4), 317-356. doi:10.1615/
critrevneurobiol.v13.i4.10

Jobst, B. C., and Cascino, G. D. (2015). Resective epilepsy surgery for drug-resistant
focal epilepsy: a review. JAMA 313 (3), 285-293.

Jones, J. E., Hermann, B. P., Woodard, J. L., Barry, J. J., Gilliam, F., Kanner, A. M.,
et al. (2005). Screening for major depression in epilepsy with common self-
report depression inventories. Epilepsia 46 (5), 731-735. doi:10.1111/j.1528-
1167.2005.49704.x

Kaneko, Y., Coats, A. B.,, Tuazon, J. P,, Jo, M., and Borlongan, C. V. (2020).
Rhynchophylline promotes stem cell autonomous metabolic homeostasis.
Cytotherapy 22 (2), 106-113. doi:10.1016/j.jcyt.2019.12.008

Kanner, A. M., and Balabanov, A. (2002). Depression and epilepsy: how closely
related are they?. Neurology 58 (8 Suppl. 5), $27-S39. doi:10.1212/wnl.58.8

Kanner, A. M. (2006). Depression and epilepsy: a new perspective on two closely
related disorders. Epilepsy Curr. 6 (5), 141-146. doi:10.1111/j.1535-7511.2006.
00125.x

Kanner, A. M. (2016a). Management of psychiatric and neurological comorbidities
in epilepsy. Nat. Rev. Neurol. 12 (2), 106-116. doi:10.1038/nrneurol.2015.243

Kanner, A. M. (2008). Mood disorder and epilepsy: a neurobiologic perspective of
their relationship. Dialogues Clin. Neurosci. 10 (1), 39-45.

Kanner, A. M. (2016b). Most antidepressant drugs are safe for patients with
epilepsy at therapeutic doses: a review of the evidence. Epilepsy Behav. 61,
282-286. doi:10.1016/j.yebeh.2016.03.022

Karthik, S., Sharma, L. P., and Narayanaswamy, J. C. (2020). Investigating the role
of glutamate in obsessive-compulsive disorder: current perspectives.
Neuropsychiatr. Dis. Treat 16, 1003-1013. doi:10.2147/NDT.S211703

Keangpraphun, T., Towanabut, S., Chinvarun, Y., and Kijsanayotin, P. (2015).
Association of ABCB1 C3435T polymorphism with phenobarbital resis- tance
in Thai patients with epilepsy. J. Clin. Pharm. Ther. 40 (3), 315-319. doi:10.
1111/jcpt.12263

Kim, H. S., Jeon, I, Noh, J. E.,, Lee, H, Hong, K. S., Lee, N,, et al. (2020).
Intracerebral transplantation of BDNF-overexpressing human neural stem cells
(HB1.F3.BDNF) promotes migration, differentiation and functional recovery in
arodent model of Huntington’s disease. Exp. Neurobiol. 29 (2), 130-137. doi:10.
5607/en20011

Kim, S. J., Lee, S. A, Ryu, H. U,, Han, S. H,, Lee, G. H,, Jo, K. D,, et al. (2020).
Factors associated with obsessive-compulsive symptoms in people with
epilepsy. Epilepsy Behav. 102, 106723. doi:10.1016/j.yebeh.2019.106723

Kodali, M., Castro, O. W., Kim, D. K., Thomas, A., Shuai, B., Attaluri, S., et al.
(2019). Intranasally administered human MSC-derived extracellular vesicles

