
NEURAL REGENERATION RESEARCH｜Vol 18｜No. 7｜July 2023｜1417

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

Abstract  
Epilepsy is a neurological disorder caused by the pathological hyper-synchronization of neuronal 
discharges. The fundamental research of epilepsy mechanisms and the targets of drug design options 
for its treatment have focused on neurons. However, approximately 30% of patients suffering from 
epilepsy show resistance to standard anti-epileptic chemotherapeutic agents while the symptoms 
of the remaining 70% of patients can be alleviated but not completely removed by the current 
medications. Thus, new strategies for the treatment of epilepsy are in urgent demand. Over the 
past decades, with the increase in knowledge on the role of glia in the genesis and development of 
epilepsy, glial cells are receiving renewed attention. In a normal brain, glial cells maintain neuronal 
health and in partnership with neurons regulate virtually every aspect of brain function. In epilepsy, 
however, the supportive roles of glial cells are compromised, and their interaction with neurons is 
altered, which disrupts brain function. In this review, we will focus on the role of glia-related processes 
in epileptogenesis and their contribution to abnormal neuronal activity, with the major focus on the 
dysfunction of astroglial potassium channels, water channels, gap junctions, glutamate transporters, 
purinergic signaling, synaptogenesis, on the roles of microglial inflammatory cytokines, microglia-
astrocyte interactions in epilepsy, and on the oligodendroglial potassium channels and myelin 
abnormalities in the epileptic brain. These recent findings suggest that glia should be considered as 
the promising next-generation targets for designing anti-epileptic drugs that may improve epilepsy 
and drug-resistant epilepsy.
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purinergic signaling; seizures

Introduction 
The past decades brought upon us an incredible increase in knowledge 
about the properties and functions of glia in health and disease. Thanks 
to the progress ramped up by the power of modern tools, we now know 
that glial cells, including astrocytes, microglia, and oligodendrocytes, are 
critical participants in virtually all aspects of normal brain development and 
function (Stadelmann et al., 2019; Augusto-Oliveira et al., 2020; Clayton 
and Tesar, 2021; Ferro et al., 2021). Far more than once thought, glial cells 
that constitute at least half of the healthy brain not only closely interact 
with neurons to support their activity, but also mutually interact and shape 
neuronal circuits. These advances present a tremendous challenge to the 
neuro-centric doctrine and point toward a reshaping of our perception of 
brain activity in health and disease, which should not only consider neurons 
but instead their partnership with glial cells. 

Here, we focus on the contribution of astrocytes,  microgl ia and 
oligodendrocytes to epilepsy, one of the most common serious brain 
conditions. This condition affects over 70 million people worldwide (Thijs et 
al., 2019), with the estimate that one in 100 people may develop this disease 
in their lifetime. In most of the drug treatments for epilepsy, neurons are 
exclusively targeted, for instance using drugs that block neuronal receptors 
and voltage-gated ion channels (Bialer et al., 2018). Yet, approximately 30% 
of patients do not respond to the antiseizure drugs that are currently in use 
(Janmohamed et al., 2020). On the other hand, the extent to which glial 
cells undergo profound alterations in morphological and functional aspects 
and become damaged or die in neurodegenerative processes of epilepsy 
did not receive significant attention. If the glial cells that support neurons 
change their function or die in epilepsy, how can the neurons be saved just by 
targeting neurons? Targeting and preserving glial function, therefore, holds a 
promise to be an effective therapeutic strategy to prevent brain dysfunction in 
epilepsy. Throughout this review, we will present research showing that glial 

cells participate in the pathophysiological processes of epilepsy from its initial 
stages and that altered glial interaction with neurons might contribute to the 
disease progression. We conceptualize that the new effective treatments for 
epilepsy will come once we have a deep mechanistic understanding of disease 
processes considering both neurons and glia.

Search Strategy
We searched PubMed and Google Scholar for publications in English using 
terms “microglia and synapses,” “astrocytes,” “astrocytes and epilepsy,” 
“microglia and epilepsy,” “oligodendrocytes and epilepsy,” “epilepsy 
treatment.” All years were chosen in the search and particular attention was 
given to the relatively recent articles published over the years 2018–2022. 
We included some earlier articles and reviews, if particularly pertinent to the 
discussion.  

Epilepsy: Pathophysiology of Neurons and Glia, 
and Available Treatments 
Epileptogenesis is the chronically persistent process of changing a healthy 
brain into one capable of generating spontaneous, recurrent seizures 
(Fisher et al., 2005). This process is described as to result from an imbalance 
between excitatory and inhibitory activity within a neuronal network that 
leads to excessive, hypersynchronous neuronal activity that disrupts normal 
brain function. The most common and severe form of adult epilepsy is termed 
mesial temporal lobe epilepsy (MTLE), which is frequently characterized 
by tissue sclerosis – an epileptogenic brain lesion in the hippocampal 
region. In the sclerotic tissue, the loss of neurons is pronounced, while 
glial cells undergo profound functional and structural alterations (Thijs et 
al., 2019). In experimental epilepsy, not all neurons are equally vulnerable. 
In vivo electrophysiology and transcriptional profiling recently revealed 
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the existence of heterogeneity in the neuronal patterns of activity in the 
sclerotic hippocampus (Cid et al., 2021). Indeed, superficial pyramidal CA1 
neurons were overactive and displayed significantly larger transcriptional 
changes associated with inflammatory processes and programmed cell death 
compared to the deep pyramidal CA1 sublayers. Strikingly, the sublayer 
differences in the gene expression are also found to be pertinent to the glial 
cells, oligodendrocytes, astrocytes and microglia. 

