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Abstract 

Epilepsy, a chronic neurological disorder, is characterized by dysfunction in neural networks. Gap junctions 
and hemichannels, which are integral to the astrocyte connection network, play a critical role in epilepsy. Connexins, 
the components of astrocyte gap junctions and hemichannels, can be activated to transfer glutamate, adenosine 
triphosphate, and other chemicals, potentially leading to seizures. Connexins therefore hold significant potential 
for epilepsy treatment. This review focuses on connexin 43 and provides a brief overview of other connexins and pan-
nexin 1. Understanding the relationship between connexins and epilepsy offers theoretical support for developing 
new antiseizure medications.
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Background
Epilepsy is one of the most common neurological disor-
ders, affecting over 70 million people worldwide [1]. It 
significantly impacts patients’ psychosomatic health and 
quality of life. Although many antiseizure medications 
are available, 30% to 40% of patients still have seizures 
despite the use of two or more antiseizure medications, 
known as drug-resistant epilepsy [2–4]. Additionally, 
30–50% of these patients continue to experience sei-
zures even after surgical treatment [5]. Therefore, under-
standing the mechanisms underlying epilepsy is crucial, 
as it holds great potential for developing new treatment 
strategies.

A connexon, formed by the binding of six connex-
ins, can undergo extracellular glycosylation to form a 
hemichannel. Two connexons can couple together to 

form a gap junction (GJ) protein [6]. Hemichannels are 
formed through extracellular glycosylation of connexons. 
Each connexin protein subunit consists of four tetraspan 
transmembrane (TM) domains with intracellular N-ter-
mini and C-termini [7, 8] (Fig.  1a, b). Astrocytes can 
regulate synaptic transmission homeostasis through GJ-
mediated release of glial transmitters such as glutamate, 
ATP, and D-serine, thus influencing the pathophysiology 
of epilepsy [9, 10]. Among the gap junctions, connexin 
43 (Cx43) -based GJs are the most abundant in astro-
cytes. Astrocytes are extensively coupled with each other 
through large amounts of Cx43 [11].

GJs are essential channels for mutual coupling between 
astrocytes. Hemichannels composed of six connexins 
allow the passage of small molecules with a mass of less 
than 1  kDa, such as potassium, calcium, ATP, and glu-
tamate [12]. Through the regulation of different mecha-
nisms, GJs can promote the distribution of glucose and 
lactate on astrocytes [13], maintain the membrane poten-
tial and potassium equilibrium of neurons and glial cells 
in conjunction with Kir4.1 and Aquaporin 4 [14–16], 
provide spatial buffering of calcium and glutamate [17, 
18], maintain syncytial isopotential by continuously bal-
ancing the membrane potential of astrocytes through 
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electrical coupling [19], and release ATP that can activate 
purinergic receptors on cells [20].

The pathogenesis of epilepsy is highly complex. In 
recent years, a growing number of studies have focused 
on astrocyte involvement in epilepsy [21–23]. Among 
these, the role of astrocyte junction proteins in the mech-
anism of epileptic seizures has emerged as a research 
hotspot. Many scholars suggest that GJs could serve as 
potential targets for epilepsy treatment [11, 24–27].

The mechanism of connexin involvement 
in epilepsy
GJ and calcium ions
Astrocytes, extensively connected by GJs, form a net-
work-like structure [28]. Thus, the excitation of astro-
cytes can lead to widespread membrane potential 
changes. Cx43-expressing astrocytes with altered poten-
tials induce extensive synchronized calcium influx, 
known as calcium waves or calcium events, which are 
highly temporally correlated with increases in intracel-
lular calcium concentration [29]. Calcium waves can 

propagate calcium ions through GJs or activate inflam-
matory molecules to transmit excitatory signals to dis-
tal astrocytes [30, 31]. This, in turn, causes significant 
changes in astrocyte membrane potential, leading to 
abnormal discharges that can trigger epileptic seizures. 
Locally unsynchronized changes in calcium concentra-
tions caused by calcium waves may inhibit local astrocyte 
excitation, while widely synchronized changes can pro-
mote it [32] (Fig. 1c).

GJ and inflammatory molecules
The onset of epilepsy is highly correlated with the inflam-
matory response of the central nervous system [33], and 
GJs and hemichannels composed of connexins can be 
activated by inflammatory molecules. Different types of 
stimuli can cause changes in intracellular pH to open GJs 
and hemichannels formed by connexins [34], resulting in 
glutamate, D-serine, nicotinamide adenine dinucleotide 
(NAD), and ATP being released through hemichannels or 
transmitted between astrocytes through the GJ. Elevated 
glutamate concentrations cause microglia or astrocytes to 

Fig. 1  The structure of connexins, connexin-based hemichannel and connexin-based gap junctions. This figure showed the structure of connexins, 
connexin-based hemichannel and connexin-based gap junctions. a Connexin-based hemichannel: the hemichannel is formed by six connexins 
(one connexin drawn in the dotted line) arranged side by side, forming a channel that can only accommodate molecules of 1 kDa. b Connexin 
tetrasaccharide transmembrane (TM) domain protein: TM1 and TM2 or TM3 and TM4 are connected by extracellular loops (E1 or E2, respectively). 
TM2 and TM3 are connected by cellular loops (CL). TM1 ligates the N-terminus of the entire connexin intracellularly, and TM4 ligates the C-terminus 
of the entire connexin intracellularly. c The process of calcium transfer between astrocytes through Cx43-based gap junctions. After an extensive 
influx of calcium, the concentration of calcium in astrocytes increases, which can facilitate cell-to-cell diffusion through Cx43-based gap junctions
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express nucleotide-binding and oligomerization domain-
like receptor thermal protein domain associated protein 
3 and cysteinyl aspartate specific protease 1 (caspase 1). 
Caspase 1 further forms interleukin-1β (IL-1β) and inter-
leukin-18 (IL-18). IL-1β and IL-18 are released extracel-
lularly, which in turn activates GJs and hemichannels to 
cause seizures [35]. Reactive oxygen species generated 
during seizures also promote the opening of GJs and 
hemichannels [36]. In neurons, the openings of GJs and 
hemichannels increase abnormal hyperexcitability and 
synchrony, thereby strengthening the cycle of seizures 
[37] (Fig.  2). In conclusion, Cx43 is an important sign-
aling channel between astrocytes and is involved in sei-
zures and neuroimmune responses. Therefore, Cx43 may 
be a potential target for activating astrocyte activity [38].