Frontiers in Pharmacology | www.frontiersin.org

16

March 2021 | Volume 12 | Article 596287


https://doi.org/10.22074/cellj.2018.4916
https://doi.org/10.22074/cellj.2018.4916
https://doi.org/10.1038/s41419-020-2615-9
https://doi.org/10.1111/epi.12550
https://doi.org/10.1111/j.0013-9580.2005.66104.x
https://doi.org/10.1111/j.0013-9580.2005.66104.x
https://doi.org/10.1016/j.eplepsyres.2018.02.008
https://doi.org/10.1097/01.nrl.0000340788.07672.51
https://doi.org/10.1093/braincomms/fcaa017
https://doi.org/10.1093/braincomms/fcaa017
https://doi.org/10.22038/IJBMS.2018.29587.7146
https://doi.org/10.22038/IJBMS.2018.29587.7146
https://doi.org/10.3109/00207454.2015.1137295
https://doi.org/10.3109/00207454.2015.1137295
https://doi.org/10.1016/j.nec.2018.12.005
https://doi.org/10.1016/j.pjnns.2018.07.005
https://doi.org/10.1016/j.seizure.2013.11.012
https://doi.org/10.1016/j.seizure.2013.11.012
https://doi.org/10.1016/j.expneurol.2008.04.040
https://doi.org/10.1016/j.expneurol.2008.04.040
https://doi.org/10.1016/j.yebeh.2012.05.005
https://doi.org/10.1111/j.1528-1157.2000.tb01522.x
https://doi.org/10.1111/j.1528-1157.2000.tb01522.x
https://doi.org/10.1002/ana.20685
https://doi.org/10.1016/j.yebeh.2015.12.042
https://doi.org/10.1038/s41398-020-0843-5
https://doi.org/10.1016/j.eplepsyres.2007.06.003
https://doi.org/10.1016/j.eplepsyres.2007.06.003
https://doi.org/10.1016/j.advms.2016.12.004
https://doi.org/10.1016/j.nbd.2018.05.004
https://doi.org/10.1016/j.nbd.2018.05.004
https://doi.org/10.1016/j.nbd.2018.12.017
https://doi.org/10.1016/j.nbd.2018.12.017
https://doi.org/10.1111/j.1528-1167.2010.02904.x
https://doi.org/10.1111/j.1528-1167.2010.02904.x
https://doi.org/10.1016/j.brainres.2009.07.079
https://doi.org/10.1615/critrevneurobiol.v13.i4.10
https://doi.org/10.1615/critrevneurobiol.v13.i4.10
https://doi.org/10.1111/j.1528-1167.2005.49704.x
https://doi.org/10.1111/j.1528-1167.2005.49704.x
https://doi.org/10.1016/j.jcyt.2019.12.008
https://doi.org/10.1212/wnl.58.8
https://doi.org/10.1111/j.1535-7511.2006.00125.x
https://doi.org/10.1111/j.1535-7511.2006.00125.x
https://doi.org/10.1038/nrneurol.2015.243
https://doi.org/10.1016/j.yebeh.2016.03.022
https://doi.org/10.2147/NDT.S211703
https://doi.org/10.1111/jcpt.12263
https://doi.org/10.1111/jcpt.12263
https://doi.org/10.5607/en20011
https://doi.org/10.5607/en20011
https://doi.org/10.1016/j.yebeh.2019.106723
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

pervasively incorporate into neurons and microglia in both intact and status
epilepticus injured forebrain. Int. J. Mol. Sci. 21 (1), 181. doi:10.3390/
ijms21010181

Kogeorgos, J., Fonagy, P., and Scott, D. F. (1982). Psychiatric symptom patterns of
chronic epileptics attending a neurological clinic: a controlled investigation. Br.
J. Psychiatry 140, 236-243. doi:10.1192/bjp.140.3.236

Korczyn, A. D., Schachter, S. C., Amlerova, J., Bialer, M., Boas, E., Brazdil, M., et al.
(2015). Third International Congress on epilepsy, brain and mind: Part 1.
Epilepsy Behav. 50, 116-137. doi:10.1016/j.yebeh.2015.06.044

Kramer, M. A, and Cash, S. S. (2012). Epilepsy as a disorder of cortical network
organization. Neuroscientict 18 (4), 360-372. doi:10.1177/1073858411422754

Ladino, L. D., Rizvi, S., and Téllez-Zenteno, J. F. (2016). Epilepsy through the ages:
an artistic point of view. Epilepsy Behav. 57 (Pt B), 255-264. doi:10.1016/j.
yebeh.2015.12.033

Leal, R. B., Lopes, M. W., Formolo, D. A., de Carvalho, C. R., Hoeller, A. A., Latini,
A, et al. (2020). Amygdala levels of the GluA1 subunit of glutamate receptors
and its phosphorylation state at serine 845 in the anterior hippocampus are
biomarkers of ictal fear but not anxiety. Mol. Psychiatry 25 (3), 655-665. doi:10.
1038/s41380-018-0084-7

Lee, W. C,, Arcona, S., Thomas, S. K., Wang, Q., Hoffmann, M. S., and Pashos, C. L.
(2005). Effect of comorbidities on medical care use and cost among refractory
patients with partial seizure disorder. Epilepsy Behav. 7 (1), 123-126. doi:10.
1016/j.yebeh.2005.04.002

Leeman-Markowski, B. A., and Schachter, S. C.,, and (2017). Cognitive and
behavioral interventions in epilepsy. Curr. Neurol. Neurosci. Rep. 17 (5), 42.
doi:10.1007/s11910-017-0752-z

Lewis, D. V. (2005). Losing neurons: selective vulnerability and mesial temporal
sclerosis. Epilepsia 7 (46 Suppl. 1), 39-44. doi:10.1111/j.1528-1167.2005.00306.x

