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Abstract: Problem statement: Epilepsy is a common neurological disorder that afflicts 1-2% of the
general population worldwide. It encompasses a variety of disorders with seizures. Approach:
Idiopathic epilepsies were defined as a heterogeneous group of seizure disorders that show no
underlying cause .Voltage-gated ion channels defect were recognized etiology of epilepsy in the
central nervous system. The aim of this article was to provide an update on voltage-gated channels and
their mutation as causative agents for epilepsies. We described the structures of the voltage-gated
channels, discuss their current genetic studies, and then review the effects of voltage-gated channels as
causative agents for epilepsies. Results: Channels control the flow of ions in and out of the cell
causing depolarization and hyper polarization of the cell. Voltage-gated channels were classified into
four types: Sodium, potassium calcium ands chloride. Voltage-gated channels were macromolecular
protein complexes within the lipid membrane. They were divided into subunits. Each subunit had a
specific function and was encoded by more than one gen. Conclusion: Current genetic studies of
idiopathic epilepsies show the importance of genetic influence on Voltage-gated channels. Different
genes may regulate a function in a channel; the channel defect was directly responsible for neuronal

hyper excitability and seizures.
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INTRODUCTION

Epilepsy is defined as a group of diseases caused
by a non-con-trolled discharge of neurons of either the
whole cortex (generalized epilepsies) or localized brain
areas (partial epilepsies) that show no underlying cause
other than a possible inherited predisposition''. The
genetic basis for two idiopathic epilepsies has now been
pinpointed to specific ion channel proteins for two
different potassium-channel genes (KCNQ2, MIM
602235 and KCNQ3, MIM 602232)** or sodium
channel subunits (SCN2A, OMIM 601219)*°.
Voltages gated Channels are membranous structures
formed by aggregated proteins and contain aqueous
central pores that allow the passage of ions. Channels
control the flow of ions in and out of the cell causing
depolarization and hyper polarization of the cell.
Neurotoxins selectively inactivate different sites of the
ion channel thus allowing both the identification of
channel components and the determination of their
functions!”’. In this review, we consider reports that
focus on structure and function of the voltage-gated
channel proteins and their mutation.

MATERIALS AND METHODS

Voltage-gated sodium channels: The voltage-gated
sodium channels are integral membrane proteins
essential for the generation and propagation of action
potentials in excitable tissues .They are usually made
up of a. B-1 and B-2 subunits. The a-subunit is the
major part of channel pore, containing four homologous
domains. Each domain contains six o helix
transmembrane segment (S1-S6). The S4 segment is
rich of positive charge amino acid residues, acting as
the channel-activating electrical sensor receptor. -1
and PB-2 are both auxiliary subunits, which have the
regulating function. The gene mutation of channels can
cause the structure and function abnormality of
corresponding channels’ protein, which cause the
abnormality of neuron excitability and the epilepsy.
There are two GEFS+-associated mutation (R1648H,
R1657C) affecting the S4 segment of domain y. The
R1648H mutation affects a positive residue in the
middle of D4/S4 and exhibit similar slope conductance
but had an increased probability of late reopening and a
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sub fraction of channels with prolonged open times.
while R1657C affects the innermost positive residue in
this voltage-sensing segment and exhibits conductance,
open probability, mean open time and latency to first
opening similar to WT channels but reduced whole cell
current density, suggesting decreased number of
functional channels at the plasma membrane'. The
idiopathic epilepsy syndrome to be mapped from a
single pedigree, Generalized epilepsy with febrile
seizures plus (GEFS+) , was reported exactly ten years
ago by and was a classic example of genetic
heterogeneity with so far at least 4 mutations in
different gene loci producing the same phenotype and
the long-awaited cloning of this gene eloquently
illustrates how genetic analysis of epilepsy is
contributing not only to our understanding of the
disease but also to the basic molecular neurobiology of
the brain. GEFS syndrome is caused by mutation of the
sodium channel bl subunit gene located on
chromosome 19q13.1. They elegantly demonstrated in
Xenopus laevis oocytes that this mutation interferes
with the ability of the channel b-1 subunit to modulate
gating kinetics, possibly leading to membrane hyper
excitability. Baulac et al.'” have identified a family
with with GEFS1, by linkage analysis, that the affected
gene map locus was in the region of2q21-q33.
Escayg et al'! describe two separate families and
found the abnormality of the gene map locus on
chromosome 2q24. Another family with GEFS1 was
found mapped to chromosome 2q23-24"?!. These genes
encode different isoforms of the subunit of the sodium
channel. Other families have been studied and other
gene loci have been detected. The human bl mutant
subunit prolongs neuronal depolarization under steady-
state conditions when co-expressed in vitro with a rat
brain sodium channel a subunit RBII; however, there is
still little insight into how the sodium channel defect
gives rise to the phenotypically diverse seizure patterns
seen within a single GEFS+ pedigree. The amino acid
exchange resulting from the mutation interferes with
the ability of the subunit to modulate the channel-gating
kinetics of Na_-channel a subunit, which is consistent
with loss of function™.

