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Astrocytes are specialized non-neuronal glial cells of the central nervous system,
contributing to neuronal excitability and synaptic transmission (gliotransmission).
Astrocytes play a key roles in epileptogenesis and seizure generation.
Epilepsy, as a chronic disorder characterized by neuronal hyperexcitation and
hypersynchronization, is accompanied by substantial disturbances of glial cells
and impairment of astrocytic functions and neuronal signaling. Anti-seizure drugs
that provide symptomatic control of seizures primarily target neural activity. In
epileptic patients with inadequate control of seizures with available anti-seizure
drugs, novel therapeutic candidates are needed. These candidates should treat
epilepsy with anti-epileptogenic and disease-modifying effects. Evidence from
human and animal studies shows that astrocytes have value for developing new
anti-seizure and anti-epileptogenic drugs. In this review, we present the key
functions of astrocytes contributing to neuronal hyperexcitability and synaptic
activity following an etiology-based approach. We analyze the role of astrocytes
in both development (epileptogenesis) and generation of seizures (ictogenesis).
Several promising new strategies that attempted to modify astroglial functions
for treating epilepsy are being developed: (1) selective targeting of glia-related
molecular mechanisms of glutamate transport; (2) modulation of tonic GABA
release from astrocytes; (3) gliotransmission; (4) targeting the astrocytic Kir4.1-
BDNF system; (5) astrocytic Na*/K*/ATPase activity; (6) targeting DNA hypo- or
hypermethylation of candidate genes in astrocytes; (7) targeting astrocytic gap
junctionregulators; (8) targeting astrocytic adenosine kinase (the major adenosine-
metabolizing enzyme); and (9) targeting microglia-astrocyte communication
and inflammatory pathways. Novel disease-modifying therapeutic strategies
have now been developed, such as astroglia-targeted gene therapy with a broad
spectrum of genetic constructs to target astroglial cells.

temporal lobe epilepsy, absence epilepsy, epileptogenesis, gliotransmission, neuroglia,
astrocytes, astrocyte-targeting therapy, ictogenesis

1. Introduction

Glial cells, also known as neuroglia, are non-neuronal cells of the central and peripheral
nervous system (Kettenmann and Ransom, 2004a; Kettenmann and Verkhratsky, 2008;
Verkhratsky and Butt, 2013). There is a great diversity of neuroglia in respect to their origin,
localization, morphology, physiological, and functional properties. Traditionally, four types of
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glial cell have been recognized in adults: (1) Astrocytes, (2) Microglia,
(3) oligodendrocytes, and (4) their progenitors, neuron-glial antigen
2 (NG2) glia (Kettenmann and Ransom, 2004b; Kettenmann and
Verkhratsky, 2008; Verkhratsky and Butt, 2013). Astrocytes, the most
abundant type of glial cells in the brain, are very heterogeneous cells
that provide physical and metabolic support for neurons, regulate the
extracellular environment of neurons, are involved in blood-flow
regulation, and have a close association with the microvasculature
(Jabs et al., 2008; Lanerolle et al., 2010; Verhoog et al., 2020;
Borodinova et al., 2021). Microglia are involved in first-line innate
immunity to the central nervous system (Carson et al., 2007; Soulet
and Rivest, 2008; Yang et al, 2010; Saijo and Glass, 2011).
Oligodendrocytes synthesize myelin and wrap it around axons in the
central nervous system and Schwann cells—in the peripheral nervous
system. Damage or loss of the myelin sheath around axons is common
in many neurological disorders (Kurosinski and Gotz, 2002; Barres,
2008). The NG2-glia has been identified as a progenitor for mature
oligodendrocytes within the oligodendrocyte lineage. NG2-glia keep
generating mature myelinating oligodendrocytes throughout lifetime.
Even though these cells have been the subject of a considerable
amount of research, the function of NG2-glia in epileptogenesis has
not been established yet (Dimou and Gallo, 2015).

Glial cells and neurons closely interact with each other (Kurosinski
and Goétz, 2002; Magistretti, 2006; Barres, 2008; Allen and Barres,
2009; Xu et al.,, 2016). According to the concept of the tripartite
synapse, perisynaptic oligodendrocytes and synaptically associated
astrocytes are thought to be integral elements involved in synaptic
functions (Araque et al., 1999; Figure 1). A new morpho-functional
concept of the “active milieu” of the brain refers to a close interaction
between compartments of neurons, astrocytes, oligodendrocytes,
microglia, blood vessels, the extracellular space, and the extracellular
matrix (Semyanov and Verkhratsky, 2021). Neuron-glia interactions
within the active milieu are more complex than those posited in the
concept of the multipartite synapse. Dysfunction of neuron-glia
interactions has been recognized and well documented in various
neurological diseases (Verkhratsky and Butt, 2013), in particular, in
neurodegenerative diseases (Lobsiger and Cleveland, 2007; Malva
etal,, 2007; Kim et al., 2020), brain tumors (Yang et al., 2010; Saijo and
Glass, 2011), (Wong, 2019),
encephalopathy (Hamid et al., 2018), and epilepsy (Pollen and
Trachtenberg, 1970; Glotzner, 1973; Bordey and Sontheimer, 1998;
O’Connor et al., 1998; Heinemann et al., 2000; Perez Velazquez and
Carlen, 2000; Steinhauser and Seifert, 2002; D’Ambrosio, 2004; Tian
et al., 2005; Binder and Steinhiuser, 2006; Li et al., 2007; Jabs et al.,
2008; Wetherington et al., 2008; Lanerolle et al., 2010; Seifert et al.,
2010; Aronica et al., 2012; Devinsky et al., 2013; Vezzani et al., 2013;
Verhoog et al., 2020; Grigorovsky et al., 2021; Heuser et al., 2021;
Lentini et al., 2021; Sano et al., 2021; Wang et al., 2021).

Although all glial cell types play a pivotal role in normal brain

tuberous sclerosis complex

function, in this review we will focus on astrocytes, which are key
homeostatic regulators in the central nervous system and play
important roles in the pathophysiology of epilepsy.

According to the definition of the International League Against
Epilepsy (ILAE) Commission, epilepsy is a disorder of the brain
characterized by an enduring predisposition to generate epileptic
seizures, and by the neurobiologic, cognitive, psychological, and social
consequences of this condition (Fisher et al., 2005, 2017a,b). In
addition, an epileptic seizure is a transient occurrence of signs and/or

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1183775

symptoms due to abnormal excessive or synchronous neuronal
activity in the brain. Epilepsy has long been considered to result from
a disorder of neuronal cells and neuronal circuits. This is mainly due
to excessive neuronal firing (hyperexcitation) and abnormally strong
synchronization  in  widespread  neuronal  populations
(hypersynchronization). This idea was formulated by Ransom and
Blumenfeld (2007): “Modern neuroscience has demonstrated that
seizures are the result of abnormal, synchronized paroxysms of electrical
activity in a population of neurons (an epileptogenic focus) that are able
to rapidly recruit other parts of the brain to share in its rhythmic, self-
sustaining electrical discharge?” With this information in mind,
abnormal activity of neurons has long been acknowledged as the
primary source of epileptic activity. However, it has become evident
that epilepsy, as a chronic disorder of the central nervous system, has
been accompanied by dysfunction of glial cells and by impairment of
communications between neurons and neighboring glial cells. The
role of glial cells in epilepsy has attracted increasing attention over the
last few decades, and many studies have shown that all types of glial
cells are involved in epileptogenesis (Steinhauser and Seifert, 2002;
D’Ambrosio, 2004; Tian et al., 2005; Binder and Steinhiuser, 2006; Li
etal., 2007; Jabs et al., 2008; Seifert et al., 2010; Steinhauser et al., 2012;
Grigorovsky et al., 2021; Heuser et al,, 2021; Sano et al., 2021). A
deeper understanding of the relationship between glial cells and
epilepsy may provide insights into developing novel anti-seizure and
anti-epileptogenic therapies (Brennan and Henshall, 2020; Peterson
and Binder, 2020; Verhoog et al., 2020).

The clinical diagnosis of epilepsy relies on a detailed medical
history and results of a thorough diagnostic evaluation (Fisher et al.,
2017a; Devinsky et al., 2018). The classification of epilepsies considers
clinical signs (semiology) of seizures as well as the underlying cause
(etiology) of seizures. This review follows an etiology-based approach
to epilepsy classification and extends this approach to astrocyte-
related mechanisms. Considering the fact that changes in astrocytic
functions may account for clinical signs of epilepsy, this review aims
to bridge the gap between clinical and basic studies of
epileptic disorders.

2. The etiologic categories of epilepsy

Major advances in molecular biology, cell biology, biochemistry,
gene/protein functions contribute to a better understanding of
underlying causes (or the etiologic basis) of epilepsy. The etiological
classification of epilepsies was proposed based on epilepsies with
genetic origins, epilepsies with structural/metabolic causes, and
epilepsies of unknown cause (Berg et al., 2010). Then, in 2017, the
International League Against Epilepsy (ILAE) Commission on
Classification and Terminology defined six etiological categories:
structural/metabolic/immune/infectious, genetic, and unknown
(Fisher et al., 2017b; Scheffer et al., 2017). In this review, we will
address  structural/metabolic/immune/infectious and genetic
etiological concepts. Nevertheless, the unknown etilogical category
has not been addressed in this review because the concept has not

been well defined.
1. Structural/metabolic/infectious/immune: Conceptually, there

is a distinct other structural or metabolic condition or disease
that has been demonstrated to be associated with a substantially
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FIGURE 1

Involvement of astrocytes in synaptic excitability. Schematic illustration of signaling between astrocytes and neurons associated with active control of
astrocytes of neuronal activity; synaptic neurotransmission is shown by two active synapses: one glutamatergic (light green) and the nother synapse is
GABAergic (bottom); parts of reactive astrocytes shown as activated microglia and oligodentrocytes. Generated action potentials in the pre-synaptic
glutamatergic neuron results in the excocytotic synaptic release of the neurotransmitter glutamate (1). Glutamate activates AMPA and NMDA receptors
in the post-synaptic glutamatergicneuron, and excitatory postsynaptic potential is generated by influx of Na* and Ca?* (2). Glutamate is taken up into
astrocytes by the EAAT-1 and EAAT-2 transporters localized on the astrocytic membranes (GLAST and GLT-1 in rat; 3) and converted to glutamine by
glutamine synthetase (GS; 4). Glutamine is taken up by GABAergic neurons (5) where it is converted to glutamate by glutaminase and then to GABA by
glutamic acid decarboxylase (GAD; 6). When released from presynaptic vesicles into the synaptic cleft, GABA diffuses across and binds to postsynaptic
GABA, and GABA;g receptors. It may also bind to presynaptic GABAg receptors. GABA binds to specific recognition sites on the GABA, receptor, and this
triggers a conformational change leading to opening of the intrinsic anion channel allowing chloride ions to flow through into the cell, resulting in
hyperpolarization of the neuron (7). GABA is removed from the synaptic cleft into surrounding astrocytes or the presynaptic terminal by GABA
transporters (GAT; 8). Neurotransmitters released by depolarized neurons activate the astrocytic G protein-coupled receptors (GPCRs; 9). The GPCRs
activate the phospholipase C/inositol 1,4,5-triphosphate (PLC/IP3)-mediated pathway for the release of Ca®* from intracellular calcium stores, such as

of synaptic excitability (17; Created with BioRender.com).

the endoplasmatic reticulum (ER), resulting in an increase in intracelluar Ca®* (10), intracellular Ca?* elevations in astrocytes stimulate gliotransmitter
release (11) that can influence neuronal excitability. K* released from neurons enters astrocytes via inward rectifying K* channels (Kir 4.1) and is
distributed into capillaries (12). The astrocytic water channel Aquaporin-4 (AQP4) mediates the flow of water between the extracellular space and the
blood to maintain osmotic balance (13). Astrocytes are connected to each other via gap junction channels composed of connexin 30 (Cx30) and
connexin 43 (Cx43), which mediates spatial buffering of K* ions (14). Associated with the breakdown of the blood—-brain barrier or with changes in
blood flow and extravasation of molecules such as albumin microglia are activated (15). Activated microglia release proinflammatory cytokines involved
in neuroinflammation and reactive gliosis (16). Oligodendrocytes and abnormalities in myelination of postsynaptic neuron are also involved in control

increased risk of developing epilepsy in appropriately designed
studies. Structural lesions of course include acquired disorders,
such as stroke, trauma, and infection. They may also be of
genetic origin (e.g., tuberous sclerosis, many malformations of
cortical development); however, as we currently understand it,
there is a separate disorder interposed between the genetic
defect and the epilepsy. An immune etiology is related to
autoimmune-mediated central nervous system inflammation
against neuronal antigens such as receptors and synaptic
proteins (Lancaster and Dalmau, 2012; Scheffer et al., 2017).

. Genetic: The concept of genetic epilepsy is that epilepsy is, as
best as understood, the direct result of a known or presumed
genetic defect(s) in which seizures are the core symptom of the
disorder. The knowledge regarding the genetic contributions
may derive from specific molecular genetic studies that have
been well replicated and even become the basis of diagnostic
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tests (e.g., SCN1A and Dravet syndrome) or the evidence for a
central role of a genetic component may come from
appropriately designed family studies. Designation of the
fundamental nature of the disorder as genetic does not exclude
the possibility that environmental factors (outside the
individual) may contribute to the expression of disease.

. Unknown cause: Unknown is meant to be viewed neutrally and
to designate that the nature of the underlying cause is as yet
unknown; it may have a fundamental genetic defect at its core
or it may be the consequence of a separate as yet
unrecognized disorder.

Astrocytes are the most abundant cells in the central nervous
system (Araque et al., 1999; Kettenmann and Ransom, 2004a; Volterra
and Meldolesi, 2005; Allen and Barres, 2009; Kaur and Ling, 2013;
Verhoog et al., 2020; Borodinova et al., 2021). Astrocytes play a crucial
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role in neuronal development and the anatomical and functional
organization of neural circuits. More specifically, astrocytes are
involved in neurogenesis and synaptogenesis, in maintaining
extracellular ion balance, in controlling neuronal excitability, and in
controlling the permeability of the blood-brain barrier (Araque et al.,
1999; Angulo et al., 2004; Wallraff et al., 2006; Allen, 2013; Harada
etal, 2016; Verhoog et al., 2020). They regulate synaptic transmission
between the presynaptic and postsynaptic neurons, thus modulating
synaptic transmission as the third part of the tripartite synapse (Araque
etal, 1999; Xu et al,, 2016). Astrocytes communicate with each other
via gap junctions that permit direct cell-cell transfer of ions and small
molecules (i.e., metabolites, catabolites, and second messengers). Upon
the gap junctions, the calcium wave propagates from astrocyte to
astrocyte (Figure 1). In addition, the membranes of astrocytes contain
specific transport proteins involved in neurotransmitter reuptake from
synaptic clefts (glutamate, GABA, and glycine). Apart from controlling
the ionic environment of the neuropil and controlling the supply of
neurotransmitters to synapses, astrocytes can directly activate neuronal
receptors by releasing chemical transmitters called “gliotransmitters.”
These include peptides, chemokines, and cytokines (Halassa and
Haydon, 2010; Seifert et al., 2010; Devinsky et al., 2013; Vezzani et al.,
2013; Harada et al., 2016; Verhoog et al., 2020; Figure 1). Halassa et al.
(2007) introduced the concept of the “astrocyte activation spectrum,’
in 2007, suggesting that enhanced gliotransmission might contribute
to epilepsy, and reduced gliotransmission—to schizophrenia.
Astrocytes effectively modulate synaptic transmission between
neurons and the extracellular environment through the release of
gliotransmitters (such as glutamate, d-serine, and ATP). In normal
conditions, astrocytes are in a constant state in the neuronal circuits.
However, insults to the nervous system in various pathological
contidions shift their function to an “activated state” This process is
called “reactive astrogliosis; and it is a key feature of the epileptic focus
in both humans and experimental conditions (Binder and Steinhéuser,
2021). The multiple mechanisms by which astrocytes contribute to
epilepsy will be examined in further detail in the next sections of this
review, following an etiology-based approach.