Li, T., Ren, G, Kaplan, D. L., and Boison, D. (2009). Human mesenchymal stem cell
grafts engineered to release adenosine reduce chronic seizures in a mouse model
of CA3-selective epileptogenesis. Epilepsy Res. 84 (2-3), 238-241. doi:10.1016/j.
eplepsyres.2009.01.002

Linares, G. R,, Leng, Y., Maric, D., and Chuang, D. M. (2020). Overexpression of
fibroblast growth factor-21 (FGF-21) protects mesenchymal stem cells against
caspase-dependent apoptosis induced by oxidative stress and inflammation.
Cell Biol. Int. 44 (10), 2163-2169. doi:10.1002/cbin.11409

Lopez Gonzélez, F. J., Rodriguez Osorio, X., Gil-Nagel Rein, A., Martinez, M. C.,
Fernandez, J. S., Haba, V. V., et al. (2015). Drug- resistant epilepsy: definition
and treatment alternatives. Neurologia 30 (7), 439-446. doi:10.1016/j.nr1.2014.
04.012

Lu, M. H, Zhao, X. Y., Xu, D. E,, Chen, J. B,, Ji, W. L., Huang, Z. P., et al. (2020).
Transplantation of GABAergic interneuron progenitor attenuates cognitive
deficits of Alzheimer’s disease model mice. J. Alzheimers Dis. 75 (1), 245-260.
doi:10.3233/JAD-200010

Luo, M. L., Pan, L, Wang, L., Wang, H. Y, Li, S,, Long, Z. Y., et al. (2019).
Transplantation of NSCs promotes the recovery of cognitive functions by
regulating neurotransmitters in rats with traumatic brain injury. Neurochem.
Res. 44 (12), 2765-2775. d0i:10.1007/s11064-019-02897-z

Magiorkinis, E., Sidiropoulou, K., and Diamantis, A. (2010). Hallmarks in the
history of epilepsy: epilepsy in antiquity. Epilepsy Behav. 17 (1), 103-108.
doi:10.1016/j.yebeh.2009.10.023

Maisano, X., Litvina, E., Tagliatela, S., Aaron, G. B., Grabel, L. B., and Naegele, J. R.
(2012). Differentiation and functional incorporation of embryonic stem cell
derived GABAergic interneurons in the dentate gyrus of mice with temporal
lobe epilepsy. J. Neurosci. 32 (1), 46-61. doi:10.1523/JNEUROSCI.2683-11.2012

Martin-Suédrez, S., Abiega, O., Ricobaraza, A., Hernandez-Alocoeba, R., and
Encinas, J. M. (2020). Alterations of the hippocampal neurogenic Niche in a
mouse model of Dravet syndrome. Front. Cell Dev. Biol. 8, 654. doi:10.3389/
fcell.2020.00654

Milczarek, O., Jarocha, D., Starowicz-Filip, A., Kwiatkowski, S., Badyra, B., and
Majka, M. (2018). Multiple autologous bone marrow-derived CD271+
mesenchymal stem cell transplantation overcomes drug-resistant epilepsy in
children. Stem Cells Transl. Med. 7 (1), 20-33. doi:10.1002/sctm.17-0041

Miyoshi, K., Morimura, Y., and Maeda, K. (2010). Neuropsychiatric disorders com.
Accessed March 6, 2016. doi:10.1007/978-4-431-53871-4

Mula, M., Hermann, B., and Trimble, M. R. (2016). Neuropsychiatry of creativity.
Epilepsy Behav. 57 (Pt B), 225-229. doi:10.1016/j.yebeh.2015.12.050

Stem Cell Therapy in Epilepsy

Mula, M., and Hesdorffer, D. C. (2011). Suicidal behavior and antiepileptic drugs in
epilepsy: analysis of the emerging evidence. Drug Healthc. Patient Saf. 3, 15-20.
doi:10.2147/DHPS.S13070

Muro-Garcia, T., Martin-Sudrez, S., Espinosa, N., Valcarcel-Martin, R., Marinas,
A., Zaldumbide, L., et al. (2019). Reactive disruption of the hippocampal
neurogenic Niche after induction of seizures by injection of kainic acid in
the amygdala. Front. Cell Dev. Biol. 7, 158. doi:10.3389/fcell.2019.00158

Noakes, Z., Keefe, F., Tamburini, C., Kelly, C. M., Santos, M. C., Dunnett, S. B., et al.
(2019). Human pluripotent stem cell-derived striatal interneurons:
differentiation and maturation in vitro and in the rat brain. Stem Cell. Rep.
12 (2), 191-200. doi:10.1016/j.stemcr.2018.12.014

