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Abstract

Epilepsy is a leading cause of disability and mortality worldwide. However, despite the availability

of more than 20 antiseizure medications, more than one-third of patients continue to experience
seizures. Given the urgent need to explore new treatment strategies for epilepsy, recent research has
highlighted the potential of targeting gliosis, metabolic disturbances, and neural circuit abnormalities
as therapeutic strategies. Astrocytes, the largest group of nonneuronal cells in the central nervous
system, play several crucial roles in maintaining ionic and energy metabolic homeostasis in

neurons, regulating neurotransmitter levels, and modulating synaptic plasticity. This article briefly
reviews the critical role of astrocytes in maintaining balance within the central nervous system.
Building on previous research, we discuss how astrocyte dysfunction contributes to the onset and
progression of epilepsy through four key aspects: the imbalance between excitatory and inhibitory
neuronal signaling, dysregulation of metabolic homeostasis in the neuronal microenvironment,
neuroinflammation, and the formation of abnormal neural circuits. We summarize relevant basic
research conducted over the past 5 years that has focused on modulating astrocytes as a therapeutic
approach for epilepsy. We categorize the therapeutic targets proposed by these studies into four
areas: restoration of the excitation—inhibition balance, reestablishment of metabolic homeostasis,
modulation of immune and inflammatory responses, and reconstruction of abnormal neural circuits.
These targets correspond to the pathophysiological mechanisms by which astrocytes contribute to
epilepsy. Additionally, we need to consider the potential challenges and limitations of translating
these identified therapeutic targets into clinical treatments. These limitations arise from interspecies
differences between humans and animal models, as well as the complex comorbidities associated
with epilepsy in humans. We also highlight valuable future research directions worth exploring in the
treatment of epilepsy and the regulation of astrocytes, such as gene therapy and imaging strategies.
The findings presented in this review may help open new therapeutic avenues for patients with drug-
resistant epilepsy and for those suffering from other central nervous system disorders associated with
astrocytic dysfunction.
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Introduction

Epilepsy is a prevalent and disabling neurological
disorder that affects individuals of all ages; it
is characterized by recurrent and unprovoked
seizures and is often accompanied by stereotypical
abnormal behaviors, with or without impaired
awareness (Fisher et al., 2017; Jia et al., 2024; Liu
et al., 2024). Globally, the estimated number of
patients with epilepsy ranges from 50 to 70 million,
with an annual increase of 2.4 million (Trinka
et al., 2019). The economic burden of epilepsy
accounts for approximately 0.5% of the global
disease burden (Picard, 2022), and according to an
analysis from the Global Burden of Disease Study
in 2016, epilepsy resulted in approximately 18.3
million disability-adjusted life years lost (Hu et al.,
2021). Antiseizure medications are the primary
treatment for newly diagnosed epilepsy, with

more than 20 antiseizure medications available
that target voltage-gated ion channels or restore
neurotransmitter balance (Léscher et al., 2020).
However, approximately one-third of patients
continue to experience seizures despite receiving
appropriate medical treatment (Chen et al.,
2018). For patients with drug-resistant epilepsy,
nonpharmacological treatments include epilepsy
surgery, neural modulation techniques, and a
ketogenic diet, providing alternative therapeutic
options (Wang et al., 2021; Medina-Pizarro et al.,
2023). However, their clinical utilization is limited
by substantial knowledge gaps, high costs, and
complexities (Khoo et al., 2021). Additionally,
current neuron-targeted therapies provide only
temporary seizure control without disease-
modifying effects, let alone a cure. Patients are
required to adhere to a strict daily medication

regimen to prevent unpredictable epileptic
episodes. Unfortunately, these medications often
carry significant toxicity and the risk of developing
drug resistance. Hence, exploring therapeutic
strategies that target nonneuronal cells represents
a promising avenue for more effective epilepsy
treatments.

Astrocytes, one of the most abundant types of
glial cells in the mammalian brain (Lee et al., 2022;
He et al., 2024; Zhang et al., 2024), perform a
multitude of physiological functions. These cells
directly interact with endothelial and adjacent
cells to maintain the structural integrity and
permeability of the blood—brain barrier (BBB) (Liao
et al., 2024), facilitate neurovascular coupling, and
regulate blood flow, thereby providing metabolic
support to neurons (Garcia-Caceres et al., 2019;
Manu et al., 2023). As integral components of
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tripartite synapses, astrocytes modulate the
levels of extracellular neurotransmitters, such as
glutamate and gamma-aminobutyric acid (GABA),
as well as ions and water (Li et al., 2021). They also
influence pH levels and release gliotransmitters,
thereby contributing to synaptic transmission and
neuronal excitability. Considerable clinical and
preclinical data suggest that the dysregulation
of astrocyte functions plays a significant role
in seizures and epileptogenesis (Vezzani et
al., 2022). Reactive astrocytes, which undergo
structural and metabolic changes, are key drivers
of neuroinflammation. Disruption of the glial
cell-mediated regulation of ions, water, and
neurotransmitters can facilitate hyperexcitability
and hypersynchrony (Devinsky et al., 2013; Guo
et al.,, 2022). Uncontrolled glial cell-mediated
immunity can induce sustained inflammatory
changes, thereby promoting the occurrence of
epilepsy (Liu et al., 2023).

Emerging preclinical studies have shown promising
outcomes for epilepsy intervention or modification
via the regulation of astrocyte function (Chen et
al., 2023b; Guan et al., 2024; Qiu et al., 2025).
First, numerous studies have aimed to restore
the excitation—inhibition balance by reshaping
the functions of astrocytes in synapse modulation
(Nguyen et al., 2020; Lezmy et al., 2021). The
accumulation of the excitatory neurotransmitter
glutamate at synapses can increase neuronal
excitability (Peterson and Binder, 2020). To
mitigate this, researchers have attempted
to suppress the degradation or increase the
expression of glutamate transporters to relieve
excessive synaptic glutamate (Gao et al., 2017; Sha
et al., 2017). Second, by targeting the astrocyte—
neuron lactate shuttle, lactate dehydrogenase
(LDH) inhibitors have been found to block excess
energetic transport from astrocytes to neurons,
thereby attenuating neuronal hyperactivity
(Sada et al., 2015). Similarly, an identified
dysfunctional astrocytic phenotype in epilepsy,
called lipid-accumulated reactive astrocytes,
has been recognized as a novel prospective
target for regulating epilepsy by restoring lipid
metabolism (Chen et al., 2023b). Third, astrocytes
actively participate in inflammation and immune
microenvironment remodeling in epilepsy. The
soluble molecules released by activated glial
cells include cytokines, glutamate, adenosine
triphosphate, NH4", and amyloid -B (Cornell-Bell
et al., 1990; De Bastiani et al., 2023; de Ceglia
et al., 2023). Glial cell-mediated inflammation
resulting from various brain injuries can promote
seizure initiation and epileptogenesis, particularly
when normal feedback mechanisms fail to limit
and resolve inflammation. Chronic uncontrolled
astrocyte activation is associated with excessive
release of proinflammatory molecules, disruption
of the BBB accompanied by serum albumin
influx, and the formation of glial scars (de Rus
Jacquet et al., 2023). Initial preclinical and clinical
studies suggest that certain anti-inflammatory
drugs have therapeutic effects on drug-resistant
epileptic seizures (Radu et al., 2017; Vezzani et
al., 2019). By modulating neuroinflammation,
repairing damaged neural tissue, and promoting
the regeneration and reconstruction of disrupted
neural circuits, astrocytes offer a potential
therapeutic pathway for restoring brain function
in epilepsy patients (Zhao et al., 2024). Targeting

astrocyte dysfunction could become a promising
strategy to enhance neural regeneration and
restore normal neural network function in
epilepsy, potentially reducing seizures and
mitigating long-term damage caused by excessive
neuronal excitation.

The understanding of the dysfunctional roles
of astrocytes and their potential as therapeutic
targets in epilepsy has gradually increased
over the past several decades (Figure 1).
In this review, we discuss how astrocyte
dysfunction, disrupted cellular metabolism,
neuroinflammation, and aberrant neural circuits
contribute to epileptogenesis and seizures. We
highlight contemporary strategies targeting
astrocyte dysfunction in epilepsy management,
which are structured into four key components:
restoring the excitation—inhibition balance,
reestablishing metabolic homeostasis within
the neuronal microenvironment, modulating
immune and neuroinflammatory homeostasis, and
reconstructing neural circuits. This review aims
to provide new insights and strategies for disease
modification and treatment of epilepsy through
astrocyte modulation.

Search Strategy

We conducted a comprehensive search in the
PubMed database, covering articles published
from 2000-2024, using the following Medical
Subject Headings (MeSH) terms: (“Astrocytes”
[Mesh] AND (“Neuronal metabolism” [Mesh] OR
“Neuroinflammation” [Mesh] OR “Neural circuits”
[Mesh])) AND (“Epilepsy” [Mesh] OR “Drug
Resistant Epilepsy” [Mesh]) AND (“Treatment”
[Mesh] OR “Therapeutics” [Mesh]). Title and
abstract screening focused on studies exploring
the role of astrocytes in epilepsy development
and astrocyte—neuron crosstalk in metabolism,
neural circuits, and neuroinflammation. While our
search covered a broad time frame, we prioritized
recent literature published between 2019 and
2024, particularly those pertinent to the section
“Targeting Astrocytes for Epilepsy Therapy.” Key
earlier studies and reviews of significant relevance
were also included.

Astrocytes: Functionality Under
Physiological Conditions

Astrocytes originate from neural progenitor

(Margerison and Corsellis, 1966)  (Tanaka et al., 1997) (Seifert et al., 2009)

A t

cells in the subventricular zone and migrate to
all regions of the central nervous system (CNS)
through their radial glial processes. Since being
first described by Virchow (1858) in the 1980s,
astrocytes have gained considerable attention.
They exhibit diverse and complex functions,
playing critical roles in normal physiological
functions as well as in diseased states. The
following paragraph provides a brief summary
and review of the physiological functions of
astrocytes, focusing on four areas: maintaining the
excitation/inhibition balance, preserving neuronal
microenvironment homeostasis, controlling
neuroinflammation, and regulating neural circuits
(Figure 2). Astrocytes closely interact with neurons
to regulate synaptic transmission, impacting both
excitatory and inhibitory synapses. By managing
neurotransmitter release and uptake, astrocytes
influence the activity of GABAergic interneurons,
which are essential for maintaining inhibitory
control (Fiacco and McCarthy, 2004). They also
play a key role in maintaining the homeostasis of
jons, particularly potassium (Kofuji and Newman,
2004). During neuronal activation, astrocytes
absorb excess extracellular potassium, preventing
neuronal depolarization and preserving electrical
stability. Additionally, they regulate glutamate
levels through uptake and recycling, preventing
excitotoxicity and stabilizing the neuronal
microenvironment. Astrocytes are critical
for regulating neuroinflammation and act as
sentinels that release cytokines and chemokines
in response to inflammatory signals (Reid and
Kuipers, 2021). Depending on the situation, they
can either suppress or enhance inflammation,
offering neuroprotection against pathogens or
trauma. However, prolonged activation may lead
to harmful chronic inflammation. Furthermore,
astrocytes modulate neural circuits by adjusting
synaptic strength and plasticity, particularly
through mechanisms such as long-term
potentiation and depression (Henneberger et al.,
2010). Through gliotransmitter release, astrocytes
influence neuronal activity and connectivity,
supporting the development and function of the
neural circuits essential for cognition and behavior
(Perea and Araque, 2007).

Reactive Astrocytes Under
Epileptic Conditions

Reactive astrogliosis is a prominent feature of

(Zhao et al., 2022) (de Ceglia et al., 2023)
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A timeline illustrating the progressive deepening of our understanding of the dysfunctional roles of

astrocytes and their potential as therapeutic targets in epilepsy in the literature.
BBB: Blood—brain barrier; CNS: central nervous system; DMPI: dentin matrix protein 1; Kir: inward-rectifier potassium
channel; LARA: lipid-accumulated reactive astrocyte; LDH: lactate dehydrogenase.
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chronic focal epilepsy (Margerison and Corsellis,
1966) and is characterized by the hypertrophy
of cell bodies and processes, as well as the
upregulation of specific proteins, particularly
glial fibrillary acidic protein (Patel et al., 2019).
Increased proliferation of reactive astrocytes
has been observed in specimens from epilepsy
patients and animal models (Boison, 2012; Sano et
al., 2021). However, some studies have indicated
that spontaneous seizures in mouse models can
be induced by widespread chronic astrogliosis
through conditional deletion of B1-integrin (Robel
et al., 2015; Schiweck et al., 2021). Therefore,
determining whether astrocyte proliferation is
a cause or a consequence of epilepsy onset has
become challenging. However, reactive astrocytes,
due to molecular, metabolic, and functional
changes under pathological conditions, clearly
contribute to the development of epilepsy. The
following discussion focuses on the relationship
between reactive astrocytes and the onset
and development of epilepsy, emphasizing
how astrocytes fail to maintain the excitatory—
inhibitory balance and metabolic homeostasis in
the pathological microenvironment (Figure 3).

Inducing imbalance in neuronal excitation and
inhibition

Astrocytes have been recognized as crucial
participants in CNS synapses for two decades
since the “tripartite synapse” concept was first
proposed (Araque et al., 1999; Blanco-Suérez et
al., 2017). During brain development, astrocytes
play a role in inducing the formation, elimination
and maturation of neuronal synapses through
multiple mechanisms (Brandebura et al., 2023).
In the mature brain, astrocytes also regulate
the excitatory—inhibitory balance by clearing
neurotransmitters and releasing gliotransmitters.
In glutamatergic synapses, astrocytes efficiently
take up extracellular glutamate released during
neural impulses via sodium-coupled excitatory
amino acid transporters. Once inside astrocytes,
glutamate is predominantly converted to
glutamine via the glutamine synthetase pathway.
Glutamine is subsequently released into the
interstitial space and taken up by neurons for
glutamate synthesis, completing the glutamate—
glutamine cycle. Increased extracellular glutamate
is a biochemical hallmark of epilepsy (Figure 3)
and has been reported in both animal models and
epilepsy patients (Kanamori and Ross, 2011; Sarlo
and Holton, 2021). Under normal physiological
conditions, astrocytes are responsible for rapidly
clearing the surge of glutamate in the synaptic
cleft after an excitatory event. However, during
epilepsy, the loss of glutamine synthetase
and downregulation of excitatory amino acid
transporters contribute to the failure of glutamate
control (Tanaka et al., 1997). Glutamine synthetase
converts glutamate to glutamine, which is
subsequently transported into inhibitory neurons
to be converted into GABA or into excitatory
neurons where it can be reverted to glutamate
(Vezzani et al., 2022). In a comparative study of
hippocampal sclerosis and nonsclerosis samples
from temporal lobe epilepsy patients, van der
Hel et al. (2005) reported more pronounced
neuron loss and reduced glutamine synthetase
enzyme activity in hippocampal sclerosis samples.
Another study by Eid et al. (2004) revealed that
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Figure 2 | Astrocytes play crucial roles in maintaining physiological functions in the brain.

Their roles include regulating the excitation—inhibition balance by controlling glutamate and GABA levels; maintaining
neuronal microenvironmental homeostasis by managing the metabolism of water, ions, lipids, and lactate; modulating
central nervous system immunity and inflammation through interactions with immune cells; and participating in the
formation and function of neural circuits. APOE: Apolipoprotein E; AQP-4: aquaporin-4; CXCL: chemokine ligand; EAAT 2:
excitatory amino acid transporter 2; E/I: excitation-inhibition; GLN: glutamine; GABA: gamma-aminobutyric acid; GLUT 1:
glucose transporter 1; GLU: glutamate; GS: glutamine synthetase; IL: interleukin; Kir 4.1: inwardly rectifying potassium
channels 4.1; MCT: monocarboxylate transporters; NO: nitric oxide; ROS: reactive oxygen species; TSP: thrombospndins.
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Figure 3 | Reactive astrocytes play a pivotal role in epileptogenesis.