Seizures in some affected individuals also occurred
during a febrile episode, but most of these events were
found to persist beyond the age of 6 years, which is the
commonly used diagnostic cut-off for the clinical
syndrome classified as febrile seizures. In febrile
seizures, 90% of cases show seizures in the first 3
months of life and less than 10% develop afebrile
seizures at a later age!’ A new candidate sodium
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channel gene for epilepsy was also proposed after the
discovery that it is selectively expressed in the limbic
system of the brain, giving new meaning to the term
‘positional cloning’. The mRNA for sodium channel
SCNS5A gene, which is localized to chromosome 3p24,
was expressed in the brain piriform cortex and
amygdala using in situ hybridization and PCR
techniques. These limbic networks have been long
known to possess the lowest threshold for
epileptogenesis of any brain region*’.

Voltage-gated  potassium channels: Voltage-
dependent potassium channel is one of the most
important ionic pores for generation and propagation of
the action potential. Since specific genes coding for this
channel is expressed in the central nervous system, it
could be expected that a mutation in these genes may be
at the origin of unbalance between excitation and
inhibition and thus could cause epilepsy. Voltage-gated
potassium (K+) channels represent the most
heterogeneous class of ion channels with respect to
kinetic properties, regulation and pharmacology. In
neuronal cells, voltage-gated K-+channels regulate
excitability by controlling action potential duration,
subthreshold electrical properties and responsiveness to
synaptic inputs. Voltage-gated potassium channels are
multi-subunit proteins with the core channel consisting
of a tetramer of a-subunits, which surround a K+-
selective pore. Current understanding of the
mechanisms that govern K+ channel assembly is
incomplete. So far, two types of domains involved in
K+ channel assembly have been described. In Shaker-
related K+ channels an aminoterminal domain (T1) was
found important for channel assembly. In contrast,
carboxy-terminal sequences are required for assembly
of functional ether-a'-go-go (eag)!"®! and KCNQ(Kv7)
channels!'*. A potassium channel mutation that is linked
with epilepsy provides a partially penetrant human
epilepsy phenotype with variable regional brain
excitability alterations. In Leppert et al'™ a large
pedigree displaying a variety of seizure phenotypes,
was linked to a point mutation of the potassium channel
EBNI gene located on chromosome20q13.2 and EBN2
gene located on 8q24, leading to identification of the
KCNQ2 and KCNQ3 ion channels. These proteins are
similar to the 6TM domain KCNQI1 channel that is
mutated in one variant of the cardiac long QT
syndrome. The KCNQ2 and KCNQ3 are believed to
interact as heterodimers expressed diffusely in brain
and persist in adulthoodt, although seizures associated
with BFNC typically disappear by 6 months of age. The
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question that why KCNQ2/ KCNQ3 mutation causes
epileptic paroxysm only appears in the newborn time is
still discussing. One kind of explanations is the brain in
the developing period compares to the mature period is
easier to have the convulsion. Another kind of
possibility explanation is the presentation of KCNQ2/
KCNQ3 has the small difference in the brain growing
process. At first several days or weeks after birth,
KCNQ is on the dominant position in the central
nervous system-----the KCNQ potassium channel
possibly in the higher expression level while other
voltage-gated potassium channels in the lower. In
addition, the human brain possibly only in some
specific time expresses KCNQ2 or KCNQ3.

