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Epilepsy is a common chronic neurological disorder in modern society. One of the major unmet challenges is that current

antiseizure medications are basically not disease-modifying. Among the multifaceted etiologies of epilepsy, the role of the

immune system has attracted considerable attention in recent years. It is known that both innate and adaptive immunity

can be activated in response to insults to the central nervous system, leading to seizures. Moreover, the interaction

between ion channels, which have a well-established role in epileptogenesis and epilepsy, and the immune system is

complex and is being actively investigated.
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1. Introduction

Epilepsy is a chronic brain disorder that causes chronic, recurrent seizures as part of its clinical presentation. It is

estimated that between 1% and 1.5% of the global population experiences at least one seizure in their lifetime. Although

the techniques and technologies used in brain imagery and in neurophysiological research have undergone substantial

development in recent years, some of the etiologies of epilepsy have not yet been identified, and the mechanisms of

epilepsy are still not fully understood. Consequently, the treatment of epilepsy is not always satisfactory. It is estimated

that 30% of patients with epilepsy suffer from pharmacoresistant epilepsy . One of the unmet challenges is the

difficulty of explaining epileptogenesis. The problem stems from the fact that the antiepileptic drugs (AEDs) currently used

to treat epilepsy are basically not disease-modifying drugs; instead, they are antiseizure drugs that are designed to reduce

the frequency of seizures but not to alter epileptogenesis .

Epilepsy is a multifaceted condition with complex etiologies, including genetic, toxic, and metabolic causes; infection; and

structural lesions in the brain. Another possible cause has come to light recently, as the investigation of the role of immune

mechanisms in the pathogenesis of seizures has gained momentum over the past two decades. Furthermore, the

classification of seizures and epilepsies published in 2017 by the International League Against Epilepsy (ILAE) included a

novel immune-mediated origin as one of the six etiologies of epilepsy . It is known that both innate and adaptive

immunity can be activated in response to central nervous system (CNS) insults, which, in turn, could lead to seizures .

Several neural-specific autoantibodies have been identified, such as the anti-Hu antibody in patients with paraneoplastic

encephalomyelitis, the anti-Ma1 antibodies associated with paraneoplastic neurological syndromes, the anti-Ma2

antibodies associated with limbic encephalitis, and the anti-N-methyl-D-aspartate (NMDA) receptor antibodies in patients

with limbic encephalitis . Additionally, a retrospective population-based study in the US revealed a fourfold

increase in the risk of epilepsy among patients with autoimmune disease . These findings shed light on the role of

immunity in the pathogenesis of epilepsy. In addition, some studies have suggested that the mammalian target of the

rapamycin (mTOR) pathway plays a key role in the proper development of neural networks and that it is involved in

epileptogenesis triggered by both genetic and acquired factors .

The role of ion channels in epilepsy and epileptogenesis is an active focus of current research, and the alteration of the

ion channels involved in epileptogenesis has been established in numerous studies . It has been further

suggested that some ion channels are associated with altered immunological/inflammatory responses involved in the

generation of epilepsy  and in immune-mediated epilepsy.

2. Adaptive Immunity in Seizures and Epilepsy

Unlike innate immune responses, which are triggered by glial activation and inflammation, which, in turn, play a role in

epileptogenesis, adaptive immune responses are caused by immune cells infiltrating the brain as a result of infectious or

noninfectious encephalitis, trauma, or hypoxia. Autoimmune epilepsy originates with a maladaptive immune response,

which results in the formation of autoantibodies reacting to self-antigens. Adaptive immunity is not only related to recurrent

seizures but is also involved in the progressive degeneration of the brain. For example, in patients with Rasmussen’s
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encephalitis, staining for CD8 has demonstrated the large-scale infiltration of cytotoxic T lymphocytes into the cortex 

(Figure 1).

In the case brain infection by the herpes simplex virus (HSV), proinflammatory cytokines are produced by microglia and

locally infiltrating macrophages. HSV sometimes triggers the late onset of antibodies attacking NMDA receptors, leading

to the development of anti-NMDA receptor encephalitis . Chemokines are also released during HSV infection

and play a role in immunity by modulating leukocyte trafficking to the focus of infection . As the virus continues

replicating, both CD4  and CD8  T lymphocytes infiltrate the brain . Incidentally, HSV can escape from immune

response targeting in the brain through the mediating effect of HSV-1 UL13 kinase. This kinase facilitates the evasion of

HSV-1-specific CD8  T cells at infection sites by downregulating the expression of CXCL9, a chemokine that attracts the

CD8  T cells, thereby increasing the severity and fatality of the HSV infection .

Another example of adaptive immunity is paraneoplastic neurological syndromes (PNSs), in which the production of

antibodies is triggered by cancer cells and attack neurons. This spectrum of diseases is usually caused by antibodies

targeting intracellular onconeural antigens. The pathogenesis is most likely mediated by T cells, as conspicuous cytotoxic

T-cell infiltration has been found surrounding neurons in patients with anti-Yo, anti-Hu, and anti-Ma2 antibodies .