Notaras, M., and van den Buuse, M. (2020). Neurobiology of BDNF in fear
memory, sensitivity to stress, and stress-related disorders. Mol. Psychiatry 25
(10), 2251-2274. doi:10.1038/s41380-019-0639-2

Paolone, G., Falcicchia, C., Lovisari, F., Kokaia, M., Bell, W. J., Fradet, T., et al.
(2019). Long-term, targeted delivery of GDNF from encapsulated cells is
neuroprotective and reduces seizures in the pilocarpine model of epilepsy.
J. Neurosci. 39 (11), 2144-2156. doi:10.1523/J]NEUROSCI.0435-18.2018

Papazian, 1., Kyrargyri, V., Evangelidou, M., Voulgari-Kokota, A., and Probert, L.
(2018). Mesenchymal stem cell protection of neurons against glutamate
excitotoxicity involves reduction of NMDA-triggered calcium responses and
surface GluRl, and is partly mediated by TNF. Int. J. Mol. Sci. 19 (3), 651.
doi:10.3390/ijms19030651

Patrylo, P. R,, van den Pol, A. N, Spencer, D. D., and Williamson, A. (1999). NPY
inhibits glutamatergic excitation in the epileptic human dentate gyrus.
J. Neurophysiol. 82 (1), 478-483. doi:10.1152/jn.1999.82.1.478

Peedicail, J. S., Sandy, S., Singh, S., Hader, W., Myles, T., Scott, J., et al. (2020).
Comprehensive Epilepsy Program collaborators. Long term sequelae of
amygdala enlargement in temporal lobe epilepsy. Seizure 74, 33-40. doi:10.
1016/j.seizure.2019.11.015

Plioplys, S., Dunn, D. W, and Caplan, R. (2007). 10-year research update review:
psychiatric problems in children with epilepsy. J. Am. Acad. Child. Adolesc.
Psychiatry 46 (11), 1389-1402. doi:10.1097/chi.0b013e31815597fc

Poppe, D., Doerr, J., Schneider, M., Wilkens, R., Steinbeck, J. A., Ladewig, J., et al.
(2018). Genome editing in neuroepithelial stem cells to generate human
neurons with high adenosine-releasing capacity. Stem Cells Transl. Med. 7
(6), 477-486. d0i:10.1002/sctm.16-0272

Ramey, W. L., Martirosyan, N. L., Lieu, C. M., Hasham, H. A,, Lemole, G. M., and
Weinand, M. E. (2013). Current management and surgical outcomes of
medically intractable epilepsy. Clin. Neurol. Neurosurg. 115 (12), 2411-2418.
doi:10.1016/j.clineuro.2013.09.035

Rao, M. S., Hattiangady, B., Reddy, D. S., and Shetty, A. K. (2006). Hippocampal
neuro- degeneration, spontaneous seizures, and mossy fiber sprouting in the
F344 rat model. J. Neurosci. Res. 83 (6), 1088-105. doi:10.1002/jnr.20802

Realmuto, S., Zummo, L., Cerami, C., Agro, L., Dodich, C. N, et al. (2015). Social
cognition dysfunctions in patients with epilepsy: evidence from patients with
temporal lobe and idiopathic generalized epilepsies. Epilepsy Behav. 47, 98-103.
doi:10.1016/j.yebeh.2015.04.048

Rektor, I, Schachter, S. C., Arya, R., Arzy, S., Braakman, H., Brodie, M. J,, et al.
(2015). Third International Congress on epilepsy, brain, and mind: Part 2.
Epilepsy Behav. 2015 (50), 138-159. doi:10.1016/j.yebeh.2015.07.014

Rektor, I, Schachter, S. C., Arzy, S., Baloyannis, S. J., Bazil, C., Brézdil, M., et al.
(2013). Epilepsy, behavior, and art (epilepsy, brain, and mind, part 1). Epilepsy
Behav. 28 (2), 261-282. doi:10.1016/j.yebeh.2013.03.011

Remy, S., and Beck, H. (2006). Molecular and cellular mechanisms of pharmacore-
sistance in epilepsy. Brain 129 (Pt 1), 18-35. doi:10.1093/brain/awh682

Ryan, M. (2020). Cannabidiol in epilepsy: the indications and beyond. Ment.
Health Clin. 10 (6), 317-325. d0i:10.9740/mhc.2020.11.317

Ryu, J. R, Jobe, P. C., Milbrandt, J. C., Mishra, P. K., Clough, R. W, Ra, Browning.,
et al. (1999). Morphological deficits in noradrenergic neurons in GEPR-9s stem
from abnormalities in both the locus coeruleus and its target tissues. Exp.
Neurol. 156 (1), 84-91. doi:10.1006/exnr.1998.7003

