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Abstract⎯Voltage-gated sodium channels are heteromeric transmembrane proteins involved in the conduc-
tion of sodium ion currents in response to membrane depolarization. In humans, nine homologous genes,
SCN1A–11A, which encode different isoforms of the voltage-gated sodium channel family, are known.
Sodium channel isoforms exhibit different kinetic properties that determine different types of neurons. Muta-
tions in different channels are described in patients with various congenital disorders, from epilepsy to con-
genital insensitivity to pain. This review presents an analysis of the current literature on the properties of dif-
ferent isoforms of voltage-gated sodium channels and associated diseases.
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INTRODUCTION
In animal cells, electrical signals are used to trans-

mit and distribute information often over fairly long
distances [1]. Various protein complexes called ion
channels form hydrophilic pathways inside the plasma
membrane and catalyze the ion f low through the lipid
bilayer, which otherwise would be virtually impossible
owing to the high potential barrier generated by the
plasma membrane. Thus, ion channels provide selec-
tive permeability of the membrane owing to the facili-
tated diffusion of ions, which plays a key role in the
interaction of cells. The emergence of nerve cells
during the evolution of animals emphasized rapid
electrical interactions provided by voltage-gated
sodium channels (NaV), which determine the selective
flux of sodium ions through the plasma membrane
and can quickly open and close in response to changes
in the membrane potential. This, in turn, regulates the
permeability of the membrane for sodium ions and
leads to the generation of an action potential [2, 3].

Voltage-gated sodium channels are responsible for
the generation of an action potential and its distribution
in excitable cells: muscle, nervous, and neuroendocrine
cells. They are also expressed at a low level in nonexcit-
able cells, where their function is still unclear [4].

Sodium channels consist of highly processed α-sub-
units of about 260 kDa, associated with additional
β-subunits [5]. Expression of α-subunits that form the
pore for sodium ions is sufficient for the manifestation

of the conductive function; however, the kinetics and
dependence of the channel function on the potential
are modified by accessory β-subunits, which deter-
mine subcellular localization of the channel and inter-
action with adhesion proteins, extracellular matrix,
and cytoskeleton. α-Subunits are organized as four
homologous domains (DI–DIV); each of them con-
sists of six transmembrane α-helices (S1–S6) and an
additional loop between the S5 and S6 segments,
which forms the pore (Fig. 1). The pore loops form a
wider channel entrance for the ions, while the S5 and
S6 helices form a narrower exit from the channel for the
ions, which is directed into the interior of the cell. The
S4 segment of each domain contains positively charged
amino acid residues in every third position, which serve
as sensors for a change in the resting membrane poten-
tial capable of altering the conformation and leading to
the channel activation in response to membrane depo-
larization. A short intracellular loop that connects the
transmembrane domains III and IV serves as a channel-
inactivating sensor, which leads to the closure of the
channel pore from inside during a prolonged depolar-
ization of the membrane [4].

MOLECULAR STRUCTURE

Initial attempts to establish the structure of volt-
age-gated sodium channels were made more than
30 years ago in the study of covalently labeled channel
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components using a photoactive toxin from scorpion
venom [6–8]. Significant progress in this direction
was achieved after the determination of the primary
structure of the human genome was completed, and
143 genes encoding proteins of various ion channels
were identified. X-ray crystallography of prokaryotic
sodium channels played an important role, because it
made it possible to visualize the three-dimensional
structure of sodium channels in various functional
states [9–12]. When combining the data on the pri-
mary structure of human channels with the crystallo-
graphic data of bacterial proteins, it became possible to
simulate eukaryotic sodium channels on the basis of their
structural homology by molecular dynamics methods
[13, 14]. Nevertheless, the decoding of the tertiary struc-
ture of eukaryotic channels is an open question, the
answer to which will allow a deeper understanding of
their functioning at the molecular level.