3. The role of astrocytes in structural/
metabolic/infectious/immune epilepsy

Structural/metabolic/infectious/immune epilepsies (Table 1) are
caused by external/environmental/internal factors (such as perinatal/
infantile causes, cerebral trauma, cerebral infection, hippocampal
sclerosis, cerebral tumor, cerebrovascular disorder, cerebral
immunologic disorder, degenerative, and other neurologic conditions).
Temporal lobe epilepsy (TLE) is the most common epilepsy syndrome
of acquired epilepsy that received the closest attention and is
characterized by the prominent dysfunction of astrocytes (Ransom and
Blumenfeld, 2007; Wetherington et al., 2008; Verhoog et al., 2020).
Studies from TLE patients and related animal models have demonstrated
the role of astrocytes in the onset and development of TLE. According
to these studies, astrocyte dysfunction contributes to neuronal
hyperexcitation, neurotoxicity, and epileptogenesis, or the seizure
spread (Steinhduser et al., 2012). Reactive astrogliosis in response to the
initial insult, is frequently prominent and almost always coexists with
hippocampal sclerosis, which is the most common histopathological

finding in TLE (Twible et al., 2021). Proposed mechanisms of astrocyte
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involvement in structural/metabolic/infectious/immune epilepsy
particularly in TLE will be summarized below.

3.1. Glutamate

In neurons, glutamate is the principal excitatory neurotransmitter,
playing a key role in the initiation and spread of epileptic activity. Both
neurons and astrocytes are capable of releasing glutamate
(neurotransmitter and gliotransmitter, respectively; Harada et al.,
2016). Astrocytes are known to be involved in many glutamate-
mediated activities: glutamate synthesis, reuptake of released
glutamate, and disposal of excess glutamate (Hertz and Zielke, 2004;
Halassa and Haydon, 2010; Xu et al., 2016). As a part of the tripartite
synapse, astrocytes can sense neural activity via metabotropic and
ionotropic glutamate receptors. Once glutamate binds to an astrocytic
metabotropic glutamate receptors (mGluRs), the astrocyte’s second
messenger systems are activated. Activation of mGluR3 affects cAMP
accumulation, and activation of mGIluR5 leads to an increase in
intracellular Ca®* (Binder and Steinhiuser, 2006). The initiation and
the propagation of Ca** waves within the astrocytic network may
induce glutamate release from astrocytes mediated by Ca**-dependent
ion channels (Araque et al., 1999; Devinsky et al., 2013; Figure 1).
Astrocytic glutamate may directly excite neighboring neurons and
contribute to seizure generation (Kang et al., 2005). Electron-
microscopic and immunohistochemical inspection of sclerotic
hippocampal tissue from TLE patients revealed expression of
mGluR2/3, mGluR4, mGIuR5, and mGluR8 in reactive astrocytes,
suggesting an involvement of these receptors in gliosis (see Binder and
Steinhduser, 2006; Lanerolle et al., 2010). Astrocytic mGluRs are
upregulated in patients with mesial temporal sclerosis and with focal
cortical dysplasia as a compensatory response to prevent seizures (see
Lanerolle et al., 2010; Devinsky et al., 2013). Peterson and Binder
(2020) published a review in 2020, in which they summarized the
current knowledge regarding the astrocytic mGluRs in human TLE
and animal models.

Secondly, astrocytic ionotropic glutamate receptors are also
involved in the processes of epileptogenesis, as it has been shown in
many studies (reviewed in Binder and Steinhduser, 2006). Changes in
the GluR1 and GluR2 subunits of AMPA receptors have been found
in sclerotic hippocampi in patients with TLE. More specifically, an
elevated flip-to-flop mRNA ratio of the GluR1 splice variant in
reactive astrocytes may associate with an increase in responsiveness
of these astrocytes to glutamate (see Binder and Steinhduser, 2006;
Lanerolle et al., 2010).

Glutamate transporters are expressed by several types of neurons
and glia, but astrocytes are primarily responsible for glutamate uptake
(Peterson and Binder, 2020). Glutamate transporters rapidly remove
excess glutamate from the extrasynaptic space, resulting in termination
of synaptic events and preventing excitotoxic injury of neurons
(reviewed by Ransom and Blumentfeld, 2007; Verhoog et al., 2020).
Astrocytes express Na*-dependent glutamate transporters, such as
glutamate transporter-1 (GLT-1) and glutamate aspartate transporter
(GLAST; Figure 1). GLT-1 is responsible for ~90% of glutamate
uptake in the adult dorsal forebrain and is crucial for the maintenance
of low extracellular glutamate to permit efficient synaptic transmission
(reviewed by Peterson and Binder, 2020). Downregulation of GLT-1
protein levels has been observed in the kainic acid-induced seizure
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TABLE 1 Involvement of astrocytes in different etiologic categories of epilepsy (in patients with epilepsy and in animal models of epilepsy).

Etiologic

category of

Cell type

Functioning

References

epilepsy

Malfunction of the astrocytic GABA, transporter GAT-1

Crunelli et al. (2011)

Lower expression of glutamate transporter (GLUT-1), increased

expression of GFAP, and increased glutamine-glutamate cycle

Dutuit et al. (2002); Melo et al. (2006); Cavdar
etal. (2019)

Gap junction proteins (Cx30/43)

Cavdar et al. (2021)

Induction of IL-1p in GAERS rats genetic absence epilepsy rats

immune/infectious

Genetic Astrocytes Akin et al. (2011)
from strasbourg
In tuberous sclerosis: astrogliosis, changes in morphology,
Wong (2019)
increased GFAP
In focal cortical dysplasia: upregulation of astroglial
Devinsky et al. (2013)
metabotropic receptors mGluRs
Tian et al. (2005); Devinsky et al. (2013); Sano
Activation of astrocytes
etal, (2021)
Glutamate: upregulation of astroglial metabotropic receptors Lanerolle et al. (2010); Devinsky et al. (2013);
mGluRs Peterson and Binder (2020)
Glutamate: alterations in astroglial ionotropic receptor GluR1 Binder and Steinhéuser (2006)
Glutamate: dysregulation of astrocytic glutamate transporters, Binder and Steinhiuser (2006); Peterson and
GLT-1, and GLAST Binder (2020)
Potassium: downregulation of astroglial Kir4.1, and imbalance Ransom and Blumenfeld (2007); Kinboshi et al.
of normal extracellular potassium homeostasis (2020)
Structural/metabolic/ Losi et al. (2012); Zamanian et al. (2012); Binder
Astrocytes Gliosis: proliferation of astroglia

and Steinhéuser (2006)

Electrolyte imbalance and osmolality: reduced expression of

astroglial AQP4 and swelling of astrocytes

Binder et al. (2012); Murphy et al. (2017)

BBB. Dysfunction of the BBB lead to epileptogenesis via
astroglial TGF-bR

Ivens et al. (2007); Heinemann et al. (2012)

Gap junctional contacts: enhanced astrocyte-astrocyte coupling

mediated by proteins connexin-43 and connexin-30

Wallraff et al. (2006); Nagy and Rash (2000);
Walrave et al. (2020)

Gap junctional contacts: selective inhibition of astrocytic gap
junctions suppress synchronization over astrocytic syncytium

providing an anti-epileptic effect

Volnova et al. (2022)

GABA, gamma-aminobutyric acid; GAERS rats, genetic absence epilepsy rats from strasbourg; GFAP, glial-fibrillary acidic protein; mGluRs, metabotropic glutamate receptors; GluR1,
ionotrotic glutamate receptor; GLT-1, astroglial glutamate transporter 1; GLAST, astroglial glutamate aspartate transporter; Kir4.1, inwardly rectifying K+ channels; AQP4, aquaporin-4 water
channels; BBB, blood-brain barrier; TGF-bR, astroglial growth factor b receptor; TNF-a, tumor necrosis factor; IL-1f, interleukin 1p; and IL-6, interleukin 6.

mouse model (i.e., a pharmacological model of TLE). GLT-1 levels
have been shown to have decreased levels in the hippocampus of TLE
patients with hippocampal sclerosis (Peterson and Binder, 2020). Sha
et al. (2017) demonstrated that upregulation of GLT-1 protein level
had antiepileptic effects in the kainic acid model of TLE and in
knockout mouse model of tuberous sclerosis complex (Ts:1°"*FCKO
mice). These authors showed that the substance 17AAG prevented
degradation of GLT-1 by disrupting the association between Hsp90f
and GLT-1. A reduction in the astrocytic glutamate transporter GLT-1
could have therapeutic potential for the treatment of epilepsy.
Supporting this hypothesis, a novel mechanism of action on astrocytic
GLT-1 has been described for gabapentin as an anti-seizure drug
(Yoshizumi et al., 2012). In vitro and in vivo results confirmed that
gabapentin increases extracellular glutamate by astroglial glutamate
transporter-mediated mechanisms (Yoshizumi et al., 2012; Suto
etal., 2014).
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In addition to GLT-1 and GLAST, the cystine/glutamate exchanger
(xCT; encoded by SLC7A11), which transports a cystine inside while
exchanging for glutamate. This contributes to astrocyte glutamate
release (Cuellar-Santoyo et al, 2023). The SLC7A11/xCT is an
essential sodium-dependent glutamate transporter that is crucial for
determining ambient glutamatergic concentration in the central
nervous system (Augustin et al., 2007). Its expression occurs mainly
in astrocytes (Ottestad-Hansen et al., 2018). SLC7A11/xCTprotein
expression was elevated in about 50% of patient tumors, associated
with faster growth, peritumoral glutamate excitotoxicity, seizures, and
decreased survival. The use of sulfasalazine, an xCT inhibitor
decreased the glutamate release from the tumor (Robert et al., 2015).
Supporting this clinical data, sulfasalazine reduced the NMDA-
induced current by 66.8% in mouse hippocampus slices (KKoh et al.,
2022) and decreased neuronal hyperexcitability in vitro (Alcoreza
et al., 2019). Also, intraperitoneal administration of sulfasalazine
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significantly reduced seizure burden in beta-1 integrin knockout mice,
a model of astrogliosis-mediated epilepsy in vivo (Alcoreza et al.,
2022). These data suggest that selective targeting of glia-associated
molecular mechanisms of glutamate transport may be an effective
pharmacological strategy to ameliorate tumor-associated seizures and
develop novel anti-seizure drugs.

3.2. Gamma-aminobutyric acid

Tonic GABA release from astroctyes mediated by the reverse
action of glial GABA transporter (GAT) subtypes, maintains the
excitation/inhibition (E/I) balance within the central nervous system.
The activity of the glutamate transporter triggers the reversal of GABA
transporters through increasing astrocytic Na* concentration. Then,
GABA causes tonic inhibition in a network activity-dependent way.
This is an example of an in situ negative feedback mechanism by which
astrocytes convert the glutamatergic excitation to GABA-ergic
inhibition for modifying the excitability of neurons (Héja et al., 2012).
Studies in experimental models of TLE reported that GABA released
by reactive astrocytes from Bestrophin-1 channels strongly contributes
to the compensatory shift of E/I balance in epileptic hippocampi. The
tonic release of GABA from astrocytes is one of the key mechanisms
by which astrocytes control epileptic seizures (Crunelli et al., 2011;
Muller et al., 2020; Goisis et al., 2022). By modulating tonic GABA
release from astrocytes, it might be possible to target epileptic seizures
and other neurological disorders (Muller et al, 2020; Pandit
et al., 2020).

3.3. Potassium

Astrocytes control neuronal hyperexcitability by regulating the
release of K* ions from neurons into the extracellular space during
action potentials. During neuronal hyperactivity, the extracellular [K]
may increase from a resting level of around 3mM to a ceiling of
10-12mM and be taken up by astrocytes (Binder and Steinhéuser,
2006). The K* reuptake process is mediated by the inwardly rectifying
K* channels (Kir channels) and other astrocyte K* transporters.
Among the Kir channels (Kir1-Kir7), the subtype Kir4.1 has been
most thoroughly investigated in brain astrocytes. Structural epilepsy
with hippocampal sclerosis is known to be accompanied by a
downregulation of Kir4.1 and a derangement of normal extracellular
potassium homeostasis (Ransom and Blumenfeld, 2007). Kitaura et al.
(2018) reported impairment of the potassium buffering system in
astrocytes in mesial temporal lobe epilepsy. They suggested that a
decreased activity of Kir4.l channels in astrocytes induced
hyperexcitability in the subiculum in sclerotic hippocampus.

Recently, the role of astrocytic Kir4.1 channels in epileptogenesis
has been evaluated by Kinboshi et al. (2020) who concluded that
reduction of Kir4.1 channels resulted in elevation of the level of
extracellular K* and of the level of synaptic glutamate, and this
facilitated the expression of brain-derived neurotrophic factor
(BDNF) in astrocytes. BDNF is a key mediator of epileptogenesis that
mediates synaptic plasticity, neuronal sprouting, neurogenesis and
reactive astrogliosis (Scharfman, 2005; Ohno et al., 2018). BDNF is
expressed in both pyramidal neurons and astrocytes (Saha et al.,
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2006). BDNF expression was upregulated in both neurons and
astrocytes during epileptogenesis (Thomas et al., 2016). These findings
support the concept that inhibition of Kir4.1 channels, which occurs
under certain epileptic conditions, facilitates BDNF expression in
astrocytes. The astrocytic Kir4.1-BDNF system has the potential to
serve as a novel target for the treatment of epilepsy (Kinboshi et al.,
2020). On top of that, growing evidence suggest the potential impact
of astroglial functions through other neuromodulatory inputs such as
endocannabinoid signaling (Eraso-Pichot et al., 2023).

Astrocytic K* buffering mediated by Na*/K*/ATPase is also
critically involved in seizure susceptibility. In a model of focal cortical
dysplasia (FCD) in rats, Zhao et al. (2022) found that “the astrocytic
Na*/K*/ATPase-mediated buffering of K+ contributes to activity-
dependent inhibition of hyperexcitable pyramidal neurons during
seizure and can attenuate neocortical seizures.” In this study,
optogenetic activation of astrocytes exhibited anti-seizure effect on
neocortical seizures following cortical kainic acid injection, in a Na*/
K*/ATPase dependent manner (Zhao et al, 2022). The authors
concluded that optogenetic control of astrocytic Na*/K*/ATPase
activity can be considered as a promising therapeutic approach for the
treatment of epilepsy. These experiments demonstrate that astrocytes
can effectively control both seizure initiation and seizure spread.

3.4. Electrolyte imbalance and osmolality

Astrocytes are known to form the glymphatic system, or “pseudo-
lymphatic” perivascular network, distributed throughout the brain
(Reddy and van der Werf, 2020). The glymphatic system contributes
to the transport of nutrients and signaling molecules into the brain
parenchyma, meanwhile, promoting the clearance of proteins and
interstitial waste solutes out of the brain (Natale et al., 2021). The
glymphatic pathway is known to be impaired in different neurological
pathologies, mainly neurodegenerative diseases (Alzheimer’s disease),
neurovascular disorders (hemorrhagic and ischemic), and other acute
degenerative processes (normal pressure hydrocephalus or traumatic
brain injury; Natale et al., 2021). In regard to the glymphatic system,
changes in the aquaporin-4 (AQP4) water channels have been less
clear, considering the following works: Eid et al. (2005), Binder et al.
(2012), Peixoto-Santos et al. (2017), and Tice et al. (2020). These
channels are located primarily on the astrocytic end-feet and are
actively engaged in the circulation of interstitial and cerebrospinal
fluids through the arterial perivascular spaces (Tice et al., 2020). The
glial AQP4 plays an important role in modulating brain excitability
and epilepsy, as reviewed by Binder and co-authors (Binder et al.,
2012). These authors concluded: “while many questions remain
unanswered, the available data indicate that AQP4 and its molecular
partners may represent important new therapeutic targets”

Another important issue is volume regulation in astrocytes. Cells
may be swollen or shrunken by osmotic stress and return to their
original volume even in the continued presence of the osmotic stress
(Murphy et al., 2017). In animal models of structural epilepsy (i.e.,
induced by injections of pentilentetrazol, PTZ or electrical stimulation
of hippocampus) astrocyte swelling was observed through specific
targeting of AQP4 or Kir4.1 (see Murphy et al, 2017). Genetic
mutations in the gene KCNJ10, which encodes Kir4.1, is known to
cause seizures in humans (see Boni et al., 2020).
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3.5. Blood—brain barrier

Astrocytes are key players in buffering neurons from the harmful
effects of the bloodstream, such as oxidative stress and toxic chemicals.
Astrocytes also form part of the blood-brain barrier (BBB) as the
outer wall of the brain capillary endothelium is enclosed by pericytes
and astrocyte end feet, anatomically assembled to guarantee barrier
functions (Giannoni et al., 2018). The integrity of the BBB is impaired
during epileptogenesis (Friedman et al., 2009). The primary
dysfunction of the BBB is a hallmark of brain insults and brain
inflammation, in which microglia play a major role (see below), and
astrocytes are also responsible for some epileptogenic processes
(Heinemann et al., 2012). Ivens et al. (2007) in a rat model confirmed
the role of astrocytes in epileptogenesis after BBB opening and before
development of epileptiform activity. In particular, they showed that
“epileptogenesis in the BBB-disrupted brain seems to be mediated by
exposure of the brain cortex to serum albumin, mediated via its action
on brain astrocytes” (cited by Friedman et al., 2009). In addition, they
also reported (Ivens et al., 2007) a cascade of events during this
window period of epileptogenesis, and identified transforming growth
factor b receptor (TGF-bR) as a key player in the cellular response
resulting in abnormal accumulation of extracellular potassium and
consequent activation of NMDA receptors. Therefore, amelioration of
neural injury caused by disruption of BBB may be achieved via
targeting the TGF-bRs.