GJ and Wnt/β‑catenin pathway
The canonical Wnt/β-catenin pathway is another factor 
that regulates the expression of Cx43. When the Wnt/β-
catenin pathway is inactive (lack of Wnt), two multi-
structural domain scaffolding proteins, axis inhibitor 
(Axin) and adenomatous polyposis coli (APC), selectively 
degrade β-catenin in the cytoplasm. These proteins pro-
mote the amino-terminal phosphorylation of β-catenin 
via glycogen synthase kinase-3, leading to a decrease in 

β-catenin concentration outside the nuclear membrane 
due to the degradation of phosphorylated β-catenin by 
the E3 ubiquitin ligase β-transducin repeat-containing 
protein [39]. When the Wnt/β-catenin pathway is active 
(Wnt is present), Wnt binds with Frizzled and LRP5/6 to 
form a trimer. The intracellular regions of Frizzled and 
LRP5/6 then aggregate large amounts of dishevelled and 
Axin, thereby inhibiting β-catenin phosphorylation and 
degradation [40]. The increased levels of β-catenin in 
the cytoplasm and nucleus facilitate its interaction with 
TCF/LEF transcription factors, subsequently stimulating 
the expression of the GJA1 gene [41] (Fig. 3). The involve-
ment of the canonical Wnt/β-catenin pathway in epilep-
tic seizures has been confirmed [42, 43]. Therefore, this 
pathway may participate in the electrical signal transduc-
tion of epileptic seizures by increasing the expression of 
Cx43, although further research is needed to confirm this 
hypothesis.

Connexin 43 involvement in different kinds 
of epilepsy
Previous studies demonstrated that carbenoxolone and 
mefloquine significantly attenuate seizures. Both agents 
can block GJ, hemichannels, and pannexin 1 (Panx1). 
Conversely, the GJ coupling agent trimethylamine 

Fig. 2  The epileptogenic mechanism of Cx43. This figure showed the epileptogenic mechanism of Cx43. Cx43-based hemichannels are 
involved during seizures. After receiving external stimuli, the body can activate a Cx43-based hemichannel by changing the pH in the body 
or producing reactive oxygen species (ROS), through which calcium then flows inward. A wide influx of calcium can form a whole wave of calcium 
and participate in the formation of seizures. In addition, Cx43-based hemichannels can release substances such as glutamate, adenosine 
triphosphate (ATP), nicotinamide adenine dinucleotide (NAD), and D-serine upon activation. Among them, ATP, NAD and D-serine can participate 
in the inflammatory response of the central nervous system and then participate in the formation of seizures. Glutamate activates astrocytes 
or microglia expressing NOD-like receptor thermal protein domain associated protein 3 (NLPR-3) and cysteinyl aspartate specific protease 1 
(caspase 1), releases substances such as interleukin-1β (IL-1β) and interleukin-18 (IL-18), participates in the inflammatory response and seizure 
formation of the central nervous system, and activates other Cx43-based hemichannels, which in turn form a wide calcium influx to form calcium 
waves
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significantly enhanced seizures, indicating a strong asso-
ciation between connexins and epilepsy and highlighting 
the need for further investigation [44–48].

Temporal lobe epilepsy with hippocampal sclerosis
Temporal lobe epilepsy (TLE) is a focal epilepsy com-
monly localized in the hippocampus, where irrevers-
ible sclerotic changes often occur. Many TLE patients 
continue to experience seizures even after anti-seizure 
medication therapy [49]. Bedner et al. [21] examined the 
hippocampi of patients with mesial TLE, including both 
sclerotic and non-sclerotic cases, as well as hippocampal 
specimens from mice with TLE. They found that patients 
with mesial TLE with hippocampal sclerosis and mice 
with mesial TLE exhibited atypical astrocyte current pat-
terns (input resistance > 40 MΩ and/or voltage- and time-
dependent currents). This indicated a lack of GJ coupling 
between astrocytes in the specimens. In contrast, non-
sclerotic specimens showed many astrocytes with GJ 
coupling, suggesting that GJ decoupling is a crucial step 
in the pathogenesis of TLE with hippocampal sclerosis.

Vincze et  al. [50] investigated the effects of modulat-
ing GJs in hippocampal slices from mice. When the GJ 
coupling agent trimethylamine was applied, epileptic 
seizures were enhanced in 12 hippocampal slices treated 
with low magnesium-ion artificial cerebrospinal fluid. 
Conversely, only two of 12 hippocampal slices treated 
with carbenoxolone, a specific GJ blocker, exhibited 
seizure-like events, and the duration of status epilepti-
cus was shorter compared to untreated controls. When 
carbenoxolone was applied to trimethylamine-treated 
hippocampal slices, it inhibited seizure-like events in 11 
out of 12 slices. Additionally, using an antibody target-
ing the gating peptide segment of connexin 43 (Cx43) 
in trimethylamine-treated slices completely eliminated 
seizure-like events in 5 out of 5 slices. However, blocking 
connexin 36 (Cx36) with quinine did not stop seizure-like 
events, which persisted in 7 out of 11 slices. These find-
ings suggest that Cx43 plays a more significant role in sei-
zure occurrence than other connexins.