Molecular Architecture of α-Subunits
Eukaryotic voltage-gated sodium channels consist

of an α-subunit that can be linked to one or two β-sub-
units. Nine α-subunits NaV1.1, NaV1.2, NaV1.3,
NaV1.4, NaV1.5, NaV1.6, NaV1.7, NaV1.8, and NaV1.9,
encoded by the genes SCN1A, SCN2A, SCN3A,
SCN4A, SCN5A, SCN8A, SCN9A, SCN10A, and
SCN11A, respectively, are found in humans. Different
α-subunits determine different subtypes of sodium
channels and contain binding sites for various drugs
and toxins. α-Subunits are large polypeptides of about
2000 amino acid residues, which constitute four
homologous domains denoted as DI–DIV, which
form a pseudotetrameric structure (Fig. 1). The struc-
tural homology of various voltage-gated sodium chan-
nels is very high in mammals, and it is more than 50%
in transmembrane and extracellular regions [4]. Each
domain consists of six transmembrane helical seg-
ments, called S1–S6. Prokaryotic sodium channels
are much simpler and are formed by homotetramers of

Fig. 1. Organization of voltage-gated sodium channels within the plasma membrane. Structure is shown by an array of transmem-
brane domains. Cylinders denote transmembrane α-helices. Fatty line illustrates the amino acid chain of each subunit with
lengths approximately proportional to the number of amino acid residues in each of the subunits. Extracellular domains of β1 and
β2 subunits are represented as immunoglobulin-like structures. Ψ are probable N-glycosylation sites; P are phosphorylation sites
of protein kinase A (delineated with circles) or protein kinase C (delineated with rhombuses). Shaded cylinders represent S5–P–
S6 segments overlaying the surface of ion-conducting pore. White small circles show external (EEDD) and internal (DEKA) rings
of amino acid residues forming ion-selective filter and tetrodotoxin (TTX) binding sites. Sign “++” designates transmembrane
potential sensors formed by S4 segments. Symbol “h” in the filled circle indicates inactivating loop of the channel, containing
four amino acid residues (IFMT), which binds to channel inactivating receptor, which is formed by regions of intracellular loops,
indicated by empty colored circles. In addition, scheme shows binding sites with α- and β-toxins of scorpion venom, as well as
the site of α- and β1-subunit interaction.
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identical polypeptide chains consisting of six trans-
membrane segments (S1–S6) and showing a high
degree of homology with each of the domains of a sin-
gle eukaryotic α-subunit.

Voltage-sensing domain (VSD). The S1–S4 seg-
ments of the α-subunit form the sensory domain nec-
essary for the regulation of the channel opening in
response to membrane depolarization. The voltage-
sensing domain has a certain mobility, mediated by the
presence of positively charged arginine and lysine res-
idues located in each third position of the segment S4
chain. Four voltage-sensing domains are organized in
the membrane around the central hydrophilic chan-
nel, which forms the pore of the channel. The voltage
sensor is associated with the pore-forming domain
through the intracellular loop between the S4 and S5
helices. When the membrane is depolarized, the posi-
tively charged transmembrane helix S4 shifts toward
the outer surface of the membrane. This movement is
transferred to the pore domain through intracellular
linkers, which leads to conformational changes in the
pore and its opening. Further drop in the potentials
difference across the membrane results in inactivation of
the channel by changing the position of the inactivation
gates (formed by the interdomain linker DIII–DIV) into
the pore cavity. Subsequent repolarization causes the S4
helix to return to its resting state and the channel becomes
ready for the next activation cycle [15].

Pore domain (PD). The S5 and S6 segments and the
extracellular loop linking them (P loop) form the
channel pore and selectivity filter. Most blocking
drugs inactivating sodium channels bind specifically
to the amino acid residues of the central hydrophilic
surface of the channel pore. Recent structural studies
of voltage-gated sodium channels showed the pres-
ence of additional holes in the extracellular surface of
the channel, which provide additional lateral access of
various ions and small molecule compounds to the
pore [16, 17].

