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Neuroinflammatory networks in epileptogenesis: microglia-astrocyte-neuron interactions

Epileptogenezde noroinflamatuvar aglar: mikroglia-astrosit-noron etkilesimleri

Fiimet Duygu Ustiindag'*, Unsal Veli Ustiindag?

!Department of Biophysics, Faculty of Medicine, Agr1 Ibrahim Cegen University, Agri, Tiirkiye
’Department of Medical Biochemistry, Faculty of Medicine, Agri Ibrahim Cegen University, Agri, Tiirkiye

0000-0001-5290-8924
Sorumlu Yazar: Fiimet Duygu Ustiindag
e-mail: fdustundag(@yahoo.com
fdustundag@agri.edu.tr

Gonderilme Tarihi: 04/09/2026
Kabul Tarihi: 24/09/2026
Yaymlanma Tarihi: 02/10/2026

interactions. Agri Med J. 2026; 4(3): 95-98.

Cite this article: Ustiindag FD, Ustiindag UV. Neuroinflammatory networks in epileptogenesis: microglia-astrocyte-neuron

Epilepsy is a chronic neurological disorder
characterized by spontaneous and recurrent seizures;
however, explaining its pathophysiology solely in terms of
neuronal hyperexcitability and hypersynchronization remains
inadequate. Clinical and experimental data indicate that
epileptogenesis is a multistage transformation in which
neuronal networks acquire the capacity to generate
spontaneous seizures after traumatic brain injury, central
nervous system infection or status epilepticus (1, 2). In
addition to functional and structural reorganization, this
process encompasses activation of the innate immune
response, proinflammatory signalling and blood-brain barrier
(BBB) dysfunction (3-5). Microglial activation, reactive
astrogliosis, increased proinflammatory cytokine production,
oxidative stress, disruption of extracellular ion homeostasis
and aberrant synaptogenesis are the principal interacting
components; microglia and astrocytes are not merely cells
that respond secondarily, but components that actively
contribute to the pathological remodelling of seizure
networks through reciprocal signalling (3, 4). The temporal
organization of this participation is one of the most critical
mechanistic dimensions of epileptogenesis.

A sequential order of activation is observed in glial
cells after status epilepticus: microglia respond considerably
earlier than neurons, and this is followed by astrogliosis that
begins with a delay and extends into the chronic phase; this
sequential pattern has been proposed to set the stage for
neuronal hyperexcitability (5). The same study reported that
microglial inhibition was effective only in the acute phase
(the first days after status epilepticus), whereas intervention
at a later stage failed to suppress astrogliosis, astrocytic Ca**
hyperreactivity and seizure susceptibility (5). This finding
points to a time-restricted therapeutic window and to the
decisive role of intervention timing in epileptogenesis.
Adenosine triphosphate (ATP), high mobility group box 1
(HMGBI) and other damage-associated molecular patterns
(DAMPs) released during neuronal injury and recurrent
activity engage microglial pattern recognition receptors; with
the recruitment of TLR/NF-kB and inflammasome pathways,

the production of IL-1B, TNF-a, IL-6, chemokines and
reactive oxygen species increases (4-6).

Among these DAMPs, the signalling initiated by
HMGBI through toll-like receptor 4 (TLR4) and receptor for
advanced glycation end products (RAGE) reinforces NF-kB-
mediated proinflammatory transcription and lowers the
seizure threshold by modulating glutamatergic transmission
and N-methyl-D-aspartate (NMDA) receptor activity (6, 7).
IL-1B/IL-1R1 signalling deepens the electrophysiological
dimension of this picture: in hippocampal neurons, IL-1
activates the NR2B subunit of the NMDA receptor by
tyrosine phosphorylation through Src family kinases, thereby
increasing Ca?* influx (8). In human temporal lobe epilepsy
(TLE) tissue, it has been reported to suppress gamma-
aminobutyric acid type A (GABA-A) receptor-mediated
currents by up to 30%, an effect mediated by IL-1R1/PKC
and detected only in epileptic tissue (9). TNF-a, in turn,
increases extracellular glutamate levels by suppressing
glutamate transporters, raises the membrane density of
postsynaptic AMPA receptors and reduces the surface
expression of inhibitory GABA-A receptors (10, 11). IL-1p
and TNF-o are therefore not merely biomarkers of
neuroinflammation, but direct regulators of the synaptic
excitation-inhibition balance.

