Journal of Inflammation Research Dovepress
Taylor & Francis Group

REVIEW

Analysis of the Immunoinflammatory
Microenvironment Characteristics of Epilepsy
Based on Single-Cell Transcriptomics

Yutong Chen'%, Wei Zhang', Meiying Xin', Ming Liu', Tongye Zhang', Jinyu Xiao'"?, Jianmin Liang'?
Xuemei Wu'?

'Department of Pediatric Neurology, Children’s Medical Center, The First Hospital of Jilin University, Changchun, People’s Republic of China; 2Jilin
Provincial Key Laboratory of Pediatric Neurology, Changchun, People’s Republic of China

Correspondence: Xuemei Wu, Department of Pediatric Neurology, Children’s Medical Center, The First Hospital of Jilin University, | Xinmin Street,
Changchun, Jilin, 130000, People’s Republic of China, Email xmwu@jlu.edu.cn

Abstract: Epilepsy is a common neurological disease that affects a wide range of people and seriously impairs patients’ quality of life
and social adaptability. Neuroinflammation plays an important role in the pathogenesis of epilepsy. Glial cells, particularly astrocytes
and their differentiated forms, as well as their interactions with other cell types, are critical in the process of neuroinflammation.
A better understanding of the inflammatory mechanisms of epilepsy might facilitate the development of new therapeutic strategies.
Single-cell RNA sequencing has provided new insights into the inflammatory microenvironment of the nervous system in epilepsy by
enabling high-resolution characterization of cell type-specific gene expression and signaling pathways. In this review, we summarized
the differentiation, interactions, and transcriptional dynamics of microglia, astrocytes, and neurons in epilepsy using single-cell
sequencing data from patients and animal models, providing a basis for the development of new strategies for epilepsy treatment.
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Introduction

Epilepsy is a common neurological disorder in which inflammation plays an important role in disease progression.' The
activation of microglia, astrocytes, the blood—brain barrier (BBB) endothelial cells, and peripheral immune cells, along
with the concomitant production of neuroinflammatory mediators, was initially studied in neuroinflammation. As
neuroinflammation has been recognized as a trigger of epilepsy in various types of epilepsies. The association between
epilepsy and neuroinflammation has gradually emerged. Over the past decade, studies using both acute and chronic
epilepsy models have identified neuroinflammation as a key factor for epileptogenesis. Glial cells, particularly astrocytes
and their differentiated forms play important roles in epilepsy by interacting with T cells and monocytes in the nervous
system.” In epilepsy, glial cells interact with T cells and monocytes in the nervous system through multiple key factors,
such as interleukin-1 beta (IL-1p) and tumor necrosis factor-alpha (TNF-0).> Complex inflammatory responses compro-
mise the integrity and regulatory function of the BBB, thereby disrupting central nervous system homeostasis.*
Collectively, these changes further exacerbate neuroinflammation. Despite the availability of a wide range of antiepileptic
drugs, approximately one-third of patients suffer from uncontrollable seizures.” Preventing epilepsy development or
improving long-term prognosis remains a difficult and unresolved problem. The regulation of neuroinflammation might
relieve seizures and ictal discharge during epilepsy. To date, many studies have focused on the effect and mechanism of
neuroinflammation during the pathogenesis of epilepsy. Single-cell RNA sequencing (scRNA-seq) is a technique that
could reveal cell specificities, differentiation, gene expression, and interactions between different cells by RNA analyzing
in individual cells.® This genetic analysis has deepened our understanding of the mechanisms underlying epilepsy.
However, despite its superior resolution, findings derived from scRNA-seq require further validation through functional
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experiments and integration with spatial information.” In this review, we summarized the interactions between different
cell types in epilepsy, focusing on microglia, astrocytes, neurons involved in the inflammatory response and revealed the
differentiation, gene expression, and interactions between different cells during epilepsy.