Selectivity filter (SF). The selectivity filter is the
narrowest part of the pore and is necessary for selec-
tively passing different ions of similar charge and
radius. A single polypeptide chain of eukaryotic volt-
age-gated sodium channels provides an asymmetric
distribution of the amino acid residues forming the
selectivity filter: aspartate (D) in the DI domain, glu-
tamate (E) in DII, lysine (K) in DIII, and alanine (A)
in DIV (the so-called DEKA motif). Geometrically,
these amino acid residues form the narrowest region of
the ion channel pore, which is called the inner ring
and ensures the passing of only hydrated sodium ions
through the pore. The ionic bond between the lysine
residue and glutamate or aspartate is required for the
regulation of the size of the pore that can hold Na+

ions much more efficiently than K+ ions, although the
spatial distribution of the free energy of these cations
plays a certain role in the channel specificity. The
complete loss of selectivity for Na+ ions occurs when

the lysine residue at position 1237 is replaced with glu-
tamate, which makes the channel permeable to Na+,
K+, Ca2+, and Ba2+ ions [18]. More superficially, on
the side of the extracellular space, there is the so-
called outer ring of the selectivity filter formed by two
glutamates and two aspartates (EEDD), which play a
certain role in the permeability for sodium cations.
Currently, the following ion selectivity model is pro-
posed. Lysine residues are apparently necessary for
electrostatic progression of Na+ cations from the outer
ring of the selectivity filter to the cluster of carboxyl
groups formed by the residues of glutamate and aspar-
tate [19]. In addition, it was shown that Na+ progresses
along the pore eccentrically at a distance of 5 Å from
the geometric central axis of the pore owing to the
uneven distribution of the amino acid residues that
form the pore in the pseudotetrameric α-subunit [20].

Inactivation gate. Another key structural element of
the α-subunit of voltage-gated sodium channels is the
inactivation gate (Fig. 1) formed by the intracellular loop
linking the DIII and DIV domains. The inactivation gate
blocks the ion flow, sheltering the ionic pore from the
cytoplasm during rapid channel inactivation [5].

Activation gate. Four hydrophobic amino acid resi-
dues located one on the cytoplasmic side of each of the
S6 segments form a small intracellular cavity called
activation gate (Fig. 1). For example, the activation
gate is formed by four aromatic residues in the wild
type NaV1.7 channel (Y405 in the S6 segment of the
DI domain, F960 in the DII domain, F1449 in DIII,
and F1752 in DIV). It was shown that, under the dele-
tion of the L955 residue in the DIVS6 segment, the
F960 orientation is changed more radially toward the
DIIIS6 segment, which leads to a disruption in the
structure of the activation gate [21]. This causes a
hyperpolarization shift in the voltage dependence of
the channel activation [22]. As a consequence, the
mutant NaV1.7 channel is activated under a more
polarized state of the membrane, which leads to
hyperexcitability of NaV1.7 expressing neurons of dor-
sal root ganglion (DRG), causing a sense of pain in
carriers of such a deletion. Nevertheless, the precise
position of the activation gate of the voltage-gated
sodium channels remains unknown. Comparative
genomic data serve as an additional indication of the
functional importance of four hydrophobic amino
acid residues at the intracellular end of each S6 seg-
ment [23].

Sensitivity of sodium channels to protons. It is known
that a change in the extracellular concentration of
hydrogen ions leads to a change in the inactivation
characteristics of voltage-gated sodium channels [24].
When studying the electrophysiological properties of
the NaV1.5 channel expressed in the cardiac muscle, it
was shown that amino acid residues C373 and H880
localized in the P loop act as a proton sensor. Proton-
ation of these residues due to the decrease in extracel-



48

RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 1  2018

MARAKHONOV et al.

lular pH affects the function of NaV1.5 and may lead to
cardiac arrhythmia [25].