The NOD-like receptor family, pyrin domain
containing 3 (NLRP3) inflammasome plays a central role in
amplifying IL-1f and TNF-o-driven signalling. NLRP3
activation reinforces the neuroinflammatory loop by enabling
the conversion of pro-IL-1f and pro-IL-18 into active
cytokines through caspase-1. In experimental epilepsy
models, pharmacological or genetic suppression of NLRP3
has been reported to reduce IL-1p and IL-18 levels and,
consequently, to attenuate neuroinflammation, neuronal
damage and secizure severity (12). While these findings
highlight NLRP3 as a potential disease-modifying target, it
should not be overlooked that preclinical anticonvulsant

efficacy may not correspond directly to clinical
antiepileptogenic efficacy.
The neuroinflammatory component of

epileptogenesis is not limited to microglial activation; during
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reactive astrogliosis, a substantial portion of astrocytic
homeostatic functions becomes impaired. A reduction in
EAAT2/GLT-1 expression or function has been shown to
raise the extracellular glutamate concentration and to increase
excitotoxic signalling (13). Astrocytic Kir4.1 channels are
among the principal determinants of extracellular K*
buffering; under epileptogenic conditions, impairments in the
membrane expression and function of Kir4.1 together with
EAAT2, connexin 43 and aquaporin-4 set the stage for a
simultaneous collapse of K* and glutamate homeostasis and
contribute to the maintenance of network hyperexcitability
(13, 14). In addition, disruption of the integrity of the
neurovascular unit is another critical component of
epileptogenesis.

Following epileptogenic insults, disruption of the
neurovascular unit and increased BBB permeability set the
stage for the extravasation of serum proteins into the brain
parenchyma. In this process, albumin binds to astrocytic
TGF-B receptors and activates Smad2 phosphorylation and
the TGF-B-dependent transcriptional programme. It has been
demonstrated at the transcriptome level that this activation is
associated with inflammatory gene expression, disruption of
astrocytic intercellular junctions and reduced K'/glutamate
buffering capacity (15). Subsequent studies have shown that
this albumin-driven signalling triggers astrocyte-mediated
excitatory synaptogenesis, and that the ALKS/TGF-f
inhibitor SJN2511 and the angiotensin II receptor blocker
losartan can prevent both synaptogenesis and the
development of spontaneous recurrent seizures (16, 17). The
TGF-B/ALKS pathway is thus positioned as a mechanistic
bridge between BBB injury and persistent network
remodelling, and as a disease-modifying therapeutic target in
acquired epilepsy.

This multilayered interaction also intersects with the
mTOR pathway, the master regulator of cellular energy
metabolism. mTOR signalling and neuroinflammation have
been described as two critical pathways that mutually
reinforce one another in structural epilepsies (18). In the
pilocarpine-induced status epilepticus model, microglia
specific mTOR deficiency has been shown to impair the
phagocytosis of damaged neurons, to increase neuronal loss
and to lead to more severe spontaneous seizures, indicating
that microglial mTOR activation may serve a neuroprotective
and antiepileptogenic function (19). In contrast to the
proepileptogenic effects of neuronal mTOR activation, the
fact that microglial mTOR constitutes a protective pathway
provides a mechanistic framework explaining why mTOR
inhibitors yield cell type- and model-dependent inconsistent
results in epilepsy.