Furthermore, Guo et  al. [51] treated TLE mice with 
D4 ([R]−2-[4-chlorophenyl]−2-oxo-1-phenylethyl qui-
noline-2-carboxylate), a compound that inhibits the 

Fig. 3  The expression of Cx43 is regulated by the canonical Wnt/β-catenin pathway. This figure showed the expression of Cx43 is regulated 
by the canonical Wnt/β-catenin pathway. The expression of Cx43 is regulated by the canonical Wnt/β-catenin pathway. In the "OFF" state 
of the canonical Wnt/β-catenin pathway (lack of Wnt), β-catenin in the cytoplasm is selectively degraded by two multistructural domain 
scaffold protein axis inhibitor proteins (Axin) and Adenomatous Polyposis Coli gene protein (APC), which are selectively degraded by glycogen 
synthase kinase-3 (GSK3) and casein kinase 1 (CK1) to promote the amino-terminal phosphorylation of β-catenin. Phosphorylated β-catenin 
is recognized by the β-transducin repeat-containing protein (β-Trcp), which in turn is degraded. In the "ON" state of the Wnt/β-catenin pathway 
(presence of Wnt), Wnt forms a trimer with Frizzled (FZD) and Lipoprotein Receptor-related Protein 5 or 6 (LRP5/6). This trimer stabilizes β-catenin 
by aggregating much Dishevelled (DVL) and Axin in the intracellular region of FZD and LRP5/6, which inhibits phosphorylation of β-catenin. 
Elevated levels of β-catenin promoted the interaction of the β-linked protein with T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) 
transcription factors, which activated the expression of the Cx43 gene
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expression of Cx43-based hemichannels. They observed 
that pilocarpine treatment significantly up-regulated the 
area of glial fibrillary acidic protein (GFAP) reactivity in 
all regions, particularly in the hippocampus, indicating 
increased astrocyte activation. Pre-administration of D4 
reduced astrocyte activation, as shown by a decreased 
GFAP-covered area in the anterior piriform cortex but 
not in the hippocampus. This suggests that D4-treated 
TLE mice effectively reduce neuroinflammation and 
prolong astrocyte and microglia activation compared to 
controls. Post-epileptic treatment with D4 reversed glial 
activation, normalized neuroinflammation, and restored 
mRNA levels of neuroinflammatory and synaptic genes. 
These results highlight the critical role of connexin-based 
hemichannels in the onset of TLE, potentially influencing 
future anti-seizure medication development.

Hypothalamic hamartoma‑related epilepsy
Hypothalamic hamartoma (HH) is a rare congenital mal-
formation of the ventral hypothalamus, typically located 
posterior to the pituitary stalk. Approximately 40% of 
patients with HH suffer from refractory epilepsy [52, 53]. 
In vivo experiments have shown that the levels of Cx43 in 
HH tissues are significantly higher compared to normal 
human hypothalamic control tissues [27]. The research-
ers used mefloquine to antagonize the GJ channel in HH 
tissue slices and found that abnormal discharges signifi-
cantly decreased both during seizures and in the interic-
tal period. Additionally, the action potential discharge of 
small GABAergic neurons was affected, suggesting that 
GJs are involved in epileptiform discharges in HH. How-
ever, the specific epileptogenic mechanism of GJs in HH 
tissues requires further investigation.

Tuberous sclerosis complex‑related epilepsy
Tuberous sclerosis complex (TSC) is an autosomal disor-
der in which epilepsy is the most common neurological 
symptom, affecting approximately 80–90% of cases [54]. 
Xu et al. [55] found that in mice with TSC1 gene knock-
out, Cx43 was expressed at lower levels in astrocytes 
compared to wild-type mice. These TSC1-deficient mice 
also exhibited abnormally elevated extracellular potas-
sium ion concentrations following stimulation, a phe-
nomenon similar to that seen in wild-type mice treated 
with carbenoxolone. Moreover, rapamycin was able to 
reverse both the low expression of Cx43 and the elevated 
extracellular potassium concentrations in TSC1-deficient 
mice, suggesting that the mTOR pathway may mediate 
the mechanism of connexin activation in TSC.

Glioma‑related epilepsy
Gliomas are malignant tumors characterized by diffuse 
invasive growth [56]. Epilepsy is a common symptom 

associated with gliomas, with an incidence of 70–90% in 
low-grade gliomas and 30–62% in high-grade gliomas. 
This difference is due to the slower growth and increased 
isocitrate dehydrogenase 1/2 mutations in low-grade 
gliomas [57]. Cx43 is primarily found in astrocytes sur-
rounding gliomas [58]. The role of Cx43 in gliomas is 
complex; it can inhibit tumor growth and proliferation. 
Current research indicates that the use of toluidine, 
selective β2-AR agonists, 17β-estradiol, ciliary neuro-
trophic factors, and low-dose gamma radiation can regu-
late Cx43 expression as a potential treatment strategy for 
glioma [38, 59].

However, there is no clear evidence of a significant 
association between Cx43 and glioma-related epilepsy. 
Seizures are a common symptom of glioma [57]. There-
fore, we believe that there is an association between Cx43 
and glioma-related epilepsy, but there is a lack of research 
in this area [60].

Other connexins involvement in epilepsy
Other connexins are also closely associated with epilepsy. 
And Cx36, connexin 32 (Cx32), connexin 30 (Cx30) and 
Panx1 have received increasing attention. The structure 
and function of these connexins are similar to Cx43, but 
there are still some differences. First of all, the molecular 
weight of Cx43 is not the same as that of other connexins. 
Cx43 has a molecular weight of 43 kDa, while other con-
nexins have corresponding molecular weights. Second, 
the predominantly distributed cells of Cx43 are differ-
ent from some other connexins. Cx43 is only distributed 
in astrocytes in the central nervous system, while some 
other connexins can be distributed in neurons. Third, 
the mechanism of astrocytes involved in epilepsy as 
described in this review applies only to connexin which is 
expressed in astrocytes and not in neurons. Some of the 
other connexins are not only involved in neuroimmune 
mechanisms and Wnt pathways in this review, but also 
through neurons.