In epilepsy, astrocytes undergo morphological and functional abnormalities, leading to increased neuronal excitability
(red arrows represent upregulation, and green arrows represent downregulation). ADK: Adenosine kinase; APOE:
apolipoprotein E; BDNF: brain-derived neurotrophic factor; EAAT2: excitatory amino acid transporter 2; GAT: gamma
aminobutyric acid transporter; GABA: gamma-aminobutyric acid; GLU: glutamate; GS: glutamine synthetase; IL:
interleukin; Kir 4.1: inwardly rectifying potassium channels 4.1; LDH: lactate dehydrogenase; TGF-B: transforming growth

factor-B.

the loss of glutamine synthetase was particularly
evident in regions of the mesial temporal lobe
epilepsy hippocampus where reactive astrocytes
aggregated. The downregulation of glutamate
transporter 1 (GLT-1) has been demonstrated in

many studies, contributing to the dysregulation
of the astrocytic clearance of glutamate (Hubbard
et al., 2016; Peterson and Binder, 2020). These
findings suggest an impaired capacity of astrocytes
to process glutamate in epileptic foci.
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Like fast neurotransmitters, adenosine
triphosphate, which is an endogenous ligand for
purinergic receptors, has the potential to directly
mediate synaptic transmission (Zhang et al.,
2003). Additionally, astrocyte-derived adenosine
triphosphate triggers microglial activation through
the activation of P2X7 and/or P2Y1 receptors,
leading to the release of cytokines that activate
astrocytic receptors (Brough et al., 2002). The
adenosine triphosphate released from astrocytes
can be broken down by ectonucleotidases into
adenosine. This adenosine then attaches to Al
receptors on both presynaptic and postsynaptic
neurons, resulting in a reduction in presynaptic
transmitter release and postsynaptic excitability
(Weltha et al., 2019). Adenosine plays crucial roles
in various physiological functions in the CNS, such
as sleep, arousal, neuroprotection, learning and
memory, and cerebral blood circulation (Bynoe et
al., 2015). The extracellular levels of adenosine are
regulated by adenosine kinase, which is expressed
primarily in astrocytes (Boison, 2016). In epilepsy,
adenosine is widely recognized as an endogenous
anticonvulsant due to its Al receptor-mediated
synaptic inhibition and neuroprotective effects
(Patel et al., 2019). Dysregulation of adenosine
kinase expression can limit adenosine levels,
compromising its antiepileptic and neuroprotective
properties (Figure 3). Interestingly, adenosine
kinase expression shows biphasic changes under
pathological conditions (Boison, 2016). In the
acute phase, there is an acute surge in adenosine
associated with transient downregulation of
adenosine kinase within the first few hours
following an insult. In the chronic phase,
adenosine kinase is upregulated as astrocytes and
microglia become activated, leading to adenosine
deficiency. Numerous studies have reported the
upregulation of adenosine kinase in astrocytes
in epileptic animal models and human temporal
lobe epilepsy patients (Gouder et al., 2004;
Boison, 2012). For example, Fedele et al. (2005)
reported that astrogliosis is accompanied by the
overexpression of adenosine kinase in a kainic acid
(KA)=induced mouse model. Similarly, Aronica et
al. (2011) reported that overexpressed adenosine
kinase in an electricity-induced epilepsy model
colocalized with glial fibrillary acidic protein,
suggesting that reactive astrocytes may promote
epilepsy development by upregulating adenosine
kinase.

Astrocytes can also release various glial-related
neurotransmitters, including glutamate, GABA,
adenosine triphosphate, and D-serine, which
mediate neuronal excitation or inhibition
(Mahmoud et al., 2019). For example, astrocytes
can release glutamate via the calcium-activated
anion channel Bestrophin-1. Under physiological
conditions, Bestrophin-1 is expressed primarily in
specific microdomains of hippocampal astrocytes
neighboring glutamatergic synapses. Elevated
astrocytic calcium levels lead to the opening of
Bestrophin-1 channels, resulting in the release
of glutamate and the modulation of synaptic
activity (Oh and Lee, 2017). Similarly, increased
activity of the glutamate transporter can trigger
GABA release via the glutamate/GABA exchange
mechanism (Héja et al., 2012). Importantly,
D-serine released by astrocytes serves as an
endogenous coagonist of N-methyl-D-aspartate
receptors, regulating the strength of excitatory

synapses (Shleper et al., 2005; Abreu et al., 2023).

Disruption of neuronal microenvironment
homeostasis

The neuronal microenvironment refers to the
immediate surroundings and conditions in which
neurons exist and function. It is dynamic and
strongly influenced by glial cells, contributing
significantly to the progression of epilepsy.
Astrocytes also play crucial roles in maintaining
water and potassium homeostasis through key
proteins such as aquaporin-4 (AQP4), inwardly
rectifying potassium channels 4.1, and gap
junctions. In the CNS, aquaporins (particularly
AQP4) are the primary regulators of water
homeostasis. They are abundantly expressed in
astrocytic endfeet, which cover the brain’s blood
vascular endothelial cells. Astrocyte-specific
Agp4 knockout mice exhibit reduced brain water
uptake in response to hypoosmotic stress and
delayed postnatal resorption of brain water,
providing compelling evidence for the involvement
of astrocytes in the CNS water balance via
AQP4 (Haj-Yasein et al., 2011). Additionally,
ion concentrations in brain tissue influence
neuronal activity. During an action potential, the
extracellular potassium concentration can increase
fourfold, with most potassium ions subsequently
reimported by neurons via the Na“/K'-ATPase
pump (Patel et al., 2019). Astrocytes contribute
to the removal of excess potassium by expressing
inwardly rectifying potassium channels 4.1,
which colocalize with AQP4 on astrocytic endfeet
(Kinboshi et al., 2020). Gap junctions facilitate
the spatial buffering of potassium within the gap
junction-coupled astrocytic network (Coulter and
Steinh&user, 2015; Dossi et al., 2024). Excessive
local K* concentrations can lead to seizures,
and the downregulation of Kir in glial cells may
contribute to the onset of epilepsy (Coulter and
Steinhauser, 2015; Du et al., 2018). The diuretics
furosemide and bumetanide exert antiepileptic
effects by blocking the cotransporter of Na™-K'-2
CI™ in glial cells, thereby reducing cell volume
(Kaila and Loscher, 2022). Neuronal excitability
is closely linked to water and the extracellular
space. An increase in the extracellular space
results in a reduction in neuronal and glial cell
volume, leading to decreased cell excitability, and
vice versa. Hence, water imbalance can trigger
seizures. A significant decrease in the expression
of AQP4 on astrocyte foot processes is observed
in epileptic tissues (Lee et al., 2012), which leads
to impaired water molecule transport and causes
astrocyte swelling, extracellular space contraction,
and increased excitability (Cha et al., 2023).

Astrocytes also play an important role in the
energy supply or energy metabolism of neurons
via the astrocyte—neuron lactate shuttle (Beard et
al., 2022). Specifically, astrocytes take up glucose
from the bloodstream via glucose transporter 1
and convert it to lactate using LDH 5. This lactate
is then released into the extracellular space and
transported into neurons (Jha and Morrison,
2018). Lactate serves as an alternative fuel source
for neurons after conversion to pyruvate by LDH 1,
contributing to oxidative phosphorylation, or acts
as a modulator of neuronal functions, including
excitability, plasticity, and memory (Magistretti and
Allaman, 2018). In addition to lactate production
through LDH5 and glycolysis, astrocytes can also
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generate lactate by mobilizing glycogen reserves
(Hirase et al., 2019). Overall, the astrocyte—neuron
energy metabolism interaction relies mainly on
the astrocyte—neuron lactate shuttle pathway,
particularly during periods of high neuronal
activity. With respect to energy metabolism in
epilepsy, the enhancement of the astrocyte—
neuron lactate shuttle is widely accepted as a
response of astrocyte—neuron metabolic coupling
to the increased energy demand in neurons,
especially during seizure conditions (Vezzani et
al., 2022). The overexpression of LDH, the critical
enzyme in the astrocyte—neuron lactate shuttle
that catalyzes the conversion of lactate into
pyruvate by neurons, which is subsequently used
as an energy source through the tricarboxylic acid
cycle, has been reported in reactive astrocytes
in animal and human studies (Sada et al., 2020;
Yilmaz and Tekten, 2021). Elevated astrocyte-
derived lactate becomes an essential energy
source for hyperactive neurons (Boison and
Steinhduser, 2018; Figure 3). In addition, excessive
lactate acts as a signaling molecule, increasing
neuronal excitability by potentiating N-methyl-
D-aspartate receptor-mediated currents and the
resulting increase in intracellular calcium (Yang
et al., 2014). These findings indicate that reactive
astrocytes establish a harmful cycle by increasing
the expression of LDH and its ability to provide
more lactate to neurons.

Lipid metabolism is crucial to normal astrocytic
function and is therefore a key intermediate
in neuron—astrocyte crosstalk (Barnes—Vélez
et al., 2023). Astrocytes play a crucial role in
neuronal lipid metabolism, where lipids and their
intermediates participate in signal transduction
and synaptic transmission, exerting essential
functions in brain structure, function, and various
physiological and pathological processes (Falomir-
Lockhart et al., 2019). However, both human
and mouse data demonstrate that excessive
lipid accumulation in the brain is a significant
pathological feature of epilepsy (Ahamad and Ge,
2021). Under pathological conditions, upregulated
apolipoprotein E, which is predominantly
expressed by astrocytes, mediates the transfer of
toxic fatty acids produced by hyperactive neurons
into astrocytes themselves, resulting in lipid
droplet accumulation (loannou et al., 2019; Figure
3). Excessive lipids are believed to be degraded
through mitochondrial B-oxidation, which is
dependent on the strong antioxidant capacity of
astrocytes (Su et al., 2024). However, this capacity
is impaired in epilepsy, and neurons are exposed
to toxic fatty acids.

Exacerbation of neuroinflammation

Accumulating evidence shows that
neuroinflammation is a pathological hallmark
of epileptic foci and is characterized by the
activation of glial cells, the infiltration of
peripheral immune cells, and the concomitant
production of inflammatory mediators (Pracucci
et al., 2021; Figure 3). The interaction between
reactive astrocytes and microglia plays a pivotal
role in the pathophysiology of epilepsy, which
is characterized by a dynamic and complex
relationship that exacerbates neuroinflammation
and neuronal excitability. Upon activation due
to seizures or brain injury, reactive astrocytes
undergo morphological changes and release
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proinflammatory cytokines, including interleukin
(IL)-1B, tumor necrosis factor-a, and IL-6. These
cytokines activate microglia through receptors
such as Toll-like receptors and purinergic receptors,
initiating inflammatory cascades that lead to
further release of cytokines, including additional
IL-18 and chemokines (Devinsky et al., 2013).
This interaction establishes a neuroinflammatory
feedback loop, where microglial activation
promotes the release of cytokines such as IL-1q,
tumor necrosis factor-a, and C1g, which contribute
to the further activation of astrocytes (Liddelow
et al., 2017). Specific signaling pathways, such
as the nuclear factor-kappa light chain enhancer
of B cells (NF-kB) and mitogen-activated protein
kinase pathways, are central to this interaction.
NF-kB is activated by proinflammatory cytokines
and contributes to the sustained inflammatory
response by promoting the expression of additional
inflammatory mediators in both astrocytes and
microglia. Similarly, the mitogen-activated protein
kinase pathway, involving extracellular signal-
regulated kinase, c-Jun NH2-terminal kinase, and
p38 mitogen-activated protein kinase, regulates
the activation and function of both cell types,
increasing the production of cytokines and
contributing to neuronal excitotoxicity.

Under homeostatic conditions, almost no
types of lymphocytes can be found in the brain
parenchyma, neither in humans nor in mice (Prinz
and Priller, 2017; Papazian et al., 2024). While
astrocytes and endothelial cells form a structural
barrier, perivascular macrophages located on
the abluminal side of the vascular tube form an
immune barrier (Daneman and Prat, 2015). When
CNS insult occurs, astrocytes produce IL-27 to limit
proliferation and cytokine release in T cells (Yang
et al., 2012); additionally, astrocytes modulate the
activity of NK cells and B cells via IL-15 (Li et al.,
2017) and chemokine ligand 12 (Krumbholz et al.,
2006), respectively. In response to inflammatory
signals, the phenotypic transformation of
astrocytes is promoted by cytokines from
infiltrating peripheral immune cells, such as
interferon-y from NK cells and IL-17 from T cells
(Lee et al., 2023).

Participation in the formation of abnormal
neural circuits

Synapses are the fundamental units of neural
circuits. Astrocytes play a crucial role in the
formation of synapses (Shan et al., 2021). They
produce and release various synaptogenic factors,
such as thrombospondins, which are crucial for
initiating the formation of synapses (Mazur et
al., 2021). Once synapses are formed, astrocytes
adjust their coverage of synaptic elements in
response to neuronal activity, promoting the
longevity and efficacy of synaptic transmission
(Noriega-Prieto and Araque, 2021). Astrocytes
actively release gliotransmitters such as glutamate,
D-serine, and adenosine triphosphate, which
directly interact with neuronal receptors to
modulate synaptic strength and plasticity (Sancho
et al.,, 2021). These substances can enhance or
suppress synaptic activity, contributing to both
long-term potentiation and long-term depression,
crucial mechanisms underlying learning and
memory. Additionally, astrocytes are actively
involved in pruning unnecessary synapses during
development and in the adult brain to optimize

neural networks (Park and Chung, 2023). They
engulf and digest synaptic components, which is
essential for eliminating excess or weak synaptic
connections that are not functionally necessary,
thereby refining neural connectivity and enhancing
brain efficiency. To remove dysfunctional synapses,
astrocytes can release various molecules that
signal the need for synapse removal. For example,
they produce and secrete complement proteins,
which tag synapses for elimination (Irala et al.,
2024). This action is part of a larger regulatory
mechanism where astrocytes help identify
and remove synapses that are less active or
maladaptive, supporting synaptic plasticity and
cognitive functions.

The formation of abnormal neural circuits
has been demonstrated to be involved in the
progression of epilepsy. During the development
of epilepsy, two important forms of abnormal
neural circuit formation occur. The first is the
remodeling of existing circuits. The most typical
example is hippocampal mossy fiber sprouting,
in which the axons of granule cells in the dentate
gyrus grow new projections and form aberrant
synaptic connections with the dendrites of
neighboring granule cells (Freiman et al., 2021).
The second form involves the creation of new
excitatory circuits, in which newly born granule
cells in the dentate gyrus play a significant
role (Chen et al., 2023a). During these two
processes, the Janus kinase-signal transducer
and activator of transcription protein-3 pathway
plays an instrumental role. Reactive astrocytes are
characterized by the activation of the Janus kinase-
signal transducer and activator of transcription
protein-3 pathway, which regulates perineuronal
astrocytic process formation and the re-expression
of thrombospondin-1 (Figure 3), a synaptogenic
molecule (Nicolas et al., 2012; Tyzack et al., 2014).
Specifically, reactive astrocytes participate in
three main ways: extracellular matrix remodeling,
inflammatory responses, and dysfunctions in glial
transmission. In epilepsy and other neurological
disorders, reactive astrocytes overexpress
various extracellular matrix components, such
as proteoglycans, tenascins, and chondroitin
sulfate proteoglycans, which alter the structural
and biochemical landscape of the extracellular
matrix (Woo and Sontheimer, 2023). This leads
to the disruption of normal synaptic connections
and promotes the formation of aberrant neural
networks. On the other hand, activated astrocytes
release proinflammatory cytokines, contributing
to chronic inflammation. This inflammatory
environment can impair synaptic integrity, leading
to abnormal neural connections and circuit
formation. Furthermore, astrocytes release
gliotransmitters such as adenosine triphosphate,
glutamate, and D-serine, which modulate synaptic
activity. In epilepsy, dysregulated release of these
substances can exacerbate neuronal excitability
and promote the formation of hyperactive neural
circuits.

Targeting Astrocytes for
Epilepsy Therapy

Given the crucial role of astrocytes in
epileptogenesis, targeting reactive astrocytes as
a therapeutic approach holds great promise in
modifying or even curing epilepsy. In the following

°
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sections, we discuss potential therapeutic targets
in astrocytes (Table 1 and Figure 4), which may
be helpful in restoring the balance of excitation-

inhibition, as well as metabolic homeostasis in the
neuronal microenvironment in epilepsy.

Restoring the excitation-inhibition balance of
neurons

Glutamate transporters

Epilepsy is characterized by hyperexcitability of the
CNS, which is attributed to excessive glutamate
release from highly synchronized neurons into the
synaptic space. Under physiological conditions,
astrocytes are responsible for clearing extracellular
glutamate primarily through excitatory amino
acid transporter 2 (Peterson and Binder, 2020).
The rapid clearance of excess synaptic glutamate
by astrocytes terminates its action, regulates
excitatory neurotransmission, and prevents
inadvertent activation of extrasynaptic N-methyl-
D-aspartate receptors linked to proapoptotic
pathways (Patel et al., 2019). However, increased
levels of extracellular glutamate have been
detected in both animal and human epileptic
tissues, which is attributed to decreased expression
or malfunction of glutamate transporters. Thus,
glutamate transporters are attractive targets for
epilepsy modification studies (Celli and Fornai,
2021; Peterson et al., 2021; Figure 5). Gao et al.
(2017) reported that saikosaponin A increased
excitatory amino acid transporter 1 expression
and improved the capacity of astrocytes to
reuptake glutamate by inhibiting microRNA-155
expression in an intraperitoneal pentylenetetrazol-
induced rat model. Ceftriaxone, a beta-lactam
antibiotic, has been reported to increase glial
GLT-1 transcription through the nuclear factor-
kappa B signaling pathway (Lee et al., 2008).
Ramandi et al. (2021) administered ceftriaxone
to rat models of temporal lobe epilepsy induced
by intraperitoneal lithium—pilocarpine injection
and observed pharmacological upregulation
of GLT-1 expression. Additionally, in the acute
phase, ceftriaxone can reduce glutamate levels
and increase the activity of glutamine synthetase.
Moreover, long-term administration of ceftriaxone
also rescued impaired learning and memory
abilities during epileptogenesis. Furthermore, in
an intrahippocampal KA-induced mouse model of
epilepsy, a specific adeno-associated virus vector
targeted to astrocytes was developed to promote
GLT-1 transcription under the glial fibrillary acidic
protein promoter (Peterson et al., 2021). This
study demonstrated that GLT-1 upregulation in
astrocytes could reduce seizure frequency.