Typically, functional changes and loss of glial cells is considered accompanying 
phenomenon to neuronal death in epilepsy, however, recent studies 
using animal models called for rethinking the causal role of glial cells in 
epileptogenesis. For example, it was found that reactive microglia and 
astrocytes collaboratively promoted epileptogenesis in a drug-induced 
status epilepticus model (Sano et al., 2021). The study showed that reactive 
microglia stained by ionized calcium-binding adaptor molecule 1 marker 
increased area one day after the status epilepticus, while the signal for 
reactive astrocytes stained for glial fibrillary acidic protein (GFAP) increased 
3 days after the status epilepticus. This sequence of glial activation in the 
hippocampus was strongly associated with the epileptogenic process as 
immediate, pharmacological inhibition of microglial activation by minocycline 
prevented subsequent astrocyte activation and their aberrant Ca2+ signaling. 
This attenuation of glial activity altogether prevented the increased seizure 
susceptibility. Another study, using an animal model of kainic acid (KA)-
induced status epilepticus that recapitulates chronic human MTLE, identified 
even earlier time point changes of glial cells during epileptogenesis (Wu 
et al., 2021). Indeed, early death of astrocytes was observed within four 
hours after the status epilepticus in the stratum radiatum, and subsequent 
proliferation led to the repopulation of astrocytes during the first 3 days after 
the status epilepticus. This early pathological remodeling of astrocytes could 
impact many homeostatic processes in the brain such as synaptogenesis, 
concentrations of extracellular ions and transmitters, and the balance 
between excitation and inhibition. Disruption of all these processes that are 
maintained by astrocytes, even transient, could impact brain function and 
contribute to the initiation of epilepsy, which remains to be investigated in 
future research. 

Antiepileptic drugs are the first-line treatment for epilepsy. Although 
their number has increased over the years, the principles governing drug 
treatments are in many ways similar to that established decades ago. Despite 
a large number of available drugs, the proportion of people that do not 
respond to the treatment has so far remained notably at ~30% (Bialer et al., 
2018; Janmohamed et al., 2020). Indeed, epilepsy research has mainly focused 
on how to inhibit abnormal electrical brain discharges, which consequently 
resulted in treatment options targeting neurons. Various antiepileptic drugs 
work via modulating neuronal voltage-dependent sodium, calcium and 
potassium ion channels by enhancing inhibitory GABA or P1 adenosine 
transmission systems to suppress excessive neuronal activity (Stafstrom, 2010; 
Bialer et al., 2018). Overall, the drugs considered the first line in best scenario 
can control and not cure epilepsy. The reason for this is that we still do not 
understand many basic aspects of epilepsy pathophysiology. Furthermore, the 
important role of glial cells in epileptogenesis and their pathology in epilepsy 
is quite often neglected in drug research and design strategies. We will 
briefly summarize the functions of glial cells that are essential for maintaining 
neuronal health and present research showing that these safeguarding glial 
roles are compromised in epilepsy. Such a concept provides a framework 
for considering glial cells as promising candidates for developing innovative 
therapeutic strategies. 

What Do Glial Cells Do for Neurons? Powerful 
Players with Multiple Roles 
Astrocytes are the most abundant type of glial cells that contiguously tile the 
entire central nervous system (CNS). Strategic location of astrocytes between 
blood vessels and synapses allows them to regulate synaptogenesis, fulfill 
metabolic and homeostatic maintenance functions, and keep an optimal 
milieu for the proper function of neurons (Parpura et al., 2012; Patel et 
al., 2019; Augusto-Oliveira et al., 2020). Astrocytes express water channel 
aquaporin AQP4, which is important for maintaining water balance in the 
CNS (MacAulay, 2021). In astroglia, AQP4 is co-localized with the inwardly 
rectifying K+ channel Kir4.1, indicating that astrocytic regulation of water and 
K+ homeostasis are closely associated processes (Binder et al., 2012; Verhoog 
et al., 2020). Indeed, astrocytes are the principal controllers of extracellular 
K+ in the brain which, if left unchecked, can impair regular neuronal activity. 
They efficiently clear the excess of K+ that is built up by neuronal firing from 
the extracellular space. According to the spatial buffering model, astrocytes 
uptake extracellular K+ mainly by Kir4.1 channels at sites of high neuronal 
activity, redistribute it through the astrocytic syncytium and release it at 
regions of lower K+ (Orkand et al., 1966). This spatial buffering model relies 
on the fact that astrocytes are electrically interconnected via gap junction 
(GJ) channels and form a functional syncytium. Considering the abundance 
of astroglia in the CNS, this syncytium allows control of extracellular space 
on a large volume. Furthermore, astrocytes are an integral part of synapses 
and directly contribute to neuronal information processing through reciprocal 
interactions (Araque et al., 2014). These interactions rely on the astroglial 
expression of various receptors for transmitters that neurons release. 
Astrocytes can uptake and also respond to these neurotransmitters. For 
example, astrocytic transporters GLAST (EAAT1) and GLT1 (EAAT2) rapidly 
uptake glutamate from extracellular space which is essential in preventing 
excitotoxicity in the brain (Verkhratsky and Nedergaard, 2018). Glutamate 

in astrocytes is then rapidly turned into glutamine by glutamine synthetase 
(GS). Activation of the astrocytic receptors by neurotransmitters promotes 
an increase in intracellular Ca2+ which further downstream induces the 
release of gliotransmitters from astrocytes such as glutamate and adenosine 
triphosphate (ATP) that contribute to the neuronal firing pattern (Shen et al., 
2017). 