Developmental Differentiation of Glial Cells and Differentially Expressed Genes
(DEGs) in Epilepsy
Recent studies have shown that localized neuroinflammation can trigger seizures in epilepsy. In particular, activated
microglia and astrocytes may play a key role in this process. For instance, Liu et al reported elevated expression of pro-
inflammatory genes (eg Spp1, Lyz2, and Cdl4) in all glial cell types in an epileptic mouse model. Conversely, genes such
as Tle4 and Sipall3 are downregulated in glial cells and their reduced expression are mainly related to axon genesis,
dendrite development, neuronal spine formation, and microtubule protein binding. Spatial transcriptomics analysis has
revealed activation of pathways involving astrocytic synaptic projections in the hippocampal region of temporal lobe
epilepsy, consistent with reactive changes in microglia and astrocytes.®

Microglia are innate immune cells in the nervous system that account for approximately 5%—10% of brain cells. The
morphology and function of microglia change throughout the progression of neurological diseases.” Several transcrip-
tional characteristics of microglia have been reported in different diseases, such as the amyotrophic lateral sclerosis-

specific phenotype,'® microglia type associated with neurodegenerative diseases type,''

and lipopolysaccharide (LPS)
subgroup.'? RNA sequencing of single-cell suspensions obtained from epileptic brain tissues revealed that the majority of
cells were microglia.'®> Different clusters of microglia widely express cytokines, such as IL-1B, TNF-o, and
C-C chemokine ligand 4 (CCL4), which interactively affect neuronal excitability. For instance, IL-1f inhibits the
transport of glutamate by astrocytes, thereby increasing extracellular glutamate concentrations. It also abolishes the
inhibitory effect of gamma-aminobutyric acid (GABA) and increases susceptibility to epileptic seizures.'* TNF-a
promotes the apoptosis of hippocampal neural progenitor cells and inhibits neurogenesis.'”> Cao et al constructed
protein—protein interactions networks of DEGs and grouped them into distinct functional modules. They found that
the top 10 DEGs in the inflammatory response module of patients with epilepsy, compared with the findings in healthy
controls, were associated with microglial migration.'® Westfall et al performed single-nucleus RNA sequencing on
surgically resected brain tissues from patients with Rasmussen’s encephalitis and identified 11 microglia subclusters.
Eight of these subclusters exhibited high expression of inflammation-related genes. Clusters 7 and 10 showed abundant
expression of GRID?2, a gene implicated in microglia-neuron crosstalk and the organization of synaptic and postsynaptic
tissues. These microglia also highly expressed genes that regulate glutamate receptor signaling pathways and glutama-
tergic synaptic transmission. Dysregulation of the these genes may contribute to inflammation and seizures.'” Microglia
are commonly classified into two polarization states, namely M1 and M2, each categorized by distinct markers and
mediators. M1 microglia exert pro-inflammatory effects and potentially disrupt axonal regeneration, whereas M2
microglia exhibit anti-inflammatory properties and potentially promote oligodendrocyte production.'® The expression
of both pro-inflammatory and anti-inflammatory cytokines increases in microglia following the occurrence of epilepsy.
Inflammatory microglia clusters are particularly prominent at epileptogenic foci. It has been demonstrated that epileptic
foci can be identified by localizing microglia exhibiting a pro-inflammatory phenotype.'® In the initial stage of the
disease, microglia engulf dead cell debris and release cytokines, mitigating tissue damage. However, as the inflammatory
response persists, this initial protective effect gradually diminishes, leading to an increase in harmful effects.?’
Astrocytes represent the most abundant cell type in the brain, supporting neurons, participating in the formation of the
BBB, and playing an important role in immune regulation. Wheeler et al identified the broadest astrocyte subpopulation
in experimental autoimmune encephalomyelitis (EAE) using the single-cell sequencing technique. These cells are
characterized by the activation of the nuclear factor kappa B and inducible nitric oxide synthase pathway associated
with pro-inflammatory and neurotoxic cells, confirming the pro-inflammatory and neurotoxic characteristics of
astrocytes.”! Astrocytes become reactive during epilepsy and contribute to neuroinflammation.?” Similar to microglia,
activated astrocytes can be classified into two types: Al (relatively protective) and A2 (relatively destructive).”® Qian
et al classified astrocytes into eight subpopulations and identified seven functional expression modules by integrating
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transcriptional signatures from large-scale scRNA-seq datasets covering a wide range of human central nervous system
diseases. In epilepsy, clusters 1, 2, 3, and 5 are involved in the onset and development of epilepsy. The SNHG14 gene
expressed in cluster 1 can inhibit inflammatory responses, whereas the FOS gene expressed in cluster 2 is involved in
oxidative stress. Cluster 5 is characterized by high expression of immune response genes. In addition, the expression of
the immune function M5 module is significantly increased during the occurrence of epilepsy. The SLC841 and LRMDA
genes, which are abundant in this module, possess immune activation properties.”* However, since these astrocyte
clusters share similar transcriptional profile in multiple sclerosis, this evidence does not definitively link specific gene
expression patterns to seizure generation but rather suggests a general direction for future research.

