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Abstract 

Background Epilepsy initiation involves multifactorial etiologies, including genetic susceptibility, structural anoma-
lies, and glial cell dysregulations, particularly in astrocytes. Despite advancements in understanding various factors, 
the mechanisms of astrocyte dysregulation in epilepsy, critical for neural homeostasis, remain elusive, requiring com-
prehensive evaluation of molecular pathways and cellular interactions for future targeted interventions.

Methods A systematic search of PubMed, ScienceDirect, and the Cochrane databases up to January 1st 2024 identi-
fied relevant studies predominantly from experimental models, forming the basis for an in-depth analysis of astrocytic 
contributions to epileptic pathophysiology. The aims, subjects, epilepsy induction techniques, assessment methods, 
and findings of each studies were presented.

Results A total of 24 clinical trials met the inclusion criteria and were included in the systematic review. Altered 
potassium buffering compromises extracellular potassium regulation, fostering hyperexcitability. Aquaporin dys-
function disrupts water homeostasis, aggravating seizure susceptibility. Disturbances in glutamatergic transmission, 
marked by changes in glutamate transporter function, contribute to excitotoxicity, fueling epileptogenesis. Intricacies 
in calcium signaling and disruptions in calcium-binding proteins tip intracellular calcium balance towards hyperexcit-
ability. Dysfunctional GABA transporters compromise inhibitory neurotransmission, upsetting excitatory–inhibitory 
balance. Gap junction protein dysregulation disrupts astroglial networks, impacting neuronal synchronization in epi-
leptogenic circuitry. Compromised BBB allows entry of epileptogenic factors, exacerbating the epileptogenic milieu.

Conclusions Collectively, these astrocytic dysregulations unveil intricate contributors to epilepsy onset 
and progression.
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Introduction
A seizure is a transient and paroxysmal event charac-
terized by abnormal and synchronous neuronal activity 
in the brain, leading to various manifestations encom-
passing motor, autonomic, and sensory domains. Motor 
manifestations may include tonic, clonic, tonic–clonic, 
or atonic movements, presenting as convulsions or jerk-
ing motions. Autonomic manifestations may manifest 
as changes in heart rate, blood pressure, pupillary size, 
or gastrointestinal symptoms, reflecting dysregulation 
of the autonomic nervous system. Sensory manifesta-
tions encompass alterations in perception, such as visual 
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disturbances, auditory hallucinations, olfactory sensa-
tions, or sensations of tingling, numbness, or abnormal 
sensations in the skin, reflecting aberrant sensory pro-
cessing within the brain [1]. A seizure can also cause 
brief behavioral alterations. In seizures, a few abnor-
mal neurons prompt changes in nearby neurons, lead-
ing to progressive synchronization and altered behavior 
[2]. Epileptogenesis constitutes a multifaceted process 
encompassing the development, progression, and main-
tenance of epilepsy, a chronic neurological disorder char-
acterized by recurrent seizures. Epilepsy is increasingly 
recognized as a brain network disease, implicating aber-
rant interactions and dysregulation within neural circuits 
rather than isolated neuronal dysfunction [3]. Epilepsy 
manifests as paroxysmal, transient, and stereotyped 
clinical events, comprising idiopathic, symptomatic 
(secondary or acquired), and cryptogenic forms. Symp-
tomatic epilepsy, the most common type, results from 
central nervous system lesions or abnormalities, includ-
ing structural issues or disturbances in brain function 
[4]. The pooled lifetime prevalence of epilepsy was 7.60 
per 1000 persons (95% CI 6.17–9.38), with a higher inci-
dence observed in low/middle-income countries (LMIC) 
compared to high-income countries (HIC), 139.0 (95% CI 
69.4–278.2) and 48.9 (95% CI 39.0–61.1), respectively [5, 
6]. The prevalence of active epilepsy exhibited age-related 
increases, reaching peaks at 5–9  years and beyond 
80 years, while global mortality rates for idiopathic epi-
lepsy were 1.74 per 100,000 population for women and 
2.09 per 100,000 population for men [7]. The complex 
nature of epilepsy, marked by transient electrical surges 
and various diagnostic criteria, underscores the signifi-
cance of understanding its diverse manifestations.