Sancho, J., Pefia, P., Rufo, M., Palacios, G., Masramon, X., and Rejas, J. (2008).
LINCE Study Collaborative Group. Health and non-health care resources use in
the management of adult outpatients with drug-resistant epilepsy in Spain: a
cost-of-illness study (LINCE study). Epilepsy Res. 81 (2-3), 176-187. doi:10.
1016/j.eplepsyres.2008.05.008

Frontiers in Pharmacology | www.frontiersin.org

17

March 2021 | Volume 12 | Article 596287


https://doi.org/10.3390/ijms21010181
https://doi.org/10.3390/ijms21010181
https://doi.org/10.1192/bjp.140.3.236
https://doi.org/10.1016/j.yebeh.2015.06.044
https://doi.org/10.1177/1073858411422754
https://doi.org/10.1016/j.yebeh.2015.12.033
https://doi.org/10.1016/j.yebeh.2015.12.033
https://doi.org/10.1038/s41380-018-0084-7
https://doi.org/10.1038/s41380-018-0084-7
https://doi.org/10.1016/j.yebeh.2005.04.002
https://doi.org/10.1016/j.yebeh.2005.04.002
https://doi.org/10.1007/s11910-017-0752-z
https://doi.org/10.1111/j.1528-1167.2005.00306.x
https://doi.org/10.1016/j.eplepsyres.2009.01.002
https://doi.org/10.1016/j.eplepsyres.2009.01.002
https://doi.org/10.1002/cbin.11409
https://doi.org/10.1016/j.nrl.2014.04.012
https://doi.org/10.1016/j.nrl.2014.04.012
https://doi.org/10.3233/JAD-200010
https://doi.org/10.1007/s11064-019-02897-z
https://doi.org/10.1016/j.yebeh.2009.10.023
https://doi.org/10.1523/JNEUROSCI.2683-11.2012
https://doi.org/10.3389/fcell.2020.00654
https://doi.org/10.3389/fcell.2020.00654
https://doi.org/10.1002/sctm.17-0041
https://doi.org/10.1007/978-4-431-53871-4
https://doi.org/10.1016/j.yebeh.2015.12.050
https://doi.org/10.2147/DHPS.S13070
https://doi.org/10.3389/fcell.2019.00158
https://doi.org/10.1016/j.stemcr.2018.12.014
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.1523/JNEUROSCI.0435-18.2018
https://doi.org/10.3390/ijms19030651
https://doi.org/10.1152/jn.1999.82.1.478
https://doi.org/10.1016/j.seizure.2019.11.015
https://doi.org/10.1016/j.seizure.2019.11.015
https://doi.org/10.1097/chi.0b013e31815597fc
https://doi.org/10.1002/sctm.16-0272
https://doi.org/10.1016/j.clineuro.2013.09.035
https://doi.org/10.1002/jnr.20802
https://doi.org/10.1016/j.yebeh.2015.04.048
https://doi.org/10.1016/j.yebeh.2015.07.014
https://doi.org/10.1016/j.yebeh.2013.03.011
https://doi.org/10.1093/brain/awh682
https://doi.org/10.9740/mhc.2020.11.317
https://doi.org/10.1006/exnr.1998.7003
https://doi.org/10.1016/j.eplepsyres.2008.05.008
https://doi.org/10.1016/j.eplepsyres.2008.05.008
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sadanandan et al.

Savic, I, Lindstrom, P., Gulyés, B., Halldin, C., Andrée, B., and Farde, L. (2004).
Limbic reductions of 5-HT1A receptor binding in human temporal lobe
epilepsy. Neurology 62 (8), 1343-1351. doi:10.1212/01.wnl.0000123696.
98166.af

Scheibel, M. E., Crandall, P. H., and Scheibel, A. B. (1974). The hippocampal-
dentate complex in temporal lobe epilepsy. Epilepsia 15 (1), 55-80. doi:10.1111/
j.1528-1157.1974.tb03997 .x

Schmidt, D., and Schachter, S. C. (2014). Drug treatment of epilepsy in adults. BM]
348, 254. doi:10.1136/bmj.g254

Schuster, J., Laan, L., Klar, J., Jin, Z., Huss, H., Korol, S., et al. (2019).
Transcriptomes of Dravet syndrome iPSC derived GABAergic cells reveal
dysregulated pathways for chromatin remodeling and neurodevelopment.
Neurobiol. Dis. 132, 104583. doi:10.1016/j.nbd.2019.104583