In addition to increasing the expression of
glutamate transporters, other studies have sought
to protect these transporters from degradation
(Song et al., 2020; Yamaguchi et al., 2020).
Heat shock protein 908, known for its role in
protein folding, protein degradation, and signal
transduction, plays a significant role in the stress
response (Whitesell and Lindquist, 2005). Since
a previous reports has indicated increased heat
shock protein 90B expression in neurons and
astrocytes in the hippocampal area in temporal
lobe epilepsy models (Kandratavicius et al.,
2014), subsequent studies have investigated the
relationship between heat shock protein 908
and GLT-1 (Sha et al., 2020; Liang et al., 2024).
According to a study by Sha et al. (2017), heat
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Table 1 | Summary of recent studies investigating astrocyte-targeted therapies for epilepsy

Therapeutic
strategies

Therapeutic targets

Epilepsy models

Mechanisms

Outcomes

References

Restoring the
excitation/inhibition
balance

Rebuilding metabolic
homeostasis of
microenvironment

Modulating CNS
inflammation and
immunity

Reconstructing the
abnormal neural
circuits

NF-kB pathway
Astrocytic genome

AP-1/miR-155/GLAST
heat-shock protein 908
Excitatory amino acid
transporter 2
Cystine/glutamate antiporter
Astrocyte-specific leptin
receptor

Estradiol receptor

GABA transporter, GAT-2/3

Astrocyte genome

P2Y1 receptor
Kir channel

Astrocyte-neuron lactate
shuttle

Lipid metabolism
adenosine kinase
Astrocyte genome
Astrocyte genome
Gap junctions
Na'-K'-ATPase
Angiotensin receptor 1
TRPV 4

Astrocytic autophagy
Gasdermin D
Astrocytic Nrf 2-NF-«B
signaling pathway
p27-ERK 1/2 pathway
TGF-B pathway
Astrocyte genome
mTOR pathway
Adenosine kinase
Astrocyte genome
mTOR pathway
Toll-like receptor 4

Subiculum

Adult-born dentate granule
cells

Pilocarpine/intraperitoneally

KA/intrahippocampally

pentylenetetrazol/intraperitoneally

KA/intrahippocampally

Pilocarpine/pentylenetetrazol/

intraperitoneally

Beta-1 integrin knockout model

Pilocarpine/intraperitoneally

Pilocarpine/intraperitoneally

WAG/Rij rats a genetic model of

absence epilepsy;
KA-Best1 KO-TLE/
intrahippocampally
KA/intracortically

Hippocampal slice/perfused with

aCSF containing 4-AP
KA/intrahippocampally

KA/intrahippocampally

KA/intrahippocampally

Spontaneously epileptic mice that
overexpress adenosine kinase

KA/intrahippocampally
4-AP/intracortically
KA/intracortically

Pilocarpine/intraperitoneally

4-AP/intraperitoneally

Pentylenetetrazol/intraperitoneally

KA/intrahippocampally
Pilocarpine/intraperitoneally

Pilocarpine/intraperitoneally

TGF-B1/IL-1B stimulated primary

astrocytes

IL-1B-stimulated human fetal
astrocytes
KA/intraperitoneally

AdKk™" ES cells

Pilocarpine/intraperitoneally

Pilocarpine/intraperitoneally

Pentylenetetrazol/intraperitoneally

Kindling-induced seizures

KA/intrahippocampally

Pharmacological upregulation of

GLT-1

Astrocyte-specific upregulation of

GLT-1
Upregulation of GLAST

Inhibiting the degradation of GLT-1
Allosteric modulation of excitatory

amino acid transporter 2
Cystine/glutamate antiporter
inhibitor

Antioxidant

Upregulation of GLT-1 and

glutamine synthetase
GABA precursor

Astrocyte-specific overexpression

of Best 1
P2Y1 receptors inhibitor

Enhancing the function of Kir

LDH inhibitor

APOE mediated lipid accumulation

in astrocytes

Nonselective adenosine kinase

inhibitor

Astrocyte-specific downregulation

of adenosine kinase

Astrocyte-specific downregulation

of adenosine kinase

Gap junction blocker

Cation channel

Angiotensin receptor blocker

TRPV 4 inhibitor

COX inhibitor

Gasdermin D inhibitor
Inhibit Nrf 2-NF-kB signaling
pathway

CRM1 inhibitor

Negative regulator of
proepileptogenic factors

Anti-inflammation

mTOR inhibitor

Inducing differentiation of Adk”"

astrocyte

Converting reactive astrocytes into

GABAergic neurons
mTOR inhibitor

Inhibiting Erk 1/2 pathway

Inhibiting the projection between

subiculum and ANT

Inhibiting local aberrant excitatory

circuits

Decreased glutamate level

Decreased glutamate level

Decreased glutamate level

Decreased glutamate level
Decreased glutamate level

Decreased glutamate level

Protecting astrocytes from
glutamate toxicity
Decreased glutamate level

Increased GABA level
Enhanced GABA level

Decreased glutamate level
Buffered potassium

Decreased neuronal
excitability

Increased neuronal
excitation

Decreased adenosine kinase
level

Decreased adenosine kinase
level

Decreased adenosine kinase
level

Buffered potassium level
Buffered potassium level
Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Preventing astrocyte
activation

Increasing adenosine level

Increasing GABAergic
neurons

Inhibiting the mossy fiber
sprouting

Suppressing excitatory
synaptogenesis
Suppressing seizure
propagation

Reducing seizure
predisposition

Ramandi et al., 2021

Peterson et al., 2021

Gao et al., 2017
Sha et al., 2017

Fachim et al., 2011;
Fachim et al., 2015
Alcoreza et al., 2019
Jayaram et al., 2013
Sarfiet al., 2017
Kovécs et al., 2022

Pandit et al., 2020

Nikolic et al., 2018
Barbaro et al., 2004

Sada et al., 2015
Chen et al., 2023b
Sandau et al., 2019
Theofilas et al., 2011
Young et al., 2014
Volnova et al., 2022
Zhao et al., 2022
Hong et al., 2019
Zeng et al., 2022
Peng et al., 2019

Xia et al., 2021

Xian et al., 2019

Kim and Kang, 2018
Korotkov et al., 2020
van Scheppingen et al.,
2018

Guo et al,, 2017
Fedele et al., 2004
Zheng et al., 2022
Hester et al., 2016
Shen et al., 2016

Feietal., 2022

Chen et al., 2023a

This table summarizes therapeutic targets on astrocytes on the basis of preclinical studies, which can be categorized into four aspects: restoring the excitation—inhibition balance,
reestablishing metabolic homeostasis of the neuronal microenvironment, modulating CNS inflammation and immunity, and reconstructing abnormal neural circuits. aCSF: Artificial
cerebrospinal fluid; ANT: anterior nucleus of the thalamus; APOE: apolipoprotein E; Best 1: Bestrophin 1; COX: cyclooxygenase; CRM 1: chromosome region maintenance 1; ES:
embryonic stem; Erk: extracellularly regulated protein kinases; 4-AP: 4-aminopyridine; GABA: gamma-aminobutyric acid; GAT-2/3: gamma aminobutyric acid transporter 2/3; GLT-

1: glutamine transporter 1; GLAST: glutamate-aspartate transporter; IL: interleukin; KA: kainic acid; KO: gene knockout; LDH: lactate dehydrogenase; MDR: multidrug resistance; miR:
microRNA; mTOR: mammalian target of rapamycin; NeuroD1: neurogenic differentiation 1; Nrf2: nuclear factor erythroid 2-related factor 2; NF-kB: nuclear factor-kappa light chain
enhancer of B cells; PPAR-y: peroxisome proliferator-activated receptor gamma; shRNA: short hairpin RNA; siRNA: small interfering RNA; TGF-B: transforming growth factor-§; TLE:
temporal lobe epilepsy; TRPV 4: transient receptor potential vanilloid 4; WAG/Rij: Wistar Albino Glaxo Rijswijk.
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Figure 4 | Reactive astrocytes represent viable targets for epilepsy treatment through several mechanisms.

(a) Restoring the excitation—inhibition balance by decreasing glutamate or increasing GABA in the synaptic cleft. (b)
Reestablishing metabolic homeostasis by inhibiting the astrocyte neuron lactate shuttle pathway, increasing adenosine,
downregulating AQP4 expression and upregulating the expression of inwardly rectifying potassium channels 4.1. (c)
Modulating immune and inflammatory homeostasis to prevent astrocyte activation. (d) Reconstructing neural circuits
by inhibiting mossy fiber sprouting and newly formed excitatory circuits by regulating the release of thrombospondin 1,
D-serine and Sparcl 1 (red arrow represents upregulation; green arrow represents downregulation). AQP 4: Aquaporin 4;
GLU: glutamate; GABA: gamma-aminobutyric acid; TSP: thrombospondin.
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Figure 5 | Restoring the excitation-inhibition balance by targeting astrocytes.

Neuronal hyperexcitability can be mitigated by decreasing glutamate and increasing GABA (red arrows represent
upregulation, and green arrows represent downregulation). EAAT: Excitatory amino acid transporter; GABA: gamma-
aminobutyric acid; GAT: GABA transporter; GLU: glutamate; Hsp90B: heat-shock protein 90 kDa; P2Y1R: purinergic G
protein-coupled receptor P2Y1.

shock protein 908 facilitates the recruitment
of GLT-1 to the 20S proteasome, promoting
its degradation (Figure 5). By administering
tanespimycin, a heat shock protein 908 inhibitor,
GLT-1 degradation is prevented by disrupting the
association between heat shock protein 908 and
GLT-1. In a mouse temporal lobe epilepsy model
induced by intrahippocampal injection of KA, the
administration of tanespimycin increased the
expression of GLT-1, which in turn suppressed
spontaneous recurrent seizures and reduced
astrogliosis. These findings suggest that inhibiting
heat shock protein 908 in reactive astrocytes may
be an alternative therapeutic strategy for epilepsy.

In addition to regulating the expression of GLT-
1 through pharmacological or genetic methods,
another promising approach involves enhancing
the ability of existing GLT-1 to increase glutamate
reuptake. Allosteric modulators are substances
capable of binding to an allosteric site, resulting
in a conformational change in the primary
orthosteric binding site of the biological target.
This modification can affect the binding of
natural ligands to the orthostatic site of enzymes
or receptor proteins (Abdel-Magid, 2015).
Among them, positive allosteric modulators
have gained considerable attention in the field
of epilepsy because they increase the binding
affinity between the target and its ligand. Positive
allosteric modulators of transporters directly
and selectively bind to the transporter itself on
the membrane, interacting with the interface
between the transport and scaffolding domains.
This alters the equilibrium of different transporter
conformations and leads to increased activity
(Green et al., 2021). For example, Parawixin 10,
a nonselective positive allosteric modulator of
GLT-1, has been shown to protect neurons from
excitotoxicity and reduce seizure susceptibility in
rats that receive intrahippocampal injections of
N-methyl-D-aspartate (Fachim et al., 2011, 2015).
These findings provide a novel therapeutic strategy
worth considering.

Cystine/glutamate antiporters

While the cystine/glutamate antiporter, also called
system xc’, plays a role in redox homeostasis,
under pathological conditions, it has been reported
to exacerbate glutamate excitotoxicity. The
upregulation of the cystine/glutamate antiporter
could be mitigated by sulfasalazine, a nonselective
inhibitor of the cystine/glutamate antiporter that
is FDA-approved for treating inflammatory bowel
disease. Alcoreza et al. (2019) conducted an in
vitro study to assess the effect of sulfasalazine on
pharmacologically induced network excitability.
Using cortical mouse brain slices, they reported
that a decrease in sulfasalazine evoked excitatory
postsynaptic currents induced by bicuculline
and magnesium-free solutions. Another study
by Alcoreza et al. (2022) demonstrated that
sulfasalazine can reduce both seizures and epileptic
discharges in a Bl-integrin knockout mouse
model of astrogliosis-mediated epilepsy. Whole-
cell recordings revealed hyperpolarized neurons
in cystine/glutamate antiporter and Bl-integrin
double-knockout mice. The upregulation of the
cystine/glutamate antiporter and the antiepileptic
effect of sulfasalazine have also been confirmed
in an intraperitoneal pilocarpine-induced epilepsy
mouse model (Leclercq et al., 2019).
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Concerns arise regarding excessive oxidative stress
when the cystine/glutamate antiporter is inhibited,
as it is a crucial component of the antioxidant
system. However, De Bundel et al. (2011) proposed
that the loss of the cystine/glutamate antiporter
did not induce oxidative stress but rather
decreased extracellular glutamate levels and
seizure susceptibility. They reported that oxidative
stress—related markers did not change upon
cystine/glutamate antiporter deletion, suggesting
the presence of compensatory mechanisms for
cystine import loss via the cystine/glutamate
antiporter. Notably, stimulation of the cystine/
glutamate antiporter with N-acetylcysteine, a
cysteine precursor, significantly increased the level
of extracellular glutamate in the hippocampus. The
precise role of the cystine/glutamate antiporter in
glutathione synthesis and redox balance remains
to be elucidated. According to these studies, the
regulation of the cystine/glutamate antiporter on
astrocytes provides a promising target for epilepsy
therapy in future studies.

Leptin receptor

Leptin is @ hormone that is mainly secreted by
adipose tissue and then transported into the
CNS across the BBB; it is also endogenously
synthesized by neurons. Leptin plays a crucial
role in mediating neuronal survival signals by
alleviating mitochondrial oxidative stress via the
Janus tyrosine kinase 2/signal transducer and
activators of the transcription pathway (Signore
et al., 2008; Shan et al., 2023). In the CNS, several
studies have reported a strong association
between epilepsy and the upregulation of leptin
receptors in astrocytes (Liu et al., 2023; Sun et
al., 2024). Obeid et al. (2010) demonstrated that
intraperitoneal leptin injections reduce the degree
of cellular injury associated with intraperitoneal
KA-induced status epilepticus in rats. However,
the injection of leptin did not prevent long-term
recurrent spontaneous seizures or behavioral
deficits. Jayaram et al. (2013) conducted in vitro
and in vivo studies to explore the relationship
between the leptin system and glutamate-induced
cytotoxicity. They reported that leptin receptors
were overexpressed in the seizure focus of
pilocarpine-induced models, as well as in cultured
astrocytes pretreated with glutamate. Importantly,
both in vivo and in vitro trials demonstrated
that the administration of leptin alleviated
the neurotoxic effects of excess extracellular
glutamate. The protective role of astrocytic leptin
signaling was further confirmed by increased
mortality in mice with astrocyte-specific leptin
receptor knockout. Thus, leptin signaling in
astrocytes plays a protective role against seizures,
which is partially mediated by the attenuation
of glutamate toxicity. Although the exact role of
leptin in epileptogenesis has yet to be elucidated,
astrocytic leptin signaling represents an attractive
target for epilepsy treatment.

Gamma-aminobutyric acid receptors and
transaminases

GABA is the primary inhibitory neurotransmitter
in the CNS. After being released into the synaptic
space by GABAergic neurons, GABA binds to
receptors on the postsynaptic membrane and
is taken up by GABA transporters into glial cells,
where it is then metabolized by GABA transaminase

(Treiman, 2001). Strategies that enhance GABA
receptor function or increase synaptic GABA
levels by inhibiting GABA metabolism have
shown promise in the treatment of epilepsy.
For example, many antiseizure medications,
such as benzodiazepines and barbiturates,
have been developed to directly target GABA
receptors on neurons. Recent studies have
explored nonneuronal cell modulation of GABA
metabolism (Andersen et al., 2020; Zhuravleva
and Zhuravlev, 2023). For example, tiagabine,
a clinically used ASM, locks GABA transporter
1 (a GABA transporter subtype) in an inward-
open conformation by blocking the intracellular
gate of the GABA release pathway, thereby
suppressing neurotransmitter uptake (Motiwala
et al., 2022; Figure 5). Another ASM, vigabatrin,
irreversibly inhibits GABA transaminase, leading
to the inhibition of GABA degradation (Treiman,
2001). Interestingly, GABAergic inhibition can be
enhanced through the release of glutamate via a
glutamate/GABA exchange mechanism (Héja et
al., 2012). Briefly, glutamate uptake by astrocytes
increases the intracellular sodium concentration,
disrupting the resting electrochemical potential.
Since the sodium gradient also drives GABA
transport, increased intracellular sodium may
facilitate the reverse release of GABA by reversing
GABA transporters. In a recent study, Kovacs et al.
(2022) reported that putrescine, a GABA precursor,
intensified the glutamate/GABA exchange
mechanism and promoted early termination
of seizures in a WAG/RIij rat model of absence
epilepsy (Figure 5). They further confirmed that
putrescine specifically reduced the frequency
of excitatory synaptic potentials, suggesting its
specific action at excitatory synapses. Future in
vivo studies examining putrescine in temporal lobe
epilepsy animal models are warranted.

Bestrophin 1, known for its role as an anion
channel and regulator of intracellular Ca*
signaling, has been extensively studied in retinal
diseases (Johnson et al., 2017). In the CNS,
however, it is reported to mediate tonic inhibition
via GABA release from astrocytes. Pandit et al.
(2010) reported elevated electroshock-induced
seizure activity in bestrophin 1 knockout mice
intracerebroventricularly after KA injection, but
astrocyte-specific overexpression of bestrophin
1 restored seizure susceptibility. Importantly, this
effect did not result from alterations in GABA
receptors or transporters.

Purinergic G protein-coupled receptor P2Y1

The purinergic G protein-coupled receptor P2Y1
(P2Y,R) belongs to the family of G protein-coupled
receptors and plays a crucial role in astrocyte
physiology, participating in various cellular
processes, such as development, metabolism, and
cell—-cell communication (Lohr, 2023). Previous
studies have suggested that metabotropic
purinergic G protein-coupled receptor P2Y1
activation contributes to epileptogenesis by
inhibiting GABA transport (Jacob et al., 2014;
Smith et al., 2024) and enhancing glutamate
release (Zeng et al., 2008), which is dependent on
increased astrocytic calcium signaling following
neuronal firing. Therefore, the purinergic G
protein-coupled receptor P2Y1 has emerged as
a potential therapeutic target for epilepsy (Alves
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et al., 2019). Nikolic et al. (2018) reported that
autocrine activation of the purinergic G protein-
coupled receptor P2Y1 by astrocyte-derived
adenosine triphosphate/adenosine diphosphate
contributed to tumor necrosis factor a-induced
calcium-dependent glutamate release by
astrocytes, leading to increased CNS excitability
(Nikolic et al., 2018). Notably, blocking these
purinergic receptors with MRS 2179 completely
prevented astrocyte-dependent increases
in miniature excitatory postsynaptic current
frequency induced by light stimulation or tumor
necrosis factor a and abolished astrocytic calcium
responses (Figure 5). Additionally, blockade of the
purinergic G protein-coupled receptor P2Y1 has
been shown to normalize network dysfunction and
cognition by counteracting astrocytic hyperactivity
in an Alzheimer’s disease model (Delekate et al.,
2014; Reichenbach et al., 2018).