An unprovoked seizure occurs without identifiable 
triggers and includes events without recognized causes, 
as well as those associated with stable or progressive 
CNS abnormalities [8]. Current evidences show that the 
initiation of epilepsy is multifactorial, involving genetic 
susceptibility, structural anomalies, traumatic brain inju-
ries, chemical exposures, hypoxia, infections, metabolic 
imbalances, immunologic factors, stroke, and glial cells 
dysregulations among its diverse etiological factors [9]. 
Glial cells, especially astrocytes, enhance individual neu-
ronal activity through gliotransmission and the tripar-
tite synapse. While they normally play a crucial role in 
maintaining blood–brain barrier integrity and address-
ing inflammation and oxidative stress, these functions 
become impaired in epilepsy [10]. Despite advancements 
in understanding various etiological factors contributing 
to epilepsy, the precise mechanisms underlying astro-
cyte dysregulations remain elusive. One reason is that in 
humans, chronic temporal lobe epilepsy usually follows 
a seizure-free latent period that could last years, during 

which crucial pathophysiological changes occur. Animal 
models are essential to study this latent phase, vital for 
understanding astrocytic alterations preceding epileptic 
neuronal activity [11]. Studies have shown that astrocytes 
play pivotal roles in ion and water uptake, glucose metab-
olism, and communication with neurons, making these 
functions integral to neural homeostasis. Disruptions in 
these crucial astrocytic activities have been intricately 
linked to the pathophysiology of epilepsy [12]. Astro-
cytes play a crucial role in preserving the integrity of the 
blood–brain barrier and mitigating inflammation and 
oxidative stress. However, in epilepsy, these functions are 
compromised [13]. Epileptic conditions lead to disrup-
tions in astrocytic communication through gap junctions, 
impacting ion and water balance. Activated astrocytes 
contribute to altered neuronal excitability by decreas-
ing glutamate uptake and increasing adenosine metabo-
lism. Moreover, their heightened adenosine metabolism 
may play a role in DNA hypermethylation and other 
epigenetic changes associated with epileptogenesis [10, 
13]. In the context of drug-resistant epilepsy (DRE) 
and refractory status epilepticus (RSE), astrocytic dys-
function assumes heightened significance. Astrocytes 
play a crucial role in the mechanisms underlying resist-
ance to antiseizure medications (ASMs), contributing 
to reduced drug efficacy and treatment failure [9]. Their 
involvement in pharmacoresistance encompasses vari-
ous mechanisms, such as impaired drug transport across 
the blood–brain barrier, enhanced drug metabolism, and 
altered expression of drug targets or efflux transporters 
[14]. Moreover, astrocytic gliosis and neuroinflammation 
in DRE and RSE further exacerbate neuronal hyperexcit-
ability and perpetuate seizure activity [14, 15].

As our understanding of the brain’s non-neuronal ele-
ments expands, glial cells emerge as central figures in 
epilepsy pathogenesis [16]. Recognizing their role as key 
organizers of homeostasis and contributors to inflam-
mation and brain excitability opens avenues for inno-
vative therapeutic approaches [17]. By evaluating the 
molecular pathways and cellular interactions underlying 
astrocyte dysregulation, this systematic review aims to 
provide a comprehensive overview of the current state of 
knowledge. Ultimately, this synthesis of evidence is cru-
cial for guiding future research directions and develop-
ing targeted interventions that may effectively modulate 
astrocytic function, thereby mitigating the epileptogenic 
process.

Methods
Study design and inclusion criteria
In strict adherence to the PRISMA guidelines, we 
conducted a systematic review characterized by high 
methodological rigor. The study protocol underwent 
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registration and approval in the PROSPERO data-
base (ID: CRD496570) before the commencement of 
the systematic search. Inclusion criteria were defined 
to encompass studies addressing dysregulations in 
astrocytes associated with epilepsy, with no language 
restrictions imposed. The selected criteria included 
studies examining both animal and human subjects, 
evaluating the involvement of astrocyte components in 
epileptogenesis and their roles in pathological condi-
tions predisposing to epilepsy development. Dysregu-
lations in astrocytes were categorized, with a focus on 
but not limited to dysfunctions involving potassium 
buffering, water homeostasis, glutamatergic transmis-
sion, calcium signaling and calcium-binding proteins, 
gamma-aminobutyric acid (GABA) transporter, gap 
junction proteins, and blood–brain barrier (BBB). 
Studies concentrating on astrocyte roles in brain dis-
eases unrelated to epileptogenesis or not exploring the 
molecular mechanisms of seizure onset were excluded.

Literature search and selection
A comprehensive literature search, following the 
PRISMA flowchart, was conducted on PubMed, Scien-
ceDirect, and the Cochrane databases to identify stud-
ies investigating the impact of astrocyte dysfunctions 
on epileptogenesis and epilepsy-related brain dis-
eases. The search encompassed studies published up 
to January 1, 2024, without backward limits, employ-
ing MeSH terms. To mitigate the potential omission of 
pertinent studies, the reference lists of included papers 
and previous reviews on similar topics were manu-
ally screened. Duplicate articles were eliminated using 
Microsoft Excel 16.37 (Redmond, WA, USA). The 
research strategy relied on the analysis of titles and 
abstracts. The full text of an article was retrieved if the 
title and abstract met the inclusion criteria. No auto-
mated tools were employed during this phase.