In epilepsy, the expression of immune-related genes is increased in glial cells, allowing them to differentiate into
different phenotypes that can either protect or damage neurons. These responses have markedly different effects on the
regression of inflammation. Promoting the early differentiation of glial cells toward an anti-inflammatory and neuropro-
tective phenotype, along with the upregulation of immunoprotective genes, might help delay or even reverse the
pathological process of epilepsy.

Interaction Between Microglia and Astrocytes in Epilepsy
Astrocytes and microglia, as glial cells in the brain parenchyma, play important roles in the inflammatory response
associated with epilepsy. Complement component 3 (C3) is an important marker of Al astrocytes that is predominately
produced during neuroinflammatory processes.”> The activation of A1 astrocytes is induced by microglia that are activated
during inflammatory response.”® Activated microglia secrete various molecules, such as IL-1a, TNF-a, and complement
Clq, which work together to activate astrocytes and promote C3 expression.”’ Previous research suggested that the
activation of astrocytes requires the coordinated action of these molecules, whereas individual molecules alone cannot
induce this activation.”® C3 released by astrocytes is cleaved into C3a and C3b. C3a is recognized by the C3a receptor
(C3aR) on the surface of microglia.29 When C3aR is activated, it further promotes the inflammatory response in microglia,
stimulates the secretion of complement Clq and pro-inflammatory cytokines, enhances phagocytic ability, and thus
promotes the activation of astrocytes.*® The positive feedback between C3aR and C3 in astrocytes promotes the activation
of the A1 phenotype in rats, which can affect the activation and function of microglia. In LPS-induced rats, C3aR knockout
in astrocytes resulted in the upregulation of the following genes in different clusters of microglia compared with the findings
in wild-type controls, as identified by scRNA—seq:3 ! cluster 0, Atf3, Ac134224.1, and 111b; cluster 1, Rtl1ba, Ac134224.1,
and /1b; cluster 2, Atf3, Nrpl, and Fos; and cluster 3, Hba-a2.1, Nrpl, and AC134224.1. The At#f3 gene inhibits the release
of inflammatory mediators, suppresses the expression of pro-inflammatory genes, and alleviates inflammation.*” These data
indicate that the activation of A1 astrocytes and M1 microglia can mutually promote each other. Microglia represent the
main source of TNF-a in the early stage of epilepsy. Henning et al found that TNF-a disrupted the gap junction coupling of
astrocytes through tumor necrosis factor receptor-1 on the surface of astrocytes, leading to astrocyte dysfunction and acute
epileptic seizures.*® In addition, the signaling pathway mediated by semaphorin 4D (Sema4D) between microglia and
astrocytes enhances the inflammatory response in the central nervous system. Clark et al, using barcode virus tracking and
scRNA-seq, found that the expression of Sema4D in microglia and Plexin-B2 (PLXNB?2) in astrocytes drives the activation
of the Sema4D/PLXNB2 pathway at the peak of EAE. They interconnected PLXNB2"~ astrocytes with Sema4D™~
microglia, confirming an increase in signal transduction between PLXNB2 astrocytes and Sema4D microglia.
Additionally, they identified a signaling pathway mediated by Ephrin-B receptors during EAE. Ephrin-B receptors are
activated through interactions with Ephrin-B1, Ephrin-B2, and Ephrin-B3, which are encoded by Efnb1, Efnb2, and Efnb3,
respectively. The sequencing results revealed that Efinb3 expression increased in microglia, whereas no significant changes
in Efnbl and Efnb2 expression were observed. Furthermore, in multiple sclerosis neuropathy, the number of Ephrin-
B3—expressing microglia and astrocytes was elevated.>* The role of Ephrin-B3 in promoting the development of refractory
epilepsy has been demonstrated.*® Therefore, the Ephrin-B3/Ephrin-B3 receptor signaling pathway in astrocytes and
microglia might promote inflammation in the central nervous system.