Connexin 36
Cx36, encoded by the GJD2 gene, has a predicted molec-
ular mass of 36  kDa in both mice and humans and is 
often distributed in neurons and microglia [61]. In pre-
vious studies, changes in Cx36 have been found in some 
epilepsy models. Wu et al. [62] detected Cx36 in the hip-
pocampus of mice at 1 h, 4 h, one week, and two months 
after pilocarpine-induced epilepsy and found a large 
amount of Cx36 expression in each assay. Brunal et  al. 
[63] used a pentylenetetrazol-induced epilepsy model in 
zebrafish and found that zebrafish with deletion of the 
GJD2 gene were more resistant to pentylenetetrazol than 
wild-type zebrafish. Activating metabotropic glutamate 
receptors can increase Cx36 expression in neurons in a 
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mouse model with 4-aminopyridine-induced epilepsy, 
while the expression of Cx36 can be effectively reduced 
by inactivating metabotropic glutamate receptors, which 
suggests a correlation between Cx36 and the glial trans-
mitter glutamate during epileptic seizures [64].

Connexin 32
Cx32 is encoded by the GJB1 gene and is primarily 
expressed in neurons and oligodendrocytes in both mice 
and humans [8]. Addis et  al. [65] reported two cases of 
GJB1 gene copy number variation in children with mesial 
TLE. Increased transcription of GJB1 mRNA has also 
been observed in a 4-aminopyridine-induced epilepsy 
model in Wistar rats [66]. However, these studies only 
indicate an increase in GJB1 mRNA transcription in 
patients or animal models with epilepsy. The role of GJB1 
mRNA during epileptic seizures and the involvement 
of Cx32 in epileptic processes have yet to be confirmed. 
Akbarpour et al. [67] implanted stimulation and record-
ing electrodes in the right amygdala of rats and stimu-
lated them daily at the after-discharge threshold. No 
increase in GJB1 mRNA transcription was observed in 
the hippocampus during the initial and mid-term stages 
of focal seizures in the kindling model. However, GJB1 
mRNA transcription decreased during the end stage with 
generalized seizures. Thus, the association of Cx32 with 
the pathogenesis of epileptic seizures remains unclear.

Connexin 30
Cx30 is encoded by the GJB6 gene and is primar-
ily expressed in neurons and microglia in both mice 
and humans [68]. Akbarpour et  al. [67] reported that 
the astrocytic network of Cx30, located in perivascu-
lar regions of the hippocampus, is overexpressed at the 
onset of kindling to help clear excitotoxic molecules 
from the environment in kindling epileptogenic mod-
els. Andrioli et al. [69] induced status epilepticus in mice 
using pilocarpine and found that the mRNA expression 
of Cx30 progressively decreased. Additionally, 24 h after 
the epileptic seizure, the expression of Cx30 significantly 
decreased in the neocortex, hippocampus, and thalamic 
regions.

Pannexin 1
Panx1 is a crucial channel for ATP conduction in astro-
cytes and neurons. Although it belongs to a different pro-
tein family than the various connexins mentioned earlier, 
it shares a similar topology. Initially, Panx1 was thought 
to form GJs on astrocytes; however, it was later shown 
that Panx1 is glycosylated outside the cell membrane 
and can only form hemichannels. Despite this, its func-
tion is closely related to GJs and can be inhibited by car-
benoxolone [70, 71]. The expression of Panx1 channels is 

increased in a mouse model of kainic acid-induced epi-
lepsy [72], but whether Panx1 mainly activates or inhibits 
epilepsy remains controversial. In epilepsy animal mod-
els, both Panx1 channel blockers and Panx1 gene knock-
out can effectively suppress seizures [73, 74]. Scemes 
et al. [72] discovered that the loss of Panx1 in astrocytes 
enhanced seizure attacks in a kainic acid-induced acute 
epilepsy model, while the loss of Panx1 in neurons atten-
uated seizure manifestations, suggesting that Panx1 has 
a complex epileptogenic mechanism. Currently, Panx1 
is generally believed to contribute to epileptic seizures 
by releasing the excitatory transmitter ATP in response 
to various stimuli (e.g., mechanical stimulation, hypoxia, 
increased extracellular potassium and calcium concen-
trations), which initiates a positive feedback mechanism 
in epilepsy [75]. Inhibiting Panx1 in astrocytes results in 
the release of high mobility group box-1 protein, indicat-
ing that Panx1 may be involved in central nervous system 
inflammation and seizure development [76]. Aquilino 
et  al. [74] found that seizure activity was suppressed in 
Panx1 knockouts and by applying the Panx1 channel 
blocker Brilliant Blue-FCF in pentylenetetrazol-induced 
seizures. In response to pentylenetetrazol, wild-type 
mice experienced severe seizures for a greater propor-
tion of time compared to Panx1-deficient mice. These 
findings suggest that the specific blockade of Panx1 could 
provide new insights for developing novel anti-seizure 
medications.

Src, a tyrosine kinase, activates the Panx1 channel. 
When the N-methyl-D-aspartate (NMDA) receptor is 
activated by glutamate, Src is released into the cell and 
acts on the Panx1 channel, which subsequently releases 
ATP to surrounding or downstream neurons [77, 78]. 
Additionally, ATP released by astrocytes can act on the 
NMDA receptor to facilitate the release of intracellular 
Src [79]. The purinergic P2X7 receptor can also bind to 
ATP released by Panx1, triggering the release of Src, acti-
vating or enhancing Panx1 activity, and inducing seizures 
[80, 81]. Furthermore, intracellular calcium ions can act 
on P2X7 receptors to inhibit muscarinic class 1 receptors 
by releasing protein kinase C into cells, thereby closing or 
inhibiting Panx1 channels and suppressing seizures [20, 
82] (Fig. 4).