A total of 583 papers were identified, of which 47 
underwent full-text screening due to indications in 
their titles or abstracts suggesting a discussion of 
astrocyte dysregulations in the pathogenesis of epi-
lepsy. Furthermore, only primary research articles 
were included, while several reviews were consulted 
for general information. Among the 23 papers, the 
majority did not specifically address astrocyte dysreg-
ulations but rather focused on therapeutic approaches 
related to astrocyte regulation or epilepsy in general. 
Ultimately, only papers explicitly discussing the dys-
functions of astrocyte components in epilepsy or a 
model thereof were included, amounting to a total of 
24 papers (Fig. 1).

Qualitative data extraction
A comprehensive and systematic data extraction process 
was diligently executed to acquire comprehensive demo-
graphic, baseline clinical, and outcome-related data from 
the selected studies. This methodological rigor facilitated 
a nuanced evaluation of the effects of dysregulations in 
each astrocyte component on the pathogenesis of epi-
lepsy. The categorization of mechanisms of action in 
astrocyte dysregulation afforded a comprehensive under-
standing of epilepsy pathophysiology, thereby enhancing 
the precision and depth of the research findings.

In accordance with the aforementioned criteria, all 
articles underwent screening and identification by two 
reviewers. Disagreements were resolved through discus-
sion and consensus, and when discussion failed to lead to 
consensus, a third researcher mediated. Extracted quali-
tative data included authorship, publication year, study 
objectives, and principal findings.

Results
Study selection
From the literature search conducted with the abovemen-
tioned queries, 583 articles were identified, which were 
subsequently reduced to 171 after the removal of dupli-
cates. Following exclusion based on title and abstract, 47 
papers were obtained for eligibility assessment. Subse-
quently, these were screened for relevance, culminating 
in the inclusion of 24 in accordance with our inclusion 
criteria and the overarching objective of the review. The 
full text was accessible for all 24 included studies [18–41], 
all of which were incorporated into our qualitative analy-
sis (Fig. 1).

Findings of included studies
The synthesized evidence from diverse studies presents 
a comprehensive landscape of astrocytic dysregulations 
implicated in epileptogenesis (Table  1). These findings 
collectively showcase the intricate interplay between 
astrocyte dysfunction and key molecular components, 
shedding light on potential mechanisms underpinning 
the development and progression of epilepsy. Three stud-
ies [18–20] demonstrated that increased potassium lev-
els lead to frequency-dependent synaptic facilitation, 
contributing to neuronal hyperexcitability. In addition, 
the downregulation of astrocytic inward rectifier potas-
sium channels 4.1 (Kir4.1) channel in the Leucine-Rich 
Glioma-Inactivated 1 (Lgi1)-related seizure model sug-
gests a functional impairment, potentially heightening 
seizure susceptibility by compromising astrocytes’ ability 
to maintain extracellular homeostasis. In addition, four 
studies [21–24] found that downregulation of Aquaporin 
4 (AQP4) disrupts astrocytic homeostasis, potentially 
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leading to powerful epileptogenic and cognitive effects. 
AQP4 plays a protective role in post-traumatic seizures 
by promoting astrogliosis and preventing microgliosis, 

with dysregulation involving specific upregulation and 
mislocalization in post-traumatic epilepsy. Three studies 
[25–27] showed that Glutamate Transporter 1 (GLT-1) 

Fig. 1 PRISMA flowchart
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dysfunction, characterized by impaired clearance of syn-
aptic glutamate in astrocytes, fosters epileptogenesis by 
elevating extracellular glutamate levels. This disruption 
leads to heightened neuronal excitability, synchroniza-
tion, and increased susceptibility to seizures. Further-
more, four studies [28–31] suggest that dysregulation in 
Ca2+ signaling contributes to epilepsy by disrupting the 
delicate balance of intracellular calcium concentrations, 
leading to abnormal neuronal excitability and synaptic 
transmission. The involvement of calcium-binding pro-
teins such as S-100B further exacerbates epileptogenesis 
by influencing processes, such as neuroinflammation, 
oxidative stress, and neuronal plasticity. Three stud-
ies [32, 34, 35] showed that dysregulation of the GABA 
transporter 1 (GAT-1) in epilepsy leads to impaired 
GABAergic synaptic transmission, resulting in reduced 
inhibitory control and heightened neuronal excit-
ability. Four studies [36–39] found that dysregulation of 
gap junction protein Connexin 43 (Cx43) in astrocytes 
induces a breakdown in intercellular communication, 
leading to impaired astrocytic network coordination. 
This disruption in astrocyte coupling hinders the efficient 
spread of potassium ions and other signaling molecules, 
contributing to an imbalance in extracellular homeosta-
sis and increased neuronal hyperexcitability, ultimately 
promoting epileptogenesis. Finally, three studies [33, 40, 
41] showed that impaired BBB integrity allows the infil-
tration of pro-inflammatory molecules and immune cells 

into the brain parenchyma, fostering a neuroinflamma-
tory environment. Concurrently, dysregulated transform-
ing growth factor β receptor (TGF-βR) signaling disrupts 
the astrocytic response to inflammation, compromising 
their neuroprotective functions and exacerbating neu-
ronal hyperexcitability, thereby contributing to the onset 
and progression of epilepsy. Each facet of astrocytic dys-
function contributes synergistically to the heightened 
neuronal excitability characteristic of epileptogenesis. 
These studies underscore the integral role of astrocytes in 
the pathophysiology of epilepsy.