In the past two decades, autoimmune encephalitis (AE) has become known and has changed the approach to evaluating

the etiologies of epilepsy  (Figure 1). AE might occur in conjunction with PNSs or not be related to cancers. The

antigens in AE tend to be located on the cell surface or synapse and are targeted by antibodies, such as the antibodies

against NMDA receptors, leucine-rich glioma-inactivated protein 1 (LGI1), and myelin oligodendrocyte glycoprotein

(MOG). On the other hand, the antigens in PNSs have an intracellular location and are targeted by antibodies such as the

anti-Yo and the anti-Hu antibodies .

Figure 1. The involvement of immunity in the pathomechanism of seizure generation. Both innate and adaptive immunity

alterations play a potential role in seizures and epileptogenesis.

It is also worth mentioning that the incidence of seizure disorders in patients with multiple sclerosis has been reported to

exceed their incidence in the general population. Several studies have reported seizures occurring at the onset of multiple

sclerosis . The increased risk of seizures for patients with multiple sclerosis may reflect the effects of inflammation,

which provides a theoretical basis for the application of immunomodulation to the treatment of seizure disorders.

3. Involvement of Ion Channels and the Immune System in
Epileptogenesis and Epilepsy

Molecular studies of epileptogenesis and epilepsy have demonstrated that specific ion channels play an important role in

both genetic and acquired forms of epilepsy , especially voltage-gated sodium channels . The ionic

mechanisms underlying burst-firing behavior in neurons are not fully understood, although sodium channels have been
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found to be significantly involved . Different types of sodium channels expressed in both glutamatergic and

GABAergic cell types might play unequal roles in neuronal excitability, the enhancement of synaptic potentials, the

generation of subthreshold oscillations, the facilitation of repetitive firing, and the prolongation of depolarized potentials 

.

Generalized epilepsy with febrile seizures plus (GEFS ) is caused by missense mutations in Na 1.1 channels.

Furthermore, familial febrile seizures are caused by mild loss-of-function mutations in Na 1.1 channels, which are

involved in febrile seizures associated with vaccination . In addition, calmodulin, a small protein acting as a signal

transducer that regulates neuronal plasticity, muscle contraction, and immune response , modulates the voltage-gated

sodium-channel gating process, alters the sodium current density, and regulates the trafficking and expression of sodium

channel proteins. Many mutations in the calmodulin-binding IQ domain give rise to diseases, including epilepsy .

As mentioned earlier, mTOR is an evolutionarily conserved serine/threonine kinase that plays a central role in integrating

environmental cues in the form of growth factors, amino acids, and energy. It is now considered to be a central regulator

of immune responses . Mutations along the mTOR signaling pathway can indirectly affect the expression level and

activity of ion channels that determine neuronal firing rate, neural activity patterns, and neuronal network activity . The

mTOR signaling pathway is considered one of the disease mechanisms that underlie monogenic epilepsies (i.e.,

mTORopathy) . Both gain- and loss-of-function mutations of ion channels, synaptic proteins, and signaling molecules

that are located along the mTOR pathway have been linked to this imbalance of network excitability . Furthermore, in in

vitro studies, mTOR was found to regulate intrinsic neuronal excitability by increasing the expression of large-conductance

calcium-activated potassium channels (BK channels) .

The PI3K/AKT/mTOR pathway is an intracellular signaling pathway that is important in regulating the cell cycle. The

PI3K/AKT pathway has a natural inhibitor called phosphatase and tensin homolog (PTEN), the function of which is to limit

proliferation in cells. The NMDA receptor recruits PTEN to the postsynaptic terminal and decreases AMPA receptor-

mediated responses . In addition, PTEN knockdown has been shown to directly alter the properties of AMPA receptors

. On the other hand, mTOR inactivation has been shown to increase the expression of potassium channels (Kv1.1 and

Kv1.2) and regulate the activity of NMDA receptors, which control the influx of Ca  into the cell and alter mTOR activity

. Thus, cellular excitability is maintained because the changes in ion channels and mTOR activity are balanced. A study

by Nguyen and Anderson  revealed a link between ion channels and the mTOR pathway in PTEN KO mice that was

associated with an increase in the expression of hippocampal Kv1.1 protein, which was normalized by the inhibition of

mTOR by rapamycin. Therefore, it is possible that mTOR is capable of altering the translation and activity of a variety of

ion channels in neurons, thus regulating excitability in neuronal networks . Interestingly, the immunosuppressor

everolimus has been shown to inhibit mTOR signaling by reducing the phosphorylation of downstream mTOR effects,

which suggests that it has potential antiepileptogenic properties . Whether the modulation of the mTOR pathway

and immune responses, in terms of antiepileptoge
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