Conclusions
Previous studies have shown that GJs and hemichannels 
formed by connexins in astrocytes are involved in medi-
ating seizures through calcium ion waves and the inflam-
matory response of the nervous system. The application 
of compounds acting on GJs or hemichannels can sig-
nificantly inhibit seizures. Cx43 and Panx1 have become 
a research hotspot of hemichannels in recent years, 
but its epileptogenic mechanism is not relatively clear. 
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Additionally, the role of connexins in the process of epi-
lepsy is not completely clear. The use of Cx43 or Panx1 
blocker Carbenoxolone has a significant inhibitory effect 
on seizures [45]. However, based on the involvement of 
Cx43 and Panx1 in cardiac electrical activity and embry-
onic development [83, 84], the use of Carbenoxolone as 
an anti-seizure medications may still need to be explored.

This review introduces the neuroimmune mechanism 
and Wnt pathway mechanism of Cx43 involved in epi-
leptic seizures, and the mechanism of Panx1 involved in 
epileptic seizures. It is expected that research on connex-
ins in the pathogenesis of epilepsy will be more system-
atic and comprehensive in the future, providing a new 
research direction and theoretical basis for the develop-
ment of antiseizure medications and related targeted 
medications.
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Fig. 4  The epileptogenic mechanism of Panx1. This figure showed the epileptogenic mechanism of Panx1. Panx1-based hemichannels are involved 
in epileptic seizures. After the body is stimulated, according to the above mechanism, astrocytes produce a large amount of the glial transmitter 
glutamate, which can activate astrocytes’ N-methyl-D-aspartate receptor (NMDAR) to generate SRC to activate Panx1-based hemichannels, 
and calcium ions pass through this channel. The flow participates in the formation of calcium ion waves and releases adenosine triphosphate (ATP) 
through this channel. The released ATP can activate other NMDARs again and activate P2X7R to generate SRC, and the subsequent mechanism 
is the same as that of NMDAR. In addition, a large influx of calcium in astrocytes can act on P2X7R to generate protein kinase C (PKC), which inhibits 
the effect of muscarinic receptor 1 (M1), thereby inhibiting the effect of Panx1-based hemichannels and inhibiting epileptic seizures



Page 8 of 9Wang et al. Acta Epileptologica            (2025) 7:14 

References
	1.	 Thijs RD, Surges R, O’Brien TJ, Sander JW. Epilepsy in adults. Lancet. 

2019;393(10172):689–701.
	2.	 Walker MC, Kullmann DM. Optogenetic and chemogenetic therapies for 

epilepsy. Neuropharmacology. 2020;168:107751.
	3.	 Kalilani L, Sun X, Pelgrims B, Noack-Rink M, Villanueva V. The epidemiol-

ogy of drug-resistant epilepsy: a systematic review and meta-analysis. 
Epilepsia. 2018;59(12):2179–93.

	4.	 Mesraoua B, Brigo F, Lattanzi S, Abou-Khalil B, Al Hail H, Asadi-Pooya AA. 
Drug-resistant epilepsy: definition, pathophysiology, and management. J 
Neurol Sci. 2023;452:120766.

	5.	 Wang S, Zhao M, Li T, Zhang C, Zhou J, Wang M, et al. Long-term efficacy 
and cognitive effects of bilateral hippocampal deep brain stimula-
tion in patients with drug-resistant temporal lobe epilepsy. Neurol Sci. 
2021;42(1):225–33.

	6.	 Ransom CB, Ye Z, Spain WJ, Richerson GB. Modulation of tonic GABA 
currents by anion channel and connexin hemichannel antagonists. 
Neurochem Res. 2017;42(9):2551–9.

	7.	 Maeda S, Nakagawa S, Suga M, Yamashita E, Oshima A, Fujiyoshi Y, et al. 
Structure of the connexin 26 gap junction channel at 3.5 A resolution. 
Nature. 2009;458(7238):597–602.

	8.	 Nielsen MS, Axelsen LN, Sorgen PL, Verma V, Delmar M, Holstein-Rathlou 
NH. Gap junctions. Compr Physiol. 2012;2(3):1981–2035.

	9.	 Clasadonte J, Dong J, Hines DJ, Haydon PG. Astrocyte control of synaptic 
NMDA receptors contributes to the progressive development of tempo-
ral lobe epilepsy. Proc Natl Acad Sci U S A. 2013;110(43):17540–5.

	10.	 Boison D, Steinhaeuser C. Epilepsy and astrocyte energy metabolism. 
Glia. 2018;66(6):1235–43.

	11.	 Baldwin KT, Tan CX, Strader ST, Jiang C, Savage JT, Elorza-Vidal X, et al. 
HepaCAM controls astrocyte self-organization and coupling. Neuron. 
2021;109(15):2427–42.e10.

	12.	 Jourdeuil K, Taneyhill LA. The gap junction protein connexin 43 controls 
multiple aspects of cranial neural crest cell development. J Cell Sci. 
2020;133(4):jcs235440.

	13.	 Rouach N, Koulakoff A, Abudara V, Willecke K, Giaume C. Astroglial 
metabolic networks sustain hippocampal synaptic transmission. Science. 
2008;322(5907):1551–5.

	14.	 Das A, Wallace GCT, Holmes C, McDowell ML, Smith JA, Marshall JD, et al. 
Hippocampal tissue of patients with refractory temporal lobe epilepsy is 
associated with astrocyte activation, inflammation, and altered expres-
sion of channels and receptors. Neuroscience. 2012;220:237–46.

	15.	 Du M, Li J, Chen L, Yu Y, Wu Y. Astrocytic Kir4.1 channels and gap junc-
tions account for spontaneous epileptic seizure. PLoS Comput Biol. 
2018;14(3):e1005877.

	16.	 Altas B, Rhee HJ, Ju A, Solís HC, Karaca S, Winchenbach J, et al. Nedd4–
2-dependent regulation of astrocytic Kir4.1 and connexin43 controls 
neuronal network activity. J Cell Biol. 2024;223(1):e201902050.

	17.	 Cheung G, Chever O, Rouach N. Connexons and pannexons: newcomers 
in neurophysiology. Front Cell Neurosci. 2014;8:348.