Discussion
The following discussion section systematically organ-
izes clinical studies focused on various dysregulations 
within astrocytes, covering a spectrum of dysfunctions. 
This categorization prioritizes critical aspects, includ-
ing potassium buffering, water homeostasis, glutamater-
gic transmission, calcium signaling, calcium-binding 
proteins, GABA transporter, gap junction proteins, and 
BBB integrity. This structured approach aims to pro-
vide a thorough analysis of the intricate involvement of 
astrocytes in epileptogenesis. Each category serves as a 
discrete analytical framework, elucidating the impact of 
astrocytic dysregulation on epilepsy, elucidating potential 
mechanisms, pathways, and therapeutic targets associ-
ated with each facet (Fig. 2).

Fig. 2 Astrocytes fulfill diverse functions crucial for neuronal homeostasis. A In the context of potassium buffering, astrocytes employ Kir4.1 
channels to facilitate the entry of K+ released during neuronal activity, promoting its distribution into capillaries. B Addressing water homeostasis, 
the astrocytic water channel Aquaporin-4 (AQP4) orchestrates water flow between the extracellular space and the blood, maintaining osmotic 
balance. C In glutamatergic transmission, astrocytes utilize glutamate transporters (GLT-1 or GLAST) to uptake glutamate, subsequently converting 
it to glutamine, a process critical for neurotransmission. D In calcium signaling, voltage-gated channels and Ca2+ waves stimulate gliotransmitter 
release from astrocytes, influencing neuronal excitability. E Gamma-aminobutyric acid (GABA) transporter GAT-1 facilitates the removal of GABA 
from the synaptic cleft, impacting synaptic transmission. F Astrocytic gap junction proteins, such as Cx43, enable intercellular communication, 
contributing to spatial buffering of ions. G Astrocytes play a role in the blood–brain barrier (BBB) integrity, where disruptions, as seen 
in neuroinflammatory conditions, activate microglia and lead to neuroinflammation
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Potassium buffering
Potassium buffering, a crucial homeostatic function 
performed by astrocytes, is integral to the regulation of 
extracellular potassium concentrations within the central 
nervous system. Under normal physiological conditions, 
neurons generate action potentials, leading to potassium 
efflux into the extracellular space. Astrocytes actively 
participate in maintaining the ionic balance by swiftly 
taking up excess potassium ions through various mecha-
nisms [42]. This intricate process involves the activity of 
Kir channels, particularly Kir4.1, abundantly expressed 
on astrocytic endfeet. Kir4.1 channels enable astrocytes 
to effectively clear extracellular potassium, preventing its 
accumulation and ensuring a stable neuronal environ-
ment [43].

These channels play a crucial role in regulating the 
brain’s extracellular potassium  ([K+]o) and water fluxes. 
During physiological activation and repetitive activation, 
nonhomogeneous increases in  [K+]o occur, particularly 
in specific cortical layers, such as the pyramidal layer 
of Ammon’s horn in the hippocampus or deep layers in 
the neocortex. The localized increase in  [K+]o depolar-
izes astrocytes, leading to spatial buffering of  [K+]o [44, 
45]. Dysregulation in astrocytic Kir4.1 channels has been 
implicated in epileptogenesis. Studies suggest that down-
regulation or functional impairment of Kir4.1 channels 
results in decreased potassium buffering capacity, lead-
ing to elevated extracellular potassium levels [46]. This 
heightened potassium concentration in the extracellu-
lar milieu has profound effects on neuronal excitability, 
potentially contributing to the generation and propaga-
tion of epileptic events. Elevated extracellular  K+ concen-
tration  ([K+]o), resulting from defective  K+ regulation, is 
strongly associated with seizure initiation during hyper-
synchronous neuronal activities when  [K+]o reaches 
peaks of 10–12 mM [47].

Astrocytic Kir4.1 channel dysfunction, induced by 
KCNJ10 gene mutations or downregulation, elevates 
extracellular potassium and glutamate levels, trigger-
ing neuronal hyperexcitation in epileptogenesis [48]. 
Research involving glial-specific conditional Kir4.1 KO 
mice confirmed disrupted K+ homeostasis, offering 
additional mechanistic evidence supporting the role of 
abnormal Kir4.1 expression and function in the epilep-
tic phenotype [49, 50]. Linkage analysis conducted in 
patients presenting with seizures, ataxia, sensorineural 
deafness, mental retardation, and electrolytic imbal-
ance (SeSAME or EAST syndrome) implicated KCNJ10. 
Sequencing of the affected KCNJ10 gene in individu-
als with SeSAME or EAST syndrome revealed loss-of-
function mutations within the channel, and subsequent 
heterologous expression experiments confirmed the 
functional impact of these mutations on Kir4.1, leading 

to depolarization [51, 52]. The compromised potassium 
buffering capacity of astrocytes may induce frequency-
dependent synaptic facilitation. The aberrant accumula-
tion of potassium, particularly in the context of epileptic 
events characterized by increased neuronal activity, may 
enhance synaptic transmission [53]. This heightened syn-
aptic facilitation, dependent on N-methyl-d-aspartate 
(NMDA) receptor activity, further contributes to neu-
ronal hyperexcitability and network synchronization. 
Consequently, the dysregulation of potassium buffering 
in astrocytes emerges as a pivotal factor in the patho-
physiological cascade leading to epileptogenesis [53, 54].