Perivascular astrocytes are central to the structural and
functional changes of the microvasculature in epilepsy through
their combination of the roles in maintaining the BBB integrity and
release of pro-inflammatory cytokines (including vascular
endothelial growth factor, IL-1p, HMGB-1, and TNF), chemokines
such as C-C motif ligand 2 (CCL2) as well as downstream effectors,
which also activate receptors on pericytes and endothelial cells of
microvessels (Giannoni et al., 2018; Yamanaka et al., 2021a). As a
consequence of this neuroinflammatory state, peripheral immune
cells, including monocytes, B and T cells, and neutrophils infiltrate
into the brain and activate resident microglia (Yamanaka et al.,
2021b). Experimental data demonstrated that infiltration of
peripheral cells into the brain promote brain inflammation and
exacerbate neuronal damage after status epilepticus (SE; Varvel
etal., 2016). An increased expression of CCL2 which is an especially
potent chemoattractant for cells of monocytic lineage (including
macrophages, monocytes, and microglia) was observed in the
astrocytes of the epileptic human and rat brain (Bozzi and Caleo,
2016; Broekaart et al., 2018). Supporting that, blocking the blood-
derived cell invasion into the brain by knocking out CCR2, a
receptor for CCL2 that affects monoycte migration, attenuated
neuronal damage and suppress seizures in SE models (Varvel et al.,
2016) and by knocking out of T and B cells leads to a decline in
seizure activity in kainite model of (TLE) (Zattoni et al., 2011).
Human data also revealed that seizure frequency was correlated
with the number of infiltrating peripherally activated monocytes,
but not microglia in intractable pediatric epilepsy (Xu et al., 2018).
Experimental and human data supports the interplay among the
astrocytes, microglia, and peripheral monocytes that can affect
epileptogenesis and may lead to progression of epilepsy via
increased leakage of the BBB. Neverthless, current understanding
of this crosstalk between the microglia, blood-derived infiltrating
cells, and astrocytes is still limited and relative importance of
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infiltrated cell types in epileptogenic process remain to
be determined. Further studies needed to better understand the
importance of the role of microglia and blood-derived-infiltrating
monocytes and (perivascular) macrophages in the crosstalk with
astrocytes and whether specific manipulations of this interaction
can modify or prevent epileptogenesis. Rossi et al. (2017) have
demonstrated that subacute treatment with gabapentin initiated
immediately after the initial insult during the early latency period,
successfully reduced reactive gliosis, macrophage infiltration and
increased convulsive threshold in the long-term in post-SE model
of pilocarpine. These results suggest that subsequent blood-derived
macrophage interaction with resident microglia and astrocytes
probably has an additional role on the microglial and astroglial
activation during the latency period in acquired epilepsies.

3.6. Gap junctional contacts

Intercellular contacts between astrocytes have the nature of gap
junctions (Nagy and Rash, 2000; Steinhduser et al., 2012; Stephan
etal., 2021). Astrocytes (and oligodendrocytes) form a non-synaptic
communication called a glial syncytium through the connexin-based
gap junctions in the membranes of neighboring cells. This allow ions,
metabolites, and currents to pass (Stephan et al., 2021). In the adult
brain, hippocampal astrocytes express two major gap junction
proteins: connexin-43 (Cx43) and connexin-30 (Cx30; Nagy and
Rash, 2000). As early as in 2006, Wallraff and co-authors (Wallraff
et al, 2006) examined electrophysiological properties of the
hippocampus in transgenic mice with conditional deletion of Cx43 in
astrocytes and additional unrestricted deletion of Cx30. It appeared
that hippocampal slices from mice with coupling-deficient astrocytes
displayed a reduced threshold for the generation of epileptiform
events. At the same time, an unexpectedly large capacity for K*
clearance in these mice indicated that gap junction-dependent
processes only partially account for K* buffering in the hippocampus.
Connexin-based gap junctions have a complex and ambiguous role in
epilepsy (Walrave et al., 2020). It is well documented that Cx43 mRNA
levels, protein expression, phosphorylation state, distribution and/or
functional coupling are altered in human epileptic tissue and
experimental models (Walrave et al., 2020). In addition, Cx30/Cx43-
based gap junctions are necessary for trafficking nutrients to neurons
and initiating of astrocytic Ca®* waves and hyper-synchronization,
thereby supporting a proconvulsant effect.

Recently, Volnova et al. (2022) examined the role of gap
junctions in epileptic activity in vitro using a 4-aminopyridin
pharmacological model. These authors suggested a scheme in which
astrocytes interconnected by gap junctions disperse the excessive
release of neuronal K*. The astrocytes absorb K* through the Kirl.4
channels and releasing it into the bloodstream. Moreover, they
showed that a premedication with carbenoxolone (a gap junction
blocker) in a 4-aminopyridin model of epilepsy decreased the
latency period of seizure, decreased total seizure duration, and
prevented the development of the status epilepticus (Volnova et al.,
2022). Pharmacotherapy for epilepsy could also target astrocytic
gap junction regulators. Levetiracetam as a clinically approved anti-
seizure drug also exerts anti-inflammatory effects on glia, including
reconstitution of gap junction coupling in cultured astrocytes
(Bedner et al., 2015).
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3.7. Adenosine

Adenosine functions as a neuromodulator functions as an
endogenous anticonvulsant in the brain, and also act as a seizure
terminator (Dragunow, 1991). Adenosine has an inhibitory effect on
neuronal activity mediated by the activation of G;-protein coupled
adenosine receptors express on both neuronal and glial cells
(Fredholm, 2012). Astrocytes play an important role in regulating
adenosine levels. Nucleoside transporters expressed on the astrocyte
membrane remove the adenosine form the extracellular space and
stop adenosine-mediated signaling through the metobolising enzyme
adenosine kinase (ADK), which is mainly localized to astrocytes
(Boison et al., 2010). ADK overexpression as a general response to
astroglial activation (Boison and Aronica, 2015) is considered a
neuropathological feature of temporal lobe epilepsy (Aronica et al.,
2011), focal cortical dysplasia (Guo et al., 2023), and contribute to the
epileptogenic process itself (Gouder et al., 2004). In line with those
observations in humans, ADK inhibitors showed an antiepileptogenic
property in intrahippocampal kainic acid mouse model of temporal
lobe epilepsy (Sandau et al., 2019). These findings support that an
adenosine augmentation approach by using either adenosine receptor
agonists or ADK inhibitors might be a promising treatment strategy
for drug-resistant epilepsy.

3.8. DNA methylation

Maladaptive epigenetic changes, which include methylation of
DNA and acetylation of histones play a functional role in the
development of epilepsy and its progression. Methylation hypothesis
for epileptogenesis suggested that seizures can induce epigenetic
chromatin modifications, thereby aggravating the epileptogenic
condition (Kobow and Blumcke, 2011). Supporting that, experimental
and clinical studies provided some evidence epigenetic processes
particularly increased DNA methyltransferase activity and abnormal
DNA methylation contribute to seizures and epileptogenesis
(Williams-Karnesky et al., 2013; Martins-Ferreira et al., 2022). As
mentioned in the previous section, dysregulation of adenosine
homeostasis due to overexpression of the key adenosine-metabolizing
enzyme ADK leads to exacerbation of epilepsy and a general response
to astrocyte activation (Boison and Aronica, 2015). Adenosine tone
can directly modulate DNA methylation in vivo and thereby exert
additional epigenetic effects via biochemical interference with the
transmethylation pathway (Williams-Karnesky et al., 2013). Through
enhanced DNA methylation, maladaptive increases in ADK
expression in astrocytes drive the epileptogenic process (Williams-
Karnesky et al., 2013). Therefore therapeutic adenosine augmentation
or ADK inhibition preventing maladaptive DNA methylation can
be considered as a rational approach to prevent epileptogenesis.

In a recent study, Boni et al. (2020) showed that DNA methylation
can bidirectionally modulate transcription of the gene KCNJ10
representing ‘a targetable molecular mechanism for the restoring
astroglial Kir4.1 expression after central nervous system (CNS) insult”
Therefore, DNA hypo- or hypermethylation of candidate genes in
astrocytes might be a promising genetic targets for therapeutic
intervention of epileptogenesis (Williams-Karnesky et al., 2013). DNA
methylation could potentially alter astrocyte reactivity and
inflammatory status through controlling the signaling transducer and
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activator of transcription 3 (STAT3) pathway, along with other
signaling pathways (O'Callaghan et al, 2014; Neal and
Richardson, 2018).

The field of epigenetics is still relatively new and particularly few
studies have examined astrocyte-specific DNA methylation in
neurological diseases. There are still significant gaps in knowledge
regarding how epigenetic mechanisms can influence astrocytes.
Despite the fact that it is obvious that astrocytes in the adult brain
express the numerous proteins required for the various epigenetic
pathways including DNA methylation, histone modifications, and
miRNAs, suggesting that these factors could be potentially involved
in the astrocyte response to inflammation and epileptogenic process.

3.9. Astrogliosis

Reactive astrogliosis is a type of astrocyte response to an initial
insult such as traumatic brain injury, stroke, status epilepticus, and
viral infections. These activated astrocytes then contribute to the
epileptogenic process (Binder and Steinhduser, 2021; Purnell et al.,
2023). Studies in humans and experimental models demonstrate that
there is a bidirectional relationship between astrocytes and
neuroinflammation: reactive astrocytes release cytokines such as
inter-leukin (IL)-1b, IL-6, (TNF)-a,
transforming growth factor beta (TGF)-b, and chemokines, such as

tumor necrosis factor
monocyte chemoattractant protein-1(MCP-1), chemokine, C-C
motif, ligand 2 (CCL2; Aronica et al., 2012) that amplify epileptogenic
inflammatory signaling. As above mentioned, astrocytes by releasing
cytokines play a significant role in peripheral inflammation induced
neuroinflammation by activating neighboring cells (pericytes and
endothelial cells of microvessels) and amplify the local, initial innate
immune response further; and also modify BBB permeability
resulting in the recruitment of immune cells from the blood
circulation into the neural tissue. This leads to an amplification of the
initial innate immune reaction by activating microglia, and thus
supporting an adaptive immune response (Farina et al., 2007; Riazi
et al, 2010). On the other hand, inflammatory cytokine and
chemokine release from astrocytes can also be triggered by a variety
of cytokines, chemokines, and danger signals such as high mobility
group box 1 (HMGB-1). The latter can be released by reactive
microglia or the microvasculature after an initial insult (Maroso et al.,
2010; Eyo et al., 2017). Microglia-astrocyte crosstalk is vital for normal
neuronal function (Jha et al., 2019; Matejuk and Ransohoff, 2020).
Microglia typically respond first to any pathological insult in the CNS,
which is followed by astrocytic activation. Molecular mechanisms of
microglia-astrocyte crosstalk in the CNS health and disease attract
major attention (Jha et al., 2019; Matejuk and Ransohoff, 2020; Yang
etal., 2020). Molecular therapy might target epilepsy-related aberrant
communications between microglia and astrocytes.

A nuclear protein, HMGB-1, received particular attention, because
it has an important role in models of non-infectious inflammation,
such as autoimmunity, cancer, trauma, and ischemia reperfusion
injury (Klune et al., 2008). HMGB-1 is known to be released from
damaged neurons after, for example, traumatic brain injuries and
serves as a prognostic biomarker and therapeutic target in patients
(Parker et al., 2017). Animal models of acute and chronic seizures have
shown that HMGB-1 receptors are expressed after experimental
seizures (Maroso et al., 2010; Rossi et al., 2017) and HMGB-1/Toll-like
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receptor-4 (TLR4) signaling plays a role in generating and perpetuating
seizures and might be targeted to attain anticonvulsant effects in
epilepsies (Maroso et al., 2010). Supporting this, inhibiting the
inflammatory cytokine HMGB-1 in CNS by using monoclonal
antibodies (Fu et al., 2017) and in the periphery by systemic application
of glycyrrhizin (Rosciszewski et al., 2019) reduced inflammation and
has demonstrated therapeutic value in numerous electrical and
chemical animal models of TLE, as well as in human tissue (Zhao et al.,
2017). Additionally, inflachromene had an anti-seizure potential as a
small molecule HMGB-1 inhibitor, as was shown in different animal
models of epilepsy (Dai et al., 2023). HMGB-1 may also be involved in
the upregulation of P-glycoproteins during status epilepticus, which is
linked to drug resistance (Xie et al., 2017). These findings suggest that
HMGB-1 released after the initial insult acting on astrocytes and
microglia activates TLRs and its downstream signaling pathways
which are proposed as key early steps in epileptogenesis (Rosciszewski
et al., 2019). Thus, either HMGB-1 blockage or TLR antagonist
molecules would be able to reduce neuroinflammation and may be a
novel target for developing anti-seizure drugs especially for drug-
resistant epilepsies or anti-epileptogenic drugs.

4. The role of astrocytes in genetic
generalized epilepsies

The term “genetic generalized epilepsies (GGEs)” describes all
types of generalized epilepsies with a presumed genetic basis.
Idiopathic generalized epilepsies (IGEs) can be recognized as a
distinct subgroup of GGEs comprised of the following syndromes:
childhood absence epilepsy, juvenile absence epilepsy, juvenile
myoclonic epilepsy, and epilepsy with generalized tonic—clonic
seizures alone (Hirsch et al., 2022). GGEs also include epilepsy with
myoclonic-atonic seizures, epilepsy with eyelid myoclonia, epilepsy
with myoclonic absences, and myoclonic epilepsy in infancy (MEI
or Dravet Syndrome). Latter have a genetic basis and are associated
with developmental and epileptic encephalopathy (Hirsch
etal., 2022).

Among IGEs, the most knowledge about glia-related mechanisms
was gained from animal models of generalized non-convulsive
absence epilepsy (Crunelli and Leresche, 2002). Genetic rodent
models of generalized epilepsy with spontaneous spike-and-wave
discharges (SWDs) on the EEG exhibit defined periods of seizure
onset followed by seizure progression. Absence seizure frequency
increases in an age dependent manner (Crunelli and Leresche, 2002).
Astrocytes get involved in disturbances of thalamic GABA-ergic and
glutamatergic neurotransmission (Crunelli et al., 2020).

The astrocytic GABA transporter has been reported to
be impaired in genetic models of absence seizures (Crunelli et al.,
2011). More specifically, an enhanced GABA-ergic tonic inhibition in
thalamic neurons, which is required for absence seizure generation, is
associated with a malfunction of the astrocytic thalamic GABA
transporter-1 (GAT-1). The neuro-glial relationships relating to
glutamatergic transmission are also affected in an age-dependent
manner in experimental absence epilepsy models. Lower expression
of glutamate transporters (GLT1 and GLAST) in cortical primary
astrocytes obtained from Genetic Absence Epilepsy Rats from
Strasbourg (GAERS) suggests an impairment of turnover of
transporter proteins, which leads to lower levels of glutamate uptake
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in the cortex and thalamus of GAERS (Dutuit et al., 2000; Touret et al.,
2007). Another observation is the increased expression of glial
fibrillary acidic protein (GFAP) as the first sign of reactive astrocytes
in genetic absence epilepsy rat models. This suggests the presence and
involvement of reactive astrocytes in the epileptogenesis of
non-convulsive seizures (Dutuit et al., 2000; Cavdar et al., 2019). In
addition, an increased cycling of glutamate and glutamine between
astrocytes and glutamatergic neurons in the cortex of GAERS
indicates a dysregulation of astrocyte-neuron interactions in the
thalamo-cortical loop (Melo et al., 2006, 2007; Touret et al., 2007; Onat
et al., 2013; Gobbo et al., 2021).

Astrocytic gap junctions formed by connexin (Cx) 30 and Cx43
(Figure 1) are also likely to play a role the pathogenesis of absence
epilepsy. Astrocytic gap junction protein expressions increased in the
thalamo-cortical circuitry in rat models of absence epilepsy (Gobbo
et al, 2021). In vivo, gap junction blocker carbeoxolone reduced
absence seizures (Gigout et al., 2006; Crunelli et al., 2015; Cavdar
etal., 2019).