	18.	 EbrahimAmini A, Bazzigaluppi P, Aquilino MS, Stefanovic B, Carlen 
PL. Neocortical in vivo focal and spreading potassium responses and 
the influence of astrocytic gap junctional coupling. Neurobiol Dis. 
2021;147:105160.

	19.	 Kiyoshi CM, Du Y, Zhong S, Wang W, Taylor AT, Xiong B, et al. Syncytial 
isopotentiality: a system-wide electrical feature of astrocytic networks in 
the brain. Glia. 2018;66(12):2756–69.

	20.	 Kim JE, Kang TC. The P2X7 receptor-pannexin-1 complex decreases mus-
carinic acetylcholine receptor-mediated seizure susceptibility in mice. J 
Clin Invest. 2011;121(5):2037–47.

	21.	 Bedner P, Dupper A, Hüttmann K, Müller J, Herde MK, Dublin P, et al. 
Astrocyte uncoupling as a cause of human temporal lobe epilepsy. Brain. 
2015;138(Pt 5):1208–22.

	22.	 Scemes E, Veliskova J. Exciting and not so exciting roles of pannexins. 
Neurosci Lett. 2019;695:25–31.

	23.	 Yang YC, Wang GH, Chou P, Hsueh SW, Lai YC, Kuo CC. Dynamic electrical 
synapses rewire brain networks for persistent oscillations and epilep-
togenesis. Proc Natl Acad Sci U S A. 2024;121(8):e2313042121.

	24.	 Braganza O, Bedner P, Hüttmann K, von Staden E, Friedman A, Seifert G, 
et al. Albumin is taken up by hippocampal NG2 cells and astrocytes and 
decreases gap junction coupling. Epilepsia. 2012;53(11):1898–906.

	25.	 Chang WP, Shyu BC. Anterior Cingulate epilepsy: mechanisms and modu-
lation. Front Integr Neurosci. 2014;7:104.

	26.	 Cepeda C, Chang JW, Owens GC, Huynh MN, Chen JY, Tran C, et al. In Ras-
mussen encephalitis, hemichannels associated with microglial activation 
are linked to cortical pyramidal neuron coupling: a possible mechanism 
for cellular hyperexcitability. CNS Neurosci Ther. 2015;21(2):152–63.

	27.	 Wu J, Gao M, Rice SG, Tsang C, Beggs J, Turner D, et al. Gap junctions con-
tribute to ictal/interictal genesis in human hypothalamic hamartomas. 
EBioMedicine. 2016;8:96–102.

	28.	 Verkhratsky A, Nedergaard M. Physiology of astroglia. Physiol Rev. 
2018;98(1):239–389.

	29.	 Wu YW, Tang X, Arizono M, Bannai H, Shih PY, Dembitskaya Y, et al. Spati-
otemporal calcium dynamics in single astrocytes and its modulation by 
neuronal activity. Cell Calcium. 2014;55(2):119–29.

	30.	 Gómez-Gonzalo M, Losi G, Brondi M, Uva L, Sato SS, de Curtis M, et al. Ictal 
but not interictal epileptic discharges activate astrocyte endfeet and elicit 
cerebral arteriole responses. Front Cell Neurosci. 2011;5:8.

	31.	 Baird-Daniel E, Daniel AGS, Wenzel M, Li D, Liou JY, Laffont P, et al. 
Glial calcium waves are triggered by seizure activity and not essen-
tial for initiating ictal onset or neurovascular coupling. Cereb Cortex. 
2017;27(6):3318–30.

	32.	 Kékesi O, Ioja E, Szabó Z, Kardos J, Héja L. Recurrent seizure-like events are 
associated with coupled astroglial synchronization. Front Cell Neurosci. 
2015;9:215.

	33.	 Drion CM, van Scheppingen J, Arena A, Geijtenbeek KW, Kooijman L, van 
Vliet EA, et al. Effects of rapamycin and curcumin on inflammation and 
oxidative stress in vitro and in vivo - in search of potential anti-epilep-
togenic strategies for temporal lobe epilepsy. J Neuroinflammation. 
2018;15(1):212.

	34.	 Ek Vitorín JF, Pontifex TK, Burt JM. Determinants of Cx43 channel gating 
and permeation: the amino terminus. Biophys J. 2016;110(1):127–40.

	35.	 Montero TD, Orellana JA. Hemichannels: new pathways for gliotransmit-
ter release. Neuroscience. 2015;286:45–59.

	36.	 Zhao C, Fang J, Li C, Zhang M. Connexin43 and AMPK have essential 
role in resistance to oxidative stress induced necrosis. Biomed Res Int. 
2017;2017:3962173.

	37.	 Medina-Ceja L, Salazar-Sanchez JC, Ortega-Ibarra J, Morales-Villagran A. 
Connexins-based hemichannels/channels and their relationship with 
inflammation, seizures and epilepsy. Int J Mol Sci. 2019;20(23):5976.

	38.	 Duarte Y, Quintana-Donoso D, Moraga-Amaro R, Dinamarca I, Lemunao Y, 
Cárdenas K, et al. The role of astrocytes in depression, its prevention, and 
treatment by targeting astroglial gliotransmitter release. Proc Natl Acad 
Sci U S A. 2024;121(46):e2307953121.

	39.	 Hodges SL, Lugo JN. Wnt/β-catenin signaling as a potential target for 
novel epilepsy therapies. Epilepsy Res. 2018;146:9–16.

	40.	 Gupta A, Chatree S, Buo AM, Moorer MC, Stains JP. Connexin43 enhances 
Wnt and PGE2-dependent activation of β-catenin in osteoblasts. Pflugers 
Arch. 2019;471(9):1235–43.

	41.	 López C, Aguilar R, Nardocci G, Cereceda K, Vander Stelt K, Slebe JC, et al. 
Wnt/β-catenin signaling enhances transcription of the CX43 gene in 
murine Sertoli cells. J Cell Biochem. 2019;120(4):6753–62.