Estrogen receptors

Estrogen, an endogenous hormone, is critical
for normal brain metabolism, particularly in
neuroendocrine circuits (Fuente-Martin et al.,
2013). Early studies suggested that estrogen
modulates neurotransmitter systems, including
dopaminergic, serotonergic, and glutamatergic
pathways (Chavez et al., 2010), which are key
contributors to major psychiatric disorders.
Additionally, estrogen has been shown to
regulate synaptic plasticity through the induction
of synaptogenesis (Kretz et al., 2004). Since
estrogen signaling plays a significant role in the
pathophysiology of CNS disorders, increasing
research has aimed to explore its therapeutic
effect. Previous in vitro studies have suggested
that estrogen treatment increases glutamate
uptake by increasing GLT-1 expression in astrocytes
from patients with Alzheimer’s disease (Tejeda-
Bayron et al., 2021; Taxier et al., 2024). In an
intraperitoneal pilocarpine-induced mouse model,
Sarfi et al. (2017) reported that subcutaneous
injection of estradiol could prolong seizure latency,
reduce the rate of generalized clonic seizures,
and increase the activity of glutamine synthetase
and GLT-1 (Figure 4). Additionally, a high dose of
estradiol can increase neuronal density. However,
the effects of estrogen can be contradictory. Some
recent studies have shown that estrogen can
reduce inhibitory synaptic currents in entorhinal
cortex neurons (Batallan Burrowes et al., 2024)
and induce rapid excitations in neurons (Yu et al.,
2024). The underlying mechanism of action of
estrogen on the nervous system remains to be
elucidated, but it appears that estrogen signaling
exerts a regulatory effect on neurons that can be
further investigated in future studies.

Rebuilding metabolic homeostasis

Lactate

The astrocyte—neuron lactate shuttle theory
states that astrocytes accelerate their glucose
uptake, glycolysis, and subsequent release of
lactate into the extracellular space in response
to intensified neuronal activity (Mason, 2017).
LDH, an important component of the astrocyte—
neuron lactate shuttle, has been experimentally
shown to decrease lactate formation, which
promotes epileptic seizures (Fei et al., 2020).
Sada et al. (2015) reported that seizures and
epileptiform activity were reduced by inhibiting
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the metabolic pathway via LDH (Figure 6). They
discovered that stiripentol, a clinically used
antiepileptic drug, acts as an LDH inhibitor.
Additionally, they identified a previously unknown
LDH inhibitor through modification of the
chemical structure of stiripentol. This antiepileptic
effect was reversed when exogenous pyruvate,
a downstream metabolite of LDH, was added.
However, it should be noted that the benefit
of inhibiting LDH may not solely result from
suppressing the transformation of lactate to
pyruvate. Recent studies emphasize that lactate
should also be considered an important signaling
molecule because of its contribution to several
homeostatic processes in brain function (Colucci
et al.,, 2023; Wang et al., 2023). These processes
include the modulation of neuronal excitability,
neuronal plasticity, and neuroprotection through
interactions with different molecular effectors
(Magistretti and Allaman, 2018).

Lipids

Dysregulated lipid metabolism has been reported
in epilepsy. Chen et al. recently discovered a
new subtype of reactive astrocytes called lipid-
accumulated reactive astrocytes, characterized
by elevated apolipoprotein E expression. Through
single-nucleus RNA sequencing, the authors
revealed abnormalities in lipid metabolism and
apolipoprotein E upregulation in astrocytes from
patients with temporal lobe epilepsy. Furthermore,
they reported that lipid-accumulated reactive
astrocytes promote neuronal discharges and
exacerbate the ongoing pathology of epilepsy
in intrahippocampal KA-induced temporal lobe
epilepsy mouse models, possibly through the
upregulation of astrocytic A2AR. This study
provides the first evidence that apolipoprotein E is
a crucial mediator of abnormal lipid metabolism in
astrocytes and could serve as a potential target for
epilepsy therapy (Chen et al., 2023b). It has been
reported that the upregulation of apolipoprotein
E-mediated GABAergic interneuron loss can lead
to inhibitory network deficits, causing seizures
in patients with Alzheimer’s disease (Najm et al.,
2019). However, this detrimental effect can be
ameliorated with the small-molecule structure
corrector PH 002, which corrects the pathogenic
conformation of apolipoprotein E (Wang et al.,
2018; Figure 6).

Water and ions

Downregulation of AQP4 expression has been
demonstrated in the acute phase of a mouse
epilepsy model induced by intrahippocampal
injection of KA (Nicolas et al., 2012). However,
AQP4 has also been reported to be overexpressed
in samples from epilepsy patients or animal seizure
models (Duan and Di, 2017; Salman et al., 2017).
Lei et al. (2020) reported that AQP4 expression
could be downregulated by inhibiting NR2A
(using the NR2A antagonist PEAQX), a subunit
of the N-methyl-D-aspartate receptor, leading
to mitigated pentylenetetrazol-induced seizure
severity (Lei et al., 2020). Hence, the expression
of AQP4 in epilepsy appears to follow a biphasic
pattern: a decrease in the acute phase, gradually
returning to baseline, followed by an increase
in the chronic phase (Hubbard et al., 2016).
Nonetheless, targeting astrocytic AQP4 remains a
potential therapeutic strategy for epilepsy.

During an epileptic seizure, hyperexcitable neurons
release a substantial amount of potassium into
the extracellular space. Astrocytes can help
clear excessive potassium through Kir channels,
particularly inwardly rectifying potassium channels
4.1, which are predominantly expressed by
astrocytes in the brain (Seifert et al., 2009; Nwaobi
et al., 2016). However, the downregulation of
inwardly rectifying potassium channel 4.1 channels
has been observed in hippocampal specimens
obtained from patients with refractory temporal
lobe epilepsy (Steinhduser et al., 2012; Kitaura
et al., 2018). Several drugs, such as guanosine
(Benfenati et al., 2006; Figure 6), dexamethasone
(Zhao et al.,, 2011), and minocycline (Zhang et al.,
2011), have been reported to increase inwardly
rectifying potassium channel 4.1 expression.
Interestingly, furosemide, a clinically used drug to
modulate blood pressure, reportedly enhances the
function of astrocytic inward potassium channels
(Barbaro et al., 2004). Gene therapy is also utilized
to regulate potassium homeostasis. In a mouse
model of focal cortical dysplasia in the frontal
lobe, researchers used an engineered potassium
channel transgene controlled by a human
promoter that preferentially targets principal
neurons. The gene was delivered via an adeno-
associated viral vector 9. Injection of this vector
into the dysplastic region significantly reduced
seizure frequency. This approach highlights the
promising translational potential of gene therapy
for treating the epileptic manifestations of cortical
malformations (Almacellas Barbanoj et al., 2024).

Gap junctions represent another important
astrocytic structure involved in K" homeostasis.
Once K" enters astrocytes through Kir channels,
it is spatially buffered and redistributed through
gap junctions into the syncytial network of
gap junction-coupled astrocytes (Coulter and
Steinhduser, 2015). However, the modulation
of gap junctions at both the expression and
functional levels remains inconclusive (Patel et
al., 2019). Both decreases and increases in gap
junctions have been reported, and gap junction
inhibitors have shown both anticonvulsant
(Volnova et al., 2022) and proconvulsant (Voss
et al., 2009) effects. Despite this uncertainty, the
involvement of gap junctions in epileptogenesis
suggests that they can serve as interesting targets
for further investigation.

Adenosine

In a recent study, Sandau et al. (2019) investigated
the antiepileptic effect of 5-iodotubercidin, a
nonselective adenosine kinase inhibitor, in an
intrahippocampal KA-induced mouse model.
The treatment was initiated 3-8 days after
injury and maintained during the latent phase
of epileptogenesis. Their findings revealed that
5-iodotubercidin not only significantly reduced
seizures by at least 80% in more than half of the
mice but also suppressed granule cell dispersion
and downregulated adenosine kinase. In addition
to direct pharmacological inhibition of adenosine
kinase, gene therapy is another popular research
approach. Theofilas et al. (2011) expressed an
antisense-oriented Adk-cDNA controlled by an
astrocyte-specific GfaABC1D promoter, resulting
in reduced adenosine kinase levels and fewer
seizures in transgenic mice that overexpressed
adenosine kinase. Young et al. (2014) successfully

NEURAL REGENERATION RESEARCH @

www.nrronline.org %‘umf
improved seizure control and protected neurons
by decreasing adenosine kinase through
microRNAs that target adenosine kinase in
hippocampal astrocytes in epileptic mice induced
by intrahippocampal KA injection, identifying ADK
as a prime therapeutic target for gene therapy of
temporal lobe epilepsy. In addition to targeting
astrocytes, adenosine augmentation can be
achieved by delivering exogenous adenosine or
A1R agonists directly (Boison, 2016). Notably, high
levels of adenosine may reduce DNA methylation,
potentially contributing to the expression of
specific genes associated with epileptogenesis
through epigenetic mechanisms (Williams-
Karnesky et al., 2013).

Modulating central nervous system inflammation
and immunity

Angiotensin receptors, which are located primarily
on neurons, mediate most of the physiological
effects of brain angiotensin. However, the
effects of angiotensin receptors on glial cells,
especially astrocytes, have often been overlooked.
Studies have demonstrated the presence of
angiotensin receptor-like immunoreactivity for
angiotensin receptor 1 and/or 2 in white matter
astrocytes, suggesting a potentially significant
role of astrocytes in the central renin—angiotensin
system (Fogarty and Matute, 2001; Zuo et al.,
2024). In an epilepsy rat model induced by
intraperitoneal pilocarpine injection, Hong et al.
(2019) reported that losartan, a clinically used
blood pressure-regulating drug, reduced astrocyte
activation, protected the BBB, and prevented
the downregulation of AQP4 expression (Figure
7). However, this effect was not observed in
the control group (Hong et al., 2019). Although
losartan did not affect the severity of status
epilepticus, it attenuated seizure spike activity
and the development of spontaneous recurrent
seizures during the chronic phase.

Transient receptor potential vanilloid 4 (TRPV4) is a
member of the transient receptor potential channel
family, which comprises nonselective cationic ion
channels. TRPV4 is widely expressed throughout
various systems in humans and is believed to
mediate inflammatory responses by increasing the
production of proinflammatory cytokines upon
activation (Wang et al., 2019). In the CNS, TRPV4
is predominantly enriched in astrocytes (Dunn
et al., 2013). Zeng et al. (2022) investigated the
role of TRPV4 in a mouse model of acute epileptic
seizure induced by 4-aminopyridine administration.
Through bioinformatics screening, they identified
Trpv4 as a seizure-associated gene and confirmed
its upregulation in 4-aminopyridine-induced mice
and epileptic patients. By intracerebroventricularly
injecting a TRPV4 agonist, they reported an
increase in 4-aminopyridine-induced seizure
susceptibility and A1 phenotypic polarization of
astrocytes, which could be significantly reversed
by administering a TRPV4 inhibitor. Further
exploration suggested that the transcription
coregulator Yes-associated protein plays a crucial
role in the downstream signaling pathway of
TRPV4 activation. By providing evidence for the
involvement of TRPV4 in promoting astrocyte
activation and the production of proinflammatory
cytokines in epilepsy, this study highlights TRPV4
as a potential therapeutic target for modulating
inflammation in seizure treatment.
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Figure 6 | Targeting astrocytes to reestablish metabolic homeostasis in the neuronal microenvironment.

Key approaches include suppressing lactate shuttle with LDH inhibitors, restoring water and ion balance with inwardly
rectifying potassium channel 4.1 enhancers or gap junction inhibitors, and reshaping the metabolism of lipids with APOE
modulators. Red arrows represent upregulation, green arrows represent downregulation, and gray squares represent
drugs that were used in related studies. APOE: Apolipoprotein E; AQP 4: aquaporin 4; GLUT 1: glucose transporter 1;

MCT: monocarboxylate transporter; Kir 4.1: inwardly rectifying potassium channel 4.1.
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Figure 7 | Modulating CNS inflammation and immunity by targeting astrocytes.

The orange arrows represent downregulated drugs, and the gray squares represent drugs that were used in related
studies. AT1: Angiotensin 1; CNS: central nervous system; CXCL: chemokine ligand; Erk: extracellularly regulated
protein kinase; MSC: mesenchymal stem cell; Nrf 2: nuclear factor erythroid 2-related factor 2; IL: interleukin; TGF-B:
transforming growth factor-f; TNF: tumor necrosis factor; TRPV 4: transient receptor potential vanilloid 4.

There are several other potential targets associated
with proinflammatory astrocyte transformation
and the release of inflammatory cytokines. Peng
et al. (2019) reported that ibuprofen reduces
astrocyte proliferation by increasing autophagy,
thereby affecting the development of epilepsy
in a rat model induced by intraperitoneal
pentylenetetrazol administration. Inflammatory
cytokines can stimulate the upregulation of
Gasdermin D and caspase-1 proteins in cultured

astrocytes, leading to astrocytic pyroptosis (Sun et
al., 2019). Xia et al. (2021) reported that dimethyl
fumarate, an inhibitor of N-terminal fragments of
gasdermin D, alleviated the severity of seizures
and astrocytic clasmatodendrosis, indicating that
gasdermin D-mediated pyroptosis is involved
in the mechanism of KA-induced seizures in a
mouse model of epilepsy. Mesenchymal stem cell-
derived exosomes are regarded as robust anti-
inflammatory agents for treating various CNS
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diseases (Yang et al., 2017). Xian et al. (2019)
demonstrated that mesenchymal stem cell-
derived exosomes ameliorate lipopolysaccharide-
induced astrocyte activation, likely through the NF-
kB pathway. Kim and Kang (2018) initially reported
that the export of nucleocytoplasmic cyclin-
dependent kinase inhibitor 1B was necessary for
extracellular signal-regulated kinase 1/2-mediated
astroglial proliferation during reactive astrogliosis.
Using leptomycin B to inhibit cyclin-dependent
kinase inhibitor 1B export, they observed fewer
activated astrocytes and improved seizure
outcomes, suggesting that nuclear entrapment
of cyclin-dependent kinase inhibitor 1B could
be a potential therapeutic strategy for epilepsy
(Figure 7). Additionally, Korotkov et al. (2020)
reported increased expression of miR-132 in
epileptogenic hippocampal tissue from both
human patients and rats, particularly in glial
cells. Transfection of microRNA-132 into human
primary astrocytes reduced the expression of pro-
epileptogenic cyclooxygenase-2, IL-1B, TGF-B2,
monocyte chemoattractant protein-1, and matrix
metallopeptidase 3.

Astrocytes have been shown to regulate the
immune response in epilepsy by interacting
with central and peripheral immune cells. In
Rasmussen’s encephalitis, antitumor necrosis
factor alpha therapy (adalimumab) was reported
to be effective (Lagarde et al., 2016), possibly
by blocking the proinflammatory signal from
microglia to astrocytes. CX 549 was demonstrated
to inhibit the chemokine ligand 12/chemokine
receptor 4 axis (Wu et al., 2017; Figure 7), which
could reduce the activation of microglia and the
recruitment of inflammatory B cells. Blockade of
IL-15 activity with neurostatin inhibited microglial
activation through the NF-kB, p38, and Erk 1/2
pathways (Gomez-Nicola et al., 2010), reducing
cytokine and chemokine release as well as the
infiltration of peripheral NK cells. In a sporadic
Alzheimer’s disease mouse model induced by
intracerebroventricular injection of streptozotocin,
tadalafil halted neuroinflammation by reducing
IL-23 and IL-27 levels (Salem et al., 2021), which
could limit proliferation and cytokine release in T
cells (Yang et al., 2012).

Reconstructing abnormal neural circuits

Mossy fiber sprouting

Increased mammalian target of rapamycin activity
has been implicated in the development of
mossy fiber sprouting associated with temporal
lobe epilepsy (Lasarge and Danzer, 2014). During
the chronic phase of epileptogenesis in the
intrahippocampal kainic acid model of temporal
lobe epilepsy, phosphorylated ribosomal protein
S6, a downstream target of the mammalian target
rapamycin, is upregulated in hippocampal granule
cells and reactive astrocytes. Notably, in the human
sclerotic hippocampus, mammalian target of
rapamycin signaling was predominantly observed
in reactive astrocytes. Hester et al. demonstrated
that systemic administration of the mammalian
target of the rapamycin inhibitor rapamycin
effectively inhibited S6 protein phosphorylation,
reduced mossy fiber axon sprouting in granule
cells, and decreased reactive astrocytosis (Figure
8; Hester et al., 2016). This intervention showed
promising therapeutic potential by reducing both
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Figure 8 | Targeting astrocytes to reconstruct abnormal neural circuits for the treatment of epilepsy.