Microglia and astrocytes should not be considered
independently of one another. A single-nucleus RNA
sequencing study of human temporal lobe epilepsy tissue
revealed an expansion of activated microglial and astrocytic
subpopulations and the prominence of the secreted
phosphoprotein 1 (SPP1)-CD44 (cluster of differentiation 44)
axis in microglia-astrocyte communication, with reactive
microglia reported as the principal source of SPP1 and
reactive astrocytes as the target cells through CD44 (20).
These findings show that glial phenotypes cannot be
explained by the classical M1/M2 or AIl/A2 binary
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classifications, and that these cells display distinct
transcriptional and functional states depending on disease
stage, anatomical region and microenvironment.

The complement system is a component of the
microglia-astrocyte-neuron interaction that extends to
synaptic remodelling. Clq and C3, which regulate synaptic
pruning during physiological development, have been shown
to be reactivated in epileptic tissue in human drug-resistant
epilepsy specimens (21). Following pilocarpine-induced
status epilepticus, microglial Clq and astrocytic C3
expression increases; Clq neutralization applied in the
subacute phase has been reported to reduce microglial
synaptic phagocytosis, preserve dendritic spine density, and
suppress interictal epileptiform discharges in the chronic
phase (22). Complement activation is thus not merely a
biomarker of neuroinflammation, but a modifiable
mechanism directing the structural reorganization of epileptic
networks. Although these mechanisms bring microglia and
astrocytes to the fore, neurons are not passive targets of this
network: recurrent depolarization and epileptiform activity
re-trigger glial activation by increasing the release of ATP,
glutamate, HMGBI1, and other DAMPs, while glia-derived
IL-1B8, TNF-a, and other mediators increase neuronal
excitability by altering glutamatergic and GABAergic
transmission, ion channels, and synaptic plasticity.
Epileptogenesis therefore operates less as a linear cause and
effect chain than as a pathophysiological network with
positive feedback.

This framework calls for a re-evaluation of
therapeutic targets in epilepsy. In the kainic acid model,
blockade of the Kv1.3 potassium channel with PAP-1 has
been shown to reduce seizure severity and neuronal loss and
to prolong seizure latency, an effect achieved through
suppression of the microglial Ca*’/NF-«kB pathway (23).
Current antiseizure drugs mainly suppress seizure generation;
no clinically proven treatment that prevents the inflammatory
and structural remodelling underlying epileptogenesis is yet
available. In contrast, the HMGB1/TLR4, IL-1p/IL-1R1 and
NLRP3 pathways are being investigated as potential disease
modifying targets (3, 4, 24), and experimental evidence that
interventions directed at TGF-B/ALKS and complement
signalling may prevent epileptogenesis is accumulating (15,
16, 22). The evidence regarding the predictive and diagnostic
use of neuroinflammation biomarkers has been
comprehensively reviewed (25).

In conclusion, epileptogenesis is a multicellular
pathophysiological process in which neuronal
hyperexcitability, microglial innate immune activation,
astrocytic homeostatic dysfunction and neurovascular
disruption mutually reinforce one another. Microglial
HMGBI1/TLR4 and NLRP3 signalling, astrocytic glutamate
and K* buffering impairment, the albumin-TGF-B/ALKS
axis, complement-mediated synaptic elimination and the
SPP1-CD44 communication network are not independent
mechanisms, but functionally connected components of the
same epileptogenic network. The development of disease
modifying treatments will require defining the pathological
communication along the microglia-astrocyte-neuron axis at
the temporal, regional and molecular levels in addition to
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suppressing epileptic  discharges, and modulating it
selectively.
Ethical Approval

Ethics committee approval is not required for this article.

Conflict of Interest
The authors declare no conflict of interest.

Financial Disclosure
No financial support was received for the study.

Authors' Contributions

FDU: Conceptualization, Literature review, Writing-original
draft, Visualization, Writing-review & editing, UVU:
Conceptualization, Literature review, Visualization, Writing-
review & editing.