Molecular Architecture of β-Subunits
As mentioned above, eukaryotic voltage-gated

sodium channels consist of one α-subunit, which may
be linked to one or two β-subunits. In mammals, four
genes (SCN1B–SCN4B) encoding five different β-sub-
units, designated as β1, β1B, β2, β3, and β4, are found
in the genome. The β2 and β4 subunits bind to the
α-subunit by a disulfide bond, while β1 and β3 bind
noncovalently. The β-subunits are transmembrane
proteins with the exception of β1B, which is a soluble
molecule. Although one α-subunit is sufficient to
form a functional voltage-gated sodium channel,
β-subunits are required for proper functioning and
expression of the channel on the cell surface. The
β-subunits of voltage-gated sodium channels are
members of the immunoglobulin (Ig) superfamily of
cell adhesion molecules (CAMs) that expose the Ig
domain to the extracellular medium [26]. More
detailed studies of the β3 subunit showed that it can
trimerize with its Ig domains. In addition, it was
shown that the α-subunit of the NaV1.5 channel binds
to the β3 subunit by four different sites, which may
indicate the possibility of α-subunit oligomerization
of the channels in vivo [27]. Functionally, β-subunits
participate in the inactivation of the opened channel,
as shown by the example of the β4 subunit in the
human embryonic kidney cell line HEK293T [28].

GENERAL PHYSIOLOGY
Voltage-gated sodium channels are expressed on

the cell membranes of excitable and nonexcitable cells.
The activation of sodium channels depends on the
membrane potential, which determines the state of the
membrane potential sensor. Hyperpolarization of the
membrane makes the activation of the channel under
the state of rest very unlikely. Depolarization of the
membrane leads to conformational changes of the
α-subunit caused by the movement of the potential
sensor inside the membrane. These changes lead to
the opening of the sodium-selective ion pore. Voltage-
gated sodium channels open very quickly and mediate
the f low of sodium ions directed into the cell, which
causes rapid generation of the action potential in excit-
able cells. Milliseconds later, the channel transfers
into an inactive state. A decrease in sodium currents
which occurs in response to a short depolarization
owing to the closing of the intracellular inactivation
gate is called rapid inactivation. Slow inactivation
occurs in nerve and muscle cells under the influence
of a long (within seconds) depolarization, which leads
to a prolonged change in the resting potential on the
membrane, or during prolonged repeated generations
of the action potential [13]. In general, voltage-gated
sodium channels are kinetically fast channels that

become closed (inactivated) within a few millisec-
onds. However, some subtypes of sodium channels
undergo incomplete rapid inactivation, which can lead
to persistent sodium currents, which was shown in the
case of NaV1.9 in sensory neurons or under certain
conditions for NaV1.4 and NaV1.6 subtypes in muscle
cells and Purkinje neurons, respectively [29, 30].
Mutations in the genes SCN1A, SCN2A, SCN3A, and
SCN8A, resulting in defects in the inactivation gate
functioning, cause an increase in persistent currents
and lead to various forms of ataxia and epilepsy [31].

In some types of neurons, voltage-gated sodium
channels open again after rapid inactivation during
membrane repolarization. This temporary opening of
the channels is called resurgent current and causes a
massive current of sodium ions directed into the cell.
It is believed that the emergence of the resurgent cur-
rents is determined by the elimination of the inactivat-
ing influence of β-subunits. The resurgent currents are
associated with chronic painful conditions caused by
their intensification under the influence of various
inflammatory mediators (bradykinin, histamine,
prostaglandin E2, ATP) owing to mutations of the
NaV1.7 channel in the dorsal root ganglion neurons
[32–34]. Changes in the domains of sodium channels
underlie the pathogenesis of diseases associated with
them, as will be discussed below. In addition, sodium
channels are expressed in cells that are not considered
excitable, for example, astrocytes, microglia, macro-
phages, and certain types of tumor cells, where they
participate in phagocytosis, regulation of cell mobility,
and metastasis. These interesting features of sodium
channels are detailed in the reviews [35, 36].