The activation of the mammalian target of rapamycin (mTOR) pathway, predominantly in astrocytes, promotes the
progression of epilepsy via mossy fiber sprouting. Rapamycin, an mTOR inhibitor, has been demonstrated to improve
epilepsy by suppressing the mTOR pathway and subsequent mossy fiber sprouting. Inhibiting extracellular signal-
regulated kinases 1/2 in astrocytes can restore enhanced seizure sensitivity by suppressing newly formed excitatory
synapses (red arrows represent upregulation, and yellow squares represent drugs that were used in related studies).
abDGC: Adult-born dentate granule cells; DG: dentate gyrus; Erk: extracellular signal-regulated kinases; MFS: mossy
fiber sprouting; mTOR: the mammalian target of rapamycin; Slcla 4: an amino acid transporter related to D-serine.

seizure frequency and severity in patients with
pilocarpine-induced status epilepticus. Several
studies have also demonstrated the effectiveness
of targeting the anti-mammalian target of the
rapamycin pathway in epilepsy treatment (Zeng et
al., 2009; Hester and Danzer, 2013).

Newly formed aberrant excitatory circuits

Accumulating evidence has demonstrated that
local aberrant excitatory circuits formed by
adult-born hippocampal granule cells during a
critical period of epileptogenic insult maintain
seizure duration (Chen et al., 2023a). In this
process, astrocytes play a crucial role in shaping
a predisposition to seizure generation by
controlling the generation and integration of
excitatory synapses, which may serve as potential
targets for antiepileptogenesis. Sultan et al.
(2015) reported that the astrocytic release of
D-serine locally controls the synaptic integration
of newly generated granule cells into the
adult hippocampal circuitry. The release of the
N-methyl-D-aspartate receptor coagonist D-serine
by astrocytes promotes the activity-dependent
synaptic integration of new neurons. It has been
reported that inhibiting astrocytic D-serine release
through the transporter Slcla4 rescues synaptic
damage after brain injury (Tapanes et al., 2022;
Figure 8). In another study, Shen et al. (2016)
reported that deleting MyD88 or suppressing
Erk 1/2 in astrocytes rescued lipopolysaccharide-
induced developmental abnormalities of excitatory
synapses and restored enhanced seizure sensitivity.
Indeed, previous studies have identified several
astrocyte-derived molecules that are necessary
and sufficient to promote excitatory synapse
development, such as thrombospondins, Sparcl-1/
hevin, glypicans, and chordin-like 1 (Perez-
Catalan et al., 2021; Irala et al., 2024). A clinically
available antiseizure medication, gabapentin, can
antagonize thrombospondin binding to the alpha-2
delta-1 receptor and powerfully inhibit excitatory
synapse formation in vitro and in vivo (Eroglu et

al., 2009). However, many other targets need to
be evaluated in epilepsy models for their potential
in epilepsy modification.

Existing neural circuits with therapeutic potential
The subiculum is a well-studied brain region in the
context of temporal lobe epilepsy and is believed
to be crucial for the initiation and propagation
of seizures. Fei et al. (2022) demonstrated that
the projection between the subiculum and the
anterior nucleus of the thalamus bidirectionally
modulates hippocampal seizures through
enhanced hyperpolarization-activated cyclic
nucleotide-gated channel-mediated synaptic
transmission. In the case of generalized epilepsy,
thalamocortical circuits, involving the thalamus
and the cerebral cortex, play a central role.
Thalamic astrocytes are key regulators of thalamo-
cortico-thalamic oscillations, influencing glutamate
and GABA synthesis and clearance, making them
significant modifiers of the pathophysiology of
epilepsy (Lindquist et al., 2023). Despite not being
targeted by current antiseizure medications,
thalamic astrocytes represent an important
therapeutic target for generalized epilepsy and
warrant further research. Other circuits, such as
the corticolimbic circuit (de Curtis et al., 2023) and
the basal ganglia circuit (Vuong and Devergnas,
2018), are also implicated in seizure generation
and propagation. Although the role of astrocytes in
these circuits is not fully understood, they remain
potential targets for epilepsy modification because
of their critical role in maintaining neural circuits.

Limitations

This study has several limitations. First, the
focus is primarily on basic research, which is
predominantly conducted in rodent models,
as clinical data for astrocyte-targeted epilepsy
therapies remain scarce. Future research in large
animal models will be crucial to validate the safety
and efficacy of these strategies before their clinical
application. Furthermore, owing to the complexity
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of molecular mechanisms and space constraints,
we emphasize key findings rather than providing
exhaustive details on signaling pathways. While
this approach allows for a concise overview, it may

limit the depth of understanding regarding the
mechanisms involved.

Conclusions and Perspectives
Antiseizure medications remain the predominant
therapy for epilepsy. However, approximately
one-third of patients continue to experience
unsatisfactory seizure control and impaired
social functioning. For patients with controllable
epilepsy, antiseizure medications merely control
symptoms but also cause significant side effects.
In epilepsy, astrocytes often transform into a
reactive phenotype, which impairs their ability to
maintain the delicate equilibrium of excitation—
inhibition and metabolic homeostasis. Compared
with existing antiseizure medications, approaches
focusing on astrocytes have considerable potential
to address the challenges of drug-resistant
epilepsy. Furthermore, these strategies might
offer the possibility of modifying or even curing
epilepsy, a goal that remains elusive with current
antiseizure medications. However, no specific
pharmaceuticals targeting astrocytes have been
developed for clinical use in epilepsy.

Our review highlights the multifaceted roles of
astrocytes in brain function, with a particular
emphasis on their involvement in epilepsy
pathogenesis and their potential as therapeutic
targets. We explore potential therapeutic strategies
for modulating astrocytic activity to treat epilepsy,
organized around four central objectives: restoring
the excitation—inhibition balance, reestablishing
metabolic homeostasis, modulating immune and
inflammatory homeostasis, and reconstructing
abnormal neural circuits. However, translating
basic research on astrocytic functions into clinical
practice remains a lengthy and challenging
process. ldentifying translational research avenues
with greater clinical potential could help guide
resource allocation and future study design.

To assess the current landscape of translational
research, we investigated ongoing phase Il and
phase IV clinical trials for epilepsy treatment
registered in the U.S. Clinical Trials Registry (Table
2). Nearly half of these studies focus on modulating
sodium channels or synaptic neurotransmission
to reestablish the balance between excitation
and inhibition. Notably, approximately one-third
of the research aims to regulate the metabolic
homeostasis of the neuronal microenvironment,
particularly concerning potassium ions and
lipid metabolism, an area increasingly seen as
promising for novel therapeutic strategies. As an
established metabolic modulation, the ketogenic
diet has long demonstrated the benefits of
modulating energy balance in epilepsy. With
the ongoing advancements in basic research,
an increasing number of studies are revealing
the metabolic regulatory functions of astrocytes
in epilepsy. In line with this, a recent study
revealed a distinct astrocyte population within
epilepsy foci, named lipid-accumulated reactive
astrocytes, characterized by a specific lipid
accumulation response (Chen et al., 2023b).
Lipid-accumulated reactive astrocytes may
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Table 2 | Summary of ongoing phase Il and phase IV clinical trials for epilepsy drug treatments registered with the U.S. Clinical Trials Registry

Therapeutic

strategies Conditions/diseases NCT umbers Interventions Mechanisms
Restoring excitation/  Drug-resistant epilepsy NCT05697614 Valproic acid, carbamazepin, phenytoin Blocking sodium channels
inhibition balance of  Epilepsy NCT04144439  GABA Activating GABA receptors
neuron Nonepileptic, stereotypical and intermittent NCT04759196 Topamax, levetiracetam Acting on voltage-dependent sodium channels,
symptoms in chronic subdural hematomas GABA receptors, and glutamate receptors
Primary generalized tonic clonic seizures NCT06579573 Cenobamate Blocking sodium channels and positive allosteric
Partial-onset seizures NCT05067634 modulation of GABA receptors
Partial-onset epilepsy NCT06453213
Primary generalized tonic clonic seizures NCT03678753
Childhood absence epilepsy or juvenile absence NCT04666610 Brivaracetam Binding to synaptic vesicle glycoprotein 2A
epilepsy
Rebuilding metabolic  Refractory focal onset epilepsy NCT06309966 BHV-7000 Activating Kv7.2/7.3 potassium channels
homeostasis Idiopathic generalized epilepsy with generalized NCT06425159
tonic—clonic seizures
Focal-onset seizures NCT05716100 XEN1101 Activating Kv7.2/7.3 potassium channels
Focal-onset seizures NCT05614063
Primary generalized tonic—clonic seizures NCT05667142
Dravet syndrome or Lennox-Gastaut syndrome ~ NCT05163314 Soticlestat Inhibiting cholesterol 24-hydroxylase
Developmental and epileptic encephalopathies NCT05232630 Fenfluramine Activating multiple serotonin receptors

Modulating
neuroinflammation sclerosis complex
Others Epilepsy-related cognitive deficits

Epilepsy

Lennox-Gastaut syndrome in children and adults

Drug resistant epilepsy associated with tuberous NCT05534672

Rapamycin

NCT04419272 Methylphenidate
NCT02889627 Fecal microbiota suspension
NCT05219617 Carisbamate

Inhibiting the specific mammalian target of
rapamycin

Inhibiting norepinephrine and dopamine
reuptake inhibitor

Modulating the gut-brain axis, reducing
neuroinflammation

Unknown

GABA: Gamma-aminobutyric acid; Kv: voltage-gated potassium channels.

contribute to drug-resistant epilepsy, with A2AR
upregulation potentially playing a role in neuronal
hyperexcitability. Future therapeutic approaches
targeting lipid-accumulated reactive astrocytes
could open new pathways for treating patients
with drug-resistant epilepsy. Another recent
study revealed that the metabolism of astrocytic
adenosine triggered glucose metabolism and
lactate release via the cAMP signaling pathway,
which is crucial for regulating cerebral energy
metabolism and influences memory and sleep
functions (Theparambil et al., 2024).

Gene therapy has emerged as a compelling area for
treating drug-resistant epilepsy. Lentini et al. (2021)
demonstrated that retrovirus-mediated expression
of Ascll and DIx2 in reactive hippocampal
astrocytes within the epileptic hippocampus
resulted in efficient reprogramming of these
astrocytes into interneurons. These reprogrammed
interneurons functionally integrate into epileptic
networks and form GABAergic synapses with
dentate granule cells. Similarly, Zheng et al.
(2022) reported that reactive astrocytes in the
hippocampal CA1 region could be effectively
converted into GABAergic neurons through the
overexpression of the neural transcription factor
NeuroD1. Together, these studies underscore the
theory of targeting astrocytes through metabolic
regulation and genetic reprogramming. Advancing
our understanding of astrocyte function in epilepsy
not only enhances our insights into the underlying
mechanisms of the disease but also opens
avenues for more precise and effective treatments
in clinical practice. Despite promising therapeutic
targets, there are potential challenges associated
with translating the identified therapeutic targets
into clinical treatments. A primary limitation lies
in the substantial physiological, anatomical, and
genetic differences between animals (commonly
rodent models) and humans. While animal models

of epilepsy provide essential insights, they do not
fully capture the complexity and heterogeneity of
the human condition. Consequently, treatments
that demonstrate efficacy in animal models may
not yield comparable results in humans owing
to these interspecies differences. Moreover,
the clinical presentation of epilepsy is often
compounded by comorbidities such as cognitive
decline or psychiatric disorders, which add layers
of complexity to treatment approaches. Animal
models typically lack these associated conditions,
meaning that the therapies developed and
validated in preclinical studies may not adequately
address the multifaceted clinical profile of epilepsy
patients. This disparity between model conditions
and real-world cases underscores the need for
more comprehensive research to address these
limitations. Tailoring therapeutic approaches to
better mirror the human clinical context remains a
crucial step in advancing translational efforts and
improving treatment outcomes for epilepsy.

Future research on targeting astrocytes to regulate
epilepsy could explore the following avenues.

Elucidating the detailed mechanisms by which
reactive astrocytes contribute to epilepsy
progression is crucial. For example, both the
upregulation and downregulation of AQP4
have been reported in epilepsy, highlighting
a significant inconsistency that points to the
need for further studies. Recent studies have
indicated the subcellular redistribution of AQP4
in epilepsy (Alvestad et al., 2013; Szu and Binder,
2022). However, it remains unclear whether
this redistribution is a cause or consequence
of epilepsy. Therefore, a more comprehensive
understanding of the involvement of reactive
astrocytes in the mechanisms of epileptogenesis
is imperative for identifying pivotal and effective
therapeutic targets.
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Development of specific imaging strategies for
reactive astrocytes: Another critical aspect is
discerning how and when transiently activated
astrocytes, which initially help limit injury,
transition into chronically activated states that
contribute to neural damage. Gaining insights into
the timing and mechanisms of this transformation
is essential for creating effective strategies to
counteract it. Positron emission tomography holds
promise for noninvasive visualization of reactive
astrocytes. Such imaging can serve not only as
a diagnostic marker but also as an indicator for
therapeutic evaluation and prognosis.

Innovative approaches for modulating reactive
astrocytes: In addition to conventional drug
therapies, novel noninvasive therapies
targeting astrocytes with fewer side effects
are under preclinical research. For example,
transcranial magnetic stimulation has been
reported to alleviate reactive astrogliosis and
the overproduction of proinflammatory factors
in models of Parkinson’s disease and ischemia
(Hong et al., 2020; Kang et al., 2022). Similarly,
low-frequency ultrasound has demonstrated
the ability to modulate the neural network by
acting on transient receptor potential channels
in astrocytes (Oh et al., 2019). Additionally, the
emergence of magnetomechanical stimulation and
bioactive engineering offers a promising avenue
for remotely and selectively controlling astrocytes
(Gong et al., 2022).

In summary, this review strives to deepen our
understanding of the pivotal role of astrocytes in
epilepsy and to highlight emerging therapeutic
targets. Our primary objective is to alleviate the
burdens endured by patients with drug-resistant
epilepsy and to move the concept of precision
medicine into practical application.



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %‘umv/“

Author contributions: Literature retrieval

and manuscript writing: YC and YZ. Design of
illustration and tables: JH. Manuscript revision:
LP and XL. Manuscript conception and revision:
XW, CL, and CW. Approval of final manuscript: All
authors.

Conflicts of interest: The authors declare no
conflicts of interest.

Data availability statement: Not applicable.
Open access statement: This is an open access
Journal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

References

Abdel-Magid AF (2015) Allosteric modulators: an
emerging concept in drug discovery. ACS Med Chem
Lett 6:104-107.

Abreu DS, Gomes JI, Ribeiro FF, Diégenes MJ, Sebastido
AM, Vaz SH (2023) Astrocytes control hippocampal
synaptic plasticity through the vesicular-dependent
release of D-serine. Front Cell Neurosci 17:1282841.

Ahamad A, Ge S (2021) Lipid droplets are dysregulated in
the adult dentate gyrus during seizure. Am J Clin Pathol
156:588-S88.

Alcoreza O, Tewari BP, Bouslog A, Savoia A, Sontheimer
H, Campbell SL (2019) Sulfasalazine decreases mouse
cortical hyperexcitability. Epilepsia 60:1365-1377.

Alcoreza O, Jagarlamudi S, Savoia A, Campbell SL,
Sontheimer H (2022) Sulfasalazine decreases
astrogliosis-mediated seizure burden. Epilepsia 63:844-
854,

Almacellas Barbanoj A, Graham RT, Maffei B, Carpenter JC,
Leite M, Hoke J, Hardjo F, Scott-Solache J, Chimonides C,
Schorge S, Kullmann DM, Magloire V, Lignani G (2024)
Anti-seizure gene therapy for focal cortical dysplasia.
Brain 147:542-553.

Alves M, De Diego Garcia L, Conte G, Jimenez-Mateos
EM, D’Orsi B, Sanz-Rodriguez A, Prehn JHM, Henshall
DC, Engel T (2019) Context-specific switch from anti-
to pro-epileptogenic function of the P2Y(1) receptor in
experimental epilepsy. J Neurosci 39:5377-5392.

Alvestad S, Hammer J, Hoddevik EH, Skare @, Sonnewald
U, Amiry-Moghaddam M, Ottersen OP (2013)
Mislocalization of AQP4 precedes chronic seizures in
the kainate model of temporal lobe epilepsy. Epilepsy
Res 105:30-41.

Andersen JV, Jakobsen E, Westi EW, Lie MEK, Voss CM,
Aldana BI, Schousboe A, Wellendorph P, Bak LK,
Pinborg LH, Waagepetersen HS (2020) Extensive
astrocyte metabolism of y-aminobutyric acid (GABA)
sustains glutamine synthesis in the mammalian
cerebral cortex. Glia 68:2601-2612.

Araque A, Parpura V, Sanzgiri RP, Haydon PG (1999)
Tripartite synapses: glia, the unacknowledged partner.
Trends Neurosci 22:208-215.

Aronica E, Zurolo E, lyer A, de Groot M, Anink J, Carbonell
C, van Vliet EA, Baayen JC, Boison D, Gorter JA (2011)
Upregulation of adenosine kinase in astrocytes in
experimental and human temporal lobe epilepsy.
Epilepsia 52:1645-1655.

Barbaro NM, Takahashi DK, Baraban SC (2004) A potential
role for astrocytes in mediating the antiepileptic
actions of furosemide in vitro. Neuroscience 128:655-
663.

Barnes-Vélez JA, Aksoy Yasar FB, Hu J (2023) Myelin lipid
metabolism and its role in myelination and myelin
maintenance. Innovation (Camb) 4:100360.