Microglial cells are brain resident immune cells and represent the major 
mechanism of self-defense against brain injury (Ferro et al., 2021). Usage of 
two-photon imaging in the neocortex in vivo showed that microglial cells are 
highly active and continually patrol a healthy brain. Indeed, while the soma 
remains static, microglial processes are remarkably motile, continuously 
undergoing cycles of de novo formation and withdrawal in a healthy brain 
(Nimmerjahn et al., 2005). Usage of genetically modified Ca2+ indicators 
in awake mice further demonstrated that microglial process motility and 
in particular their extensions could be correlated with neuronal activity 
(Umpierre et al., 2020). It has been shown that an increase or decrease in 
neuronal activity results in the elevation of microglial Ca2+ signaling some 
minutes later, and this delay was attributed to the process extension. 
Microglia play the roles that are essential for proper neuronal activity, 
including interactions with neuronal networks, phagocytosis (Peri and 
Nüsslein-Volhard, 2008), synapse formation and pruning (Paolicelli et al., 
2011; Miyamoto et al., 2016).

Oligodendrocytes are generated from oligodendrocyte precursor cells (NG2 
glia) and are active participants in the CNS nervous system function including 
sculpting of the structural and electrical properties of neuronal axons by 
controlling their diameter (Stadelmann et al., 2019). These glial cells wrap the 
membranes around neuronal axons to form myelin insulation that prevents 
ion current leakage and enables fast and efficient signal conduction in the 
CNS. Additionally, myelinating oligodendrocytes are embedded in a network 
of interconnected glial and neuronal cells and, within this assembly, provide 
metabolic support to neurons. Previous research revealed that connexins 
GJs on oligodendrocytes and astrocytes interconnect these two glial cell 
types in the panglial syncytium (Fasciani et al., 2018). This coupling occurs 
at the paranodes where GJs connect the outer layer of the myelin to the 
astrocytic processes. It has been proposed that panglial syncytium constitutes 
the principal pathway for the long-distance siphoning of K+ ions from the 
paranodal periaxonal space to blood vessels or the cerebrospinal fluid (Rash, 
2010). Oligodendrocytes, like astrocytes, express Kir4.1 channel and Kir4.1 in 
oligodendrocytes plays an important role in extracellular K+ homeostasis in 
the white matter (Larson et al., 2018). In addition to their myelinating role, it 
has been shown that oligodendrocytes participate in excitatory glutamatergic 
transmission in the CNS and express GS enzyme (Xin et al., 2019).   

Astrocytes and Neuronal Activity in Epilepsy
Due to status epilepticus-induced brain damage, the number of astrocytes 
increases and the morphology of astrocytes changes, a process called 
reactive astrogliosis, which is normally characterized by substantial cell body 
and process enlargement, up-regulation of GFAP expression, and by the 
dynamic changes in the gene expression and the cellular function (Verhoog 
et al., 2020; Escartin et al., 2021). In animal and human epilepsy, reactive 
astrocytes have been shown to down-regulate the expression of K+ channels, 
GS, glutamate transporter and AQPs, to decrease their coupling, to display 
changes in the cellular metabolism, to change their purinergic signaling and 
to perturb synaptogenesis (Patel et al., 2019; Verhoog et al., 2020; Binder and 
Steinhauser, 2021; Twible et al., 2021; Hayatdavoudi et al., 2022).

Astroglial K+ channels and aquaporin-4 water channels 
Astrocytes express different types of K+ channels. Among them, Kir4.1 
channels play a vital role in buffering redundant extracellular K+ during 
repeated neuronal firing. A previous study been has reported a significant 
loss of Kir4.1 expression and function in multiple animal models of epilepsy 
and patients with TLE (Kinboshi et al., 2020). General genetic deletion of 
Kir4.1 displays a higher rate of mortality, while glia-specific inactivation of 
Kir4.1 results in a lowered threshold of epilepsy (Kinboshi et al., 2020). These 
observations indicate that reduced Kir4.1 expression causes the epileptic 
condition. However, it is still unclear whether dysfunction of Kir4.1 is the 
consequence of epileptic activity. It is worth mentioning here that Kir4.1 
dysfunction has been reported in other pathological conditions, for instance, 
Huntington’s disease (Tong et al., 2014), in which symptoms could be rescued 
by viral delivery of Kir4.1 protein into astrocytes to enhance the expression of 
Kir4.1 channel. It would be interesting to test whether these strategies could 
alleviate epileptic activity in further experiments.