Water hemostasis
Dysregulation of water homeostasis, specifically involv-
ing AQP4, constitutes a pivotal aspect of astrocyte dys-
function in the epileptogenic process. AQP4, a water 
channel protein predominantly expressed in astrocytes, 
plays a fundamental role in maintaining water balance 
within the central nervous system [55]. In normal physi-
ological conditions, AQP4 facilitates the movement of 
water across astrocytic membranes, ensuring the pre-
cise regulation of extracellular fluid volume. This pro-
cess is particularly critical in the context of ion and water 
homeostasis within the brain, where astrocytes actively 
participate in the intricate maintenance of the microen-
vironment [56]. During epileptogenesis, dysregulation of 
AQP4 emerges as a significant contributor to pathologi-
cal alterations in water homeostasis. Experimental stud-
ies have demonstrated that changes in AQP4 expression 
and function are associated with epileptic activity [21–
24]. The sensitivity of neuronal excitability to osmolar-
ity and changes in the extracellular space is manifested 
through reductions in the extracellular space, resulting in 
increased concentrations of extracellular ions and neuro-
transmitters, thereby intensifying ephaptic interactions 
among closely interacting neurons and fostering height-
ened synchronous firing and bursting activity, contrib-
uting significantly to the complexities of epileptogenesis 
[57, 58].

Roles in the etiology of water homeostasis dysfunction 
in astrocytes encompass AQP4 misexpression, AQP4 
mislocalization, dysregulation of AQP4 isoforms, loss 
of AQP4 polarity, and inadequacy in phosphorylation of 
AQP4 [59]. Following systemic kainic acid-induced sta-
tus epilepticus in rats, hippocampal AQP4 expression 
was found to be mislocalized, with reduced density in the 
adluminal endfeet of astrocytes during the latent phase 
before chronic epileptic seizures [60]. In a mouse model 
of post-traumatic epilepsy, AQP4 subcellular redistribu-
tion was observed [24]. Furthermore, the pivotal protein 
in anchoring AQP4 to perivascular end feet astrocytes is 
dystrophin, a component of the dystrophin-associated 
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protein complex (DAPC) [61]. This complex interacts 
with AQP4 via α-syntrophin. The anchoring system is 
vital for AQP4’s physiological role in fluid circulation 
and ion homeostasis between blood and brain tissue 
[62]. Through the deletion of α-syntrophin, a consider-
able and consistently ranging proportion (79–94%) of the 
perivascular AQP4 pool is eliminated and could precedes 
the occurrence of chronic seizures [59, 63]. In addition, 
dysregulation of AQP4 phosphorylation, triggered by 
CaM activation and PKA-mediated phosphorylation at 
S276, plays a crucial role in epileptogenesis. The resulting 
AQP4 translocation to the plasma membrane contributes 
to seizure initiation, presenting a promising avenue for 
therapeutic intervention in epilepsy [64].

Glutamatergic transmission
Astrocytes play a pivotal role in maintaining glutamater-
gic homeostasis within the central nervous system, pri-
marily through the glutamate transporters GLAST 
(Glutamate Aspartate Transporter) and GLT-1. GLAST 
and GLT-1, localized on astrocytic processes ensheath-
ing synapses, function to efficiently clear the neurotrans-
mitter glutamate from the extracellular space, preventing 
excitotoxicity [65]. Dysregulation of these transporters 
can lead to aberrant glutamate levels, thereby influencing 
neuronal excitability and contributing to the pathogene-
sis of epilepsy. In the intrahippocampal kainic acid model 
of temporal lobe epilepsy, an early upregulation of astro-
cyte glutamate transporters GLT-1 and GLAST occurs, 
implying their potential involvement in epilepsy develop-
ment [66]. Downregulation or impaired function of these 
transporters results in compromised glutamate clear-
ance, leading to an accumulation of glutamate. Elevated 
synaptic glutamate concentrations induce overstimula-
tion of postsynaptic glutamate receptors, precipitating 
hyperexcitability and even excitotoxic neuronal death 
[67]. Thus, alterations in GLAST and GLT-1 expression, 
function, or localization can disrupt the delicate balance 
of glutamatergic neurotransmission.