Selassie, A. W., Wilson, D. A, Martz, G. U, Smith, G. G, Wagner, J. L, and
Wannamaker, B. B. (2014). Epilepsy beyond seizure: a population-based study of
comorbidities. Epilepsy Res. 108 (2), 305-315. doi:10.1016/j.eplepsyres.2013.12.002

Shah, P., Plitman, E., Iwata, Y., Kim, J., Nakajima, S., Chan, N, et al. (2020).
Glutamatergic neurometabolites and cortical thickness in treatment-resistant
schizophrenia: Implications for glutamate-mediated excitotoxicity. . Psychiatr.
Res. 124, 151-158. doi:10.1016/j.jpsychires.2020.02.032

Shahani, L., and Cervenka, G. (2019). Impact of surgical intervention on seizure
and psychiatric symptoms in patients with temporal lobe epilepsy. BMJ Case
Rep. 12 (7), €229242. doi:10.1136/bcr-2019-229242

Shen, L., Yuan, F,, Hong, Y., Xu, M., Hu, Y., and Liu, Y. (2020). Identification of
small molecules for accelerating the differentiation of GABA interneurons from
human pluripotent stem cells. J. Mol. Cell Biol. 12 (3), 245-248. doi:10.1093/
jmcb/mjaa002

Shetty, A. K. (2014). Hippocampal injury-induced cognitive and mood
dysfunction, altered neurogenesis and epilepsy: can early neural stem cell
grafting intervention provide protection? Epilepsy Behav. 38, 117-124.
doi:10.1016/j.yebeh.2013.12.001

Shetty, A. K., and Upadhya, D. (2016). GABA-ergic cell therapy for epilepsy:
advances, limitations and challenges. Neurosci. Biobehav Rev. 62, 35-47. doi:10.
1016/j.neubiorev.2015.12.014

Silva, G. D., Del Guerra, F. B., de Oliveira Lelis, M., and Pinto, L. F. (2020).
Cannabidiol in the treatment of epilepsy: a focused review of evidence and gaps.
Front. Neurol. 11, 531939. doi:10.3389/fneur.2020.531939

Stafstrom, C. E., and Carmant, L. (2015). Seizures and epilepsy: an overview for
neuroscientists. Cold Spring Harb Perspect. Med. 5 (6), piia002426.

Swinkels, W. A., Kuyk, J., van Dyck, R,, and Spinhoven, P. (2005). Psychiatric
comorbidity in epilepsy. Epilepsy Behav. 7 (1), 37-50. doi:10.1080/09540261.
2017.1302412

Szczepanik, E., Mierzewska, H., Antczak-Marach, D., Figiel-Dabrowska, A.,
Terczynska, I, Tryfon, J., et al. (2020). Intrathecal infusion of autologous
adipose-derived regenerative cells in autoimmune refractory epilepsy:
evaluation of safety and efficacy. Stem Cells Int. 2020, 7104243. doi:10.1155/
2020/71042431

Tadokoro, Y., Oshima, T., and Kanemoto, K. (2007). Interictal psychoses in
comparison with schizophrenia—a prospective study. Epilepsia 48 (12),
2345-2351. doi:10.1111/j.1528-1167.2007.01230.x

Tang, V., Poon, W. S., and Kwan, P. (2015). Mindfulness-based therapy for drug-
resistant epilepsy: an assessor-blinded randomized trial. Neurology 85 (13),
1100-1107. doi:10.1212/WNL.0000000000001967

Toczek, M. T., Carson, R. E., Lang, L., Ma, Y., Spanaki, M. V., Der, M. G., et al. (2003).
PET imaging of 5-HT 1A receptor binding in patients with temporal lobe epilepsy.
Neurology 60 (5), 749-756. doi:10.1212/01.wnl.0000049930.93113.20

Treiman, D. M. (2001). GABAergic mechanisms in epilepsy. Epilepsia 3 (42 Suppl.
1), 8-12. doi:10.1046/j.1528-1157.2001.042suppl.3008.x

Upadhya, D., Hattiangady, B., Castro, O. W., Shuai, B., Kodali, M., Attaluri, S., et al.
(2019). Human induced pluripotent stem cell-derived MGE cell grafting after
status epilepticus attenuates chronic epilepsy and comorbidities via synaptic
integration. Proc. Natl. Acad. Sci. USA 116 (1), 287-296. doi:10.1073/pnas.
1814185115

Valenzuela, M., Sidhu, K., Dean, S., and Sachdev, P. (2007). Neural stem cell
therapy for neuropsychiatric disorders. Acta Neuropsychiatr. 19 (1), 11-26.
doi:10.1016/j.conb.2017.12.005