The water channel AQP4 is highly expressed in astrocytes, mainly in the 
end-feet and neuropil (Binder et al., 2012). The main function of AQP4 is to 
keep water homeostasis and regulate the extracellular space. Absorption of 
water by AQP4 decreases the volume of extracellular space, which results 
in increased extracellular K+ concentration that facilitates the uptake of 
extracellular K+. Further, immunohistochemistry and ultrastructural analyses 
showed colocalization of AQP4 and Kir4.1, indicating that the two proteins 
may functionally interact with each other to maintain the normal function of 
astrocytes (Binder et al., 2012; Verhoog et al., 2020). Dysregulation of AQP4 
expression has been observed in animal models of epilepsy and in patients 
with mesial temporal sclerosis (MTS) (Eid et al., 2005; Alvestad et al., 2013). 
Also, it has been reported that mislocalization or loss of perivascular AQP4 
channels of astrocytes preceding the onset of seizure results in impaired 
K+ buffering and contributes to seizure generation in an animal with TLE 
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(Alvestad et al., 2013). These results indicate that AQP4 plays a crucial role in 
K+ clearance and may become a novel antiepileptogenic target on astrocytes. 

Gap junctions
Astrocytes are tightly connected via GJs and form the astrocytic syncytium. 
This formation plays a key role in relocating second messengers, such as 
inositol triphosphate, Ca2+, and metabolites such as nucleotides (ATP and  
ADP), glucose, and is also important to remove redundant [K+] and glutamate 
from the uptake site to the site with lower concentration (Li et al., 2019). 
The major GJ proteins in astrocytes are Cx43 and Cx30. Several studies have 
reported the upregulation of connexin mRNA and protein levels in tissues 
from animal models and patients with epilepsy (Yang et al., 2021). Indeed, 
administration of GJ blockers including carbenoxolone, mefloquine, quinine, 
and quinidine alleviated severe seizure activity (Verhoog et al., 2020). These 
observations may be explained by the astrocytic intercellular network that 
facilitates the diffusion of metabolites and second messengers, which could 
contribute to neuronal firing activity in epileptogenesis. On the other hand, 
an elegant study found GJs loss in the sclerotic tissue of patients with MTLE 
(Bedner et al., 2015). The same study showed that uncoupling of astrocytic 
network occurs at an early time point, preceding status epilepticus and 
neurodegeneration in an intracortical KA mouse model of TLE. These findings 
indicate that uncoupling of astrocytes is a cause of TLE. Moreover, the 
same research group found that febrile seizures also impair interastrocytic 
GJ coupling in juvenile mice (Khan et al., 2016). Interestingly, impairment 
of GJ coupling among astrocytes through transgenic techniques was found 
to promote epileptogenesis accompanied by impaired K+ and glutamate 
clearance (Wallraff et al., 2006). Overall, these studies indicate that GJs have a 
complex role in epileptogenesis and that they may serve as a novel astrocyte-
related therapeutic target for the treatment of epilepsy. 

Astroglial glutamate, glutamate transporters, and glutamate synthetase
Glutamate is the main excitatory transmitter of the CNS released from 
neurons and astrocytes. Indeed, we and others have reported that glutamate 
released from the hyperactive astrocytes increases synaptic transmission in 
the hippocampal slices from animal models of epilepsy (Alvarez-Ferradas et 
al., 2015; Nikolic et al., 2018). Glutamate release was inhibited when astrocytic 
P2Y1 receptors are blocked, or Ca2+ mobilization was blocked by the Ca2+ 
chelator in the astrocytic syncytium, indicating that astrocytic purinergic 
signaling responds to the hyperactivity of astrocytic Ca2+ transients during 
epileptogenesis. Astrocytic excitatory amino acid transporters EAAT1 and 
EAAT2 partially uptake redundant extracellular glutamate and thereby regulate 
its homeostasis. Downregulation of EAAT1 and EAAT2 has been observed in 
various animal models of epilepsy and patients with epilepsy (Green et al., 
2021). Another elegant study showed that early treatment with ceftriaxone 
increases EAAT2 expression and decreases extracellular glutamate levels, 
neuronal cell death, and seizures in Tsc1flox/flox-GFAP-Cre knock-out mice 
(Zeng et al., 2010). Recently, Zaitsev et al. (2019) found that treatment with 
ceftriaxone has an anticonvulsant effect. These results indicate that targeting 
astrocytic glutamate transporter could be a potential therapeutic target for the 
treatment of epilepsy. In addition, glutamate in astrocytes is rapidly turned into 
glutamine by GS. Dysfunction of GS results in the accumulation of glutamate in 
astrocytes and impedes transportation of extracellular glutamate. Moreover, a 
high concentration of glutamate in astrocytes could induce glutamate release. 
Thus, dysfunction of GS could contribute to astrocytic hyperexcitability. Indeed, 
GS is often observed to be downregulated in astrocytes in animal models of 
epilepsy and in patients with temporal epilepsy, which results in glutamate 
accumulation in astrocytes and extracellular space and consequently induces 
neuronal hyperactivity (Eid et al., 2019). Accordingly, it has been shown that 
pharmacologic inhibition or genetic deletion of GS increases extracellular 
glutamate and causes recurrent seizures in rats (Binder and Steinhauser, 2021). 
Based on these data, increasing the activity of astrocytic GS may become a 
novel anti-epileptic strategy. 