GLT-1, an Na+-dependent transmembrane symporter, 
serves as the predominant astrocytic glutamate trans-
porter in the adult human brain, responsible for more 
than 90% of synaptic glutamate clearance and exhibiting 
expression levels surpassing GLAST by four to six times 
in astrocytes [68, 69]. It plays a pivotal role in maintain-
ing the synaptic glutamate gradient, and its dysregulation 
has been associated with excitotoxicity, neuronal death, 
and neurological disorders, as evidenced by studies on 
GLT-1 knockout mice experiencing lethal spontaneous 
seizures and significant neuronal loss, while functional 
GLT-1 prevented post-traumatic seizures in a rat trau-
matic brain injury (TBI) model [70–72]. Various factors, 
such as genetic predisposition, trauma, or inflammation, 

may instigate changes in glutamate transporter activ-
ity. Jen and colleagues demonstrated that a heterozygous 
mutation in GLT-1 resulted in reduced glutamate uptake, 
contributing to neuronal hyperexcitability and leading 
to manifestations, such as seizures, hemiplegia, and epi-
sodic ataxia [73].

Moreover, dysfunction in astrocytic glutamate trans-
porters can impact synaptic plasticity and long-term 
potentiation, processes crucial for normal neuronal func-
tion [74]. Dysregulated glutamate transport may contrib-
ute to hyperexcitability and the generation of abnormal 
neuronal circuits, fostering a conducive environment for 
the initiation and propagation of seizures [75]. Gluta-
mate transporters tightly control synaptic transmission, 
influencing long-term plasticity by regulating the spati-
otemporal profile of glutamate transients and potentially 
determining the sensitivity of synapses to various plas-
ticity paradigms [76]. In addition, the altered expression 
or function of GLAST and GLT-1 in epilepsy may not 
only affect synaptic transmission but also influence the 
surrounding microenvironment. The intricate interplay 
between astrocytic glutamate transporters and neuronal 
activity underscores their significance in epileptogenesis.

Ceftriaxone, functioning as a transcriptional activa-
tor, has demonstrated the capacity to enhance GLT-1 
expression during the initial stages of epileptogenesis. 
This effect may potentially ameliorate cognitive impair-
ments associated with epilepsy by addressing the deficit 
in glutamate uptake [27, 77]. Although, administration 
of ceftriaxone has demonstrated negative effects on hip-
pocampal synaptic plasticity and memory recognition 
[78]. A study conducted by Sha and colleagues found that 
inhibition of Hsp90 increases GLT-1 levels by disrupting 
the association between Hsp90β and GLT-1, preventing 
GLT-1 degradation and suggesting a potential therapeu-
tic target for epilepsy and excitotoxicity through up-regu-
lation of GLT-1 in reactive astrocytes [79].

Ca2+ signaling and calcium binding protein
The dysregulation of Ca2+ signaling and calcium-binding 
proteins represents a pivotal aspect of astrocyte dysfunc-
tion in the pathogenesis of epileptogenesis. Ca2+ serve as 
crucial intracellular messengers, participating in diverse 
cellular processes, including neurotransmitter release, 
gene expression, and modulation of astrocytic function 
[80, 81]. In the context of astrocyte dysfunction in epi-
leptogenesis, aberrations in Ca2+ signaling are integral 
to the intricate interplay of cellular events leading to the 
development and perpetuation of epilepsy [82]. Astro-
cytes actively engage in bidirectional communication 
with neurons, and alterations in Ca2+ dynamics pro-
foundly influence this intercellular signaling [83]. Cal-
cium waves within astrocytic networks contribute to the 
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regulation of neuronal activity, with disturbances in these 
waves being implicated in epileptic pathophysiology [84]. 
Intracellular Ca2+ oscillations in astrocytes are tightly 
regulated by various mechanisms, including purinergic 
signaling and release from intracellular stores, such as the 
endoplasmic reticulum [85]. In various neurodegenera-
tive diseases, including Alzheimer’s disease, Parkinson’s 
disease, and epilepsy, calcium ion (Ca2+) serves as a cru-
cial second messenger, influencing neuronal excitability. 
The interplay of voltage-dependent calcium channels 
(VDCCs), intracellular calcium-binding proteins, and 
calcium channels within intracellular stores contributes 
to epileptogenesis [86].