	42.	 Mardones MD, Gupta K. Transcriptome profiling of the hippocampal 
seizure network implicates a role for wnt signaling during epilep-
togenesis in a mouse model of temporal lobe epilepsy. Int J Mol Sci. 
2022;23(19):12030.

	43.	 Gupta K, Schnell E. Neuronal network remodeling and Wnt pathway dys-
regulation in the intra-hippocampal kainate mouse model of temporal 
lobe epilepsy. PLoS ONE. 2019;14(10):e0215789.

	44.	 Chang WP, Wu JJ, Shyu BC. Thalamic modulation of cingulate seizure 
activity via the regulation of gap junctions in mice thalamocingulate 
slice. PLoS ONE. 2013;8(5):e62952.

	45.	 Volnova A, Tsytsarev V, Ganina O, Vélez-Crespo GE, Alves JM, Ignashchen-
kova A, et al. The anti-epileptic effects of carbenoxolone in vitro and 
in vivo. Int J Mol Sci. 2022;23(2):663.

	46.	 Bostanci MO, Bağirici F. Anticonvulsive effects of carbenoxolone on 
penicillin-induced epileptiform activity: an in vivo study. Neuropharma-
cology. 2007;52(2):362–7.

	47.	 Gareri P, Condorelli D, Belluardo N, Citraro R, Barresi V, Trovato-Salinaro A, 
et al. Antiabsence effects of carbenoxolone in two genetic animal models 
of absence epilepsy (WAG/Rij rats and lh/lh mice). Neuropharmacology. 
2005;49(4):551–63.



Page 9 of 9Wang et al. Acta Epileptologica            (2025) 7:14 	

	48.	 Gareri P, Condorelli D, Belluardo N, Russo E, Loiacono A, Barresi V, et al. 
Anticonvulsant effects of carbenoxolone in genetically epilepsy prone 
rats (GEPRs). Neuropharmacology. 2004;47(8):1205–16.

	49.	 Englot DJ, Morgan VL, Chang C. Impaired vigilance networks in tem-
poral lobe epilepsy: mechanisms and clinical implications. Epilepsia. 
2020;61(2):189–202.

	50.	 Vincze R, Péter M, Szabó Z, Kardos J, Héja L, Kovács Z. Connexin 43 dif-
ferentially regulates epileptiform activity in models of convulsive and 
non-convulsive epilepsies. Front Cell Neurosci. 2019;13:173.

	51.	 Guo A, Zhang H, Li H, Chiu A, García-Rodríguez C, Lagos CF, et al. 
Inhibition of connexin hemichannels alleviates neuroinflammation and 
hyperexcitability in temporal lobe epilepsy. Proc Natl Acad Sci U S A. 
2022;119(45):e2213162119.

	52.	 Harrison VS, Oatman O, Kerrigan JF. Hypothalamic hamartoma with epi-
lepsy: review of endocrine comorbidity. Epilepsia. 2017;58 Suppl 2(Suppl 
2):50–9.

	53.	 Kerrigan JF, Parsons A, Tsang C, Simeone K, Coons S, Wu J. Hypotha-
lamic hamartoma: neuropathology and epileptogenesis. Epilepsia. 
2017;58(Suppl 2):22–31.

	54.	 Henske EP, Jóźwiak S, Kingswood JC, Sampson JR, Thiele EA. Tuberous 
sclerosis complex. Nat Rev Dis Primers. 2016;2:16035.

	55.	 Xu L, Zeng LH, Wong M. Impaired astrocytic gap junction coupling and 
potassium buffering in a mouse model of tuberous sclerosis complex. 
Neurobiol Dis. 2009;34(2):291–9.

	56.	 Osswald M, Jung E, Sahm F, Solecki G, Venkataramani V, Blaes J, et al. Brain 
tumour cells interconnect to a functional and resistant network. Nature. 
2015;528(7580):93–8.

	57.	 Armstrong TS, Grant R, Gilbert MR, Lee JW, Norden AD. Epilepsy in glioma 
patients: mechanisms, management, and impact of anticonvulsant 
therapy. Neuro Oncol. 2016;18(6):779–89.

	58.	 Kolar K, Freitas-Andrade M, Bechberger JF, Krishnan H, Goldberg GS, Naus 
CC, et al. Podoplanin: a marker for reactive gliosis in gliomas and brain 
injury. J Neuropathol Exp Neurol. 2015;74(1):64–74.

	59.	 Dong H, Zhou XW, Wang X, Yang Y, Luo JW, Liu YH, et al. Complex role of 
connexin 43 in astrocytic tumors and possible promotion of glioma-asso-
ciated epileptic discharge (Review). Mol Med Rep. 2017;16(6):7890–900.

	60.	 Moinfar Z, Dambach H, Faustmann PM. Influence of drugs on gap junc-
tions in glioma cell lines and primary astrocytes in vitro. Front Physiol. 
2014;5:186.

	61.	 Dobrenis K, Chang HY, Pina-Benabou MH, Woodroffe A, Lee SC, Rozental 
R, et al. Human and mouse microglia express connexin36, and functional 
gap junctions are formed between rodent microglia and neurons. J 
Neurosci Res. 2005;82(3):306–15.

	62.	 Wu XL, Ma DM, Zhang W, Zhou JS, Huo YW, Lu M, et al. Cx36 in the mouse 
hippocampus during and after pilocarpine-induced status epilepticus. 
Epilepsy Res. 2018;141:64–72.

	63.	 Brunal AA, Clark KC, Ma M, Woods IG, Pan YA. Effects of constitutive and 
acute connexin 36 deficiency on brain-wide susceptibility to ptz-induced 
neuronal hyperactivity. Front Mol Neurosci. 2021;13:587978.

	64.	 Wang Y, Song JH, Denisova JV, Park WM, Fontes JD, Belousov AB. Neuronal 
gap junction coupling is regulated by glutamate and plays critical role in 
cell death during neuronal injury. J Neurosci. 2012;32(2):713–25.