Batallan Burrowes AA, Moisan £, Garrone A, Buynack LM,
Chapman CA (2024) 17-Estradiol reduces inhibitory
synaptic currents in entorhinal cortex neurons through
G protein-coupled estrogen receptor-1 activation of
extracellular signal-regulated kinase. Hippocampus
34:454-463.

Beard E, Lengacher S, Dias S, Magistretti PJ, Finsterwald
C (2022) Astrocytes as key regulators of brain energy
metabolism: new therapeutic perspectives. Front
Physiol 12:825816.

Benfenati V, Caprini M, Nobile M, Rapisarda C, Ferroni
S (2006) Guanosine promotes the up-regulation
of inward rectifier potassium current mediated by
Kir4.1in cultured rat cortical astrocytes. ] Neurochem
98:430-445.

Blanco-Suarez E, Caldwell AL, Allen NJ (2017) Role of
astrocyte-synapse interactions in CNS disorders. J
Physiol 595:1903-1916.

Boison D (2012) Adenosine dysfunction in epilepsy. Glia
60:1234-1243.

Boison D (2016) Adenosinergic signaling in epilepsy.
Neuropharmacology 104:131-139.

Boison D, Steinhauser C (2018) Epilepsy and astrocyte
energy metabolism. Glia 66:1235-1243.

Brandebura AN, Paumier A, Onur TS, Allen NJ (2023)
Astrocyte contribution to dysfunction, risk and
progression in neurodegenerative disorders. Nat Rev
Neurosci 24:23-39.

Brough D, Le Feuvre RA, lwakura Y, Rothwell NJ (2002)
Purinergic (P2X7) receptor activation of microglia
induces cell death via an interleukin-1-independent
mechanism. Mol Cell Neurosci 19:272-280.

Bynoe MS, Viret C, Yan A, Kim DG (2015) Adenosine
receptor signaling: a key to opening the blood—brain
door. Fluids Barriers CNS 12:20.

Celli R, Fornai F (2021) Targeting ionotropic glutamate
receptors in the treatment of epilepsy. Curr
Neuropharmacol 19:747-765.

Cha H, Choi JH, Jeon H, Kim JH, Kim M, Kim SJ, Park W, Lim
IS, Lee E, Ahn JS, Kim JH, Hong SH, Park JE, Jung JH, Yoo
HJ, Lee S (2023) Aquaporin-4 deficiency is associated
with cognitive impairment and alterations in astrocyte-
neuron Lactate Shuttle. Mol Neurobiol 60:6212-6226.

Chavez C, Hollaus M, Scarr E, Pavey G, Gogos A, van den
Buuse M (2010) The effect of estrogen on dopamine
and serotonin receptor and transporter levels in the
brain: an autoradiography study. Brain Res 1321:51-59.

Chen L, XuY, Cheng H, Li Z, Lai N, Li M, Ruan Y, Zheng Y,
Fei F, Xu C, Ma J, Wang S, Gu Y, Han F, Chen Z, Wang Y
(2023a) Adult-born neurons in critical period maintain
hippocampal seizures via local aberrant excitatory
circuits. Signal Transduct Target Ther 8:225.

Chen Z, Brodie MJ, Liew D, Kwan P (2018) Treatment
outcomes in patients with newly diagnosed epilepsy
treated with established and new antiepileptic drugs:
a 30-year longitudinal cohort study. JAMA Neurol
75:279-286.

Chen ZP, Wang S, Zhao X, Fang W, Wang Z, Ye H, Wang
MJ, Ke L, Huang T, Lv P, Jiang X, Zhang Q, Li L, Xie ST,
Zhu JN, Hang C, Chen D, Liu X, Yan C (2023b) Lipid-
accumulated reactive astrocytes promote disease
progression in epilepsy. Nat Neurosci 26:542-554.

Colucci ACM, Tassinari ID, Loss EDS, de Fraga LS (2023)
History and function of the lactate receptor gpr81/
hcarl in the brain: a putative therapeutic target for
the treatment of cerebral ischemia. Neuroscience
526:144-163.

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ
(1990) Glutamate induces calcium waves in cultured
astrocytes: long-range glial signaling. Science 247:470-
473.

Coulter DA, Steinhauser C (2015) Role of astrocytes in
epilepsy. Cold Spring Harb Perspect Med 5:a022434.

Daneman R, Prat A (2015) The blood—brain barrier. Cold
Spring Harb Perspect Biol 7:a020412.

De Bastiani MA, Bellaver B, Brum WS, Souza DG, Ferreira
PCL, Rocha AS, Povala G, Ferrari-Souza JP, Benedet AL,
Ashton NJ, Karikari TK, Zetterberg H, Blennow K, Rosa-
Neto P, Pascoal TA, Zimmer ER (2023) Hippocampal
GFAP-positive astrocyte responses to amyloid and tau
pathologies. Brain Behav Immun 110:175-184.

De Bundel D, Schallier A, Loyens E, Fernando R, Miyashita
H, Van Liefferinge J, Vermoesen K, Bannai S, Sato
H, Michotte Y, Smolders |, Massie A (2011) Loss of
system x(c)- does not induce oxidative stress but
decreases extracellular glutamate in hippocampus and
influences spatial working memory and limbic seizure
susceptibility. J Neurosci 31:5792-5803.

de Ceglia R, Ledonne A, Litvin DG, Lind BL, Carriero G,
Latagliata EC, Bindocci E, Di Castro MA, Savtchouk I,
Vitali I, Ranjak A, Congiu M, Canonica T, Wisden W,
Harris K, Mameli M, Mercuri N, Telley L, Volterra A
(2023) Specialized astrocytes mediate glutamatergic
gliotransmission in the CNS. Nature 622:120-129.

de Curtis M, Librizzi L, Uva L (2023) Limbic and olfactory
cortical circuits in focal seizures. Neurobiol Dis
178:106007.

de Rus Jacquet A, Alpaugh M, Denis HL, Tancredi JL,
Boutin M, Decaestecker J, Beauparlant C, Herrmann L,
Saint-Pierre M, Parent M, Droit A, Breton S, Cicchetti F
(2023) The contribution of inflammatory astrocytes to
BBB impairments in a brain-chip model of Parkinson’s
disease. Nat Commun 14:3651.

Delekate A, Fuchtemeier M, Schumacher T, Ulbrich C,
Foddis M, Petzold GC (2014) Metabotropic P2Y1
receptor signalling mediates astrocytic hyperactivity
in vivo in an Alzheimer’s disease mouse model. Nat
Commun 5:5422.

Devinsky O, Vezzani A, Najjar S, De Lanerolle NC,
Rogawski MA (2013) Glia and epilepsy: excitability and
inflammation. Trends Neurosci 36:174-184.

Dossi E, Zonca L, Pivonkova H, Milior G, Moulard J,
Vargova L, Chever O, Holcman D, Rouach N (2024)
Astroglial gap junctions strengthen hippocampal
network activity by sustaining afterhyperpolarization
via KCNQ channels. Cell Rep 43:114158.

Du M, LiJ, Chen 'L, YuY, Wu Y (2018) Astrocytic Kir4.1
channels and gap junctions account for spontaneous
epileptic seizure. PLOS Computational Biology
14:e1005877.

Duan L, Di Q (2017) Acetazolamide suppresses multi-
drug resistance-related protein 1 and p-glycoprotein
expression by inhibiting aquaporins expression in a
mesial temporal epilepsy rat model. Med Sci Monit
23:5818-5825.

Dunn KM, Hill-Eubanks DC, Liedtke WB, Nelson MT (2013)
TRPV4 channels stimulate Ca2+-induced Ca2+ release
in astrocytic endfeet and amplify neurovascular
coupling responses. Proc Natl Acad Sci U S A 110:6157-
6162.

Eid T, Thomas MJ, Spencer DD, Rundén-Pran E, Lai JC,
Malthankar GV, Kim JH, Danbolt NC, Ottersen OP, de
Lanerolle NC (2004) Loss of glutamine synthetase
in the human epileptogenic hippocampus: possible
mechanism for raised extracellular glutamate in mesial
temporal lobe epilepsy. Lancet 363:28-37.

Eroglu C, Allen NJ, Susman MW, O’Rourke NA, Park CY,
Ozkan E, Chakraborty C, Mulinyawe SB, Annis DS,
Huberman AD, Green EM, Lawler J, Dolmetsch R,
Garcia KC, Smith SJ, Luo ZD, Rosenthal A, Mosher DF,
Barres BA (2009) Gabapentin receptor alpha2delta-1 is
a neuronal thrombospondin receptor responsible for
excitatory CNS synaptogenesis. Cell 139:380-392.

Fachim HA, Cunha AO, Pereira AC, Beleboni RO, Gobbo-
Neto L, Lopes NP, Coutinho-Netto J, dos Santos WF
(2011) Neurobiological activity of Parawixin 10, a novel
anticonvulsant compound isolated from Parawixia
bistriata spider venom (Araneidae: araneae). Epilepsy
Behav 22:158-164.

Fachim HA, Mortari MR, Gobbo-Netto L, Dos Santos WF
(2015) Neuroprotective activity of parawixin 10, a
compound isolated from Parawixia bistriata spider
venom (Araneidae: araneae) in rats undergoing
intrahippocampal NMDA microinjection. Pharmacogn
Mag 11:579-585.

Falomir-Lockhart LJ, Cavazzutti GF, Giménez E, Toscani AM
(2019) Fatty acid signaling mechanisms in neural cells:
fatty acid receptors. Front Cell Neurosci 13:162.

Fedele DE, Koch P, Scheurer L, Simpson EM, Mohler H,
Bristle O, Boison D (2004) Engineering embryonic
stem cell derived glia for adenosine delivery. Neurosci
Lett 370:160-165.

Fedele DE, Gouder N, Guttinger M, Gabernet L, Scheurer
L, Rulicke T, Crestani F, Boison D (2005) Astrogliosis in
epilepsy leads to overexpression of adenosine kinase,
resulting in seizure aggravation. Brain 128:2383-2395.

Fei F, Wang X, Xu C, Shi J, Gong Y, Cheng H, Lai N, Ruan
Y, Ding Y, Wang S, Chen Z, Wang Y (2022) Discrete
subicular circuits control generalization of hippocampal
seizures. Nat Commun 13:5010.

NEURAL REGENERATION RESEARCH | Vol 21 | No. 1 | January 2026 | 35



°
] .
% - Www.nrronllne.org

NEURAL REGENERATION RESEARCH

Review

Fei Y, Shi R, Song Z, Wu J (2020) Metabolic control of
epilepsy: a promising therapeutic target for epilepsy.
Front Neurol 11:592514.

Fiacco TA, McCarthy KD (2004) Intracellular astrocyte
calcium waves in situ increase the frequency of
spontaneous AMPA receptor currents in CA1 pyramidal
neurons. J Neurosci 24:722-732.

Fisher RS, Cross JH, French JA, Higurashi N, Hirsch E,
Jansen FE, Lagae L, Moshé SL, Peltola J, Roulet Perez E,
Scheffer IE, Zuberi SM (2017) 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.

Fogarty DJ, Matute C (2001) Angiotensin receptor-
like immunoreactivity in adult brain white matter
astrocytes and oligodendrocytes. Glia 35:131-146.

Freiman TM, Haussler U, Zentner J, Doostkam S, Beck J,
Scheiwe C, Brandt A, Haas CA, Puhahn-Schmeiser B
(2021) Mossy fiber sprouting into the hippocampal
region CA2 in patients with temporal lobe epilepsy.
Hippocampus 31:580-592.

Fuente-Martin E, Garcia-Caceres C, Morselli E, Clegg DJ,
Chowen JA, Finan B, Brinton RD, Tschop MH (2013)
Estrogen, astrocytes and the neuroendocrine control
of metabolism. Rev Endocr Metab Disord 14:331-338.

Gao W, Bi Y, Ding L, Zhu W, Ye M (2017) SSa ameliorates
the Glu uptaking capacity of astrocytes in epilepsy via
AP-1/miR-155/GLAST. Biochem Biophys Res Commun
493:1329-1335.

Garcia-Caceres C, Balland E, Prevot V, Luquet S, Woods
SC, Koch M, Horvath TL, Yi CX, Chowen JA, Verkhratsky
A, Araque A, Bechmann |, Tschop MH (2019) Role of
astrocytes, microglia, and tanycytes in brain control of
systemic metabolism. Nat Neurosci 22:7-14.

Gomez-Nicola D, Valle-Argos B, Nieto-Sampedro M (2010)
Blockade of IL-15 activity inhibits microglial activation
through the NFkappaB, p38, and ERK1/2 pathways,
reducing cytokine and chemokine release. Glia 58:264-
276.

Gong B, Zhang X, Zahrani AA, Gao W, Ma G, Zhang L, Xue
J(2022) Neural tissue engineering: From bioactive
scaffolds and in situ monitoring to regeneration.
Exploration (Beijing) 2:20210035.

Gouder N, Scheurer L, Fritschy JM, Boison D (2004)
Overexpression of adenosine kinase in epileptic
hippocampus contributes to epileptogenesis. J
Neurosci 24:692-701.

Green JL, Dos Santos WF, Fontana ACK (2021) Role of
glutamate excitotoxicity and glutamate transporter
EAAT2 in epilepsy: opportunities for novel therapeutics
development. Biochem Pharmacol 193:114786.

Guan Z, Liu Q, Wang Y, Xiao F, Zhao G (2024) Relationship
between tight junctions of the BBB and astrocyte
connective function in epilepsy: albumin and astrocyte
activation. Medicine Plus 1:100047.

Guo A, Zhang H, Li H, Chiu A, Garcia-Rodriguez C, Lagos
CF, Saez JC, Lau CG (2022) Inhibition of connexin
hemichannels alleviates neuroinflammation and
hyperexcitability in temporal lobe epilepsy. Proc Natl
Acad Sci U S A 119:e2213162119.

Guo D, Zou J, Wong M (2017) Rapamycin attenuates acute
seizure-induced astrocyte injury in mice in vivo. Sci Rep
7:2867.

Haj-Yasein NN, Vindedal GF, Eilert-Olsen M, Gundersen
GA, Skare @, Laake P, Klungland A, Thorén AE,
Burkhardt JM, Ottersen OP, Nagelhus EA (2011) Glial-
conditional deletion of aquaporin-4 (Agp4) reduces
blood—brain water uptake and confers barrier function
on perivascular astrocyte endfeet. Proc Natl Acad Sci U
S A108:17815-17820.

Héja L, Nyitrai G, Kékesi O, Dobolyi A, Szabd P, Fiath R,
Ulbert |, Pal-Szenthe B, Palkovits M, Kardos J (2012)
Astrocytes convert network excitation to tonic
inhibition of neurons. BMC Biol 10:26.

He Q, Wang Z, Wang Y, Zhu M, Liang Z, Zhang K, Xu Y,
Chen G (2025) Characteristic changes in astrocyte
properties during astrocyte-to-neuron conversion
induced by NeuroD1/Ascl1/DIx2. Neural Regen Res
20:1801-1815.

Henneberger C, Papouin T, Oliet SH, Rusakov DA (2010)
Long-term potentiation depends on release of D-serine
from astrocytes. Nature 463:232-236.

Hester MS, Danzer SC (2013) Accumulation of abnormal
adult-generated hippocampal granule cells predicts
seizure frequency and severity. J Neurosci 33:8926-
8936.

Hester MS, Hosford BE, Santos VR, Singh SP, Rolle IJ,
LaSarge CL, Liska JP, Garcia-Cairasco N, Danzer SC
(2016) Impact of rapamycin on status epilepticus
induced hippocampal pathology and weight gain. Exp
Neurol 280:1-12.

Hirase H, Akther S, Wang X, Oe Y (2019) Glycogen
distribution in mouse hippocampus. J Neurosci Res
97:923-932.

Hong S, JianCheng H, JiaWen W, ShuQin Z, Guilian Z,
HaiQin W, Ru Z, Zhen G, HongWei R (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.

Hong Y, Liu Q, Peng M, Bai M, LiJ, Sun R, Guo H, Xu
P, Xie Y, Li Y, Liu L, Du J, Liu X, Yang B, Xu G (2020)
High-frequency repetitive transcranial magnetic
stimulation improves functional recovery by inhibiting
neurotoxic polarization of astrocytes in ischemic rats. J
Neuroinflammation 17:150.

Hu 'Y, Shan'Y, Du Q, Ding Y, Shen C, Wang S, Ding M, Xu Y
(2021) Gender and socioeconomic disparities in global
burden of epilepsy: an analysis of time trends from
1990 to 2017. Front Neurol 12:643450.

Hubbard JA, Szu JI, Yonan JM, Binder DK (2016) Regulation
of astrocyte glutamate transporter-1 (GLT1) and
aquaporin-4 (AQP4) expression in a model of epilepsy.
Exp Neurol 283:85-96.

loannou MS, Jackson J, Sheu SH, Chang CL, Weigel AV,
Liu H, Pasolli HA, Xu CS, Pang S, Matthies D, Hess HF,
Lippincott-Schwartz J, Liu Z (2019) Neuron-astrocyte
metabolic coupling protects against activity-induced
fatty acid toxicity. Cell 177:1522-1535.e1514.

Irala D, Wang S, Sakers K, Nagendren L, Ulloa Severino FP,
Bindu DS, Savage JT, Eroglu C (2024) Astrocyte-secreted
neurocan controls inhibitory synapse formation and
function. Neuron 112:1657-1675.e1610.

Jacob PF, Vaz SH, Ribeiro JA, Sebastido AM (2014) P2Y1
receptor inhibits GABA transport through a calcium
signalling-dependent mechanism in rat cortical
astrocytes. Glia 62:1211-1226.