Adenosine triphosphate, adenosine, and adenosine kinase 
Astrocytic ATP is a predominant extracellular molecule that has complex 
and controversial roles in epilepsy, which might be due to the activation 
of different types of receptors and cells and different extracellular ATP 
concentrations (for review see Nikolic et al. (2020) and Nobili et al. (2022)). In 
a previous study, we have shown that ATP, serving as an autocrine signaling 
molecule, activates P2Y1 receptors and increases Ca2+ signals and further 
triggers glutamate release from astrocytes in an animal model of TLE (Nikolic 
et al., 2018). Recently, an excellent work from Rouach’s group showed that 
ATP released from pannexin-1 channels contributes to epileptic activity in the 
tissue obtained from the epileptogenic zones in patients (Dossi et al., 2018), 
however, whether there is a cross-talk between increased ATP and astrocytic 
P2Y1 receptors needs to be further investigated. Once ATP is released from 
neurons and glia, it is rapidly hydrolyzed into ADP and adenosine by a set of 
extracellular ectonucleotidases. Among them, adenosine plays an important 
role in inhibiting excitatory synaptic transmission by activating presynaptic A1 
adenosine receptors (Shen et al., 2017, 2022). Indeed, it has been frequently 
reported that adenosine and adenosine receptor agonist have anticonvulsant 
action (Tescarollo et al., 2020). Thus, unlike ATP, it is widely accepted that 
adenosine has anticonvulsant effects. On the other hand, extracellular 
adenosine is re-captured by nucleoside transporters and rapidly degraded in 
astrocytes by an astroglia-specific enzyme adenosine kinase. Several groups 
have reported that increased expression of adenosine kinase decreases the 
concentration of extracellular adenosine and correlates to seizure activity in 
various animal models of epilepsy and in patients (Tescarollo et al., 2020). 
In addition, by using an animal model of epilepsy, it is well established that 

adenosine kinase inhibitor has an anticonvulsant action. Thus, adenosine 
kinase may also have the potential to serve as an astrocytic therapeutic target 
in epilepsy.

Cell death of astrocytes during epileptogenesis
Brain injuries change the number, morphology, and function of astrocytes. 
Astrogliosis and cell proliferation are often observed in patients with TLE. 
Steinhauser’s group recently demonstrated a significant reduction in the 
density of astrocytes in the CA1 stratum radiatum four hours after the status 
epilepticus induction in a mouse model of epilepsy that mimics human MTLE, 
however, the reduction was transient (Wu et al., 2021). Three days after status 
epilepticus, the density of astrocytes recovered to the initial level due to the 
proliferation of astrocytes. Moreover, based on the immunohistochemistry 
and expression data, the authors suggested that necroptosis and autophagy 
are related to astrocytic death. Astroglial apoptosis and autophagy have 
also been observed in the CA1 and the dentate gyrus following the status 
epilepticus in various animal models of epilepsy (Ryu et al., 2011; Ko et 
al., 2016; Hyun et al., 2017). Kim’s group (Hyun et al., 2017) showed that 
inhibitors of CDK5, an upstream regulator of mitochondrial fission protein 
(dynamin-related protein 1), substantially reduced astroglial apoptosis 
in the hippocampus 3 days after the status epilepticus, however,  this 
pharmacological intervention did not alter the onset time of seizures after 
pilocarpine injection. The importance of astrocytic death in the initial time 
points after the status epilepticus should be carefully anticipated, considering 
that astrocytes play prominent roles in the regulation of synaptogenesis and 
maintenance of extracellular K+ and glutamate homeostasis. Consequently, 
the loss of such supportive functions of astrocytes in epilepsy, even transient, 
could make neurons more vulnerable and this could have an impact on the 
balance between excitation and inhibition. It would be beneficial for future 
studies to better understand if this early and transient astrocyte death in the 
epileptic brain has the potential to serve as a disease-modifying entry point. 

Astroglial regulation of synaptogenesis and synaptic plasticity in epilepsy
The process of synaptogenesis persists in a healthy brain to remodel and 
modify its cellular networks throughout life. It is well documented that this 
process is not only neuronal responsibility and that astrocytes are essential 
players in mediating synapse formation. Many small substances are involved 
in synaptogenesis. Among them, thrombospondins have been demonstrated 
to participate in the maturation of the brain, and their expression is 
downregulated in mature brains (Christopherson et al., 2005; Patel et al., 
2019). More recent studies have identified that thrombospondins secreted 
from reactive astrocytes bind to α2δ1, an auxiliary calcium channel subunit, 
and promote aberrant synaptogenesis which alters the balance between 
excitation and inhibition of neuronal networks and consequently promotes 
epileptiform activity (Eroglu et al., 2009). Interestingly, the usage of the 
antiepileptic drug gabapentin that inhibits the binding of thrombospondins 
to α2δ1 reduced the aberrant formation of excitatory synapses and 
attenuated hyperexcitability in the freeze-lesion model of developmental 
cortical malformation (Andresen et al., 2014). More recently, Risher et al. 
(2018) identified Rac1 as a downstream molecule of α2δ1 that regulates 
synaptogenesis and Rac1 is a small Rho GTPase that is primarily involved 
in the control of the actin cytoskeleton. These observations indicate that 
abnormal synaptogenesis through thrombospondin-α2δ1-Rac1 pathways may 
promote seizures in some types of epilepsy, especially in CNS injury-induced 
epilepsy. Moreover, described data suggest that astrocytes are an important 
cell type for controlling aberrant synaptogenesis in epilepsy by targeting their 
thrombospondin-dependent pathway.  