An astrocyte-modulating agent, ONO-2506 (arundic acid),
appeared to have specific anti-epileptic properties in a mouse model
of non-convulsive epilpesy (Yamamura et al., 2013). ONO-2506 was
discovered by Ono Pharmaceutical Co as an agent inhibiting astrocytic
S-100p (i.e., acidic calcium-binding protein produced mainly by
astrocytes). ONO-2506 inhibited absence epilepsy in a genetic mouse
model of absence epilepsy [Cacnalatm2Nobs/tm2Nobs mice, in
which the conditional calcium channel (Cacnala) gene was knocked-
down], but it did not affect maximal electroshock seizures (MES) or
pentylenetetrazol-induced seizures (PTZ; Yamamura et al., 2013). In
fact, ONO-2506 did not affect convulsive seizures in traditional
models of epilepsy, but markedly inhibited epileptic phenomena in a
genetic epilepsy mouse model. These data suggest that enhancing
gliotransmitter release might be the way to go for a novel glial-
targeting drugs for non-convulsive seizures (Onat, 2013; Idrizoglu
etal., 2016).

The astrocytic interleukin-mediated mechanism has been
identified, again, in a genetic model of absence seizures. In GAERS,
the focal epileptic zone in the somatosensory cortex is characterized
by induction of interleukin (IL)-1f in activated astrocytes (Akin et al.,
2011). The authors of this study suggested a specific anti-
inflammatory approach by blocking IL-1p biosynthesis, which may
be helpful for managing this non-convulsive form of epilepsy.
Cytokine (TNF-o, IL-1B) expression was associated with the
development of absence seizures. The expression of these cytokines
tended to increase before the seizure onset in GAERS and WAG/Rij
(Wistar Albino Glaxo rats from Rijswijk) rat models. This might
be considered as a form of neuroprotection toward adaptive
mechanisms linked to generalized seizure activity (Akin et al., 2011;
van Luijtelaar et al., 2012). This is also in line with results showing
that a specific anti-inflammatory approach, the interruption of the
IL-6 signaling pathway through administration of tocilizumab, a
neutralizing humanized monoclonal antibody to the IL-6 receptor
reduced the development of absence seizures and depressive-like
comorbidity in the GAERS model (Leo et al., 2020). In agreement
with that, IL-6 and IL-8 levels in the cerebrospinal fluid fluid have
indeed been linked to human childhood absence epilepsy (Billiau
et al., 2007) and valproic acid treatment lowers IL-6 serum levels in
children with tonic-clonic generalized seizures (Steinborn et al.,
2014). In order to treat this non-convulsive form of epilepsy and its
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associated neuropsychiatric comorbidities, targeting cytokines and
chemokines may provide a new avenue for the development of
targeted anti-epileptogenic therapies (Figure 2).

So far, evidence for linking the astroglial fine-tuning of the
extracellular ion and transmitter homeostasis to absence seizures is
still lacking. Yet, their involvement in controlling such network
excitability is very likely, just as it is for other types of epileptiform
activity. Therefore, more in-depths investigation is needed to
determine the involvement of astroglial Kir4.1 channels in the
occurrence of SWDs. Combining pharmacological models of absence
epilepsy with cell-specific conditional knock-outs of these channels
may shed new light on the subject.

Growing evidence also suggests that astrocytes are involved in the
pathology of epileptic encephalopathies. Dravet syndrome (DS)or
myoclonic epilepsy in infancy (MEI) is a rare, genetic epileptic
encephalopathy which is linked to de novo loss of function mutations
of the SCNA1 gene encoding for the o subunit of Navl.1 voltage-
dependent sodium channels (Claes et al., 2001). In experimental
models of DS, during the development of seizures, changes in GABA
extrasynaptic receptor composition and GABA tonic currents have
been recently shown to occur in parallel with an increase in microglia
and astrocyte reactivity (Satta et al., 2021; Goisis et al., 2022).
Moreover, GAT-1 is expressed in the nerve endings of GABAergic
interneurons and astrocytes. A functional deficit in thalamic astrocytes
may result in enhanced tonic inhibition in SLC6A1 variants associated
with epilepsy (Mermer et al., 2022). Astrocyte reactivity was observed
after the onset of spontaneous seizures in a mouse model of SCN8A
encephalopathy. SCN8A encephalopathy is caused primarily by gain-
of-function mutations in the neuronal sodium channel (Nav1.6) and
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causes severe, early-onset seizures. Reactive astrocytes have reduced
Kir4.1 channel currents and reduced expression of GS protein,
suggesting an impairment in K* ion uptake and glutamate homeostasis
leading to the increase in seizure frequency in this mouse model
(Thompson et al., 2022).

5. Conclusion and future directions:
astroglial targets for treatment of

epilepsy

Epilepsy is a chronic disorder of the central nervous system

characterized not only by neuronal hyperexcitation and
hypersynchronization, but also by substantial disturbances in large
populations of glial cells and by impairment of neuron-glial
interactions. A better understanding of glial pro-epileptic and
epileptogenic mechanisms is helpful for the development of novel
anti-seizure, anti-epileptogenic, and/or neuroprotective therapies.
Astrocytes are the most prominent cell population within the glia, and
they are deeply involved in controlling of neuronal excitability via
releasing gliotransmitters, glutamate-dependent mechanisms
(through astroglial metabotropic and ionotropic glutamate receptors),
potassium-dependent mechanisms (through astroglial Kir4.1 and
changes in gap junctional contacts), in controlling electrolyte balance
and osmolality (through astroglial AQP4), in controlling the blood-
brain barrier (through astroglial TGF-bR), regulation of blood flow
and energy metabolism, and in supporting synapse formation
(through the production of NG2; Figure 2). Since astrocytes involved

in the variety of physiologic functions, it is not unexpected that
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astrocytic dysfunction has been linked to many CNS pathologies
including epilepsy. Data from experimental models and clinical
studies indicate that astrocytes are both contribute to development of
epilepsy (epileptogenesis) and seizure generation and recurrence
(ictogenesis; Vezzani et al., 2022; Purnell et al., 2023).

In this review, we have presented the key functions of astrocytes
contributing to neuronal hyperexcitability and synaptic activity
following an etiology-based approach. In this part, we will analyze the
role of astrocytes in both development (epileptogenesis) and
generation of seizures (ictogenesis) and comment on the therapeutic
strategies that attempted to modify astoglial responses in each time
point of the epilepsy.

5.1. Role of astrocytes in epileptogenesis
and anti-epileptogenic strategies

Epileptogenesis is a complex gradual process whereby healthy
brain is transformed into an epileptic state occurring over months to
years. It begins with a brain-damaging insult that triggers a cascade of
molecular and cellular changes that lead to spontaneous recurrent
seizures (Pitkdnen and Lukasiuk, 2009; Maguire, 2016). Maguire
(2016) considered the three stages of epileptogenesis: (1) the initial
insult or precipitating event, (2) the latent period, and (3) the chronic
epilepsy phase.

The reactive astogliosis is an essential processes of epileptogenesis
during the latent period that likely to be applicable to a wide spectrum
of structural epilepsies and is a hallmark of the epileptic focus in
humans and experimental models (Devinsky et al., 2013; Binder and
Steinhduser, 2021). Astrocytes are known to be involved in
inflammation via their interactions with microglia and other innate
immune cells along with the BBB dysfunction (Vezzani and Friedman,
2011; Devinsky et al., 2013; Vezzani et al., 2013; Ismail et al., 2021).
The permeability of the BBB is altered in acquired epilepsies and this
alteration occurs early after the epileptogenic injury as a result of
extravasation of serum albumin and activation of TGb-Rs (Friedman
et al, 2009). Albumin can bind transforming growth factor beta
(TGF-P) receptors in astrocytes and leads a downregulation of Kir 4.1
and AQP4 channels, which facilitates neuronal hyperexcitability
2020).
Pharmacological blockade of TGb-RII signaling after status epilepticus

during epileptogenesis  (Loscher and  Friedman,
in rodents rescued some of the molecular changes in astrocytes and
reduced the incidence of epilepsy (Vezzani et al., 2022). The
angiotensin II type 1 receptor antagonist, losartan, blocks brain TGF-f
signaling and prevents epilepsy in animal models of epileptogenesis
(Bar-Klein et al., 2014; Hong et al., 2019). Moreover, the interplay
among the astrocytes, microglia and peripheral monocytes may lead
to progression of epilepsy via increased leakage of the BBB and can
affect epileptogenesis. Immune cells in the blood such as macrophages
and monocytes are highly activated after seizures. Importantly,
inhibiting the chemotaxis of leukocytes across the BBB reduces the
severity of seizures. Early gabapentin treatment during the latency
period successfully reduced microglial reactivity, neuroinflammation,
and macrophage infiltration in Lithium-Pilocarpine model of
epileptogenesis (Rossi et al., 2013, 2017).

HMGB-1 as an inflammatory cytokine released after the initial
insult acting on astrocytes and microglia activates TLRs and its

downstream signaling pathways, which are proposed as key early steps
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in epileptogenesis (Rosciszewski et al., 2019). Thus, either HMGB-1
blockage or TLR antagonist molecules would be able to reduce
neuroinflammation and may be a novel target for developing anti-
epileptogenic drugs.

Specific anti-epileptogenic therapies in structural epilepsies may
also target gliotransmission (blockage of TNF-a driven astrocyte
prunergic signaling; Nikolic et al., 2018; Vezzani et al., 2022),
astrocytic gap junctions (Wallraff et al., 2006; Carlen, 2012; Volnova
et al., 2022), neurotrophic factors (Vezzani et al., 2013; Araki et al.,
2021), the glymphatic pathway (Eid et al., 2005; Binder et al., 2012;
Tice et al., 2020), microglia-astrocyte-immune system communication
(Rosciszewski et al., 2019), astroglial inflammatory pathways
(Wetherington et al., 2008; Vezzani and Friedman, 2011; Ismail et al.,
2021), the astrocytic Kir4.1-BDNF system (Kinboshi et al., 2020),
astrocytic adenosine tone by using either adenosine receptor agonists
or ADK inhibitors (Boison and Aronica, 2015), and DNA hypo- or
hypermethylation of candidate genes in astrocytes (Williams-
Karnesky et al., 2013).

In genetic generalized epilepsies astrocyte involvement during the
epileptogenesis still limited. Current data indicate that, astrocytes get
involved in disturbances of thalamic GABA-ergic and glutamatergic
gliotransmission during the epileptogenesis that influences
thalamocortical circuitry (Crunelli et al., 2020). Reactive astrogliosis
with an increased GFAP expression within the thalamocortical loop
is observed in genetic rat models of absence epilepsy (Dutuit et al.,
2000; Cavdar et al.,, 2019). Cytokine (TNF-a, IL-1P) expression was
associated with the development of absence seizures and tended to
increase before the seizure onset in GAERS and WAG/Rjj (Wistar
Albino Glaxo rats from Rijswijk) rat models (Akin et al., 2011; van
Luijtelaar et al., 2012). This is also in line with results showing that a
specific anti-inflammatory approach, the interruption of the IL-6
signaling pathway through administration of tocilizumab, a
neutralizing humanized monoclonal antibody to the IL-6 receptor
reduced the development of absence seizures and depressive-like
comorbidity in the GAERS model (Leo et al.,, 2020). In humans,
valproic acid treatment lowers IL-6 serum levels in children with
tonic—clonic generalized seizures (Steinborn et al., 2014). In order to
treat this non-convulsive form of epilepsy and its associated
neuropsychiatric comorbidities, targeting cytokines and chemokines
may provide a new avenue for the development of targeted anti-
epileptogenic therapies.

5.2. Role of astrocytes in ictogenesis and
anti-seizure strategies

Ictogenesis is a fast, short-term electrical/chemical event that
generate recurrent seizures. At the molecular level, ictogenesis
involves excessive brain electrical discharges propagated by a cascade
of chemical events initiated by the transmembrane voltage gated
Na + channels with subsequent involvement of K* channels and Ca*
dependent release of neurotransmitters.

Recently, it was postulated that astrocytes play a significant role
in ictogenesis. In structural epilepsies, astrocytes contribution in
ictogenesis is relatively new area with limited data compared to what
we know about epileptogenesis so far. However, growing evidence
from experimental models and human studies suggests that reactive
astrocytes play a key role in the initiation of seizures (Vezzani et al.,
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2022; Purnell et al.,, 2023). First clue of direct contribution of
astrocytes to the generation of an epileptic discharge was the
glutamate release from astrocytes promotes local synchronous
activity in hippocampal neurons by acting on extrasynaptic NMDA
receptors (Fellin et al., 2004). In vitro study showed that during
epileptiform activity, the frequency of Ca** oscillations in astrocytes
is dramatically increased and it is reduced by anti-seizure drugs
valproate, gabapentin, and phenytoin (Tian et al., 2005) suggesting
that their another mechanism of action is inhibition of
gliotransmission. Purinergic receptor antagonists MRS2179 and
MRS2500 (Alves et al,, 2019) and the Panxl channel inhibitors
probenecid and mefloquine (Dossi et al., 2018) has been shown to
inhibit Ca®*-mediated gliotransmission and have shown promise
anti-seizure effect in experimental models. A study performed in in
vitro model of focal seizures suggested that astrocytic Ca** elevation
correlates with both the initial development and the maintenance of
a ictal discharge but not interictal discharges, indicating that a
recurrent excitatory loop (potentially including gliotransmission)
between neurons and astrocytes increases seizure initiation and
sustains the ictal discharge (Gomez-Gonzalo et al., 2010). In a recent
study, optogenetic activation of astrocytes exhibited anti-seizure
effect on neocortical seizures following cortical kainic acid injection,
in a Na*/K*/ATPase dependent manner (Zhao et al., 2022). Authors
investigated the anti-seizure mechanism of astrocyte stimulation and
found that it was mediated by stimulation of the astrocytic
Na'/K*/ATPase as a result of Na* influx independent from Ca*
signaling. These findings show that astrocytes can effectively control
seizure initiation as well as seizure spread.

In addition to the astrocytic gliotransmission, other astrocytic
dysfunctions such as loss of astrocytic gap junction coupling, as well
as the impaired K* clearance and glutamate homeostasis (Bedner
et al., 2015), high levels of matrix metalloproteinases in astrocytes
(Broekaart et al., 2021) are known to be involved in the initiation and
progression of TLE.

So far, evidence showing the ictogenic involvement of astrocytes
in genetic generalized epilepsies is still lacking. Observations from the
rodent models of genetic absence epilepsy indicate that astrocyte
modulation through inhibition of astrocytic acidic calcium-binding
protein (S-100B) by a novel molecule ONO-2506 appeared to have
specific anti-seizure properties in a genetic mouse model of absence
epilepsy (Yamamura et al., 2013). The tonic GABA release of from
astrocytes is one of the key mechanisms by which astrocytes play a key
role in controlling absence seizures (Crunelli et al., 2011). Changes in
GABAergic astrocyte-neuron signaling features in genetic rodent
models of absence epilepsy may lead to the production of absence
seizures. By modulating tonic GABA release from astrocytes, it might
be possible to target absence seizures. Supporting this hypothesis
putrescine which is a GABA precursor in astrocytes increased
astrocytic GABA production and inhibited spontaneous SWDs in
WAG/Rjj rats (Kovdcs et al., 2022).

Despite these evidences, we are still far from understanding how
astrocytes contribute to the generation of seizures, due to the many
challenges in their investigation. First; astrocytes are diverse and have
specific properties and functions in particular brain areas (Khakh and
Deneen, 2019), second; reactive and compensatory phenotypes of
astrocytes are not readily distinguishable and often coexist; third,
difficult to distinguish the precise impact of astrocytes from that of
neighboring neurons and fourth, individual astrocytes can even
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express both compensatory and pathological markers (Vezzani et al.,
2022). Based on these facts we need selective tools as well as validated
animal models to modulate astrocyte activity. Genetic approaches
such as optogenetic, chemogenetic and Cre-technology have been
largely used for selective activation or inhibition of astrocytes. Genetic
mouse models generated by global and conditional gene deletion
provide a platform for specifically targeting and manipulating
astroctyes. There are several mouse lines, in which cre-lox system was
used to conditionally delete genes in astrocytes by coupling cre with
other reporters such as GFAP reporter, GLAST, or GLT-1 (Srinivasan
et al., 2016). Another novel and promising alternative approach is to
use viral vectors for gene delivery to astrocytes in specific brain
regions (Nagai et al., 2019). Given the substantial insights made over
the past decade, glial cells are attractive targets for new drug
development for neurological disorders. However, there is an
important challenge of delivering drugs across the BBB for targeting
glial cells. Fortunately, new developments in drug delivery research
can now address this challenge by describing synthetic nanoparticles
that can be used for astrocyte-specific targeting, as well as developing
non-invasive molecular delivery strategies that bypass the BBB
including receptor-mediated transcytosis, neurotrophic viruses, and
exosomes (Terstappen et al, 2021; Lee et al, 2022). All these
abovementioned factors can help to understand the precise pathways
by which astrocytes (and probably other glial cells) contribute to
epileptogenesis and ictogenesis, and design novel therapeutic
approaches that can be translated into the clinic.