In summary, microglia and astrocytes can mutually promote inflammation via the C3 system, pro-inflammatory factors
such as TNF-o0, and the Ephrin-B3/Ephrin-B3 receptor pathway, thereby amplifying neuroinflammatory responses.
Interventions targeting these signaling pathways might attenuate the progression of inflammation in the nervous system.
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Interactions Between Glial Cells and Neurons in Epilepsy

Transcriptomic analysis of pentylenetetrazol-induced epileptic rat models identified highly expressed genes such as Bad,
Ccl2, and Kcnip3, which are associated with neuronal death or neurotransmitter regulation. Beyond direct neuronal death,
neuroinflammation also significantly affects neuronal function.’® Fractalkine, also known as chemokine ligand 1
(CX3CL1), is a chemokine expressed by neuronal cells. Its receptor, CX3CRI1, is primarily expressed on microglia.
This unique distribution makes the CX3CL1/CX3CR1 pathway a crucial mechanism mediating microglia—neuron
interactions.’” Previous studies demonstrated that during epileptic seizures, CX3CLI released by neurons activates
microglia, promoting inflammatory responses. The CX3CL1/CX3CRI1 signaling cascade in epileptic rats can activate
microglia, leading to the release of pro-inflammatory cytokines, exacerbating inflammation and seizures and exerting
neurodegenerative effects.’® Zhou et al similarly demonstrated in an epileptic rat model that epilepsy induces microglial
activation via the XC3CL1/CX3CR1 axis.*” In a study on Alzheimer’s disease, CX3CL1 was also found to contribute to
neuroinflammation.*® However, other studies identified a physical interaction between microglia and neurons in epilepsy
termed microglial process convergence (MPC), which exhibits neuroprotective effects. Ssh2 and Fgd3 are predominantly
expressed in microglia and are significantly upregulated in epileptic mice. Both of them are key players in the regulation
of actin cytoskeleton, suggesting a central role of microglia and immune-related functions in epileptogenesis.*' Among
the inflammatory mediators released upon microglial CX3CL1 receptor activation, IL-1f can act on neurons to induce
ATP release, thereby promoting the local recruitment of microglia via P2Y12 receptors. CX3CRI1 activation is a critical
step in the progression of MPC.** However, previous evidence suggested that CX3CR1 is downregulated in the microglia
of patients with epilepsy. Pathological brain tissue cells from patients with drug-resistant epilepsy (DRE) can be divided
into 26 clusters. Among them, 13 clusters (0—7, 9-12, and 14) were identified as microglia based on their CD45
expression, with lower CX3CR1 expression noted in clusters 5, 7, 9, and 11. In clusters with higher IL-1 expression,
pro-inflammatory cytokines and chemokines were also highly expressed, whereas CX3CR1 expression was decreased
compared with that in other clusters.'*> Low CX3CR1 expression suppressed MPC, diminished the protective effect of
MPC, and exacerbated the inflammatory response.