Astrocytes have also been shown to participate in synapse elimination. For 
example, a complement cascade protein C1q is expressed at synapses in 
response to astrocyte presence, and activation of the C1q pathway attracts 
and signals microglia to phagocyte synapses (Stevens et al., 2007). Moreover, 
Chun et al. (2010) have shown that C1q knockout mice exhibit defects in the 
synapse elimination that result in enhanced excitatory synaptic connectivity 
and epileptiform activity. These results indicate that dysfunctional astrocytes 
could destabilize neuronal networks and induce seizure activity by aberrant 
signaling for regulating synaptogenesis and pruning. 

A few studies have described that abnormal synaptogenesis during the 
development of the brain generates excessive neural activation (Neniskyte 
and Gross, 2017). For instance, it is commonly believed that in fragile X 
syndrome, the impaired regulating function of astrocytes, resulting in 
abnormal dendritic morphology and synapse density, is tightly associated with 
epileptic seizures (Patel et al., 2019). Notably, dendritic spines loss has been 
commonly observed in epilepsy patients and in animal models of epilepsy 
(Wong and Guo, 2013); however, the precise contribution of astrocytes to 
these pathological processes remains to be established. Therefore, future 
studies are necessary to better understand the function of astrocytes in 
synaptogenesis and spine loss in epilepsy. These studies could provide insight 
into whether rescuing normal synaptogenesis can be used to design a therapy 
for the treatment of epilepsy. 

Microglia in Epilepsy: Two Sides of the Same 
Coin
In the last decades, different studies addressed important clues on the crucial 
role played by microglia in neurological disorders, including epilepsy. Microglia 
have primarily the protective role to survey the surrounding environment 
and to rapidly activate in response to excitotoxic insults or inflammatory 
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conditions. This activation process, also called “microgliosis,” is characterized 
by: (i) morphological changes, prevalently represented by the retraction of 
processes and the conversion of the cell body to an amoeboid shape, (ii) 
changes in gene expression profile, and (iii) alterations of their functional 
properties and behavior with increased proliferation and migration. Once 
activated, the main function of microglial cells is to restore tissue homeostasis 
and so, once again, to exert their protective role. In the effort to protect the 
environment in pathological conditions, microglia can act as a double-edged 
sword by exerting both good and bad effects on surrounding cells. Indeed, 
by trying to protect surviving cells, the effects of microglia activation can 
be detrimental for injured neurons that are phagocyted to facilitate tissue 
repair. Moreover, hyperactivation of microglial cells can lead to a high level of 
oxidative stress, due to the release of nitric oxide and reactive oxygen species, 
determining neurodegeneration in nearby cells and neuroinflammation 
with the recruitment of peripheral immune cells through a damaged blood-
brain-barrier. This dual role of microglial cells is observed also in MTLE, one 
of the most common forms of epilepsy in which seizures are associated with 
hippocampal sclerosis (with neuronal degeneration in CA regions and gliosis) 
and microglia exert both pro and anti-epileptic effects.

The different role of microglia is also related to their location in the sclerotic 
or non-sclerotic brain areas. In a recent study (Morin-Brureau et al., 2018), 
the difference in microglia properties was investigated in MTLE patients taking 
into consideration both sclerotic and non-sclerotic regions. Indeed, profound 
differences were highlighted in microglial cells in terms of morphology, 
functional properties, and genetic profile. Their data revealed two distinct 
microglial phenotypes, with a prominent amoeboid morphology and few 
processes in sclerotic CA1 and CA3 areas, while morphologically non-activated 
microglia was found in non-sclerotic tissues. The transcriptomic analysis 
accordingly revealed that pro-inflammatory cytokines were expressed at a 
higher level in microglia localized in sclerotic areas.

Microglia and inflammatory cytokines
In the epileptic tissue, activated microglial cells are one of the main 
sources of release of pro-inflammatory cytokines such as interleukins-1β, 
interleukin-6, and tumor necrosis factor-α (TNFα). An increase in interleukin-
1β levels can be responsible for neuronal dysfunctions and synaptic plasticity 
impairments (Han et al., 2016) and can exert a pro-epileptic effect through 
the upregulation of NMDA receptors at the post-synaptic level (Viviani 
et al., 2003), and can have an impact on hyperexcitability by decreasing 
GABA mediated neurotransmission (Roseti et al., 2015). Indeed, blocking 
interleukin-1β activity by means of anakinra, an interleukin-1 receptor 
antagonist, was sufficient to reduce seizure occurrence in MTLE models  
(Ravizza and Vezzani, 2018) and in patients enrolled in a clinical study to treat 
febrile infection-related epilepsy (Dilena et al., 2019).

TNFα is an inflammatory molecule released prevalently by microglia during 
inflammation. Like interleukin-1β, TNFα also acts on both excitatory and 
inhibitory transmission. Indeed, it has been shown that TNFα can inhibit 
glutamate uptake and increase microglial glutamate release by acting on 
glutaminase and GJ regulation (Takeuchi et al., 2006), as well as reduce 
GABAergic transmission by increasing GABA receptor endocytosis (Stellwagen 
et al., 2005). The upregulation of interleukin-1β and TNFα leads to the 
release of interleukin-6, another pro-inflammatory cytokine that is supposed 
to contribute to epileptogenesis by increasing microgliosis and decreasing 
hippocampal neurogenesis (Levin and Godukhin, 2017). The expression of all 
these pro-inflammatory cytokines, primarily released by activated microglia, 
was investigated by flow cytometry and real-time PCR and these analyses 
revealed clearly increased expression levels 3 days after pilocarpine-induced 
status epilepticus as well as a reduction by day 21 (Benson et al., 2015). 