Varma, P., Brulet, R, Zhang, L., and Hsieh, J. (2019). Targeting seizure-induced
neurogenesis in a clinically relevant time period leads to transient but not

Stem Cell Therapy in Epilepsy

persistent seizure reduction. J. Neurosci. 39 (35), 7019-7028. doi:10.1523/
JNEUROSCI.0920-19.201

Verrotti, A., Carrozzino, D., Milioni, M., Minna, M., and Fulcheri, M. (2014).
Epilepsy and its main psychiatric comorbidities in adults and children.
J. Neurol. Sci. 343 (1-2), 23-29. doi:10.1016/.jns.2014.05.043

Vélkening, B., Schonig, K., Kronenberg, G., Bartsch, D., and Weber, T. (2018).
Type-1 astrocyte-like stem cells harboring Cacnald gene deletion exhibit
reduced proliferation and decreased neuronal fate choice. Hippocampus 28
(2), 97-107. doi:10.1002/hipo.22811

Waldau, B., Hattiangady, B., Kuruba, R., Shetty, A. K., and Restore, G. D. N. F.
(2010). Medial ganglionic eminence-derived neural stem cell grafts ease
spontaneous seizures. Expression in a rat model of chronic temporal lobe
epilepsy. Stem Cells 28 (7), 1153-1164. doi:10.1002/stem.446

Walker, M. P., and Stickgold, R. (2006). Sleep, memory, and plasticity. Annu. Rev.
Psychol. 57, 139-166.

Wang, F,, Qi, X,, Zhang, J., and Huang, J. H. (2020). Astrocytic modulation of
potassium under seizures. Neural Regen. Res. 15 (6), 980-987. doi:10.4103/
1673-5374.270295

Wang, L., Zhao, Y., Pan, X,, Zhang, Y., Lin, L., Wu, Y., et al. (2021). Adipose-
derived stem cell transplantation improves learning and memory via releasing
neurotrophins in rat model of temporal lobe epilepsy. Brain Res. 11 (1750),
147121. doi:10.1016/j.brainres.2020.147121

Xian, P., Hei, Y., Wang, R,, Wang, T., Yang, J., Li, ., et al. (2019). Mesenchymal
stem cell-derived exosomes as a nanotherapeutic agent for amelioration of
inflammation-induced astrocyte alterations in mice. Theranostics 9 (20),
5956-5975. doi:10.7150/thno.33872

Xu, J. H,, and Tang, F. R. (2018). Voltage-dependent calcium channels, binding
proteins, calcium, and their interaction in the pathological process of epilepsy.
Int. J. Mol. Sci. 19 (9), 2735. doi:10.3390/ijms19092735

Xu, K, Liu, F., Xu, W,, Liu, J., Chen, S., and Wu, G. (2019). Transplanting GABAergic
neurons differentiated from neural stem cells into Hippocampus inhibits seizures
and epileptiform discharges in pilocarpine-induced temporal lobe epilepsy model.
World Neurosurg. 128, el-ell. doi:10.1016/j.wneu.2019.01.245

Yasuhara, T., Matsukawa, N., Hara, K., Yu, G., Xu, L., Maki, M., et al. (2006).
Transplantation of human neural stem cells exerts neuroprotection in a rat
model of Parkinson’s disease. J. Neurosci. 26 (48), 12497-12511. doi:10.1523/
JNEUROSCI.3719-06.2006

Zamani, G. R., Mohammadi, M., Ashrafi, M. R., Karimi, P., Mahmoudi, M., Badv,
R. S, et al. (2016). The effects of classic ketogenic diet on serum lipid profile in
children with refractory seizures. Acta Neurol. Belg. 116 (4), 529-534. doi:10.
1007/s13760-016-0601-x

Zheng, ]., Li, H. L, Tian, N, Liu, F., Wang, L., Yin, Y., et al. (2020). Interneuron
accumulation of phosphorylated tau impairs adult hippocampal neurogenesis
by suppressing GABAergic transmission. Cell Stem Cell 26 (3), 331-345. doi:10.
1016/j.stem.2019.12.015

Zhong, Q., Ren, B. X, and Tang, F. R. (2016). Neurogenesis in the Hippocampus of
patients with temporal lobe epilepsy. Curr. Neurol. Neurosci. Rep. 16 (2), 20.
doi:10.1007/s11910-015-0616-3

Conflict of Interest: CB declares patents and patent applications related to stem
cell therapy. Additionally, CB was funded and received royalties and stock options
from Astellas, Asterias, Sanbio, Athersys, KMPHC, and International Stem Cell
Corporation; and also received consultant compensation for Chiesi Farmaceutici.
The other authors have no other relevant affiliations or financial involvement with
any organization or entity with a financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript apart from those disclosed.
The other authors declare no conflict of interest.