Co-expression of KCNQ2 and KCNQ3 leads to a
large increase of the potassium current. KCNQ2 and 3
are thought to contribute synergistically to the
formation of M-current. M-current regulates the sub-
threshold electric excitability of neurons. This implies
that a slight impairment of the M-current converts the
firing properties of neurons from phasic to tonic,
without affecting any other electrophysiological
properties such as the slow after-hyperpolarization!'®’.
There is a new evidence of members of the Drosophila
ether-a-go-go potassium channel gene subfamily for
this clinical entity, called ‘benign infantile epilepsy
syndrome, may contribute to the mammalian M-
current!'*'")| suggesting that there may be additional
candidate K+ channel genes involved in epilepsy, one
of which, KCNJ10, exhibits a potentially important
polymorphism with regard to fundamental aspects of
seizure susceptibility. The KCNJ10 gene is located
1922-g23.found in almost mammalian and code
potassium inwardly rectifying channel (Kir). Kir is
possible cushioning potassium concentration of
cerebrum neuroglia cell. Deletion of KCNJ1O as a
seizure susceptibility gene that code for inward rectifier
potassium ion channels imparts protection against
seizures results in spontaneous seizures and increased
seizure susceptibility!"®).

Recently, about thirty Q2 and three Q3 mutations
have been discovered in families affected by BENC!').
Those mutations whose functional consequences have
been investigated”” cause a small (<25%) reduction in
the maximal current carried by the Q2/Q3 channels;
only two Q2 mutations caused a more dramatic current
reduction, consistent with a dominant-negative
effect!’”. A large fraction of BFNC-causing mutations
in Q2 are represented by insertions or deletions leading
to changes in the primary sequence of the long
cytosolic C terminus, where relevant sites have been
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detected for functional regulation. In fact, specific
sequences within this region (the so-called "subunit
interaction domain" or sid)®" dictate the specificity of
KCNQ subunit assembly and provide sites where other
signaling proteins such as calmodulin'*! and protein
kinases and kinase-anchoring proteins'®! interact with
KCNQ subunits and modulate channel activity.

Voltage-gated calcium channels: Voltage-gated
calcium channels are key mediators of calcium entry
into neurons in response to membrane depolarization.
Calcium influx via these channels mediates a number of
essential neuronal responses, such as the activation of
calcium-dependent enzymes, gene expression'***"), the
release of neurotransmitters from presynaptic sites>*>*
and the regulation of neuronal excitability™.Voltage-
gated calcium channels are heteromultimers composed
of an a, subunit and three auxiliary subunits, a,-d, b and
g. The a; subunit forms the ion pore and possesses
gating functions and, in some cases, drug binding sites.
Ten a; subunits have been identified, which, in turn, are
associated with the activities of the six classes of
calcium channels. L-type channels have a;c (cardiac),
a;p (neuronal/endocrine), a;s (skeletal muscle) and ar
(retinal) subunits,and typically found on cell bodies
where they participate, among other functions, in the
activation of calcium-dependent enzymes and in
calcium-dependent gene transcription events’***%, N-
type channels have a;g subunits,and produce
inactivating currents that are selectively and potently
inhibited by conotoxins GVIA and MVIIA; P-and Q-
type channels concentrated at presynaptic nerve
terminals where they are linked to the release of
neurotransmitters’®'** and have a,, subunits and T-type
channels have a,g, a;y and a;; subunits. In the context of
neurotransmitter release, N-type and P/Q-type channels
do not appear to be created equally, as N-type channels
tend to support inhibitory neurotransmission, whereas
the P/Q-type channels have more frequently been linked
to the release of excitatory neurotransmitters but can
also support inhibitory release™ . R-type channels
rapidly inactivating and activate at somewhat more
hyperpolarized potentials compared with the other HVA
calcium channel subtypes. The a; subunits each have
four homologous domains (I-IV) that are composed of
six transmembrane helices. The fourth transmembrane
helix of each domain contains the voltage-sensing
function. The four a; domains cluster in the membrane
to form the ion pore. The principal pore-forming ol1-
subunits of calcium channels are have been identified
into three major classes: Cavl, Cav2 and Cav3.Among
the Cav2 family, alternate splice isoforms of Cav2.1
encode P-and Q-type channels®’”) the Cav3 family
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represents three different types of T-type channels (i.e.,
Cav3.1, Cav3.2 and Cav3.3) with distinct kinetic
properties®®. The b-subunit is localized intracellularly
and is involved in the membrane trafficking of a,
subunits. The g-subunit is a glycoprotein having four
transmembrane segments. The a, subunit is a highly
glycosylated extracellular protein that is attached to the
membrane-spanning d-subunit by means of disulfide
bonds. The a,-domain provides structural support
required for channel stimulation, while the d domain
modulates the voltage-dependent activation and steady-
state inactivation of the channel. A growing body of
evidence firmly establishes P/Q-type and T-type
channels as important contributors to seizure genesis
through modulation of neuronal properties that act to
shape network function, whereas other types of calcium
channels do not appear to contribute to the development
of seizure activity.