Astrocytes promote the onset and progression of epilepsy through four key mechanisms: imbalance between
excitatory and inhibitory neural signaling, disruption of metabolic homeostasis in the neuronal microenvironment,
neuroinflammation, and the formation of abnormal neural circuits.*> A large number of inflammatory mediators are
released during inflammation. An increase in TNF-a levels can upregulate aquaporin-4 in astrocytes, resulting in
disrupted water transport across the cell membrane, which in turn induces astrocyte edema and reduces glutamate
uptake.** TNF-a can also impair the coupling of gap junctions in astrocytes, leading to their dysfunction. In addition,
glutamate transporters are replaced by ionotropic glutamate receptors, especially GlulR flip, resulting in prolonged
depolarization of astrocytes.*> All of these changes reduce the sensitivity of astrocytes to glutamate and their ability to
regulate extracellular glutamate concentrations, leading to a higher glutamate concentration in the extracellular environ-
ment. Additionally, brain tissues from epilepsy patients shows complex dysregulation of multiple glutamate receptor
subunits and neuronal activity-related genes. Most genes encoding glutamate receptor subunits, such as Grial, Gria3,
Gria4, and Grik3, are highly expressed in epilepsy, which has been linked to aberrant hyperexcitability in epileptic neural
circuits.*® Meanwhile, increased levels of inflammatory mediators decelerate signal transduction by GABA receptors,
leading to a decline in the function of GABAergic inhibitory neurons. Albumin enters the brain parenchyma through the
damaged BBB, stimulating astrocytes and impairing their primary buffering function, particularly their ability to buffer
K" released through neurotransmission.*” Under the combined influence of these factors, neuronal excitability increases,
facilitating the generation of abnormal discharge activity. Although global neuronal loss and damage are present in the
hippocampus of mice with temporal lobe epilepsy, DEG-based analyses indicated that reactive neurogenesis still occurs
in this region.® Synaptic transmission, a fundamental process for nerve impulse propagation, is closely related to
astrocyte formation and function.*® During seizures, the signal transduction from astrocytes to neurons increases the
likelihood of neurons reaching the seizure threshold. Elevations in Ca®" levels and glutamate release from astrocytes are
associated with the occurrence and maintenance of focal epileptic discharge.** Astrocytes release gliotransmitters, such
as glutamate and serine, to regulate neuronal activity. In the early stages of epileptic seizures, elevated Ca®" levels in
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astrocytes promote vesicular transport and neurotransmitter release, thereby activating nearby neurons.>® Adenosine
triphosphate (ATP) is an important neurotransmitter released by astrocytes that activates P2 receptors and promotes
epileptic seizures. Conversely, adenosine, as a hydrolysis product of ATP, has the opposite effect on the occurrence and
development of epilepsy. It exerts anti-convulsant effects by inhibiting neuronal activity.”' Following a seizure, epilepsy
triggers a series of tissue inflammatory responses. The NLR family pyrin domain containing 3 inflammasome in

astrocytes increases the expression of adenosine kinase,>

accelerating the conversion of adenosine to adenosine
monophosphate. The reduction in adenosine levels diminishes its inhibitory effect on neuronal activity, further con-
tributing to epileptic seizures.

Activation of microglial CX3CRI1 receptors can exert an opposite effect on neurons through different signaling
pathways. Astrocytes influence neuronal excitability by elevating Ca®" levels, creating a glutamate-rich environment, and
reducing adenosine levels. The direct interaction between glial cells and neurons is highly complex and incompletely
understood. Different findings from previous studies can be attributed to the complex feedback regulatory mechanisms,

which warrant further investigation.