Author contributions

NG: literature review, writing the manuscript, and drawing the
figures. FO and ES: literature review and writing and editing the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

Research in the Onat’s lab was supported by European Commission
Horizon Europe Program under the call HORIZON-WIDERA-2021-
ACCESS-03 (Grant Number 101078981-GEMSTONE).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1183775
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Carcak et al.

References

Akin, D., Ravizza, T., Maroso, M., Carcak, N., Eryigit, T., Vanzulli, I, et al. (2011).
IL-1p is induced in reactive astrocytes in the somatosensory cortex of rats with genetic
absence epilepsy at the onset of spike-and-wave discharges, and contributes to their
occurrence. Neurobiol. Dis. 44, 259-269. doi: 10.1016/j.nbd.2011.05.015

Alcoreza, O., Jagarlamudi, S., Savoia, A., Campbell, S. L., and Sontheimer, H. (2022).
Sulfasalazine decreases astrogliosis-mediated seizure burden. Epilepsia 63, 844-854. doi:
10.1111/epi.17178

Alcoreza, O., Tewari, B. P,, Bouslog, A., Savoia, A., Sontheimer, H., and Campbell, S. L.
(2019). Sulfasalazine decreases mouse cortical hyperexcitability. Epilepsia 60, 1365-1377.
doi: 10.1111/epi.16073

Allen, N. J. (2013). Role of glia in developmental synapse formation. Curr. Opin.
Neurobiol. 23, 1027-1033. doi: 10.1016/j.conb.2013.06.004

Allen, N. J., and Barres, B. A. (2009). Glia—more than just brain glue. Nature 457,
675-677. doi: 10.1038/457675a

Alves, M., De Diego, G. L., Conte, G., Jimenez-Mateos, E. M., D'Orsi, B,
Sanz-Rodriguez, A., et al. (2019). Context-specific switch from anti- to pro-epileptogenic
function of the P2Y1Receptor in experimental epilepsy. J. Neurosci. 39, 5377-5392. doi:
10.1523/JNEUROSCI.0089-19.2019

Angulo, M. C,, Kozlov, A. S., Charpak, S., and Audinat, E. (2004). Glutamate released
from glial cells synchronizes neuronal activity in the Hippocampus. J. Neurosci. 24,
6920-6927. doi: 10.1523/JNEUROSCI.0473-04.2004

Araki, T., Ikegaya, Y., and Koyama, R. (2021). The effects of microglia- and astrocyte-
derived factors on neurogenesis in health and disease. Eur. J. Neurosci. 54, 5880-5901.
doi: 10.1111/ejn.14969

Araque, A., Parpura, V., Sanzgiri, R. P, and Haydon, P. G. (1999). Tripartite synapses:
glia, the unacknowledged partner. Trends Neurosci. 22, 208-215. doi: 10.1016/
S0166-2236(98)01349-6

Aronica, E., Ravizza, T., Zurolo, E., and Vezzani, A. (2012). Astrocyte immune
responses in epilepsy. Glia 60, 1258-1268. doi: 10.1002/glia.22312

Aronica, E., Zurolo, E., Iyer, A., de Groot, M., Anink, J., Carbonell, C., et al. (2011).
Upregulation of adenosine kinase in astrocytes in experimental and human temporal
lobe epilepsy. Epilepsia 52, 1645-1655. doi: 10.1111/j.1528-1167.2011.03115.x

Augustin, H., Grosjean, Y., Chen, K., Sheng, Q., and Featherstone, D. E. (2007).
Nonvesicular release of glutamate by glial xCT transporters suppresses glutamate
receptor clustering in vivo. J. Neurosci. 27, 111-123. doi: 10.1523/
JNEUROSCI.4770-06.2007

Bar-Klein, G., Cacheaux, L. P,, Kamintsky, L., Prager, O., Weissberg, I., Schoknecht, K.,
et al. (2014). Losartan prevents acquired epilepsy via TGF-beta signaling suppression.
Ann. Neurol. 75, 864-875. doi: 10.1002/ana.24147

Barres, B. A. (2008). The mystery and magic of glia: a perspective on their roles in
health and disease. Neuron 60, 430-440. doi: 10.1016/j.neuron.2008.10.013

Bedner, P, Dupper, A., Hiittmann, K., Miiller, J., Herde, M. K., Dublin, P, et al. (2015).
Astrocyte uncoupling as a cause of human temporal lobe epilepsy. Brain 138, 1208-1222.
doi: 10.1093/brain/awv067

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

Billiau, A. D., Witters, P., Ceulemans, B., Kasran, A., Wouters, C., and Lagae, L. (2007).
Intravenous immunoglobulins in refractory childhood-onset epilepsy: effects on seizure
frequency, EEG activity, and cerebrospinal fluid cytokine profile. Epilepsia 48,
1739-1749. doi: 10.1111/j.1528-1167.2007.01134.x

Binder, D. K., Nagelhus, E. A., and Ottersen, O. P. (2012). Aquaporin-4 and epilepsy.
Glia 60, 1203-1214. doi: 10.1002/glia.22317

Binder, D. K., and Steinhduser, C. (2006). Functional changes in astroglial cells in
epilepsy. Glia 54, 358-368. doi: 10.1002/glia.20394

Binder, D. K., and Steinhduser, C. (2021). Astrocytes and epilepsy. Neurochem. Res. 46,
2687-2695. doi: 10.1007/s11064-021-03236-x

Boison, D., and Aronica, E. (2015). Comorbidities in neurology: is adenosine the
common link? Neuropharmacology 97, 18-34. doi: 10.1016/j.neuropharm.2015.04.031

Boison, D., Chen, J.-E, and Fredholm, B. B. (2010). Adenosine signaling and function
in glial cells. Cell Death Differ. 17, 1071-1082. doi: 10.1038/cdd.2009.131

Boni, J. L., Kahanovitch, U, Nwaobi, S. E., Floyd, C. L., and Olsen, M. L. (2020). DNA
methylation: a mechanism for sustained alteration of KIR4.1 expression following
central nervous system insult. Glia 68, 1495-1512. doi: 10.1002/glia.23797

Bordey, A., and Sontheimer, H. (1998). Properties of human glial cells associated with
epileptic seizure foci. Epilepsy Res. 32, 286-303. doi: 10.1016/S0920-1211(98)00059-X

Borodinova, A. A., Balaban, P. M., Bezprozvanny, I. B., Salmina, A. B., and
Vlasova, O. L. (2021). Genetic constructs for the control of astrocytes™ activity. Cells
10:1600. doi: 10.3390/cells10071600

Bozzi, Y., and Caleo, M. (2016). Epilepsy, seizures, and inflammation: role of the C-C
motif ligand 2 chemokine. DNA Cell Biol. 35, 257-260. doi: 10.1089/dna.2016.3345

Frontiers in Molecular Neuroscience

13

10.3389/fnmol.2023.1183775

Brennan, G. P, and Henshall, D. C. (2020). MicroRNAs as regulators of brain function
and targets for treatment of epilepsy. Nat. Rev. Neurol. 16, 506-519. doi: 10.1038/
541582-020-0369-8

Broekaart, D. W. M., Anink, J. ], Baayen, J. C., Idema, S., de Vries, H. E., Aronica, E.,
et al. (2018). Activation of the innate immune system is evident throughout
epileptogenesis and is associated with blood-brain barrier dysfunction and seizure
progression. Epilepsia 59, 1931-1944. doi: 10.1111/epi.14550

Broekaart, D. W,, Bertran, A, Jia, S., Korotkov, A., Senkov, O., Bongaarts, A, et al.
(2021). The matrix metalloproteinase inhibitor IPR-179 has antiseizure and
antiepileptogenic effects. J. Clin. Invest. 131:e138332. doi: 10.1172/JCI138332

Carlen, P. L. (2012). Curious and contradictory roles of glial connexins and pannexins
in epilepsy. Brain Res. 1487, 54-60. doi: 10.1016/j.brainres.2012.06.059

Carson, M. ], Bilousova, T. V., Puntambekar, S. S., Melchior, B., Doose, J. M., and
Ethell, I. M. (2007). A rose by any other name? The potential consequences of microglial
heterogeneity during CNS health and disease. Neurotherapeutics 4, 571-579. doi:
10.1016/j.nurt.2007.07.002

Cavdar, S., Kose, B., Sur-Erdem, 1., and Ozkan, M. (2021). Comparing astrocytic gap
junction of genetic absence epileptic rats with control rats: an experimental study. Brain
Struct. Funct. 226, 2113-2123. doi: 10.1007/s00429-021-02310-y

Cavdar, S., Kuvvet, Y., Sur-Erdem, I., Ozgiir, M., and Onat, E. (2019). Relationships
between astrocytes and absence epilepsy in rat: an experimental study. Neurosci. Lett.
712:134518. doi: 10.1016/j.neulet.2019.134518

Claes, L., Del-Favero, J., Ceulemans, B., Lagae, L., Van Broeckhoven, C., and De
Jonghe, P. (2001). De novo mutations in the Sodium-Channel gene SCN1A cause severe
myoclonic epilepsy of infancy. Am. J. Hum. Genet. 68, 1327-1332. doi: 10.1086/320609

Crunelli, V., Carmignoto, G., and Steinhauser, C. (2015). Novel astrocyte targets: new
avenues for the therapeutic treatment of epilepsy. Neuroscientist 21, 62-83. doi:
10.1177/1073858414523320

Crunelli, V., Cope, D. W, and Terry, J. R. (2011). Transition to absence seizures and
the role of GABA a receptors. Epilepsy Res. 97, 283-289. doi: 10.1016/j.
eplepsyres.2011.07.011

Crunelli, V., and Leresche, N. (2002). Childhood absence epilepsy: genes, channels,
neurons and networks. Nat. Rev. Neurosci. 3, 371-382. doi: 10.1038/nrn811

Crunelli, V,, Lérincz, M. L., McCafferty, C., Lambert, R. C., Leresche, N., Di
Giovanni, G., et al. (2020). Clinical and experimental insight into pathophysiology,
comorbidity and therapy of absence seizures. Brain 143, 2341-2368. doi: 10.1093/brain/
awaa072

Cuellar-Santoyo, A. O. Ruiz-Rodriguez, V. M., Mares-Barbosa, T. B,
Patrén-Soberano, A., Howe, A. G., Portales-Pérez, D. P,, et al. (2023). Revealing the
contribution of astrocytes to glutamatergic neuronal transmission. Front. Cell. Neurosci.
19:1037641. doi: 10.3389/fncel.2022.1037641

D’Ambrosio, R. (2004). The role of glial membrane ion channels in seizures and
epileptogenesis. Pharmacol. Ther. 103, 95-108. doi: 10.1016/j.pharmthera.2004.05.004

Dai, S.-J., Shao, Y.-Y., Zheng, Y., Sun, J.-Y,, Li, Z.-S., Shi, J.-Y,, et al. (2023).
Inflachromene attenuates seizure severity in mouse epilepsy models via inhibiting
HMGBI translocation. Acta Pharmacol. Sin. doi: 10.1038/s41401-023-01087-6. [Epub
ahead of print].

Devinsky, O., Vezzani, A., Najjar, S., De Lanerolle, N. C., and Rogawski, M. A. (2013).
Glia and epilepsy: excitability and inflammation. Trends Neurosci. 36, 174-184. doi:
10.1016/j.tins.2012.11.008

Devinsky, O., Vezzani, A., O’Brien, T. ], Jette, N., Scheffer, L. E., De Curtis, M., et al.
(2018). Epilepsy. Nat. Rev. Dis. Prim. 4, 1-24. doi: 10.1038/nrdp.2018.24

Dimou, L., and Gallo, V. (2015). NG2-glia and their functions in the central nervous
system. Glia 63, 1429-1451. doi: 10.1002/glia.22859

Dossi, E., Blauwblomme, T., Moulard, J., Chever, O., Vasile, E, Guinard, E., et al.
(2018). Pannexin-1 channels contribute to seizure generation in human epileptic brain
tissue and in a mouse model of epilepsy. Sci. Transl. Med. 10:eaar3796. doi: 10.1126/
scitranslmed.aar3796

Dragunow, M. (1991). Adenosine and seizure termination. Ann. Neurol. 29:575. doi:
10.1002/ana.410290524

Dutuit, M., Didier-Bazes, M., Vergnes, M., Mutin, M., Conjard, A., Akaoka, H.,
et al. (2000). Specific alteration in the expression of glial fibrillary acidic protein,
glutamate dehydrogenase, and glutamine synthetase in rats with genetic absence
epilepsy. Glia 32, 15-24. doi: 10.1002/1098-1136(200010)32:1<15::AID-
GLIA20>3.0.CO;2-#

Dutuit, M., Touret, M., Szymocha, R., Nehlig, A., Belin, M. E, and Didier-Bazés, M.
(2002). Decreased expression of glutamate transporters in genetic absence epilepsy rats
before seizure occurrence. ] Neurochem. 80, 1029-1038. doi:
10.1046/j.0022-3042.2002.00768.x

Eid, T, Lee, T.-S. W,, Thomas, M. J., Amiry-Moghaddam, M., Bjernsen, L. P,
Spencer, D. D,, et al. (2005). Loss of perivascular aquaporin 4 may underlie deficient
water and K + homeostasis in the human epileptogenic hippocampus. Proc. Natl. Acad.
Sci. 102, 1193-1198. doi: 10.1073/pnas.0409308102

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1183775
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.nbd.2011.05.015
https://doi.org/10.1111/epi.17178
https://doi.org/10.1111/epi.16073
https://doi.org/10.1016/j.conb.2013.06.004
https://doi.org/10.1038/457675a
https://doi.org/10.1523/JNEUROSCI.0089-19.2019
https://doi.org/10.1523/JNEUROSCI.0473-04.2004
https://doi.org/10.1111/ejn.14969
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1002/glia.22312
https://doi.org/10.1111/j.1528-1167.2011.03115.x
https://doi.org/10.1523/JNEUROSCI.4770-06.2007
https://doi.org/10.1523/JNEUROSCI.4770-06.2007
https://doi.org/10.1002/ana.24147
https://doi.org/10.1016/j.neuron.2008.10.013
https://doi.org/10.1093/brain/awv067
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1111/j.1528-1167.2007.01134.x
https://doi.org/10.1002/glia.22317
https://doi.org/10.1002/glia.20394
https://doi.org/10.1007/s11064-021-03236-x
https://doi.org/10.1016/j.neuropharm.2015.04.031
https://doi.org/10.1038/cdd.2009.131
https://doi.org/10.1002/glia.23797
https://doi.org/10.1016/S0920-1211(98)00059-X
https://doi.org/10.3390/cells10071600
https://doi.org/10.1089/dna.2016.3345
https://doi.org/10.1038/s41582-020-0369-8
https://doi.org/10.1038/s41582-020-0369-8
https://doi.org/10.1111/epi.14550
https://doi.org/10.1172/JCI138332
https://doi.org/10.1016/j.brainres.2012.06.059
https://doi.org/10.1016/j.nurt.2007.07.002
https://doi.org/10.1007/s00429-021-02310-y
https://doi.org/10.1016/j.neulet.2019.134518
https://doi.org/10.1086/320609
https://doi.org/10.1177/1073858414523320
https://doi.org/10.1016/j.eplepsyres.2011.07.011
https://doi.org/10.1016/j.eplepsyres.2011.07.011
https://doi.org/10.1038/nrn811
https://doi.org/10.1093/brain/awaa072
https://doi.org/10.1093/brain/awaa072
https://doi.org/10.3389/fncel.2022.1037641
https://doi.org/10.1016/j.pharmthera.2004.05.004
https://doi.org/10.1038/s41401-023-01087-6
https://doi.org/10.1016/j.tins.2012.11.008
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1002/glia.22859
https://doi.org/10.1126/scitranslmed.aar3796
https://doi.org/10.1126/scitranslmed.aar3796
https://doi.org/10.1002/ana.410290524
https://doi.org/10.1002/1098-1136(200010)32:1<15::AID-GLIA20>3.0.CO;2-#
https://doi.org/10.1002/1098-1136(200010)32:1<15::AID-GLIA20>3.0.CO;2-#
https://doi.org/10.1046/j.0022-3042.2002.00768.x
https://doi.org/10.1073/pnas.0409308102

Carcak et al.