	65.	 Addis L, Rosch RE, Valentin A, Makoff A, Robinson R, Everett KV, et al. 
Analysis of rare copy number variation in absence epilepsies. Neurol 
Genet. 2016;2(2):e56.

	66.	 Gajda Z, Gyengési E, Hermesz E, Ali KS, Szente M. Involvement of gap 
junctions in the manifestation and control of the duration of seizures in 
rats in vivo. Epilepsia. 2003;44(12):1596–600.

	67.	 Akbarpour B, Sayyah M, Babapour V, Mahdian R, Beheshti S, Kamyab 
AR. Expression of connexin 30 and connexin 32 in hippocampus of rat 
during epileptogenesis in a kindling model of epilepsy. Neurosci Bull. 
2012;28(6):729–36.

	68.	 Du Y, Brennan FH, Popovich PG, Zhou M. Microglia maintain the normal 
structure and function of the hippocampal astrocyte network. Glia. 
2022;70(7):1359–79.

	69.	 Andrioli A, Fabene PF, Mudò G, Barresi V, Di Liberto V, Frinchi M, et al. 
Downregulation of the astroglial connexin expression and neurode-
generation after pilocarpine-induced status epilepticus. Int J Mol Sci. 
2022;24(1):23.

	70.	 Ruan Z, Orozco IJ, Du J, Lü W. Structures of human pannexin 1 reveal ion 
pathways and mechanism of gating. Nature. 2020;584(7822):646–51.

	71.	 Dossi E, Rouach N. Pannexin 1 channels and ATP release in epilepsy: two 
sides of the same coin : the contribution of pannexin-1, connexins, and 
CALHM ATP-release channels to purinergic signaling. Purinergic Signal. 
2021;17(4):533–48.

	72.	 Scemes E, Velíšek L, Velíšková J. Astrocyte and neuronal pannexin1 con-
tribute distinctly to seizures. ASN Neuro. 2019;11:1759091419833502.

	73.	 Dossi E, Blauwblomme T, Moulard J, Chever O, Vasile F, Guinard E, 
et al. Pannexin-1 channels contribute to seizure generation in human 
epileptic brain tissue and in a mouse model of epilepsy. Sci Transl Med. 
2018;10(443):eaar3796.

	74.	 Aquilino MS, Whyte-Fagundes P, Lukewich MK, Zhang L, Bardakjian BL, 
Zoidl GR, et al. Pannexin-1 deficiency decreases epileptic activity in mice. 
Int J Mol Sci. 2020;21(20):7510.

	75.	 Shan Y, Ni Y, Gao Z. Pannexin-1 channel regulates ATP release in epilepsy. 
Neurochem Res. 2020;45(5):965–71.

	76.	 Hisaoka-Nakashima K, Azuma H, Ishikawa F, Nakamura Y, Wang D, Liu K, 
et al. Corticosterone induces HMGB1 release in primary cultured rat corti-
cal astrocytes: involvement of pannexin-1 and P2X7 receptor-dependent 
mechanisms. Cells. 2020;9(5):1068.

	77.	 Thompson RJ, Jackson MF, Olah ME, Rungta RL, Hines DJ, Beazely MA, 
et al. Activation of pannexin-1 hemichannels augments aberrant bursting 
in the hippocampus. Science. 2008;322(5907):1555–9.

	78.	 Li YL, Liu F, Zhang YY, Lin J, Huang CL, Fu M, et al. NMDAR1-Src-Pannexin1 
signal pathway in the trigeminal ganglion contributed to orofacial 
ectopic pain following inferior alveolar nerve transection. Neuroscience. 
2021;466:77–86.

	79.	 Lalo U, Palygin O, Verkhratsky A, Grant SG, Pankratov Y. ATP from synaptic 
terminals and astrocytes regulates NMDA receptors and synaptic plastic-
ity through PSD-95 multi-protein complex. Sci Rep. 2016;6:33609.

	80.	 Santiago MF, Veliskova J, Patel NK, Lutz SE, Caille D, Charollais A, 
et al. Targeting pannexin1 improves seizure outcome. PLoS ONE. 
2011;6(9):e25178.

	81.	 Whyte-Fagundes P, Taskina D, Safarian N, Zoidl C, Carlen PL, Donaldson 
LW, et al. Panx1 channels promote both anti- and pro-seizure-like activi-
ties in the zebrafish via p2rx7 receptors and ATP signaling. Commun Biol. 
2022;5(1):472.

	82.	 Liu JX, Tang YC, Liu Y, Tang FR. mGluR5-PLCbeta4-PKCbeta2/PKCgamma 
pathways in hippocampal CA1 pyramidal neurons in pilocarpine 
model of status epilepticus in mGluR5+/+ mice. Epilepsy Res. 
2008;82(2–3):111–23.

	83.	 Hammer KP, Ljubojevic S, Ripplinger CM, Pieske BM, Bers DM. Cardiac 
myocyte alternans in intact heart: influence of cell-cell coupling and 
β-adrenergic stimulation. J Mol Cell Cardiol. 2015;84:1–9.

	84.	 Tovar LM, Burgos CF, Yévenes GE, Moraga-Cid G, Fuentealba J, Cod-
dou C, et al. Understanding the role of ATP release through connexins 
hemichannels during neurulation. Int J Mol Sci. 2023;24(3):2159.


	Research progress of connexins in epileptogensis
	Abstract 
	Background
	The mechanism of connexin involvement in epilepsy
	GJ and calcium ions
	GJ and inflammatory molecules
	GJ and Wntβ-catenin pathway

	Connexin 43 involvement in different kinds of epilepsy
	Temporal lobe epilepsy with hippocampal sclerosis
	Hypothalamic hamartoma-related epilepsy
	Tuberous sclerosis complex-related epilepsy
	Glioma-related epilepsy

	Other connexins involvement in epilepsy
	Connexin 36
	Connexin 32
	Connexin 30
	Pannexin 1

	Conclusions
	Acknowledgements
	References