Effects of Immune Cells on BBB in Epilepsy

The central nervous system is often considered an immune-privileged organ, largely because of the absence of
a lymphatic system, limited major histocompatibility complex expression, and the restrictive effect of the BBB.>
Fang et al reported a unique type of smooth muscle cells migrating into the brain parenchyma in 15 patients with drug-
resistant epilepsy. The migration leads to vascular malformations, disrupts endothelial cell function, and creates
a hypoxic microenvironment. Consequently, the HIF-1a/mTOR/S6 pathway is upregulated, impairing neuronal and
astrocytic activity and resulting in neuronal loss.”* Damage-associated molecular patterns released following neuronal
damage in epilepsy can lead to the substantial release of purinergic substances. P2 purinergic receptors, which are
classified into P2X and P2Y subtypes (P2XR and P2YR), are distributed on the surface of microglia. P2XR acts as an
ATP-gated ionotropic receptor, and its ligands include P2X4 and P2X7. Meanwhile, P2YR functions as a G protein-
coupled metabolic receptor, and its ligands include P2Y6, P2Y12, and P2Y13. These receptors jointly regulate
phenotypic changes in microglia.”> P2X7-mediated neuroinflammation plays a crucial role in neurodegenerative diseases,
such as multiple sclerosis and status epilepticus.’® Following brain tissue injury, the expression of ATP/adenosine
diphosphate-sensitive P2YR, such as P2ryl, P2ry12, and P2ry13 decreases, while that of uridine triphosphate/uridine
diphosphate-sensitive receptors such as P2ry2, P2ry4, and P2ry6, increases.’’ Elevated levels of purines can activate the
P2Y13 receptor, resulting in morphological alternations in microglia, characterized by contraction and increased
membrane folding.’® Another important P2Y receptor, P2Y12R, is exclusively expressed in microglia in brain tissues,
distinguishing microglia from other peripheral immune cells. Upon activation, P2Y12R promotes microglia remodeling,
enhancing their chemotaxis and phagocytic ability, which enables them to migrate to the sites of tissue damage. The
migration of microglia facilitates BBB repair, reduces substance leakage from blood vessels into the brain parenchyma,
and alleviates inflammation and seizure severity.”” Kumar et al identified a notable characteristic of DRE microglial
clusters 7, 5, 9, and 11 using single-cell sequencing of epileptic surgical resection tissues, namely P2Y12R down-
regulation. Differential gene expression analysis revealed the downregulation of 81 genes and upregulation of 12 genes in
P2RY 12-expressing microglia, along with higher CX3CRI1 expression, compared with the findings in IL-1p—expressing
pro-inflammatory microglia.'> The functional and structural changes in P2RY 12-expressing microglia play a protective
role in epilepsy. Along with the aforementioned evidence, these findings confirm that the absence of P2Y12R exacerbates
epileptic seizures.

The expression of CDC25B, DNMTI, GZMA, MTX1, and SSH?2 is associated with a reduced risk of epilepsy, whereas
FGD3, RAF1, and SH3BP5L are correlated with an increased risk.*' Epilepsy patients exhibited an altered peripheral
immune profile, notably with increased activation of immune cells.® Infiltration of monocytes is often observed in epileptic
brain tissues. As a chemokine, chemokine C-C motif ligand 2 (CCL2) specifically activates and attracts monocytes through
the C-C motif chemokine receptor 2 (CCR2) signaling. Upregulation of IL-8 and CCL2 in the hippocampus of patients with
mesial temporal lobe epilepsy is associated with hippocampal sclerosis.° This pattern differs from the significant
upregulation of interferon-mediated pathway-related genes in the microglia of patients with Rasmussen’s encephalitis.'’
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Additionally, CCL2 levels are increased during LPS-induced seizure enhancement. Antagonism of CCL2/CCR?2 signaling
effectively reduces inflammation-induced seizures.®' Using scRNA-seq of microglia, Kumar et al detected the expression
of pro-inflammatory cytokines (eg, IL-1p, TNF, CCL2, CCL4) and chemokine genes in patients with DRE, whereas
microglia from control groups did not express these factors.'> CCL2 is significantly upregulated in the brains of patients
with epilepsy,®® facilitating monocyte infiltration into the brain. In addition to directly inducing monocyte chemotaxis,
CCL2 also disrupts the BBB by increasing its permeability. The binding of CCL2 to CCR2 on endothelial cells weakens
intercellular connections between endothelial cells, compromising the integrity of the BBB.®* Infiltrating monocytes also
contribute to BBB damage, forming a feedback loop. Specifically, monocytes facilitate CCL2-mediated BBB disruption,
which in turn can increase CCL2 release from the BBB, attracting more monocytes and further increasing BBB perme-
ability. This evidence supports that abnormal P2Y12R expression and CCL release from microglia in epilepsy affect BBB
integrity and function. As an important component that regulates the communication between brain parenchyma cells and
peripheral immunoreactive cells, the BBB plays a critical role in the pathological progression of epilepsy. Therefore,
targeting BBB dysfunction might represent a new antiepileptic strategy for epilepsy.