Eraso-Pichot, A., Pouvreau, S., Olivera-Pinto, A., Gomez-Sotres, P., Skupio, U., and
Marsicano, G. (2023). Endocannabinoid signaling in astrocytes. Glia 71, 44-59. doi:
10.1002/glia.24246

Eyo, U. B., Murugan, M., and Wu, L.-J. (2017). Microglia-neuron communication in
epilepsy. Glia 65, 5-18. doi: 10.1002/glia.23006

Farina, C., Aloisi, E, and Meinl, E. (2007). Astrocytes are active players in cerebral
innate immunity. Trends Immunol. 28, 138-145. doi: 10.1016/j.it.2007.01.005

Fellin, T., Pascual, O., Gobbo, S., Pozzan, T., Haydon, P. G., and Carmignoto, G.
(2004). Neuronal synchrony mediated by astrocytic glutamate through activation of
extrasynaptic NMDA receptors. Neuron 43, 729-743. doi: 10.1016/j.neuron.2004.08.011

Fisher, R. S., Cross, J. H., D’'Souza, C., French, J. A., Haut, S. R., Higurashi, N., et al.
(2017a). Instruction manual for the ILAE 2017 operational classification of seizure types.
Epilepsia 58, 531-542. doi: 10.1111/EP1.13671

Fisher, R. S., Cross, J. H., French, J. A., Higurashi, N., Hirsch, E., Jansen, F. E., et al.
(2017b). Operational classification of seizure types by the international league against
epilepsy: position paper of the ILAE Commission for Classification and Terminology.
Epilepsia 58, 522-530. doi: 10.1111/EP1.13670

Fisher, R. S., van Emde Boas, W., Blume, W., Elger, C., Genton, P, Lee, P,, et al. (2005).
Response: definitions proposed by the international league against epilepsy (ILAE) and
the International Bureau for Epilepsy (IBE). Epilepsia 46, 1701-1702. doi:
10.1111/j.1528-1167.2005.00273_4.x

Fredholm, B. B. (2012). Rethinking the purinergic neuron-glia connection. Proc. Natl.
Acad. Sci. 109, 5913-5914. doi: 10.1073/pnas.1203764109

Friedman, A., Kaufer, D., and Heinemann, U. (2009). Blood-brain barrier breakdown-
inducing astrocytic transformation: novel targets for the prevention of epilepsy. Epilepsy
Res. 85, 142-149. doi: 10.1016/j.eplepsyres.2009.03.005

Fu, L, Liu, K., Wake, H., Teshigawara, K., Yoshino, T., Takahashi, H., et al. (2017).
Therapeutic effects of anti-HMGB1 monoclonal antibody on pilocarpine-induced status
epilepticus in mice. Sci. Rep. 7:1179. doi: 10.1038/s41598-017-01325-y

Giannoni, P, Badaut, J., Dargazanli, C., De Maudave, A., Klement, V., Costalat, V.,
et al. (2018). The pericyte-glia interface at the blood-brain barrier. Clin. Sci. 132,
361-374. doi: 10.1042/CS20171634

Gigout, S., Louvel, J., and Pumain, R. (2006). Effects in vitro and in vivo of a gap
junction blocker on epileptiform activities in a genetic model of absence epilepsy.
Epilepsy Res. 69, 15-29. doi: 10.1016/j.eplepsyres.2005.12.002

Glotzner, F. L. (1973). Membrane properties of neuroglia in epileptogenic gliosis.
Brain Res. 55, 159-171. doi: 10.1016/0006-8993(73)90495-2

Gobbo, D., Scheller, A., and Kirchhoff, E (2021). From physiology to pathology of
Cortico-Thalamo-cortical oscillations: Astroglia as a target for further research. Front.
Neurol. 12:661408. doi: 10.3389/fneur.2021.661408

Goisis, R. C., Chiavegato, A., Gomez-Gonzalo, M., Marcon, I, Requie, L. M.,
Scholze, P, et al. (2022). GABA tonic currents and glial cells are altered during
epileptogenesis in a mouse model of Dravet syndrome. Front. Cell. Neurosci. 16, 1-9.
doi: 10.3389/fncel.2022.919493

Gomez-Gonzalo, M., Losi, G., Chiavegato, A., Zonta, M., Cammarota, M.,
Brondi, M., et al. (2010). An excitatory loop with astrocytes contributes to drive
neurons to seizure threshold. PLoS Biol. 8:¢1000352. doi: 10.1371/journal.
pbio.1000352

Gouder, N, Scheurer, L., Fritschy, J. M., and Boison, D. (2004). Overexpression of
adenosine kinase in epileptic hippocampus contributes to epileptogenesis. J. Neurosci.
24, 692-701. doi: 10.1523/J]NEUROSCI.4781-03.2004

Grigorovsky, V., Breton, V. L., and Bardakjian, B. L. (2021). Glial modulation of
electrical rhythms in a neuroglial network model of epilepsy. IEEE Trans. Biomed. Eng.
68,2076-2087. doi: 10.1109/TBME.2020.3022332

Guo, M., Zhang, J., Wang, J., Wang, X., Gao, Q., Tang, C., et al. (2023). Aberrant
adenosine signaling in patients with focal cortical dysplasia. Mol. Neurobiol. 60,
4396-4417. doi: 10.1007/s12035-023-03351-6

Halassa, M. M., Fellin, T., and Haydon, P. G. (2007). The tripartite synapse: roles for
gliotransmission in health and disease. Trends Mol. Med. 13, 54-63. doi: 10.1016/j.
molmed.2006.12.005

Halassa, M. M., and Haydon, P. G. (2010). Integrated brain circuits: astrocytic
networks modulate neuronal activity and behavior. Annu. Rev. Physiol. 72, 335-355. doi:
10.1146/annurev-physiol-021909-135843

Hamid, S. H. M., Whittam, D., Saviour, M., Alorainy, A., Mutch, K., Linaker, S., et al.
(2018). Seizures and encephalitis in myelin oligodendrocyte glycoprotein IgG disease vs
aquaporin 4 IgG disease. JAMA Neurol. 75:65. doi: 10.1001/jamaneurol.2017.3196

Harada, K., Kamiya, T., and Tsuboi, T. (2016). Gliotransmitter release from astrocytes:
functional, developmental, and pathological implications in the brain. Front. Neurosci.
9:499. doi: 10.3389/FNINS.2015.00499/BIBTEX

Heinemann, U., Gabriel, S., Jauch, R., Schulze, K., Kivi, A., Eilers, A., et al. (2000).
Alterations of glial cell function in temporal lobe epilepsy. Epilepsia 41, S185-S189. doi:
10.1111/j.1528-1157.2000.tb01579.x

Heinemann, U., Kaufer, D., and Friedman, A. (2012). Blood-brain barrier dysfunction,
TGEFp signaling, and astrocyte dysfunction in epilepsy. Glia 60, 1251-1257. doi: 10.1002/
glia.22311

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1183775

Héja, L., Nyitrai, G., Kékesi, O., Dobolyi, A., Szabo, P, Fiith, R., et al. (2012).
Astrocytes convert network excitation to tonic inhibition of neurons. BMC Biol. 10,
1-21. doi: 10.1186/1741-7007-10-26

Hertz, L., and Zielke, H. R. (2004). Astrocytic control of glutamatergic activity:
astrocytes as stars of the show. Trends Neurosci. 27, 735-743. doi: 10.1016/j.
tins.2004.10.008

Heuser, K., de Curtis, M., and Steinhéuser, C. (2021). Editorial: glial dysfunction in
Epileptogenesis. Front. Neurol. 12:716308. doi: 10.3389/fneur.2021.716308

Hirsch, E., French, J., Scheffer, I. E., Bogacz, A., Alsaadi, T, Sperling, M. R., et al.
(2022). ILAE definition of the idiopathic generalized epilepsy syndromes: position
statement by the ILAE task force on nosology and definitions. Epilepsia 63, 1475-1499.
doi: 10.1111/epi.17236

Hong, S., He, J. C., Wu, J. W, Zhan, S. Q,, Zhang, G. L., Wu, H. Q,, et al. (2019).
Losartan inhibits development of spontaneous recurrent seizures by preventing
astrocyte activation and attenuating blood-brain barrier permeability following
pilocarpine-induced status epilepticus. Brain Res. Bull. 149, 251-259. doi: 10.1016/j.
brainresbull.2019.05.002

Idrizoglu, M. G., Carcak, N., and Onat, E. Y. (2016). Managing epilepsy by modulating
glia. Anatomy 10, 50-59. doi: 10.2399/ana.15.041

Ismail, E S., Corvace, F, Faustmann, P. M., and Faustmann, T. J. (2021).
Pharmacological investigations in glia culture model of inflammation. Front. Cell.
Neurosci. 15:805755. doi: 10.3389/fncel.2021.805755

Ivens, S., Kaufer, D., Flores, L. P,, Bechmann, I., Zumsteg, D., Tomkins, O., et al. (2007).
TGF-receptor-mediated albumin uptake into astrocytes is involved in neocortical
epileptogenesis. Brain 130, 535-547. doi: 10.1093/brain/awl317

Jabs, R., Seifert, G., and Steinhéuser, C. (2008). Astrocytic function and its alteration
in the epileptic brain. Epilepsia 49, 3-12. doi: 10.1111/j.1528-1167.2008.01488.x

Jha, M. K., Jo, M., Kim, J. H., and Suk, K. (2019). Microglia-astrocyte crosstalk: an
intimate molecular conversation. Neuroscientist 25, 227-240. doi:
10.1177/1073858418783959

Kang, N., Xu, ], Xu, Q., Nedergaard, M., and Kang, J. (2005). Astrocytic
glutamate release-induced transient depolarization and epileptiform discharges in
hippocampal CA1 pyramidal neurons. J. Neurophysiol. 94, 4121-4130. doi: 10.1152/
jn.00448.2005

Kaur, C., and Ling, E. A. (2013). Glial Cells: Embryonic Development, Types/Functions
and Role in Disease. New York, NY: Nova Science Publishers, Inc.

Kettenmann, H., and Ransom, B. R. (eds). (2004a) in Neuroglia. (New York, NY:
Oxford University Press).

Kettenmann, H., and Ransom, B. R. (eds). (2004b). “The concept of neuroglia:
a historical perspective” in Neuroglia. (New York, NY: Oxford University Press),
1-16.

Kettenmann, H., and Verkhratsky, A. (2008). Neuroglia: the 150 years after. Trends
Neurosci. 31, 653-659. doi: 10.1016/j.tins.2008.09.003

Khakh, B. S., and Deneen, B. (2019). The emerging nature of astrocyte diversity. Annu.
Rev. Neurosci. 42, 187-207. doi: 10.1146/annurev-neuro-070918-050443

Kim, Y. S, Choi, J, and Yoon, B.-E. (2020). Neuron-glia interactions in
neurodevelopmental disorders. Cells 9:2176. doi: 10.3390/cells9102176

Kinboshi, M., Tkeda, A., and Ohno, Y. (2020). Role of astrocytic inwardly rectifying
potassium (Kir) 4.1 channels in Epileptogenesis. Front. Neurol. 11:1832. doi: 10.3389/
FNEUR.2020.626658/BIBTEX

Kitaura, H., Shirozu, H., Masuda, H., Fukuda, M., Fujii, Y., and Kakita, A. (2018).
Pathophysiological characteristics associated with Epileptogenesis in human
hippocampal sclerosis. EBioMedicine 29, 38-46. doi: 10.1016/j.ebiom.2018.02.013

Klune, J. R., Dhupar, R., Cardinal, J., Billiar, T. R., and Tsung, A. (2008). HMGBI1:
Endogenous Danger Signaling. Mol. Med. 14, 476-484. doi: 10.2119/2008-00034.
Klune

Kobow, K., and Blumcke, I. (2011). The methylation hypothesis: do epigenetic
chromatin modifications play a role in epileptogenesis? Epilepsia 52, 15-19. doi:
10.1111/j.1528-1167.2011.03145.x

Koh, W,, Park, M., Chun, Y. E., Lee, J., Shim, H. S., Park, M. G,, et al. (2022).
Astrocytes render memory flexible by releasing D-serine and regulating NMDA
receptor tone in the hippocampus. Biol. Psychiatry 91, 740-752. doi: 10.1016/j.
biopsych.2021.10.012

Kovacs, Z., Skatchkov, S. N., Szabo, Z., Qahtan, S., Méndez-Gonzilez, M. P,
Malpica-Nieves, C. J., et al. (2022). Putrescine intensifies Glu/GABA exchange
mechanism and promotes early termination of seizures. Int. J. Mol. Sci. 23:8191. doi:
10.3390/ijms23158191

Kurosinski, P.,, and Gotz, J. (2002). Glial cells under physiologic and pathologic
conditions. Arch. Neurol. 59:1524. doi: 10.1001/archneur.59.10.1524

Lancaster, E., and Dalmau, J. (2012). Neuronal autoantigens—pathogenesis, associated
disorders and antibody testing. Nat. Rev. Neurol. 8, 380-390. doi: 10.1038/
nrneurol.2012.99

Lanerolle, N. C., Lee, T.-S., and Spencer, D. D. (2010). Astrocytes and epilepsy.
Neurotherapeutics 7, 424-438. doi: 10.1016/j.nurt.2010.08.002

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1183775
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/glia.24246
https://doi.org/10.1002/glia.23006
https://doi.org/10.1016/j.it.2007.01.005
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1111/EPI.13671
https://doi.org/10.1111/EPI.13670
https://doi.org/10.1111/j.1528-1167.2005.00273_4.x
https://doi.org/10.1073/pnas.1203764109
https://doi.org/10.1016/j.eplepsyres.2009.03.005
https://doi.org/10.1038/s41598-017-01325-y
https://doi.org/10.1042/CS20171634
https://doi.org/10.1016/j.eplepsyres.2005.12.002
https://doi.org/10.1016/0006-8993(73)90495-2
https://doi.org/10.3389/fneur.2021.661408
https://doi.org/10.3389/fncel.2022.919493
https://doi.org/10.1371/journal.pbio.1000352
https://doi.org/10.1371/journal.pbio.1000352
https://doi.org/10.1523/JNEUROSCI.4781-03.2004
https://doi.org/10.1109/TBME.2020.3022332
https://doi.org/10.1007/s12035-023-03351-6
https://doi.org/10.1016/j.molmed.2006.12.005
https://doi.org/10.1016/j.molmed.2006.12.005
https://doi.org/10.1146/annurev-physiol-021909-135843
https://doi.org/10.1001/jamaneurol.2017.3196
https://doi.org/10.3389/FNINS.2015.00499/BIBTEX
https://doi.org/10.1111/j.1528-1157.2000.tb01579.x
https://doi.org/10.1002/glia.22311
https://doi.org/10.1002/glia.22311
https://doi.org/10.1186/1741-7007-10-26
https://doi.org/10.1016/j.tins.2004.10.008
https://doi.org/10.1016/j.tins.2004.10.008
https://doi.org/10.3389/fneur.2021.716308
https://doi.org/10.1111/epi.17236
https://doi.org/10.1016/j.brainresbull.2019.05.002
https://doi.org/10.1016/j.brainresbull.2019.05.002
https://doi.org/10.2399/ana.15.041
https://doi.org/10.3389/fncel.2021.805755
https://doi.org/10.1093/brain/awl317
https://doi.org/10.1111/j.1528-1167.2008.01488.x
https://doi.org/10.1177/1073858418783959
https://doi.org/10.1152/jn.00448.2005
https://doi.org/10.1152/jn.00448.2005
https://doi.org/10.1016/j.tins.2008.09.003
https://doi.org/10.1146/annurev-neuro-070918-050443
https://doi.org/10.3390/cells9102176
https://doi.org/10.3389/FNEUR.2020.626658/BIBTEX
https://doi.org/10.3389/FNEUR.2020.626658/BIBTEX
https://doi.org/10.1016/j.ebiom.2018.02.013
https://doi.org/10.2119/2008-00034.Klune
https://doi.org/10.2119/2008-00034.Klune
https://doi.org/10.1111/j.1528-1167.2011.03145.x
https://doi.org/10.1016/j.biopsych.2021.10.012
https://doi.org/10.1016/j.biopsych.2021.10.012
https://doi.org/10.3390/ijms23158191
https://doi.org/10.1001/archneur.59.10.1524
https://doi.org/10.1038/nrneurol.2012.99
https://doi.org/10.1038/nrneurol.2012.99
https://doi.org/10.1016/j.nurt.2010.08.002

Carcak et al.