The role played by microglia in the epileptic brain is controverted and 
particularly complex considering that the same study described above 
also reported an increase in microglial expression of anti-inflammatory 
cytokines such as arginase-1, interleukin-4, and interleukin-10. The fact that 
microglia can exert both pro- and anti-epileptic roles could also depend 
on the different stages of the epileptogenic process. In transgenic mice, 
where microglia were conditionally ablated, the preconditioning with LPS 
24 hours before pilocarpine-induced seizures was sufficient to increase 
seizure severity suggesting that microglia could be protective during seizure 
induction (Mirrione et al., 2010). On the other hand, a pro-epileptic role of 
microglia was highlighted by studies in which microglia depletion by means 
of minocycline was protective against neuronal degeneration after seizures, 
and minocycline treatment post-status epilepticus was indeed able to reduce 
spontaneous recurrent seizure number and severity, supporting a role of 
microglia in the propagation of seizures (Wang et al., 2015).

It has been recently shown that a selective elevation of mTOR signaling 
in microglia of Tsc1 flox/flox-Cx3cr1-Cre knock-out mice contributes to 
epileptogenesis without inflammatory activation (Zhao et al., 2018). The 
conditional knock-out microglia were characterized by reactive morphology 
and increased proliferation but their gene expression profile showed 
a decreased expression of pro-inflammatory cytokines, although pro-
inflammatory markers were highly expressed in the hippocampus, indicating 
that in this model microglia is not contributing to the inflammatory response, 
which is probably sustained by neurons and astrocytes. Moreover, Tsc1flox/flox- 
Cx3cr1-Cre knock-out mice were more susceptible to the development 
of spontaneous seizures, suggesting that mTOR signaling upregulation in 
microglia could be involved in the induction of spontaneous seizures without 
the contribution of microglia-derived pro-inflammatory signaling.

Microglia-neuron and microglia-astrocyte interactions in epilepsy
Interactions between microglia and neurons in physiological conditions 
have been deeply investigated, however, less is known about how microglia 
interact with hyperexcitable neurons during epilepsy. Increased interaction of 
microglial cells with the apical dendrites of neurons in the CA1 region of the 
hippocampus was found 3 days after KA-induced status epilepticus (Hasegawa 
et al., 2007). ATP and purinergic receptors play a key role in microglia-neuron 
interactions. Indeed, after the status epilepticus, ATP released by neurons 
can increase microglia motility and their interaction with neurons, and this 
process is mediated by the P2Y12 receptor activation on microglia (Avignone 
et al., 2008). Moreover, after KA-induced status epilepticus, P2Y12 KO mice 
showed a decreased seizure threshold, suggesting that P2Y12 receptor on 
microglia can exert antiepileptic effects (Eyo et al., 2014).

A new concept of “somatic microglial junctions” was introduced recently and 
it refers to the identification of direct contacts of microglial processes with 
neuronal membrane at the somatic level (Cserép et al., 2020). According 
to the authors, the contacts created by microglial processes with soma are 
more stable compared to the ones with dendrites and their interactions 
occur prevalently where clusters of voltage-gated Kv 2.1 and Kv 2.2 K+ 
channels are located. These clusters are usually involved in exocytosis 
through the formation of junctions between the endoplasmic reticulum and 
the membrane and, considering the location of microglial junctions, it is 
believed that their role is to allow microglia to check the “healthy” state of 
neurons through specific molecules released by exocytosis. Once again, ATP 
and purinergic signaling are crucial for microglia-neuron interactions since 
the release of ATP occurring as a consequence of neuronal activity activates 
P2Y12 receptors on microglia facilitating the formation of somatic junctions 
by stimulating microglial process growth.

Another important factor influencing microglial activity that should be taken 
into account is astrocyte-microglia interaction. Astrocytes take part in the 
formation of the tripartite synapses and their interactions with neurons and 
microglia in epilepsy have been widely investigated. Astrocyte-microglia 
interaction can take place in both directions: neuronal activity during KA-
induced status epilepticus leads to ATP release from astrocytes and this ATP 
is able, on one side, to modulate neuronal activity (Scemes et al., 2019), and 
on the other side is responsible for the attraction of microglial processes 
close to synapses. On the other way around, LPS-activated microglia are able 
to release ATP and activate astrocytes through P2Y1 receptor activation. 
The release of glutamate from activated astrocytes is then responsible 
for enhancing neuronal excitability  (Pascual et al., 2012). Moreover, pro-
inflammatory factors released by activated microglia can activate astrocytes 
that, on their side, promote microglia activation, generating a kind of self-
sustaining cycle that impacts neuronal activity (Alibhai et al., 2018).

Our knowledge of the role of microglia in pathological conditions is still 
limited, in spite of growing interest in elucidating the role of microglia in 
acute and chronic seizures. This is in particular caused by the evidence that 
the same cells exert both pro- and anti-epileptic effects depending on the 
stage of the disease, the brain areas involved, and the interactions with 
other cell types. Understanding how functional changes of microglia can 
be protective or detrimental for the surrounding tissue is of fundamental 
importance to shed more light on the mechanisms underlying the generation 
of seizures, going beyond the imbalance between excitation and inhibition. 
Understanding these mechanisms and how microglia are able to impact 
the functionality of neuronal networks will allow for the generation of new 
therapeutic strategies that could represent a potential and innovative tool for 
the treatment of epilepsy.