The authors thank the entire staff of the Borlongan Neural Transplantation
Laboratory for critical discussions of this manuscript.

Copyright © 2021 Sadanandan, Saft, Gonzales-Portillo and Borlongan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

18

March 2021 | Volume 12 | Article 596287


https://doi.org/10.1212/01.wnl.0000123696.98166.af
https://doi.org/10.1212/01.wnl.0000123696.98166.af
https://doi.org/10.1111/j.1528-1157.1974.tb03997.x
https://doi.org/10.1111/j.1528-1157.1974.tb03997.x
https://doi.org/10.1136/bmj.g254
https://doi.org/10.1016/j.nbd.2019.104583
https://doi.org/10.1016/j.eplepsyres.2013.12.002
https://doi.org/10.1016/j.jpsychires.2020.02.032
https://doi.org/10.1136/bcr-2019-229242
https://doi.org/10.1093/jmcb/mjaa002
https://doi.org/10.1093/jmcb/mjaa002
https://doi.org/10.1016/j.yebeh.2013.12.001
https://doi.org/10.1016/j.neubiorev.2015.12.014
https://doi.org/10.1016/j.neubiorev.2015.12.014
https://doi.org/10.3389/fneur.2020.531939
https://doi.org/10.1080/09540261.2017.1302412
https://doi.org/10.1080/09540261.2017.1302412
https://doi.org/10.1155/2020/7104243l
https://doi.org/10.1155/2020/7104243l
https://doi.org/10.1111/j.1528-1167.2007.01230.x
https://doi.org/10.1212/WNL.0000000000001967
https://doi.org/10.1212/01.wnl.0000049930.93113.20
https://doi.org/10.1046/j.1528-1157.2001.042suppl.3008.x
https://doi.org/10.1073/pnas.1814185115
https://doi.org/10.1073/pnas.1814185115
https://doi.org/10.1016/j.conb.2017.12.005
https://doi.org/10.1523/JNEUROSCI.0920-19.201
https://doi.org/10.1523/JNEUROSCI.0920-19.201
https://doi.org/10.1016/j.jns.2014.05.043
https://doi.org/10.1002/hipo.22811
https://doi.org/10.1002/stem.446
https://doi.org/10.4103/1673-5374.270295
https://doi.org/10.4103/1673-5374.270295
https://doi.org/10.1016/j.brainres.2020.147121
https://doi.org/10.7150/thno.33872
https://doi.org/10.3390/ijms19092735
https://doi.org/10.1016/j.wneu.2019.01.245
https://doi.org/10.1523/JNEUROSCI.3719-06.2006
https://doi.org/10.1523/JNEUROSCI.3719-06.2006
https://doi.org/10.1007/s13760-016-0601-x
https://doi.org/10.1007/s13760-016-0601-x
https://doi.org/10.1016/j.stem.2019.12.015
https://doi.org/10.1016/j.stem.2019.12.015
https://doi.org/10.1007/s11910-015-0616-3
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Multipronged Attack of Stem Cell Therapy in Treating the Neurological and Neuropsychiatric Symptoms of Epilepsy
	Introduction
	Epilepsy: A Double-Edged Sword With Neurological and Neuropsychiatric Elements
	The Link Between Epilepsy and Neuropsychiatric Illness
	The Mechanistic Connection Between Epilepsy and Neuropsychiatric Disorders

	Multimodal Treatments for Epilepsy: Neurological
	AEDs
	Surgical Resection
	Vagus Nerve Stimulation
	Ketogenic Diet

	Multimodal Treatments for Epilepsy: Neuropsychiatric
	Pharmaceutics
	Non-Traditional Therapies

	The Therapeutic Potential of Stem Cell Therapy in Epilepsy
	Recent Preclinical and Clinical Evidence Supporting the Safety and Efficacy of Stem Cell Therapy Against the Neurological C ...
	Pathophysiologic Processes of Epilepsy that Illuminate Therapeutic Targets for Stem Cell-Based Treatments
	Cell Migration and GABAergic Interneuron Differentiation
	Astrocyte Differentiation
	Neuroprotection
	Anomalous Neurogenesis
	Stem Cell Modifications and Their Value as Therapeutics for Epilepsy
	Stem Cell Clinical Trials in Epilepsy

	The Efficacy of Stem Cells in Alleviating the Neuropsychiatric Comorbidities of Epilepsy
	Regulating Adenosine Homeostasis
	The Role of the Amygdala in Epilepsy and Implications for Neuropsychiatric Comorbidities
	Neurotrophic Factors
	Glutamate Excitotoxicity

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