Data Sharing Statement
Not available

REFERENCES

1. Erisken S, Nune G, Chung H, Kang JW, Koh S.
Time and age dependent regulation of neuroinflammation in
a rat model of mesial temporal lobe epilepsy: correlation with
human data. Front Cell Dev Biol. 2022;10:969364.
https://doi.org/10.3389/fcell.2022.969364

2. Patel DC, Thompson EG, Sontheimer H. Brain-
derived neurotrophic factor inhibits the function of cation-
chloride cotransporter in a mouse model of viral infection-
induced epilepsy. Front Cell Dev Biol. 2022;10:961292.
https://doi.org/10.3389/fcell.2022.961292

3. Chen Y, Nagib MM, Yasmen N, Sluter MN,
Littlejohn TL, Yu Y, et al. Neuroinflammatory mediators in
acquired epilepsy: an update. Inflamm Res. 2023;72(4):683-
701.

https://doi.org/10.1007/s00011-023-01700-8

4. Arias-Carrion O, Rodriguez de Ita J, Yu P. Innate
immune signalling, neuroinflammation and network
plasticity in temporal lobe epilepsy. Front Pharmacol.
2026;17:1770964.
https://doi.org/10.3389/fphar.2026.1770964

5. Sano F, Shigetomi E, Shinozaki Y, Tsuzukiyama H,
Saito K, Mikoshiba K, et al. Reactive astrocyte-driven
epileptogenesis is induced by microglia initially activated
following status epilepticus. JCI Insight. 2021;6(9):e135391.
https://doi.org/10.1172/jci.insight.135391

6. Paudel YN, Angelopoulou E, Akyuz E, Piperi C,
Othman I, Shaikh MF. Role of innate immune receptor TLR4
and its endogenous ligands in epileptogenesis. Pharmacol

Res. 2020;160:105172.
https://doi.org/10.1016/j.phrs.2020.105172
7. Zhang S, Chen F, Zhai F, Liang S. Role of

HMGBI1/TLR4 and IL-1B/IL-1R1 signaling pathways in
epilepsy. Front Neurol. 2022;13:904225.
https://doi.org/10.3389/fneur.2022.904225

Neuroinflammatory networks in epileptogenesis

8. Viviani B, Bartesaghi S, Gardoni F, Vezzani A,
Behrens MM, Bartfai T, et al. Interleukin-1 enhances
NMDA receptor-mediated intracellular calcium increase
through activation of the Src family of kinases. J Neurosci.
2003;23(25):8692-700.
https://doi.org/10.1523/JINEUROSCI.23-25-08692.2003

9. Roseti C, van Vliet EA, Cifelli P, Ruffolo G, Baayen
JC, Di Castro MA, et al. GABAA currents are decreased by
IL-1B in epileptogenic tissue of patients with temporal lobe
epilepsy: implications for ictogenesis. Neurobiol Dis.
2015;82:311-20. https://doi.org/10.1016/1.nbd.2015.07.003
10. Olmos G, Lladé J. Tumor necrosis factor alpha: a
link between neuroinflammation and excitotoxicity.
Mediators Inflamm. 2014;2014:861231.
https://doi.org/10.1155/2014/861231

11. Stellwagen D, Beattie EC, Seo JY, Malenka RC.
Differential regulation of AMPA receptor and GABA
receptor trafficking by tumor necrosis factor-alpha. J
Neurosci. 2005;25(12):3219-28.
https://doi.org/10.1523/INEUROSC1.4486-04.2005

12. Meng XF, Tan L, Tan MS, Jiang T, Tan CC, Li MM,
et al. Inhibition of the NLRP3 inflammasome provides
neuroprotection in rats following amygdala kindling-induced
status epilepticus. J Neuroinflammation. 2014;11:212.
https://doi.org/10.1186/s12974-014-0212-5

13. Green JL, Dos Santos WF, Fontana ACK. Role of
glutamate excitotoxicity and glutamate transporter EAAT2 in
epilepsy: opportunities for novel therapeutics development.
Biochem Pharmacol. 2021;193:114786.
https://doi.org/10.1016/j.bcp.2021.114786