Furthermore, calcium-binding proteins play a pivotal 
role in shaping astrocytic responses to changes in Ca2+ 
levels. These proteins, such as calmodulin and S100B, 
exert modulatory effects on intracellular signaling cas-
cades [87]. S100B exerts its effects on astrocyte func-
tion through interactions with various cellular targets. 
S100B, featuring a helix–loop–helix structure and a cal-
cium-binding domain, plays a crucial role in neurologi-
cal disorders by activating the MAPK pathway, inducing 
increased NF-kB expression, and influencing cellular 
processes, such as survival, proliferation, and gene up-
regulation [88]. Notably, S100B modulates intracellular 
calcium levels, acting as both a sensor and effector in cal-
cium-mediated signaling pathways within astrocytes [89]. 
Dysregulation of calcium-binding proteins in astrocytes 
has been associated with altered synaptic transmission, 
compromised neuronal homeostasis, and heightened 
susceptibility to seizures [31]. Moreover, S100B is intri-
cately linked to neuroinflammatory processes, further 
exacerbating astrocyte dysfunction in epilepsy [90]. The 
release of S100B from astrocytes into the extracellular 
space can activate microglia and perpetuate a proinflam-
matory milieu. This inflammatory cascade, coupled with 
disruptions in astrocytic calcium homeostasis mediated 
by S100B, creates a conducive environment for epilepto-
genic changes within the neural circuitry [91, 92]. In the 
epileptogenic milieu, the dysregulation of S100B extends 
beyond its role in calcium signaling and inflammation. 
S100B has been implicated in gliosis, contributing to the 
reactive astrocytic phenotype observed in epilepsy [93, 
94]. The sustained activation of astrocytes, characterized 
by altered morphology and function, is a hallmark of epi-
leptogenic processes, and S100B appears to play a modu-
latory role in this regard.

GABA transporter
GABA, the primary inhibitory neurotransmitter, modu-
lates excitatory neurotransmission upon release from 
interneurons. Astrocytic glutamine is transported to 
GABAergic neurons, where it undergoes conversion to 

glutamate and then promptly to GABA via glutamate 
decarboxylase (GAD) [95]. GABA, crucially reliant on 
the tricarboxylic acid (TCA) cycle intermediaries, faces 
deficits in transmitter production during cellular energy 
metabolism inefficiencies, often observed after com-
promised tissue perfusion and heightened neuronal 
metabolic demand [96]. Presynaptically stored GABA 
is released onto various postsynaptic terminals, and the 
majority is reclaimed by its transporter, GAT-1, into the 
presynaptic neuron for recycling into vesicles. Under 
normal conditions, GAT-1 is responsible for the major-
ity of GABA reuptake in astrocytes, preventing exces-
sive accumulation in the synaptic cleft and maintaining 
inhibitory tone. However, in epileptogenesis, alterations 
in the expression and function of GAT-1 lead to impaired 
GABAergic neurotransmission [97]. This dysfunction 
may manifest as reduced GABA uptake, resulting in 
prolonged GABAergic signaling and increased suscepti-
bility to seizures [98, 99]. GABA transporter dysregula-
tion, encompassing various isoforms, such as GAT-1, 
plays a pivotal role in the complex process of astrocyte 
dysfunction during epileptogenesis [99]. GABA, a major 
inhibitory neurotransmitter in the central nervous sys-
tem, is actively reuptaken by astrocytes through GABA 
transporters, ensuring precise regulation of its extracel-
lular concentrations [100]. The dysregulation of GABA 
transporters, notably GAT-1, disrupts this delicate bal-
ance, contributing to aberrant inhibitory signaling 
within neuronal networks [101]. Moreover, dysregulated 
GABA transporters influence the availability of GABA 
for extrasynaptic signaling, impacting tonic inhibition. 
The heightened tonic inhibition stems from compro-
mised GABA uptake by the GABA transporter GAT-1 
in the tested genetic models, playing a crucial role in 
seizure genesis [102]. The altered GABAergic tone can 
contribute to hyperexcitability in neuronal circuits, fos-
tering a pro-epileptic environment. The intricate inter-
play between GABA transporters and the homeostatic 
control of inhibitory neurotransmission underscores 
their significance in the epileptogenic process.

Gap junction protein
Gap junction protein dysregulation, particularly involv-
ing Cx43, stands as a pivotal factor in the intricate 
process of astrocyte dysfunction contributing to epilep-
togenesis [103]. Astrocytes, integral to maintaining neu-
ronal homeostasis, express Cx43, forming gap junctions 
that facilitate direct intercellular communication [103]. 
In epileptic conditions, alterations in Cx43 expression 
and function disrupt normal signaling cascades between 
astrocytes, compromising their regulatory roles [104]. 
Astrocytic Cx channels have been implicated in epilepsy, 
particularly in the sclerotic hippocampus of temporal 
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lobe epilepsy (TLE) patients, where astrocytic gap junc-
tion (GJ) coupling is lost despite sustained expression of 
Cx isoforms [105]. Dysregulated Cx43 can result from 
genetic mutations, aberrant post-translational modifica-
tions, or environmental triggers, precipitating an array 
of pathological consequences [106, 107]. The dysregula-
tion of Cx43 in astrocytes significantly impacts potas-
sium buffering, a crucial function in the prevention of 
extracellular potassium accumulation [44]. Disrupted gap 
junctional communication due to Cx43 abnormalities 
compromises the spatial buffering capacity of astrocytes, 
leading to elevated extracellular potassium concentra-
tions [44, 108]. This heightened potassium environment 
fosters neuronal hyperexcitability and synchronous fir-
ing, which are hallmark features of epileptic activity. 
Moreover, dysregulated Cx43 contributes to altered cal-
cium wave propagation among astrocytes, influencing 
neurotransmitter release and perpetuating the epileptic 
milieu [109].