Jayaram B, Khan RS, Kastin AJ, Hsuchou H, Wu X, Pan W
(2013) Protective role of astrocytic leptin signaling
against excitotoxicity. J Mol Neurosci 49:523-530.

Jiao D, Xu L, Gu Z, Yan H, Shen D, Gu X (2025)
Pathogenesis, diagnosis, and treatment of
epilepsy: electromagnetic stimulation-mediated
neuromodulation therapy and new technologies.
Neural Regen Res 20:917-935.

Johnson AA, Guziewicz KE, Lee CJ, Kalathur RC, Pulido JS,
Marmorstein LY, Marmorstein AD (2017) Bestrophin 1
and retinal disease. Prog Retin Eye Res 58:45-69.

Kaila K, Loscher W (2022) Bumetanide for neonatal
seizures: no light in the pharmacokinetic/dynamic
tunnel. Epilepsia 63:1868-1873.

Kanamori K, Ross BD (2011) Chronic electrographic
seizure reduces glutamine and elevates glutamate in
the extracellular fluid of rat brain. Brain Res 1371:180-
191.

Kandratavicius L, Hallak JE, Carlotti CG Jr., Assirati JA
Jr,, Leite JP (2014) Hippocampal expression of heat
shock proteins in mesial temporal lobe epilepsy with
psychiatric comorbidities and their relation to seizure
outcome. Epilepsia 55:1834-1843.

Kang X, Zhang B, Du W, Zhao R, Liu X, Bai Y, Jiang X, Pang
J, Zhao C, Mou X, Gao F, Yuan H, Sun X (2022) High-
frequency repetitive transcranial magnetic stimulation
regulates astrocyte activation by modulating the
endocannabinoid system in Parkinson’s disease. Mol
Neurobiol 59:5121-5134.

Khoo A, de Tisi J, Mannan S, O’Keeffe AG, Sander JW,
Duncan JS (2021) Reasons for not having epilepsy
surgery. Epilepsia 62:2909-2919.

Kim JE, Kang TC (2018) Nucleocytoplasmic p27(Kip1)
Export is required for ERK1/2-mediated reactive
astroglial proliferation following status epilepticus.
Front Cell Neurosci 12:152.

36 | NEURAL REGENERATION RESEARCH | Vol 21 | No. 1 | January 2026

Kinboshi M, Ikeda A, Ohno Y (2020) Role of astrocytic
inwardly rectifying potassium (Kir) 4.1 channels in
epileptogenesis. Front Neurol 11:626658.

Kitaura H, Shirozu H, Masuda H, Fukuda M, Fujii Y, Kakita
A (2018) Pathophysiological characteristics associated
with epileptogenesis in human hippocampal sclerosis.
EBioMedicine 29:38-46.

Kofuji P, Newman EA (2004) Potassium buffering in the
central nervous system. Neuroscience 129:1045-1056.

Korotkov A, Broekaart DWM, Banchaewa L, Pustjens
B, van Scheppingen J, Anink JJ, Baayen JC, Idema S,
Gorter JA, van Vliet EA, Aronica E (2020) microRNA-132
is overexpressed in glia in temporal lobe epilepsy and
reduces the expression of pro-epileptogenic factors in
human cultured astrocytes. Glia 68:60-75.

Kovacs Z, Skatchkov SN, Szabo Z, Qahtan S, Méndez-
Gonzélez MP, Malpica-Nieves CJ, Eaton MJ, Kardos
J, Héja L (2022) Putrescine intensifies Glu/GABA
exchange mechanism and promotes early termination
of seizures. Int J Mol Sci 23:8191.

Kretz O, Fester L, Wehrenberg U, Zhou L, Brauckmann S,
Zhao S, Prange-Kiel J, Naumann T, Jarry H, Frotscher
M, Rune GM (2004) Hippocampal synapses depend on
hippocampal estrogen synthesis. J Neurosci 24:5913-
5921.

Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisakk P,
Ransohoff RM, Hofbauer M, Farina C, Derfuss T, Hartle
C, Newcombe J, Hohlfeld R, Meinl E (2006) Chemokines
in multiple sclerosis: CXCL12 and CXCL13 up-regulation
is differentially linked to CNS immune cell recruitment.
Brain 129:200-211.

Lagarde S, Villeneuve N, Trébuchon A, Kaphan E, Lepine A,
McGonigal A, Roubertie A, Barthez MA, Trommsdorff V,
Lefranc J, Wehbi S, des Portes V, Laguitton V, Quartier P,
Scavarda D, Giusiano B, Milh M, Bulteau C, Bartolomei
F (2016) Anti-tumor necrosis factor alpha therapy
(adalimumab) in Rasmussen’s encephalitis: an open
pilot study. Epilepsia 57:956-966.

Lasarge CL, Danzer SC (2014) Mechanisms regulating
neuronal excitability and seizure development
following mTOR pathway hyperactivation. Front Mol
Neurosci 7:18.

Leclercq K, Liefferinge JV, Albertini G, Neveux M,
Dardenne S, Mairet-Coello G, Vandenplas C, Deprez T,
Chong SA, Foerch P, Bentea E, Sato H, Maher P, Massie
A, Smolders |, Kaminski RM (2019) Anticonvulsant and
antiepileptogenic effects of system xc- inactivation in
chronic epilepsy models. Epilepsia 60:1412-1423.

Lee DJ, Hsu MS, Seldin MM, Arellano JL, Binder DK (2012)
Decreased expression of the glial water channel
aquaporin-4 in the intrahippocampal kainic acid model
of epileptogenesis. Exp Neurol 235:246-255.

Lee HG, Wheeler MA, Quintana FJ (2022) Function
and therapeutic value of astrocytes in neurological
diseases. Nat Rev Drug Discov 21:339-358.

Lee HG, Lee JH, Flausino LE, Quintana FJ (2023)
Neuroinflammation: an astrocyte perspective. Sci
Transl Med 15:eadi7828.

Lee SG, Su ZZ, Emdad L, Gupta P, Sarkar D, Borjabad A,
Volsky DJ, Fisher PB (2008) Mechanism of ceftriaxone
induction of excitatory amino acid transporter-2
expression and glutamate uptake in primary human
astrocytes. J Biol Chem 283:13116-13123.

Lei S, He Y, Zhu Z, Liu Z, Lin Y, He Y, Du S, Chen X, Xu P, Zhu
X (2020) Inhibition of NMDA receptors downregulates
astrocytic AQP4 to suppress seizures. Cell Mol
Neurobiol 40:1283-1295.

Lentini C, d’Orange M, Marichal N, Trottmann MM,
Vignoles R, Foucault L, Verrier C, Massera C, Raineteau
O, Conzelmann KK, Rival-Gervier S, Depaulis A,
Berninger B, Heinrich C (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.e2110.

Lezmy J, Arancibia-Carcamo IL, Quintela-Lopez T, Sherman
DL, Brophy PJ, Attwell D (2021) Astrocyte Ca(2+)-evoked
ATP release regulates myelinated axon excitability and
conduction speed. Science 374:eabh2858.

Li H, Lones L, DiAntonio A (2021) Bidirectional regulation
of glial potassium buffering- glioprotection versus
neuroprotection. Elife 10:e62606.



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %

Li M, Li Z, Yao Y, Jin WN, Wood K, Liu Q, Shi FD, Hao J (2017)
Astrocyte-derived interleukin-15 exacerbates ischemic
brain injury via propagation of cellular immunity. Proc
Natl Acad Sci U S A 114:E396-405.

Liang T, Hu X, Zeng L, Zhou Z, Zhang J, Xu Z, Zeng J, Xu
P (2024) HSP90B regulates EAAT2 expression and
participates in ischemia-reperfusion injury in rats. Mol
Med Rep 29:5.

Liao P, et al. (2024) Osteocyte mitochondria regulate
angiogenesis of transcortical vessels. Nat Commun
15:2529.

Liddelow SA, et al. (2017) Neurotoxic reactive astrocytes
are induced by activated microglia. Nature 541:481-
487.

Lindquist BE, Timbie C, Voskobiynyk Y, Paz JT (2023)
Thalamocortical circuits in generalized epilepsy:
pathophysiologic mechanisms and therapeutic targets.
Neurobiol Dis 181:106094.

Liu C, Zhao XM, Wang Q, Du TT, Zhang MX, Wang HZ, Li
RP, Liang K, Gao Y, Zhou SY, Xue T, Zhang JG, Han CL,
Shi L, Zhang LW, Meng FG (2023) Astrocyte-derived
SerpinA3N promotes neuroinflammation and epileptic
seizures by activating the NF-kB signaling pathway in
mice with temporal lobe epilepsy. J Neuroinflammation
20:161.

Liu Z, Pan C, Huang H (2025) The role of axon guidance
molecules in the pathogenesis of epilepsy. Neural
Regen Res 20:1244-1257.

Lohr C (2023) Role of P2Y receptors in astrocyte
physiology and pathophysiology. Neuropharmacology
223:109311.

Loscher W, Potschka H, Sisodiya SM, Vezzani A (2020)
Drug resistance in epilepsy: clinical impact, potential
mechanisms, and new innovative treatment options.
Pharmacol Rev 72:606-638.

Magistretti PJ, Allaman | (2018) Lactate in the brain: from
metabolic end-product to signalling molecule. Nat Rev
Neurosci 19:235-249.

Mahmoud S, Gharagozloo M, Simard C, Gris D (2019)
Astrocytes maintain glutamate homeostasis in the CNS
by controlling the balance between glutamate uptake
and release. Cells 8:184.

Manu DR, Slevin M, Barcutean L, Forro T, Boghitoiu T,
Balasa R (2023) Astrocyte involvement in blood—brain
barrier function: a critical update highlighting novel,
complex, neurovascular interactions. Int J Mol Sci
24:17146.

Margerison JH, Corsellis JAN (1996) Epilepsy and the
temporal lobes: a clinical, electroencephalographic
and neuropathological study of the brain in epilepsy,
with particular reference to the temporal lobes. Brain
89:499-530.

Mason S (2017) Lactate shuttles in neuroenergetics-
homeostasis, allostasis and beyond. Front Neurosci
11:43.

Mazur A, Bills EH, DeSchepper KM, Williamson JC,
Henderson BJ, Risher WC (2021) Astrocyte-derived
thrombospondin induces cortical synaptogenesis
in a sex-specific manner. eNeuro doi: 10.1523/
ENEURO.0014-21.2021.

Medina-Pizarro M, Spencer DD, Damisah EC (2023)
Recent advances in epilepsy surgery. Curr Opin Neurol
36:95-101.

Motiwala Z, Aduri NG, Shaye H, Han GW, Lam JH, Katritch
V, Cherezov V, Gati C (2022) Structural basis of GABA
reuptake inhibition. Nature 606:820-826.

Najm R, Jones EA, Huang Y (2019) Apolipoprotein E4,
inhibitory network dysfunction, and Alzheimer’s
disease. Mol Neurodegener 14:24.

Nguyen AQ, Koeppen J, Woodruff S, Mina K, Figueroa Z,
Ethell IM (2020) Astrocytic ephrin-b1 controls synapse
formation in the hippocampus during learning and
memory. Front Synaptic Neurosci 12:10.

Nicolas CS, et al. (2012) The Jak/STAT pathway is involved
in synaptic plasticity. Neuron 73:374-390.

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

Noriega-Prieto JA, Araque A (2021) Sensing and regulating
synaptic activity by astrocytes at tripartite synapse.
Neurochem Res 46:2580-2585.

Nwaobi SE, Cuddapah VA, Patterson KC, Randolph AC,
Olsen ML (2016) The role of glial-specific Kir4.1 in
normal and pathological states of the CNS. Acta
Neuropathol 132:1-21.

Obeid M, Frank J, Medina M, Finckbone V, Bliss R, Bista
B, Majmudar S, Hurst D, Strahlendorf H, Strahlendorf
J (2010) Neuroprotective effects of leptin following
kainic acid-induced status epilepticus. Epilepsy Behav
19:278-283.

Oh SJ, Lee CJ (2017) Distribution and function of the
bestrophin-1 (Best1) channel in the brain. Exp
Neurobiol 26:113-121.

Oh SJ, Lee JM, Kim HB, Lee J, Han S, Bae JY, Hong GS, Koh
W, Kwon J, Hwang ES, Woo DH, Youn |, Cho 1J, Bae
YC, Lee S, Shim JW, Park JH, Lee CJ (2019) Ultrasonic
Neuromodulation via astrocytic TRPAL. Curr Biol
29:3386-3401.e3388.

Pandit S, Neupane C, Woo J, Sharma R, Nam MH, Lee
GS, Yi MH, Shin N, Kim DW, Cho H, Jeon BH, Kim HW,
Lee CJ, Park JB (2020) Bestrophin1-mediated tonic
GABA release from reactive astrocytes prevents the
development of seizure-prone network in kainate-
injected hippocampi. Glia 68:1065-1080.

Papazian |, Kourouvani M, Dagkonaki A, Gouzouasis V,
Dimitrakopoulou L, Markoglou N, Badounas F, Tselios T,
Anagnostouli M, Probert L (2024) Spontaneous human
CD8 T cell and autoimmune encephalomyelitis-induced
CD4/CD8 T cell lesions in the brain and spinal cord of
HLA-DRB1*15-positive multiple sclerosis humanized
immune system mice. Elife 12:RP88826.

Park J, Chung WS (2023) Astrocyte-dependent circuit
remodeling by synapse phagocytosis. Curr Opin
Neurobiol 81:102732.

Patel DC, Tewari BP, Chaunsali L, Sontheimer H (2019)
Neuron-glia interactions in the pathophysiology of
epilepsy. Nat Rev Neurosci 20:282-297.

PengJ, Wu S, Guo C, Guo K, Zhang W, Liu R, LiJ, Hu Z (2019)
Effect of ibuprofen on autophagy of astrocytes during
pentylenetetrazol-induced epilepsy and its significance:
an experimental study. Neurochem Res 44:2566-2576.

Perea G, Araque A (2007) Astrocytes potentiate
transmitter release at single hippocampal synapses.
Science 317:1083-1086.

Perez-Catalan NA, Doe CQ, Ackerman SD (2021) The
role of astrocyte-mediated plasticity in neural circuit
development and function. Neural Dev 16:1.

Peterson AR, Binder DK (2020) Astrocyte glutamate uptake
and signaling as novel targets for antiepileptogenic
therapy. Front Neurol 11:1006.

Peterson AR, Garcia TA, Cullion K, Tiwari-Woodruff SK,
Pedapati EV, Binder DK (2021) Targeted overexpression
of glutamate transporter-1 reduces seizures and
attenuates pathological changes in a mouse model of
epilepsy. Neurobiol Dis 157:105443.

Picard M (2022) Why do we care more about disease than
health? Phenomics 2:145-155.

Pracucci E, Pillai V, Lamers D, Parra R, Landi S (2021)
Neuroinflammation: a signature or a cause of epilepsy?
Int J Mol Sci 22:6981.

Prinz M, Priller J (2017) The role of peripheral immune
cells in the CNS in steady state and disease. Nat
Neurosci 20:136-144.

Qiu Q, Yang M, Gong D, Liang H, Chen T (2025) Potassium
and calcium channels in different nerve cells act as
therapeutic targets in neurological disorders. Neural
Regen Res 20:1258-1276.

Radu BM, Epureanu FB, Radu M, Fabene PF, Bertini G
(2017) Nonsteroidal anti-inflammatory drugs in clinical
and experimental epilepsy. Epilepsy Res 131:15-27.

Ramandi D, Elahdadi Salmani M, Moghimi A,
Lashkarbolouki T, Fereidoni M (2021) Pharmacological
upregulation of GLT-1 alleviates the cognitive
impairments in the animal model of temporal lobe
epilepsy. PLoS One 16:0246068.

Reichenbach N, Delekate A, Breithausen B, Keppler K, Poll
S, Schulte T, Peter J, Plescher M, Hansen JN, Blank N,
Keller A, Fuhrmann M, Henneberger C, Halle A, Petzold
GC (2018) P2Y1 receptor blockade normalizes network
dysfunction and cognition in an Alzheimer’s disease
model. J Exp Med 215:1649-1663.

Reid JK, Kuipers HF (2021) She doesn’t even go here: the
role of inflammatory astrocytes in CNS disorders. Front
Cell Neurosci 15:704884.

Robel S, Buckingham SC, Boni JL, Campbell SL, Danbolt NC,
Riedemann T, Sutor B, Sontheimer H (2015) Reactive
astrogliosis causes the development of spontaneous
seizures. J Neurosci 35:3330-3345.

Sada N, Lee S, Katsu T, Otsuki T, Inoue T (2015) Epilepsy
treatment. Targeting LDH enzymes with a stiripentol
analog to treat epilepsy. Science 347:1362-1367.

Sada N, Suto S, Suzuki M, Usui S, Inoue T (2020)
Upregulation of lactate dehydrogenase A in a chronic
model of temporal lobe epilepsy. Epilepsia 61:e37-42.

Salem MA, Budzynska B, Kowalczyk J, El Sayed NS,
Mansour SM (2021) Tadalafil and bergapten mitigate
streptozotocin-induced sporadic Alzheimer’s disease
in mice via modulating neuroinflammation, PI3K/

Akt, Wnt/B-catenin, AMPK/mTOR signaling pathways.
Toxicol Appl Pharmacol 429:115697.

Salman MM, Sheilabi MA, Bhattacharyya D, Kitchen P,
Conner AC, Bill RM, Woodroofe MN, Conner MT,
Princivalle AP (2017) Transcriptome analysis suggests
a role for the differential expression of cerebral
aquaporins and the MAPK signalling pathway in human
temporal lobe epilepsy. Eur J Neurosci 46:2121-2132.