Lee, H. G, Wheeler, M. A., and Quintana, F J. (2022). Function and therapeutic value
of astrocytes in neurological diseases. Nat. Rev. Drug Discov. 21, 339-358. doi: 10.1038/
§41573-022-00390-x

Lentini, C., D’Orange, M., Marichal, N., Trottmann, M.-M., Vignoles, R., Foucault, L.,
et al. (2021). Reprogramming reactive glia into interneurons reduces chronic seizure
activity in a mouse model of mesial temporal lobe epilepsy. Cell Stem Cell 28,
2104-2121.e10. doi: 10.1016/j.stem.2021.09.002

Leo, A., Nesci, V., Tallarico, M., Amodio, N., Gallo Cantafio, E. M., De Sarro, G., et al.
(2020). IL-6 receptor blockade by tocilizumab has anti-absence and anti-epileptogenic
effects in the WAG/Rij rat model of absence epilepsy. Neurotherapeutics 17, 2004-2014.
doi: 10.1007/s13311-020-00893-8

Li, T, Quan Lan, J., Fredholm, B. B., Simon, R. P, and Boison, D. (2007). Adenosine
dysfunction in astrogliosis: cause for seizure generation? Neuron Glia Biol. 3, 353-366.
doi: 10.1017/51740925X0800015X

Lobsiger, C. S., and Cleveland, D. W. (2007). Glial cells as intrinsic components of
non-cell-autonomous neurodegenerative disease. Nat. Neurosci. 10, 1355-1360. doi:
10.1038/nn1988

Loscher, W, and Friedman, A. (2020). Structural, molecular, and functional alterations
of the blood-brain barrier during Epileptogenesis and epilepsy: a cause, consequence,
or both? Int. J. Mol. Sci. 21:591. doi: 10.3390/ijms21020591

Losi, G., Cammarota, M., and Carmignoto, G. (2012). The role of astroglia in the
epileptic brain. Front. Pharmacol. 3:132. doi: 10.3389/fphar.2012.00132

Magistretti, P. J. (2006). Neuron-glia metabolic coupling and plasticity. J. Exp. Biol.
209, 2304-2311. doi: 10.1242/jeb.02208

Maguire, J. (2016). Epileptogenesis: more than just the latent period. Epilepsy Curr. 16,
31-33. doi: 10.5698/1535-7597-16.1.31

Malva, J. O., Rego, A. C., Cunha, R. A,, and Oliveira, C. R. (2007) in Interaction
Between Neurons and Glia in Aging and Disease. eds. J. O. Malva, A. C. Rego, R. A.
Cunha and C. R. O. Boston (MA: Springer US)

Maroso, M., Balosso, S., Ravizza, T., Liu, J., Aronica, E., Iyer, A. M., et al. (2010). Toll-
like receptor 4 and high-mobility group box-1 are involved in ictogenesis and can
be targeted to reduce seizures. Nat. Med. 16, 413-419. doi: 10.1038/nm.2127

Martins-Ferreira, R., Leal, B., Chaves, J., Li, T., Ciudad, L., Rangel, R., et al. (2022).
Epilepsy progression is associated with cumulative DNA methylation changes in
inflammatory  genes.  Prog.  Neurobiol. ~ 209:102207. doi:  10.1016/j.
pneurobio.2021.102207

Matejuk, A., and Ransohoff, R. M. (2020). Crosstalk between astrocytes and microglia:
an overview. Front. Immunol. 11:1416. doi: 10.3389/fimmu.2020.01416

Melg, T. M., Sonnewald, U., AinaBastholm, I, and Nehlig, A. (2007). Astrocytes may
play a role in the etiology of absence epilepsy: a comparison between immature GAERS
not yet expressing seizures and adults. Neurobiol. Dis. 28, 227-235. doi: 10.1016/j.
nbd.2007.07.011

Melg, T. M., Sonnewald, U., Touret, M., and Nehlig, A. (2006). Cortical glutamate
metabolism is enhanced in a genetic model of absence epilepsy. J. Cereb. Blood Flow
Metab. 26, 1496-1506. doi: 10.1038/sj.jcbfm.9600300

Mermer, E, Poliquin, S., Zhou, S., Wang, X., Ding, Y., Yin, E, et al. (2022). Astrocytic
GABA transporter 1 deficit in novel SLC6A1 variants mediated epilepsy: connected
from protein destabilization to seizures in mice and humans. Neurobiol. Dis. 172:105810.
doi: 10.1016/j.nbd.2022.105810

Muller, J., Timmermann, A., Henning, L., Muller, H., Steinhauser, C., and Bedner, P.
(2020). Astrocytic GABA accumulation in experimental temporal lobe epilepsy. Front.
Neurol. 11:614923. doi: 10.3389/fneur.2020.614923

Murphy, T. R., Binder, D. K., and Fiacco, T. A. (2017). Turning down the volume:
astrocyte volume change in the generation and termination of epileptic seizures.
Neurobiol. Dis. 104, 24-32. doi: 10.1016/j.nbd.2017.04.016

Nagai, J., Rajbhandari, A. K., Gangwani, M. R., Hachisuka, A., Coppola, G.,
Masmanidis, S. C., et al. (2019). Hyperactivity with disrupted attention by activation
of an astrocyte Synaptogenic cue. Cells 177, 1280-1292.e20. doi: 10.1016/j.
cell.2019.03.019

Nagy, J. L, and Rash, J. E. (2000). Connexins and gap junctions of astrocytes and
oligodendrocytes in the CNS. Brain Res. Rev. 32, 29-44. doi: 10.1016/
$0165-0173(99)00066-1

Natale, G., Limanagi, F, Busceti C. L., Mastroiacovo, F, Nicoletti, F,
Puglisi-Allegra, S., et al. (2021). Glymphatic system as a gateway to connect
neurodegeneration from periphery to CNS. Front. Neurosci. 15:92. doi: 10.3389/
fnins.2021.639140

Neal, M., and Richardson, J. R. (2018). Epigenetic regulation of astrocyte function in
neuroinflammation and neurodegeneration. Biochim. Biophys. Acta Mol. basis Dis. 1864,
432-443. doi: 10.1016/j.bbadis.2017.11.004

Nikolic, L., Shen, W., Nobili, P,, Virenque, A., Ulmann, L., and Audinat, E. (2018).
Blocking TNFa-driven astrocyte purinergic signaling restores normal synaptic activity
during epileptogenesis. Glia 66, 2673-2683. doi: 10.1002/glia.23519

O’Connor, E. R., Sontheimer, H., Spencer, D. D., and Lanerolle, N. C. (1998).
Astrocytes from human hippocampal epileptogenic foci exhibit action potential-like
responses. Epilepsia 39, 347-354. doi: 10.1111/j.1528-1157.1998.tb01386.x

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1183775

O'Callaghan, J. P, Kelly, K. A., Van Gilder, R. L., Sofroniew, M. V., and Miller, D. B.
(2014). Early activation of STAT3 regulates reactive astrogliosis induced by diverse
forms of neurotoxicity. PLoS One 9:¢102003. doi: 10.1371/journal.pone.0102003

Ohno, Y., Kinboshi, M., and Shimizu, S. (2018). Inwardly rectifying potassium channel
Kir4. 1 as a novel modulator of BDNF expression in astrocytes. Int. J. Mol. Sci. 19:3313.
doi: 10.3390/ijms19113313

Onat, E (2013). Astrocytes and absence epilepsy. Br. J. Pharmacol. 168, 1086-1087.
doi: 10.1111/bph.12050

Onat, F. Y., van Luijtelaar, G., Nehlig, A., and Snead, O. C. (2013). The involvement of
limbic structures in typical and atypical absence epilepsy. Epilepsy Res. 103, 111-123.
doi: 10.1016/j.eplepsyres.2012.08.008

Ottestad-Hansen, S., Hu, Q. X., Follin-Arbelet, V. V., Bentea, E., Sato, H., Massie, A.,
etal. (2018). The cystine-glutamate exchanger (xCT, Slc7al1) is expressed in significant
concentrations in a subpopulation of astrocytes in the mouse brain. Glia 66, 951-970.
doi: 10.1002/glia.23294

Pandit, S., Neupane, C., Woo, J., Sharma, R., Nam, M., Lee, G., et al. (2020).
Bestrophinl-mediated tonic GABA release from reactive astrocytes prevents the
development of seizure-prone network in kainate-injected hippocampi. Glia 68,
1065-1080. doi: 10.1002/glia.23762

Parker, T. M., Nguyen, A. H., Rabang, J. R., Patil, A. A., and Agrawal, D. K. (2017). The
danger zone: systematic review of the role of HMGB1 danger signaling in traumatic
brain injury. Brain Inj. 31, 2-8. doi: 10.1080/02699052.2016.1217045

Peixoto-Santos, J. E., Kandratavicius, L., Velasco, T. R., Assirati, J. A., Carlotti, C. G.,
Scandiuzzi, R. C,, et al. (2017). Individual hippocampal subfield assessment indicates
that matrix macromolecules and gliosis are key elements for the increased T2 relaxation
time seen in temporal lobe epilepsy. Epilepsia 58, 149-159. doi: 10.1111/epi.13620

Perez Velazquez, J. L., and Carlen, P. L. (2000). Gap junctions, synchrony and seizures.
Trends Neurosci. 23, 68-74. doi: 10.1016/S0166-2236(99)01497-6

Peterson, A. R., and Binder, D. K. (2020). Astrocyte glutamate uptake and signaling
as novel targets for Antiepileptogenic therapy. Front. Neurol. 11:1006. doi: 10.3389/
fneur.2020.01006

Pitkdnen, A., and Lukasiuk, K. (2009). Molecular and cellular basis of epileptogenesis
in symptomatic epilepsy. Epilepsy Behav. 14, 16-25. doi: 10.1016/j.yebeh.2008.09.023

Pollen, D. A., and Trachtenberg, M. C. (1970). Neuroglia: gliosis and focal epilepsy.
Science 167, 1252-1253. doi: 10.1126/science.167.3922.1252

Purnell, B. S., Alves, M. P, and Boison, D. (2023). Astrocyte-neuron circuits in
epilepsy. Neurobiol. Dis. 179:106058. doi: 10.1016/j.nbd.2023.106058

Ransom, C. B, and Blumenfeld, H. (2007). “Acquired epilepsy: cellular and molecular
mechanisms” in Molecular Neurology. ed. S. G. Waxman (Burlington (MA): Elsevier
Academic Press), 347-370.

Reddy, O. C., and van der Werf, Y. D. (2020). The sleeping brain: harnessing the power
of the Glymphatic system through lifestyle choices. Brain Sci. 10:868. doi: 10.3390/
brainscil0110868

Riazi, K., Galic, M. A., and Pittman, Q. J. (2010). Contributions of peripheral
inflammation to seizure susceptibility: cytokines and brain excitability. Epilepsy Res. 89,
34-42. doi: 10.1016/j.eplepsyres.2009.09.004

Robert, S. M., Buckingham, S. C., Campbell, S. L., Robel, S., Holt, K. T,
Ogunrinu—Babarinde, T., et al. (2015). SLC7A11 expression is associated with seizures
and predicts poor survival in patients with malignant glioma. Sci. Transl. Med.
7:289ra86. doi: 10.1126/scitranslmed.aaa8103

Rosciszewski, G., Cadena, V., Auzmendi, J., Cieri, M. B., Lukin, J., Rossi, A. R., et al.
(2019). Detrimental effects of HMGB-1 require microglial-Astroglial interaction:
implications for the status epilepticus -induced Neuroinflammation. Front. Cell.
Neurosci. 13:380. doi: 10.3389/fncel.2019.00380

Rossi, A. R., Angelo, M. E, Villarreal, A., Lukin, J., and Ramos, A. J. (2013). Gabapentin
administration reduces reactive gliosis and neurodegeneration after pilocarpine-induced
status epilepticus. PLoS One 8:€78516. doi: 10.1371/journal.pone.0078516

Rossi, A., Murta, V., Auzmendi, J., and Ramos, A. J. (2017). Early gabapentin treatment
during the latency period increases convulsive threshold, reduces microglial activation
and macrophage infiltration in the Lithium-pilocarpine model of epilepsy.
Pharmaceuticals (Basel) 10:93. doi: 10.3390/ph10040093

Saha, R. N,, Liu, X,, and Pahan, K. (2006). Up-regulation of BDNF in astrocytes by
TNF-alpha: a case for the neuroprotective role of cytokine. J. NeuroImmune Pharmacol.
1,212-222. doi: 10.1007/s11481-006-9020-8

Saijo, K., and Glass, C. K. (2011). Microglial cell origin and phenotypes in health and
disease. Nat. Rev. Immunol. 11, 775-787. doi: 10.1038/nri3086

Sandau, U. S., Yahya, M., Bigej, R., Friedman, J. L., Saleumvong, B., and Boison, D.
(2019). Transient use of a systemic adenosine kinase inhibitor attenuates epilepsy
development in mice. Epilepsia 60, 615-625. doi: 10.1111/epi.14674

Sano, E, Shigetomi, E., Shinozaki, Y., Tsuzukiyama, H., Saito, K., Mikoshiba, K.,
et al. (2021). Reactive astrocyte-driven epileptogenesis is induced by microglia
initially activated following status epilepticus. JCI Insight 6:e135391. doi: 10.1172/
jci.insight.135391

Satta, V., Alonso, C., Diez, P., Martin-Sudrez, S., Rubio, M., Encinas, ]. M., et al. (2021).
Neuropathological characterization of a Dravet syndrome Knock-in mouse model useful

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1183775
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41573-022-00390-x
https://doi.org/10.1038/s41573-022-00390-x
https://doi.org/10.1016/j.stem.2021.09.002
https://doi.org/10.1007/s13311-020-00893-8
https://doi.org/10.1017/S1740925X0800015X
https://doi.org/10.1038/nn1988
https://doi.org/10.3390/ijms21020591
https://doi.org/10.3389/fphar.2012.00132
https://doi.org/10.1242/jeb.02208
https://doi.org/10.5698/1535-7597-16.1.31
https://doi.org/10.1038/nm.2127
https://doi.org/10.1016/j.pneurobio.2021.102207
https://doi.org/10.1016/j.pneurobio.2021.102207
https://doi.org/10.3389/fimmu.2020.01416
https://doi.org/10.1016/j.nbd.2007.07.011
https://doi.org/10.1016/j.nbd.2007.07.011
https://doi.org/10.1038/sj.jcbfm.9600300
https://doi.org/10.1016/j.nbd.2022.105810
https://doi.org/10.3389/fneur.2020.614923
https://doi.org/10.1016/j.nbd.2017.04.016
https://doi.org/10.1016/j.cell.2019.03.019
https://doi.org/10.1016/j.cell.2019.03.019
https://doi.org/10.1016/S0165-0173(99)00066-1
https://doi.org/10.1016/S0165-0173(99)00066-1
https://doi.org/10.3389/fnins.2021.639140
https://doi.org/10.3389/fnins.2021.639140
https://doi.org/10.1016/j.bbadis.2017.11.004
https://doi.org/10.1002/glia.23519
https://doi.org/10.1111/j.1528-1157.1998.tb01386.x
https://doi.org/10.1371/journal.pone.0102003
https://doi.org/10.3390/ijms19113313
https://doi.org/10.1111/bph.12050
https://doi.org/10.1016/j.eplepsyres.2012.08.008
https://doi.org/10.1002/glia.23294
https://doi.org/10.1002/glia.23762
https://doi.org/10.1080/02699052.2016.1217045
https://doi.org/10.1111/epi.13620
https://doi.org/10.1016/S0166-2236(99)01497-6
https://doi.org/10.3389/fneur.2020.01006
https://doi.org/10.3389/fneur.2020.01006
https://doi.org/10.1016/j.yebeh.2008.09.023
https://doi.org/10.1126/science.167.3922.1252
https://doi.org/10.1016/j.nbd.2023.106058
https://doi.org/10.3390/brainsci10110868
https://doi.org/10.3390/brainsci10110868
https://doi.org/10.1016/j.eplepsyres.2009.09.004
https://doi.org/10.1126/scitranslmed.aaa8103
https://doi.org/10.3389/fncel.2019.00380
https://doi.org/10.1371/journal.pone.0078516
https://doi.org/10.3390/ph10040093
https://doi.org/10.1007/s11481-006-9020-8
https://doi.org/10.1038/nri3086
https://doi.org/10.1111/epi.14674
https://doi.org/10.1172/jci.insight.135391
https://doi.org/10.1172/jci.insight.135391

Carcak et al.

for investigating cannabinoid treatments. Front. Mol. Neurosci. 13:602801. doi: 10.3389/
fnmol.2020.602801

Scharfman, H. E. (2005). Brain-derived neurotrophic factor and epilepsy—a missing
link? Epilepsy Curr. 5, 83-88. doi: 10.1111/j.1535-7511.2005.05312.x