T-type channels: T-type channels have always been
likely candidates due to their eminent presence in
cortical and thalamic structures and their established
physiological role in modulating neuronal firing. In the
Genetic Absence Epilepsy Rat from Strasbourg
(GAERS) model an Increase in T-type currents in
reticular neurons has been reported after the second
postnatal week™”. This increase in T-type currents is
putatively mediated by elevated Ca,3.2 expression in
reticular neurons, which as the animal develops to
exhibit absence like seizures, is also accompanied by
elevated expression of Ca,3.1 in relay neurons. The
causal connection between increased T-type channel
activity and subsequent development of seizures
remains to be established. It is conceivable that
developmental causes involving either modulation of
the channels, their redistribution with other isoforms
and alternate splicing may be contributing factors.
Recent studies involving t-type (Ca,3.1) Knock-
Out (KO) mice have provided additional role of T-type
channels in absence like seizure episodes'*”. Ablation
of the Ca,3.1 gene abolishes rebound spiking in
dissociated adult thalamocortical neurons but does not
alter their ability to fire tonically. The direct link
involving T-type channels and the generalized spike-
wave epilepsies in humans was recently established. A
number of missense mutations have been identified in
the Cav3.2 calcium channel gene in patients diagnosed
with childhood absence epilepsy and other forms of
idiopathic generalized epilepsy. Several of these
mutations were found to result in small changes in the
gating characteristics of both rat and human Cav3.2
channels in a manner consistent with a gain of function.
Specifically, some of the mutations resulted in a
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hyperpolarizing shift in the voltage dependence of
activation, while others resulted in increased channel
availability due to decreased steady-state inactivation.
However, the majority of the mutations did not
significantly affect the biophysical characteristics of the
channel!). A recent study'*”! has demonstrated that the
CACNAI1H (Cav3.2) T-type calcium channel gene can
undergo extensive alternative gene splicing. This might
be a possible mechanism by which these mutations
could affect seizure threshold in certain neurons.

P/Q-type calcium channels: Evidence from rat and
mouse models of absence epilepsy, knockout mice and
characterization of functional effects of mutations
found in patients all point to the fact that inhibition of
P/Q-type channel activity somehow alters neurons and
neuronal networks to result in seizure activity. This
may also apply for variants of ancillary subunits that
can act to reduce P/Q-type channel function. There are
several potential avenues by which reduced P/Q-type
channel activity could affect network properties that
give rise to seizure activity. First, P/Q-type channel
defects preferentially affect excitatory synaptic
transmission. Second, P/Q-type channel activity is
directly linked to calcium-dependent gene transcription
via the CREB (cAMP-response element binding
protein) pathway”**! and therefore, reduced P/Q-type
channel activity may compromise appropriate gene
regulation and expression. Finally, T-type calcium
channel activity appears to be increased in at least four
different mouse models of absence epilepsy (i.e.,
Cav2.1 KO, tg, Ih, stg)!*¥; therefore, it is conceivable
that the epileptic phenotypes associated with
compromised P/Q-type channel function may arise
indirectly from enhanced neuronal excitability mediated
by T types.