14. Patel DC, Tewari BP, Chaunsali L, Sontheimer H.
Neuron-glia interactions in the pathophysiology of epilepsy.
Nat Rev Neurosci. 2019;20(5):282-97.
https://doi.org/10.1038/s41583-019-0126-4

15. Cacheaux LP, Ivens S, David Y, Lakhter AJ, Bar-
Klein G, Shapira M, et al. Transcriptome profiling reveals
TGF-beta signaling involvement in epileptogenesis. J
Neurosci. 2009;29(28):8927-35.
https://doi.org/10.1523/JNEUROSCI.0430-09.2009

16. Weissberg I, Wood L, Kamintsky L, Vazquez O,
Milikovsky DZ, Alexander A, et al. Albumin induces
excitatory synaptogenesis through astrocytic TGF-f/ALKS
signaling in a model of acquired epilepsy following blood-
brain barrier dysfunction. Neurobiol Dis. 2015;78:115-25.
https://doi.org/10.1016/j.nbd.2015.02.029

17. Bar-Klein G, Cacheaux LP, Kamintsky L, Prager O,
Weissberg I, Schoknecht K, et al. Losartan prevents acquired
epilepsy via TGF-B signaling suppression. Ann Neurol.
2014;75(6):864-75. https://doi.org/10.1002/ana.24147

18. Ravizza T, Scheper M, Di Sapia R, Gorter JA,
Aronica E, Vezzani A. mTOR and neuroinflammation in
epilepsy: implications for disease progression and treatment.
Nat Rev Neurosci. 2024;25(5):334-50.
https://doi.org/10.1038/s41583-024-00805-1

19. Zhao XF, Liao Y, Alam MM, Mathur R, Feustel P,
Mazurkiewicz JE, et al. Microglial mTOR is neuronal
protective and antiepileptogenic in the pilocarpine model of
temporal lobe epilepsy. J Neurosci. 2020;40(40):7593-608.
https://doi.org/10.1523/JINEUROSCI.2754-19.2020

97



Agri Med J; Oct 2026, Vol:4, Issue:3

20. Xu Y, Zhang M, Zhou K, Wang L. Single-cell
dissection of the SPP1-CD44 axis reveals microglia-astrocyte
crosstalk driving neuroinflammation in temporal lobe
epilepsy. Mol Neurobiol. 2026;63(1):376.
https://doi.org/10.1007/s12035-026-05688-0

21. Wyatt SK, Witt T, Barbaro NM, Cohen-Gadol AA,
Brewster AL. Enhanced classical complement pathway
activation and altered phagocytosis signaling molecules in
human  epilepsy. Exp  Neurol. 2017;295:184-93.
https://doi.org/10.1016/j.expneurol.2017.06.009

22. Jeong Y, Lim HK, Kim H, Lee J, Lee S, Suh M. Clq
neutralization during epileptogenesis attenuates complement-
mediated synaptic elimination and epileptiform activity.
Epilepsia. 2026;67(2):908-22.
https://doi.org/10.1111/epi.18678

23. Zhang X, Liang P, Zhang Y, Wu Y, Song Y, Wang
X, et al. Blockade of Kvl.3 potassium channel inhibits
microglia-mediated neuroinflammation in epilepsy. Int J Mol
Sci. 2022;23(23):14693.
https://doi.org/10.3390/ijms232314693

24, Chen J, Gao Y, Liu N, Hai D, Wei W, Liu Y, et al.
Mechanism of NLRP3 inflammasome in epilepsy and related
therapeutic ~ agents.  Neuroscience.  2024;546:157-77.
https://doi.org/10.1016/j.neuroscience.2024.03.029

25. Aguilar-Castillo MJ, Cabezudo-Garcia P, Garcia-
Martin G, Lopez-Moreno Y, Estivill-Torris G, Ciano-
Petersen NL, et al. A systematic review of the predictive and
diagnostic uses of neuroinflammation biomarkers for
epileptogenesis. Int J Mol Sci. 2024;25(12):6488.
https://doi.org/10.3390/ijms25126488

Neuroinflammatory networks in epileptogenesis

98