Astrocytes, with their extensive network, play a piv-
otal role in immune response modulation. Cx43 dysreg-
ulation further intertwines with neuroinflammation, a 
prominent aspect of epileptogenesis [110]. Dysfunctional 
Cx43 hampers astrocytic coordination in responding 
to inflammatory cues, potentially exacerbating neuro-
inflammatory processes [111]. In addition, impaired 
Cx43-mediated gap junctions hinder the formation of 
astrocytic scar tissue, crucial for containing aberrant 
neuronal activity [112, 113]. This deficiency may con-
tribute to a persistent pro-epileptic microenvironment. 
Beyond localized effects, Cx43 dysregulation extends its 
impact to long-range network dynamics. Altered astro-
cytic connectivity disrupts the synchronization of neu-
ral networks, fostering hypersynchrony associated with 
epileptic seizures [36]. Compromised gap junctions may 
impede the propagation of antiepileptic signals, further 
tipping the balance towards hyperexcitability [114]. The 
intricate interplay of Cx43 dysregulation in both local 
and network-level astrocytic functions underscores its 
multifaceted role in the pathogenesis of epilepsy.

BBB and TGF‑βR
BBB dysfunction and dysregulation of TGF-βR signaling 
contribute significantly to astrocyte dysfunction in epi-
leptogenesis. The BBB, a dynamic interface between the 
blood and the CNS, maintains homeostasis by selectively 
restricting the passage of substances [115]. In epilepsy, 
compromised BBB integrity leads to the infiltration of 
blood-derived factors into the brain parenchyma [116]. 
This breach triggers a cascade of events, including acti-
vation of astrocytes, which respond to the altered micro-
environment. Upon exposure to blood-derived factors, 
astrocytes undergo phenotypic changes characterized 

by increased reactivity and altered expression of vari-
ous transporters and receptors [117, 118]. Notably, 
dysregulated TGF-βR signaling is implicated in these 
astrocytic alterations [33, 40]. TGF-βR modulates astro-
cyte function in response to BBB disruption. Dysfunc-
tional TGF-βR signaling exacerbates astrocyte reactivity, 
contributing to a pro-inflammatory environment con-
ducive to epileptogenesis [119]. This altered astrocytic 
state, in turn, can further compromise BBB integrity, 
creating a positive feedback loop [40, 120]. This altered 
state contributes to network hyperexcitability, excita-
tory–inhibitory (E/I) imbalance, and cognitive deficits, 
with implications for synaptic remodeling and increased 
expression of c1q, a complement protein associated with 
synapse elimination [121–124]. In addition, TGF-βR dys-
regulation may influence the expression of tight junction 
proteins at the BBB, exacerbating permeability changes 
and allowing increased entry of inflammatory mediators 
[125].

Several limitations must be acknowledged in the scope 
of this comprehensive review. First, the majority of evi-
dence is derived from experimental models, primar-
ily rodents, and translation to human epileptogenesis 
necessitates caution. Human astrocytic heterogeneity, 
particularly in pathological conditions, adds complex-
ity, and the extent to which findings from animal mod-
els accurately reflect human astrocyte behavior remains 
a subject of ongoing investigation. Furthermore, the 
diversity of epilepsy etiologies and patient populations 
introduces variability that challenges the generalizabil-
ity of specific astrocytic dysregulations across different 
forms of epilepsy. In addition, the interdependence of 
various astrocytic functions and the intricate crosstalk 
with other cell types in the brain necessitate further elu-
cidation. The evolving landscape of astrocyte research 
might bring forth new insights beyond the current scope, 
prompting continual reassessment and refinement of our 
understanding.

Conclusions
Astrocytic dysfunctions in epilepsy encompass dis-
ruptions in potassium buffering, water homeostasis, 
glutamatergic transmission, calcium signaling, calcium-
binding proteins, GABA transporters, gap junction pro-
teins, and BBB integrity. These disruptions collectively 
contribute to epileptogenesis by fostering a hyperexcit-
able environment. Dysregulated potassium buffering 
and impaired water homeostasis exacerbate seizure sus-
ceptibility, while altered glutamatergic transmission and 
calcium signaling promote excitotoxicity and hyper-
excitability. Dysfunctional GABA transporters disrupt 
inhibitory neurotransmission, and gap junction pro-
tein dysregulation impacts neuronal synchronization, 
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contributing to epileptogenic circuitry. Compromised 
BBB integrity allows entry of epileptogenic factors into 
the brain parenchyma. A comprehensive understanding 
of these astrocytic dysfunctions is essential for unraveling 
epilepsy’s complex pathogenesis, emphasizing the need 
for holistic approaches, particularly in human studies, to 
show their interplay effectively.
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