Sancho L, Contreras M, Allen NJ (2021) Glia as sculptors of
synaptic plasticity. Neurosci Res 167:17-29.

Sandau US, Yahya M, Bigej R, Friedman JL, Saleumvong B,
Boison D (2019) Transient use of a systemic adenosine
kinase inhibitor attenuates epilepsy development in
mice. Epilepsia 60:615-625.

Sano F, Shigetomi E, Shinozaki Y, Tsuzukiyama H, Saito K,
Mikoshiba K, Horiuchi H, Cheung DL, Nabekura J, Sugita
K, Aihara M, Koizumi S (2021) Reactive astrocyte-
driven epileptogenesis is induced by microglia initially
activated following status epilepticus. JCI Insight
6:135391.

Sarfi M, Elahdadi Salmani M, Goudarzi |, Lashkar Boluki
T, Abrari K (2017) Evaluating the role of astrocytes on
B-estradiol effect on seizures of pilocarpine epileptic
model. Eur J Pharmacol 797:32-38.

Sarlo GL, Holton KF (2021) Brain concentrations of
glutamate and GABA in human epilepsy: a review.
Seizure 91:213-227.

Schiweck J, Murk K, Ledderose J, Mlnster-Wandowski A,
Ornaghi M, Vida |, Eickholt BJ (2021) Drebrin controls
scar formation and astrocyte reactivity upon traumatic
brain injury by regulating membrane trafficking. Nat
Commun 12:1490.

Seifert G, Huttmann K, Binder DK, Hartmann C, Wyczynski
A, Neusch C, Steinhduser C (2009) Analysis of astroglial
K+ channel expression in the developing hippocampus
reveals a predominant role of the Kir4.1 subunit. J
Neurosci 29:7474-7488.

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

Sha L, Chen T, Deng Y, Du T, Ma K, Zhu W, Shen Y, Xu
Q (2020) Hsp90 inhibitor HSP990 in very low dose
upregulates EAAT2 and exerts potent antiepileptic
activity. Theranostics 10:8415-8429.

Shan L, Zhang T, Fan K, Cai W, Liu H (2021) Astrocyte-
neuron signaling in synaptogenesis. Front Cell Dev Biol
9:680301.

Shan Y, Chen Y, Gu H, Wang Y, Sun Y (2023) Regulatory
basis of adipokines leptin and adiponectin in epilepsy:
from signaling pathways to glucose metabolism.
Neurochem Res 48:2017-2028.

Shen Y, Qin H, Chen J, Mou L, He Y, Yan Y, Zhou H, Lv Y,
Chen Z, Wang J, Zhou YD (2016) Postnatal activation of
TLR4 in astrocytes promotes excitatory synaptogenesis
in hippocampal neurons. J Cell Biol 215:719-734.

Shleper M, Kartvelishvily E, Wolosker H (2005) D-serine
is the dominant endogenous coagonist for NMDA
receptor neurotoxicity in organotypic hippocampal
slices. J Neurosci 25:9413-9417.

Signore AP, Zhang F, Weng Z, Gao Y, Chen J (2008)

Leptin neuroprotection in the CNS: mechanisms and
therapeutic potentials. J Neurochem 106:1977-1990.

Smith J, Lopez-Avila BG, Engel T, Mateos EMJ, Alves M
(2024) Differently expression of the metabotropic
P2Y receptor family after hypoxia-induced seizures in
neonates and seizure suppression via P2Y(1) receptor
agonism. Purinergic Signal 20:157-162.

NEURAL REGENERATION RESEARCH | Vol 21 | No. 1 | January 2026 | 37



NEURAL REGENERATION RESEARCH

°
] .
% - Www.nrronllne.org

Review

Song X, Gong Z, Liu K, Kou J, Liu B, Liu K (2020) Baicalin
combats glutamate excitotoxicity via protecting
glutamine synthetase from ROS-induced 20S
proteasomal degradation. Redox Biol 34:101559.

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

Su'Y, Tang M, Wang M (2024) Mitochondrial dysfunction
of astrocytes mediates lipid accumulation in temporal
lobe epilepsy. Aging Dis 15:1289-1295.

Sultan S, Li L, Moss J, Petrelli F, Cassé F, Gebara E, Lopatar
J, Pfrieger FW, Bezzi P, Bischofberger J, Toni N (2015)
Synaptic integration of adult-born hippocampal
neurons is locally controlled by astrocytes. Neuron
88:957-972.

Sun M, Song Y, Hu X, Zhang Z, Tan R, Cai Z, Wang X, Fu Y,
You H, Cui S, Zhao W, An J, Chen X, Lu H (2024) Leptin
reduces LPS-induced A1 reactive astrocyte activation
and inflammation via inhibiting p38-MAPK signaling
pathway. Glia doi:10.1002/glia.24611.

Sun YB, Zhao H, Mu DL, Zhang W, Cui J, Wu L, Alam A,
Wang DX, Ma D (2019) Dexmedetomidine inhibits
astrocyte pyroptosis and subsequently protects the
brain in in vitro and in vivo models of sepsis. Cell Death
Dis 10:167.

Szu JI, Binder DK (2022) Mechanisms underlying
aquaporin-4 subcellular mislocalization in epilepsy.
Front Cell Neurosci 16:900588.

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M,
Takahashi K, Iwama H, Nishikawa T, Ichihara N, Kikuchi
T, Okuyama S, Kawashima N, Hori S, Takimoto M, Wada
K (1997) Epilepsy and exacerbation of brain injury in
mice lacking the glutamate transporter GLT-1. Science
276:1699-1702.

Tapanes SA, Arizanovska D, Diaz MM, Folorunso OO,
Harvey T, Brown SE, Radzishevsky I, Close LN, Jagid JR,
Graciolli Cordeiro J, Wolosker H, Balu DT, Liebl DJ (2022)
Inhibition of glial D-serine release rescues synaptic
damage after brain injury. Glia 70:1133-1152.

Taxier LR, Pillerova M, Branyan TE, Sohrabiji F, Frick KM
(2024) Astrocytic glutamate transport is essential for
the memory-enhancing effects of 178-estradiol in
ovariectomized mice. Horm Behav 165:105618.

Tejeda-Bayron FA, Rivera-Aponte DE, Malpica-Nieves CJ,
Maldonado-Martinez G, Maldonado HM, Skatchkov SN,
Eaton MJ (2021) Activation of glutamate transporter-1
(GLT-1) confers sex-dependent neuroprotection in
brain ischemia. Brain Sci 11:76.

Theofilas P, Brar S, Stewart KA, Shen HY, Sandau US,
Poulsen D, Boison D (2011) Adenosine kinase as a
target for therapeutic antisense strategies in epilepsy.
Epilepsia 52:589-601.

Theparambil SM, Kopach O, Braga A, Nizari S, Hosford PS,
Sagi-Kiss V, Hadjihambi A, Konstantinou C, Esteras N,
Gutierrez Del Arroyo A, Ackland GL, Teschemacher AG,
Dale N, Eckle T, Andrikopoulos P, Rusakov DA, Kasparov
S, Gourine AV (2024) Adenosine signalling to astrocytes
coordinates brain metabolism and function. Nature
632:139-146.

Treiman DM (2001) GABAergic mechanisms in epilepsy.
Epilepsia 42 Suppl 3:8-12.

Trinka E, Kwan P, Lee B, Dash A (2019) Epilepsy in Asia:
disease burden, management barriers, and challenges.
Epilepsia 60 Suppl 1:7-21.

Tyzack GE, Sitnikov S, Barson D, Adams-Carr KL, Lau NK,
Kwok JC, Zhao C, Franklin RJ, Karadottir RT, Fawcett JW,
Lakatos A (2014) Astrocyte response to motor neuron
injury promotes structural synaptic plasticity via STAT3-
regulated TSP-1 expression. Nat Commun 5:4294.

van der Hel WS, Notenboom RG, Bos IW, van Rijen PC, van
Veelen CW, de Graan PN (2005) Reduced glutamine
synthetase in hippocampal areas with neuron loss in
temporal lobe epilepsy. Neurology 64:326-333.

van Scheppingen J, Mills JD, Zimmer TS, Broekaart DWM,
lori V, Bongaarts A, Anink JJ, lyer AM, Korotkov A,
Jansen FE, van Hecke W, Spliet WG, van Rijen PC,
Baayen JC, Vezzani A, van Vliet EA, Aronica E (2018)
miR147b: a novel key regulator of interleukin 1 beta-
mediated inflammation in human astrocytes. Glia
66:1082-1097.

Vezzani A, Balosso S, Ravizza T (2019) Neuroinflammatory
pathways as treatment targets and biomarkers in
epilepsy. Nat Rev Neurol 15:459-472.

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

Virchow R (1858) Zwanzig Vorlesungen gehalten wahrend
der Monate Februar, Marz

und April 1858 im pathologischen Institut zu Berlin. Berlin:
August Hirschwald.

Volnova A, Tsytsarev V, Ganina O, Vélez-Crespo GE, Alves
JM, Ignashchenkova A, Inyushin M (2022) The anti-
epileptic effects of carbenoxolone in vitro and in vivo.
Int J Mol Sci 23.

Voss LJ, Jacobson G, Sleigh JW, Steyn-Ross A, Steyn-Ross
M (2009) Excitatory effects of gap junction blockers on
cerebral cortex seizure-like activity in rats and mice.
Epilepsia 50:1971-1978.

Vuong J, Devergnas A (2018) The role of the basal ganglia
in the control of seizure. J Neural Transm (Vienna)
125:531-545.

Wang C, Najm R, Xu Q, Jeong DE, Walker D, Balestra ME,
Yoon SY, Yuan H, Li G, Miller ZA, Miller BL, Malloy MJ,
Huang Y (2018) Gain of toxic apolipoprotein E4 effects
in human iPSC-derived neurons is ameliorated by a
small-molecule structure corrector. Nat Med 24:647-
657.

Wang C, Sun W, Zhang J, Zhang J, Guo Q, Zhou X, Fan D,
Liu H, Qi M, Gao X, Xu H, Gao Z, Tian M, Zhang H, Wang
J, Wei Z, Long NJ, Mao Y, Li C (2021) An electric-field-
responsive paramagnetic contrast agent enhances the
visualization of epileptic foci in mouse models of drug-
resistant epilepsy. Nat Biomed Eng 5:278-289.

WangJ, Lu T, Gui Y, Zhang X, Cao X, Li Y, Li C, Liu L, Ding Z
(2023) HSPA12A controls cerebral lactate homeostasis
to maintain hippocampal neurogenesis and mood
stabilization. Transl Psychiatry 13:280.

Wang Z, Zhou L, An D, Xu W, Wu C, Sha S, Li Y, Zhu Y,

Chen A, Du Y, Chen L, Chen L (2019) TRPV4-induced
inflammatory response is involved in neuronal death in
pilocarpine model of temporal lobe epilepsy in mice.
Cell Death Dis 10:386.

Weltha L, Reemmer J, Boison D (2019) The role of
adenosine in epilepsy. Brain Res Bull 151:46-54.

Whitesell L, Lindquist SL (2005) HSP90 and the
chaperoning of cancer. Nat Rev Cancer 5:761-772.

Williams-Karnesky RL, Sandau US, Lusardi TA, Lytle
NK, Farrell JM, Pritchard EM, Kaplan DL, Boison D
(2013) Epigenetic changes induced by adenosine
augmentation therapy prevent epileptogenesis. J Clin
Invest 123:3552-3563.

Woo AM, Sontheimer H (2023) Interactions between
astrocytes and extracellular matrix structures
contribute to neuroinflammation-associated epilepsy
pathology. Front Mol Med 3:1198021.

Wu KJ, Yu SJ, Shia KS, Wu CH, Song JS, Kuan HH, Yeh
KC, Chen CT, Bae E, Wang Y (2017) A novel CXCR4
antagonist CX549 induces neuroprotection in stroke
brain. Cell Transplantation 26:571-583.

Xia L, Liu L, Cai Y, Zhang Y, Tong F, Wang Q, Ding J, Wang X
(2021) Inhibition of gasdermin d-mediated pyroptosis
attenuates the severity of seizures and astroglial
damage in kainic acid-induced epileptic mice. Front
Pharmacol 12:751644.

Xian P, Hei Y, Wang R, Wang T, Yang J, Li J, Di Z, Liu Z,
Baskys A, Liu W, Wu S, Long Q (2019) Mesenchymal
stem cell-derived exosomes as a nanotherapeutic
agent for amelioration of inflammation-induced
astrocyte alterations in mice. Theranostics 9:5956-
5975.

Yamaguchi |, Yoshimura SH, Katoh H (2020) High cell
density increases glioblastoma cell viability under
glucose deprivation via degradation of the cystine/
glutamate transporter xCT (SLC7A11). J Biol Chem
295:6936-6945.

Yang J, Ruchti E, Petit JM, Jourdain P, Grenningloh G,
Allaman |, Magistretti P) (2014) Lactate promotes
plasticity gene expression by potentiating NMDA
signaling in neurons. Proc Natl Acad Sci U S A
111:12228-12233.

38 | NEURAL REGENERATION RESEARCH | Vol 21 | No. 1 | January 2026

Yang JF, Tao HQ, Liu YM, Zhan XX, Liu Y, Wang XY, Wang
JH, Mu LL, Yang LL, Gao ZM, Kong QF, Wang GY, Han JH,
Sun B, Li HL (2012) Characterization of the interaction
between astrocytes and encephalitogenic lymphocytes
during the development of experimental autoimmune
encephalitomyelitis (EAE) in mice. Clin Exp Immunol
170:254-265.

Yang Y, Ye Y, Su X, He J, Bai W, He X (2017) MSCs-derived
exosomes and neuroinflammation, neurogenesis and
therapy of traumatic brain injury. Front Cell Neurosci
11:55.

Yilmaz M, Tekten BO (2021) Serum prolactin level and
lactate dehydrogenase activity in patients with
epileptic and nonepileptic seizures: a cross-sectional
study. Medicine 100:27329.

Young D, Fong DM, Lawlor PA, Wu A, Mouravlev A, McRae
M, Glass M, Dragunow M, During MJ (2014) Adenosine
kinase, glutamine synthetase and EAAT2 as gene
therapy targets for temporal lobe epilepsy. Gene Ther
21:1029-1040.

Yu M, et al. (2024) Identification of an ionic mechanism
for ERa-mediated rapid excitation in neurons. Sci Adv
10:eadp0696.

Zeng JW, Liu XH, Zhang JH, Wu XG, Ruan HZ (2008) P2Y1
receptor-mediated glutamate release from cultured
dorsal spinal cord astrocytes. J Neurochem 106:2106-
2118.

Zeng LH, Rensing NR, Wong M (2009) The mammalian
target of rapamycin signaling pathway mediates
epileptogenesis in a model of temporal lobe epilepsy. J
Neurosci 29:6964-6972.

Zeng ML, Cheng JJ, Kong S, Yang XL, Jia XL, Cheng XL,
Chen L, He FG, Liu YM, Fan YT, Gongga L, Chen TX, Liu
WH, He XH, Peng BW (2022) Inhibition of Transient
Receptor Potential Vanilloid 4 (TRPV4) Mitigates
Seizures. Neurotherapeutics 19:660-681.

Zhang JM, Wang HK, Ye CQ, Ge W, Chen Y, Jiang ZL,

Wu CP, Poo MM, Duan S (2003) ATP released by
astrocytes mediates glutamatergic activity-dependent
heterosynaptic suppression. Neuron 40:971-982.

Zhang L, Wei J, Liu X, Li D, Pang X, Chen F, Cao H, Lei P
(2025) Gut microbiota-astrocyte axis: new insights
into age-related cognitive decline. Neural Regen Res
20:990-1008.

Zhang Y, Xu G, Ling Q, Da C (2011) Expression of
aquaporin 4 and Kir4.1 in diabetic rat retina: treatment
with minocycline. J Int Med Res 39:464-479.

Zhao J, Sun J, Zheng Y, Zheng Y, Shao Y, Li Y, Fei F, Xu C, Liu
X, Wang S, Ruan Y, Liu J, Duan S, Chen Z, Wang Y (2022)
Activated astrocytes attenuate neocortical seizures in
rodent models through driving Na(+)-K(+)-ATPase. Nat
Commun 13:7136.

Zhao M, Bousquet E, Valamanesh F, Farman N, Jeanny
JC, Jaisser F, Behar-Cohen FF (2011) Differential
regulations of AQP4 and Kir4.1 by triamcinolone
acetonide and dexamethasone in the healthy and
inflamed retina. Invest Ophthalmol Vis Sci 52:6340-
6347.

Zhao Y, Huang Y, Cao Y, Yang J (2024) Astrocyte-mediated
neuroinflammation in neurological conditions.
Biomolecules 14:1204.

ZhengJ, LiT, Qi S, Qin B, Yu J, Chen G (2022)
Neuroregenerative gene therapy to treat temporal lobe
epilepsy in a rat model. Prog Neurobiol 208:102198.

Zhuravleva ZN, Zhuravlev Gl (2023) Non-neuronal GABA
in neocortical neurografts of the rats. J Evol Biochem
Physiol 59:2258-2266.

Zuo HJ, Ren XQ, Shi JS, Shi HL, Guo K, Wang PX, Zhao
M, Li JJ (2024) Gastrodin regulates the expression of
renin-angiotensin system-SIRT3 and proinflammatory
mediators in reactive astrocytes via activated microglia.
Eur J Neurosci 60:3677-3693.

C-Editor: Zhao M; S-Editors: Wang J, Li CH;
L-Editors: Song LP; T-Editor: Jia Y