Limited Understanding of the Safeguarding Role 
of Oligodendrocytes in Epilepsy
The role of oligodendrocytes has become recognized as a part of the 
functionally integrated neuron-glia network in seizure pathogenesis and 
epilepsy. Although epilepsy is considered primarily to be a gray matter 
disease, growing evidence highlights the importance of the white matter, 
in the pathogenesis of both focal and generalized epilepsy. In the white 
matter, oligodendrocytes are extensively associated with neuronal axons 
and they wrap neuronal membranes to form myelin. A recent neuroimaging 
study including a very large sample size, consistent definitions of epilepsy 
syndromes, and standardized post-image acquisition processing algorithms 
for analysis of results, definitively confirmed abnormalities of white matter in 
patients with epilepsy (Hatton et al., 2020). 

There are many studies to date, both experimental and clinical, that reported 
connection between the myelin content and abnormal myelination with 
epilepsy, epileptic seizures, and epileptogenesis. Reduced myelin content 
was observed in animal models of focal and multifocal experimental 
epilepsy utilizing pharmacological treatments with convulsants and electrical 
stimulation, as recently reviewed in (de Curtis et al., 2021). New research 
using Wag/Rij rats and Scn8a+/mut mice found that activity-dependent 
myelination resulting from absence seizures may contribute to epilepsy 
progression. Authors found increased oligodendrogenesis and myelination 
specifically within the seizure network in the two models of generalized 
epilepsy with absence seizures, evident only after epilepsy onset (Knowles 
et al., 2022). The far-reaching implications of these findings to generalized 
epilepsy in humans, however, remain to be fully elucidated.
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Oligodendrocytes, as a part of the panglial syncytium, also play a critical role 
in maintaining K+ homeostasis inside white matter tracts (Larson et al., 2018). 
By using transgenic mouse lines, the authors found that specific interruption 
of oligodendrocyte K+ buffering leads to seizures. Indeed, selective deletion 
of Kir4.1 from oligodendrocyte precursor cells or mature oligodendrocytes 
impairs slower clearance of extracellular K+, delays recovery of axons 
from repetitive stimulation in the white matter, and promotes seizures. 
This research expands a basic mechanism of seizure activity and provides 
opportunities for the development of new approaches for epilepsy treatment 
that may include oligodendrocytes.

Dysregulation of glutamate, the major excitatory neurotransmitter in the 
brain, has been identified in a number of pathological states, including 
epilepsy. In addition to the important role of astrocytes in regulating 
glutamatergic transmission, oligodendrocytes have been shown to participate 
in the regulation of glutamate levels in the brain. Xin et al. (2019) showed that 
mature oligodendrocytes express GS. Furthermore, they show that selective 
removal of oligodendrocyte GS in mice leads to reduced brain glutamate 
and glutamine levels and disrupts neuronal glutamatergic transmission. This 
new role for oligodendrocytes in supporting excitatory glutamate signaling 
in the brain may be of therapeutic value in epilepsy, however, the molecular 
mechanisms regulating the activity of GS within oligodendrocytes remain to 
be explored. 

Could Glial Cells Be Important Drug Targets?
As described above, glial cells are highly involved in the genesis, development, 
and progression of epilepsy pathophysiology. Therefore, the answer to every 
important question about epilepsy treatment will also involve glia. Based 
on research advances so far, discovery and synthesis of anti-epileptic drugs 
targeting glia may provide novel therapeutic interventions for the treatment 
of epilepsy at its early stages and with fewer side effects. Additionally, the 
newly designed glial cell-targeting drugs may also be used in the treatment 
of drug-resistant epilepsy. As described, each type of CNS glia has several 
properties that could be targeted to preserve neuronal health (Figure 1). 
Furthermore, the same proteins can be co-expressed by different glial cell 
types and thus can be powerful drug candidates (for example Kir4.1, GS, 
purinergic receptors, see Figure 1). Such therapeutic strategies would target 
more than one glial cell type and can be more efficient in preserving normal 
neuronal activity in the epileptic brain. Further studies are necessary to 
dissect carefully the potential molecular mechanisms of how glial cells, each 
type or their combined activity, participate in epileptogenesis. Results from 
such studies will provide new insights into how glia can save neurons in 
epilepsy. 
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Figure 1 ｜ Possible glial therapeutic targets in epilepsy.
The potential candidates targeting astrocytes, microglia, and oligodendrocytes are 
depicted in color-coded rectangles. For each depicted glial candidate, literature data 
have shown its contribution to epilepsy and the abnormal pattern of neuronal activity. 
Grey connecting lines depict the combined targets of different glial cell types for more 
effective therapeutic strategy. A1: Adenosine receptors; ADK: adenosine kinase; AQP4: 
aquaporin; Arg-1: arginase-1; ATP: adenosine 5′-triphosphate; C1q: complement cascade 
protein; EAAT1, EAAT2: excitatory amino acid transporters 1 and 2; GS: glutamine 
synthetase; IL-1β, 4, 6, 10: Interleukins-1β, 4, 6, 10; Kir4.1: inwardly rectifying K+ channel; 
P2Y1, P2Y12: purinergic receptors 1 and 12; TNFα: tumor necrosis factor α; TSP: 
thrombospondins.
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