Direct Interaction Between T Cells and Microglia in Epilepsy

Autoreactive T cells and autoantibodies are contributors to neuroinflammation. Previous studies indicated the presence of
T cell infiltration in the brain tissue of patients with epilepsy.®* In patients with Rasmussen’s encephalitis and focal
cortical dysplasia, genes highly expressed in microglia have been found to mediate T cell activation.'” Kumar et al
identified infiltrating CD4" and CD8" T cells as the most abundant immune cell subtypes in brain samples from patients
with epilepsy. They distinguished 16 immune cell clusters, with most CD4" and CD8" T cells expressing pro-
inflammatory genes, such as CCL4, CCL5, TNF, IL1B, and IFNG. However, there were also some immature cell clusters.
Genes expressed in cluster 6 (ie, CCR7, LEF1, SOX4, RPL9, RPS6) are characteristic of immature and proliferative CD4"
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Figure | The inflammatory response in epilepsy involves various cell types in the central nervous system. Activated microglia release inflammatory mediators, such as IL-1q,
TNF, and component Clq, whereas leukocytes can release CCL4, TNF, and IL-6, triggering a cascade of inflammatory responses. Microglia and astrocytes mutually activate each
other via the C3 complement system, whereas microglia interact with neurons through MPC mediated by the CX3CLI/CX3CRI pathway. Astrocytes accumulate albumin
through TGF-B receptors and subsequently release additional IL-6. The damaged endothelium releases CCL2, attracting monocytes and further disrupting the blood-brain
barrier. Astrocytes release large amounts of neurotransmitters, such as glutamate and serine, creating a high extracellular glutamate environment. Inflammatory mediators, such
as IL-la, function with neurons to induce neuronal ictal discharge. Inflammation in epilepsy leads to seizures and neuronal damage, which in turn promotes inflammation.
Abbreviations: IL- 10, interleukin-1 alpha; TNF, tumor necrosis factor; CCL4, C-C chemokine ligand 4; IL-6, interleukin-6; MPC, microglial process convergence; CX3CLI,
chemokine ligand I; CX3CRI, chemokine ligand | receptor; TNF-B, tumor necrosis factor beta; CCL2, C-C chemokine ligand 2; C3, component 3; C3a, component 3a;
C3b, component 3b; C3aR, component 3a receptor.
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T cells, whereas immature CD8" T cells express CD2, THEMIS, IKZF1, KLRCI, ATM, GBPS5, and RAC2. They also
identified a mixed bimodal cluster (cluster 3) with simultaneous expression of the surface markers CD3, CDI11b, and
HLA-DR, indicating a bimodal pattern involving T cells, microglia, and/or macrophages. Further analysis of this bimodal
population enabled the isolation of key immune cell subtypes that directly interact with microglia. CD8" and CD4" T cell
clusters are the two primary clusters in bimodal cells, highlighting a direct physical interaction between microglia and
T cells that might amplify their pro-inflammatory and cytotoxic effects.'> Westfall et al observed increased expression of
microglial T cell activation markers (ie CD40, CD80), which were physically localized near distinct populations of CD4+
and CD8+ lymphocytes.'” These data illustrate that T cells are active in inflammatory responses in epilepsy, and they can
enhance these responses by interacting with microglia.

Conclusion

Analyzing cell development and differentiation in epilepsy-related inflammation provides new insights into potential
therapeutic approaches for this disease. Using scRNA-seq, we can identify various types of cells in epilepsy, exploring
unique developmental profiles, gene expression patterns, and cell interaction pathways. Investigating the differentiation of
microglia, astrocytes, and neurons through gene expression profiling can clarify their developmental trajectories in
epilepsy. DEG analysis can improve our understanding of transcriptional dynamics in epilepsy. As cell interactions are
fundamental to both physiological and pathological processes, mapping these interactions at the single-cell level offers
a comprehensive view of cellular interplay in epileptic inflammation (Figure 1). Exploring the mechanisms of epilepsy at
the single-cell level holds promise for identifying novel therapeutic strategies. This methodology is rapidly advancing
toward greater spatial resolution, omics integration, and dynamic analysis. However, this approach has multiple limitations,
including reduced sensitivity to low-abundance transcripts, limited availability and heterogeneity of human brain samples,
and gaps between data interpretation and functional validation. Additional research is needed to address these areas.
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