Voltage-gated Cl-channels: Voltage-gated CI-
channels are implicated in GABA (A) transmission and
mutations in these channels have been described in
some families with juvenile myoclonic epilepsies,
epilepsy with grand mal seizures on awakening or
juvenile absence epilepsy. Hyperpolarisation-activated
cation channels have been implicated in spike-wave
seizures and in hippocampal epileptiform discharges.
The Cl-ionophore of the GABA (A) receptor is
responsible for the rapid post-PDS hyperpolarisation, it
has been involved in epileptogenesis both in animals
and humans and mutations in these receptors have been
found in families with juvenile myoclonic epilepsy or
generalised epilepsy with febrile seizures plus;
enhancement of GABA (A) inhibitory transmission is
the primary mechanism of benzodiazepines and
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phenobarbital and is a mechanistic approach to the
development of novel AEDs such as tiagabine or
vigabatrin. Though more and more ion channel
mutations are being identified in genetic studies, their
small incidence is still indicative of the presence of
undiscovered  mutations or  other  causative
mechanisms'*Y.  Understanding  wild-type channel
function during epileptic activity and performing
analysis of the biophysical properties of mutant
channels may also provide vital insights into the
remaining epilepsies and discover targets for future
anti-epileptic drugs.

RESULTS AND DISCUSSION

Epilepsy is a disorder of recurrent spontaneous
seizures affecting about 4% of individuals over their
lifetimes and encloses a variety of disorders with
electroencephalogram paroxysms. In spite of a genetic
component in the pathogenesis of epilepsy, the
molecular mechanisms of this syndrome remain poorly
understood"**. Recently, several  paroxysmal
neurological disorders were considered to be caused by
abnormal channel. Focusing on idiopathic epilepsy,
long-lasting changes in the expression levels of voltage-
gated channels have been found to promote
pathological brain activity, the discovery of the
underlying Channel defects in these idiopathic
epilepsies has several practical implications for the
practicing neurologist. First, the identification of
specific ion channel defects has provided insights on
the pathogenesis of seizures, has identified molecular
targets for the rational design of therapeutic
intervention and can be used to more accurately classify
patients into specific categories. This segregation is
important for providing patients with a more accurate
diagnosis.

Recent researches of epilepsy support that at least
some of the idiopathic epilepsies must be considered as
channelopathies. The channelopathy seems to explain
issues related to  epilepsy, i.e., neuronal
hyperexcitability and dominant inheritance with various
penetrance'*. The imbalance between inhibitory and
excitatory neurotransmission precipitates abnormally
frequent electrical discharges in neurons. Voltage gated
channels consist of several subunits and function as a
hetero-multimer. Coexistence of deficient subunits in
such multimers induces a renowned genetic
phenomenon, i.e., the dominant negative effect.
Voltage-gated sodium and potassium channels are the
most common ionic pores for generation and
propagation of the action potential however it is less
clear how mutations of calcium and chloride channels
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and nicotinic receptors cause epilepsy*”. Mutational
analyses of voltage-gated sodium (SCN1A, SCNI1B)
channels and potassium channel subunits (KCNQ?2,
KCNQ3) in GEFS1 and BFNC, suggest that allelic and
non-allelic genetic heterogeneity is important in these
two epileptic syndromes. As suggested by recent
results, the causal gene remains unknown in most
GEFSI1 pedigrees. In the same way, other genes are
probably involved in BFNC, since only six KCNQ2
mutations were observed in 23 BFNC probands. The
major candidate genes for both of these benign familial
epilepsies are the other sodium and potassium channel
genes. Recently, a sodium channel polymorphism was
shown to associate with antiepileptic drug dosage!®’.
Interestingly, it affects splicing of sodium channels and
alters their biophysical properties that provide a
possible mechanistic explanation for the difference in
anti-epileptic drug responsiveness or tolerability.

CONCLUSION

In conclusion the elucidation of the Na+, K+, Cl+
and Ca2+channels defects of epilepsies, leads to better
understanding of the pathophysiology of epilepsies. The
importance of ionic channels as cause of epilepsies was
demonstrated with the identification of the association
between the epilepsy and mutations in genes coding for
ion channel subunits.
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