Scheffer, 1. E., Berkovic, S., Capovilla, G., Connolly, M. B., French, J., Guilhoto, L., et al.
(2017). ILAE classification of the epilepsies: position paper of the ILAE Commission for
Classification and Terminology. Epilepsia 58, 512-521. doi: 10.1111/epi.13709

Seifert, G., Carmignoto, G., and Steinhduser, C. (2010). Astrocyte dysfunction in
epilepsy. Brain Res. Rev. 63, 212-221. doi: 10.1016/j.brainresrev.2009.10.004

Semyanov, A., and Verkhratsky, A. (2021). Astrocytic processes: from tripartite synapses
to the active milieu. Trends Neurosci. 44, 781-792. doi: 10.1016/j.tins.2021.07.006

Sha, L., Wang, X., Li, J., Shi, X, Wu, L., Shen, Y,, et al. (2017). Pharmacologic inhibition
of Hsp90 to prevent GLT-1 degradation as an effective therapy for epilepsy. J. Exp. Med.
214, 547-563. doi: 10.1084/jem.20160667

Soulet, D., and Rivest, S. (2008). Microglia. Curr. Biol. 18, R506-R508. doi: 10.1016/j.
cub.2008.04.047

Srinivasan, R., Lu, T. Y., Chai, H., Xu, J., Huang, B. S., Golshani, P, et al. (2016). New
transgenic mouse lines for selectively targeting astrocytes and studying calcium signals
in astrocyte processes in situ and in vivo. Neuron 92, 1181-1195. doi: 10.1016/j.
neuron.2016.11.030

Steinborn, B., Zarowski, M., Winczewska-Wiktor, A., Wojcicka, M.,
Mtodzikowska-Albrecht, J., and Losy, J. (2014). Concentration of 1I-1, I1-2, 11-6, TNFa
in the blood serum in children with generalized epilepsy treated by valproate. Pharmacol.
Rep. 66, 972-975. doi: 10.1016/j.pharep.2014.06.005

Steinhduser, C., and Seifert, G. (2002). Glial membrane channels and receptors in
epilepsy: impact for generation and spread of seizure activity. Eur. J. Pharmacol. 447,
227-237. doi: 10.1016/S0014-2999(02)01846-0

Steinhéuser, C., Seifert, G., and Bedner, P. (2012). Astrocyte dysfunction in temporal
lobe epilepsy: K + channels and gap junction coupling. Glia 60, 1192-1202. doi: 10.1002/
glia.22313

Stephan, J., Eitelmann, S., and Zhou, M. (2021). Approaches to study gap junctional
coupling. Front. Cell. Neurosci. 15:640406. doi: 10.3389/fncel.2021.640406

Suto, T., Severino, A. L., Eisenach, J. C., and Hayashida, K. I. (2014). Gabapentin
increases extracellular glutamatergic level in the locus coeruleus via astroglial glutamate
transporter-dependent mechanisms. Neuropharmacology 81, 95-100. doi: 10.1016/j.
neuropharm.2014.01.040

Terstappen, G. C., Meyer, A. H,, Bell, R. D., and Zhang, W. (2021). Strategies for
delivering therapeutics across the blood-brain barrier. Nat. Rev. Drug Discov. 20,
362-383. doi: 10.1038/s41573-021-00139-y

Thomas, A. X., Cruz Del Angel, Y., Gonzalez, M. I, Carrel, A.J., Carlsen, J., Lam, P. M.,
et al. (2016). Rapid increases in proBDNF after pilocarpine-induced status epilepticus
in mice are associated with reduced proBDNF cleavage machinery. eneuro
3:ENEURO.0020-15.2016. doi: 10.1523/ENEURO.0020-15.2016

Thompson, J. A., Miralles, R. M., Wengert, E. R., Wagley, P. K., Yu, W,, Wenker, I. C,,
etal. (2022). Astrocyte reactivity in a mouse model of SCN8A epileptic encephalopathy.
Epilepsia Open 7, 280-292. doi: 10.1002/epi4.12564

Tian, G.-E, Azmi, H., Takano, T,, Xu, Q., Peng, W, Lin, ], et al. (2005). An astrocytic
basis of epilepsy. Nat. Med. 11, 973-981. doi: 10.1038/nm1277

Tice, C., McDevitt, J., and Langford, D. (2020). Astrocytes, HIV and the Glymphatic
system: a disease of disrupted waste management? Front. Cell. Infect. Microbiol. 10:521.
doi: 10.3389/FCIMB.2020.523379/BIBTEX

Touret, M., Parrot, S., Denoroy, L., Belin, M. E, and Didier-Bazes, M. (2007).
Glutamatergic alterations in the cortex of genetic absence epilepsy rats. BMC Neurosci.
8,1-7. doi: 10.1186/1471-2202-8-69

Twible, C., Abdo, R., and Zhang, Q. (2021). Astrocyte role in temporal lobe epilepsy
and development of mossy fiber sprouting. Front. Cell. Neurosci. 15:725693. doi:
10.3389/fncel.2021.725693

van Luijtelaar, G., Lyashenko, S., Vastyanov, R., Verbeek, G., Oleinik, A., van Rijn, C.,
etal. (2012). Cytokines and absence seizures in a genetic rat model. Neurophysiology 43,
478-486. doi: 10.1007/s11062-012-9252-6

Varvel, N. H., Neher, J. J., Bosch, A., Wang, W, Ransohoff, R. M., Miller, R. J., et al.
(2016). Infiltrating monocytes promote brain inflammation and exacerbate neuronal
damage after status epilepticus. Proc. Natl. Acad. Sci. U. S. A. 113, E5665-E5674. doi:
10.1073/pnas.1604263113

Verhoog, Q. P, Holtman, L., Aronica, E., and van Vliet, E. A. (2020). Astrocytes as
guardians of neuronal excitability: mechanisms underlying epileptogenesis. Front.
Neurol. 11:1541. doi: 10.3389/fneur.2020.591690

Verkhratsky, A., and Butt, A. (2013). Glial Physiology and Pathophysiology. Chichester,
UK: John Wiley & Sons, Ltd

Vezzani, A., Aronica, E., Mazarati, A., and Pittman, Q. J. (2013). Epilepsy and brain
inflammation. Exp. Neurol. 244, 11-21. doi: 10.1016/j.expneurol.2011.09.033

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1183775

Vezzani, A., and Friedman, A. (2011). Brain inflammation as a biomarker in epilepsy.
Biomark. Med 5, 607-614. doi: 10.2217/bmm.11.61

Vezzani, A., Ravizza, T., Bedner, P, Aronica, E., Steinhauser, C., and Boison, D. (2022).
Astrocytes in the initiation and progression of epilepsy. Nat. Rev. Neurol. 18, 707-722.
doi: 10.1038/s41582-022-00727-5

Volnova, A., Tsytsarev, V., Ganina, O., Vélez-Crespo, G. E., Alves, J. M,
Ignashchenkova, A., et al. (2022). The anti-epileptic effects of Carbenoxolone in vitro
and in vivo. Int. J. Mol. Sci. 23:663. doi: 10.3390/ijms23020663

Volterra, A., and Meldolesi, J. (2005). Astrocytes, from brain glue to communication
elements: the revolution continues. Nat. Rev. Neurosci. 6, 626-640. doi: 10.1038/nrn1722

Wallraff, A., Kohling, R., Heinemann, U, Theis, M., Willecke, K., and
Steinhéduser, C. (2006). The impact of astrocytic gap junctional coupling on
potassium buffering in the Hippocampus. J. Neurosci. 26, 5438-5447. doi: 10.1523/
JNEUROSCI.0037-06.2006

Walrave, L., Vinken, M., Leybaert, L., and Smolders, I. (2020). Astrocytic connexin43
channels as candidate targets in epilepsy treatment. Biomol. Ther. 10, 1-32. doi: 10.3390/
biom10111578

Wang, G., Wang, ], Xin, C,, Xiao, ], Liang, J., and Wu, X. (2021). Inflammatory
response in epilepsy is mediated by glial cell gap junction pathway (review). Mol. Med.
Rep. 24:493. doi: 10.3892/mmr.2021.12132

Wetherington, J., Serrano, G., and Dingledine, R. (2008). Astrocytes in the epileptic
brain. Neuron 58, 168-178. doi: 10.1016/j.neuron.2008.04.002

Williams-Karnesky, R. L., Sandau, U. S., Lusardi, T. A., Lytle, N. K., Farrell, J. M.,
Ignashchenkova, A., et al. (2013). Epigenetic changes induced by adenosine
augmentation therapy prevent epileptogenesis. J. Clin. Invest. 123, 3552-3563. doi:
10.1172/]JCI65636

Wong, M. (2019). The role of glia in epilepsy, intellectual disability, and other
neurodevelopmental disorders in tuberous sclerosis complex. J. Neurodev. Disord. 11:30.
doi: 10.1186/s11689-019-9289-6

Xie, Y., Yu, N., Chen, Y., Zhang, K., Ma, H. Y,, and di, Q. (2017). HMGBI regulates
P-glycoprotein expression in status epilepticus rat brains via the RAGE/NF-kB signaling
pathway. Mol. Med. Rep. 16, 1691-1700. doi: 10.3892/mmr.2017.6772

Xu, D., Robinson, A. P, Ishii, T., Duncan, D. S., Alden, T. D., Goings, G. E., et al.
(2018). Peripherally derived T regulatory and gammadelta T cells have opposing roles
in the pathogenesis of intractable pediatric epilepsy. J. Exp. Med. 215, 1169-1186. doi:
10.1084/jem.20171285

Xu, H., Zhang, H., Zhang, J., Huang, Q., Shen, Z., and Wu, R. (2016). Evaluation of
neuron-glia integrity by in vivo proton magnetic resonance spectroscopy: implications
for psychiatric disorders. Neurosci. Biobehav. Rev. 71, 563-577. doi: 10.1016/j.
neubiorev.2016.09.027

Yamamura, S., Hoshikawa, M., Dai, K., Saito, H., Suzuki, N., Niwa, O., et al. (2013).
ONO-2506 inhibits spike-wave discharges in a genetic animal model without affecting
traditional convulsive tests via gliotransmission regulation. Br. J. Pharmacol. 168,
1088-1100. doi: 10.1111/j.1476-5381.2012.02132.x

Yamanaka, G., Morichi, S., Takamatsu, T., Watanabe, Y., Suzuki, S., Ishida, Y,, et al. (2021b).
Links between immune cells from the periphery and the brain in the pathogenesis of
epilepsy: a narrative review. Int. J. Mol. Sci. 22:4395. doi: 10.3390/ijms22094395

Yamanaka, G., Takata, F, Kataoka, Y., Kanou, K., Morichi, S., Dohgu, S., et al. (2021a).
The neuroinflammatory role of pericytes in epilepsy. Biomedicine 9:759. doi: 10.3390/
biomedicines9070759

Yang, I, Han, S. J., Kaur, G., Crane, C., and Parsa, A. T. (2010). The role of microglia
in central nervous system immunity and glioma immunology. J. Clin. Neurosci. 17, 6-10.
doi: 10.1016/j.jocn.2009.05.006

Yang, L., Zhou, Y, Jia, H., Qi, Y., Tu, S., and Shao, A. (2020). Affective immunology:
the crosstalk between microglia and astrocytes plays key role? Front. Immunol. 11:1818.
doi: 10.3389/fimmu.2020.01818

Yoshizumi, M., Eisenach, J. C., and Hayashida, K. (2012). Riluzole and
gabapentinoids activate glutamate transporters to facilitate glutamate-induced
glutamate release from cultured astrocytes. Eur. J. Pharmacol. 677, 87-92. doi:
10.1016/j.¢jphar.2011.12.015

Zamanian, J. L., Xu, L., Foo, L. C., Nouri, N., Zhou, L., Giffard, R. G., et al. (2012).
Genomic analysis of reactive Astrogliosis. J. Neurosci. 32, 6391-6410. doi: 10.1523/
JNEUROSCIL.6221-11.2012

Zattoni, M., Mura, M. L., Deprez, F, Schwendener, R. A., Engelhardt, B., Frei, K., et al.
(2011). Brain infiltration of leukocytes contributes to the pathophysiology of temporal
lobe epilepsy. J. Neurosci. 31, 4037-4050. doi: 10.1523/JNEUROSCI.6210-10.2011

Zhao, J., Sun, ], Zheng, Y., Zheng, Y., Shao, Y., Li, Y., et al. (2022). Activated astrocytes
attenuate neocortical seizures in rodent models through driving Na+-K+-ATPase. Nat.
Commun. 13:7136. doi: 10.1038/s41467-022-34662-2

Zhao, J., Wang, Y., Xu, C,, Liu, K., Wang, Y., Chen, L., et al. (2017). Therapeutic
potential of an anti-high mobility group box-1 monoclonal antibody in epilepsy. Brain
Behav. Immun. 64, 308-319. doi: 10.1016/j.bbi.2017.02.002

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1183775
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnmol.2020.602801
https://doi.org/10.3389/fnmol.2020.602801
https://doi.org/10.1111/j.1535-7511.2005.05312.x
https://doi.org/10.1111/epi.13709
https://doi.org/10.1016/j.brainresrev.2009.10.004
https://doi.org/10.1016/j.tins.2021.07.006
https://doi.org/10.1084/jem.20160667
https://doi.org/10.1016/j.cub.2008.04.047
https://doi.org/10.1016/j.cub.2008.04.047
https://doi.org/10.1016/j.neuron.2016.11.030
https://doi.org/10.1016/j.neuron.2016.11.030
https://doi.org/10.1016/j.pharep.2014.06.005
https://doi.org/10.1016/S0014-2999(02)01846-0
https://doi.org/10.1002/glia.22313
https://doi.org/10.1002/glia.22313
https://doi.org/10.3389/fncel.2021.640406
https://doi.org/10.1016/j.neuropharm.2014.01.040
https://doi.org/10.1016/j.neuropharm.2014.01.040
https://doi.org/10.1038/s41573-021-00139-y
https://doi.org/10.1523/ENEURO.0020-15.2016
https://doi.org/10.1002/epi4.12564
https://doi.org/10.1038/nm1277
https://doi.org/10.3389/FCIMB.2020.523379/BIBTEX
https://doi.org/10.1186/1471-2202-8-69
https://doi.org/10.3389/fncel.2021.725693
https://doi.org/10.1007/s11062-012-9252-6
https://doi.org/10.1073/pnas.1604263113
https://doi.org/10.3389/fneur.2020.591690
https://doi.org/10.1016/j.expneurol.2011.09.033
https://doi.org/10.2217/bmm.11.61
https://doi.org/10.1038/s41582-022-00727-5
https://doi.org/10.3390/ijms23020663
https://doi.org/10.1038/nrn1722
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.3390/biom10111578
https://doi.org/10.3390/biom10111578
https://doi.org/10.3892/mmr.2021.12132
https://doi.org/10.1016/j.neuron.2008.04.002
https://doi.org/10.1172/JCI65636
https://doi.org/10.1186/s11689-019-9289-6
https://doi.org/10.3892/mmr.2017.6772
https://doi.org/10.1084/jem.20171285
https://doi.org/10.1016/j.neubiorev.2016.09.027
https://doi.org/10.1016/j.neubiorev.2016.09.027
https://doi.org/10.1111/j.1476-5381.2012.02132.x
https://doi.org/10.3390/ijms22094395
https://doi.org/10.3390/biomedicines9070759
https://doi.org/10.3390/biomedicines9070759
https://doi.org/10.1016/j.jocn.2009.05.006
https://doi.org/10.3389/fimmu.2020.01818
https://doi.org/10.1016/j.ejphar.2011.12.015
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1523/JNEUROSCI.6210-10.2011
https://doi.org/10.1038/s41467-022-34662-2
https://doi.org/10.1016/j.bbi.2017.02.002

	Astrocytes as a target for therapeutic strategies in epilepsy: current insights
	1. Introduction
	2. The etiologic categories of epilepsy
	3. The role of astrocytes in structural/metabolic/infectious/immune epilepsy
	3.1. Glutamate
	3.2. Gamma-aminobutyric acid
	3.3. Potassium
	3.4. Electrolyte imbalance and osmolality
	3.5. Blood–brain barrier
	3.6. Gap junctional contacts
	3.7. Adenosine
	3.8. DNA methylation
	3.9. Astrogliosis

	4. The role of astrocytes in genetic generalized epilepsies
	5. Conclusion and future directions: astroglial targets for treatment of epilepsy
	5.1. Role of astrocytes in epileptogenesis and anti-epileptogenic strategies
	5.2. Role of astrocytes in ictogenesis and anti-seizure strategies

	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