EXPRESSION

In addition to differences in cellular and tissue
expression in mammals, sodium channels also have
differential expression profiles during development of
the organism and various subcellular localizations that
depend on the specific role of each channel in mam-
malian physiology. In rodents, NaV1.3 is expressed in
embryonic nerve tissues, while NaV1.1, NaV1.2, and
NaV1.6 are strongly represented in the central nervous
system of the adult organism. As a rule, NaV1.1 and
NaV1.3 are localized on the soma, where they can reg-
ulate the process of integrating signals of synaptic
impulses to establish the threshold for generating the
action potential and its distribution in dendritic and
axonal compartments. Data of immunohistochemical
experiments indicate that NaV1.2 is expressed in
unmyelinated axons, where it participates in the gen-
eration of the action potential [37]. As it was shown,
during the development process, NaV1.6 replaces the
NaV1.2 channel in the maturation period of the nodes
of Ranvier, through which the saltatory conduction of
the action potential is performed [38, 39].
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NaV1.1 and NaV1.6 are also strongly represented in
the peripheral nervous system (PNS). But the chan-
nels NaV1.7, NaV1.8, and NaV1.9, which were cloned
from sympathetic and spinal ganglion neurons, are the
most abundantly expressed. Among them, NaV1.7 is
widely expressed in PNS and appears to be localized in
axons, where it can function in the generation and
conduction of the action potential [40]. Narrower
expression patterns are observed for the NaV1.8 and
NaV1.9 channels; these channels are differentially
expressed in small sensory neurons of the dorsal root
and ganglion of the trigeminal nerve, where they play
a key role in the perception of pain [41, 42]. Finally,
NaV1.4 and NaV1.5 are muscular sodium channels that
control the excitability of skeletal and cardiac myo-
cytes, respectively. NaV1.5 is expressed at the middle
level during the development of skeletal muscles, but is
replaced by the NaV1.4 channel in adults [43].

The functioning of sodium channels is the most
interesting in neurons of the brain. In order to under-
stand the effect of sodium channels on synaptic signal
transmission, it is important to know what isoforms of
sodium channels are present in each type of neurons,
as well as their properties and distributions. In the
mammalian cerebellum, four different α-subunits are
represented: NaV1.1, NaV1.2, NaV1.3, and NaV1.6.
Three isoforms of β-subunits (Naβ1–3) are present in
the cerebellum; however, the expression of NaV1.3 and
Naβ3 is detected only during the development. Using
in situ hybridization and immunolocalization meth-
ods, it was shown that NaV1.2, NaV1.6, Naβ1, and
Naβ2 are predominantly expressed in granular cells.
Channels NaV1.2 and NaV1.6 are mainly localized in
parallel fibers of granular cells. Purkinje cells express
NaV1.1, NaV1.6, Naβ1, and Naβ2. Neurons of the deep
cerebellar nuclei express NaV1.1 and NaV1.6, as well as
Naβ1. Bergmann glia express NaV1.6.

HEREDITARY CHANNELOPATHIES

Mutations in the genes of voltage-gated sodium
channels may result in the emergence of a wide range
of hereditary diseases affecting skeletal muscles, the
cardiovascular system, and the nervous system. Clini-
cal severity of these diseases ranges from moderate or
even latent to life-threatening conditions that lead to
disability. Sodium channelopathies were one of the
first investigated diseases caused by the impairment of
the ion channel functioning, and they continue to
attract a wide clinical and scientific interest to this day.

Most of the sodium channelopathies are domi-
nantly heritable, but some of them are recessive or
appear sporadically. In addition, several pharmacoge-
netic syndromes are also associated with variants in
the genes of voltage-gated sodium channels. The clin-
ical manifestations of these diseases depend, first of
all, on the expression pattern of the mutant gene at the

tissue level and the biophysical nature of the sodium
channel dysfunction at the molecular level. It is also
worth noting that the expression of many sodium
channels is increased in various types of cancer [44].

Channelopathies can be divided into four groups of
diseases depending on the organ mainly involved in
pathogenesis (Table 1):

(1) Sodium channelopathies of the brain, which are
associated with mutations in SCN1A, SCN2A,
SCN1B, and some mutations in SCN8A observed in
cases of familial ataxia and early epilepsy (these genes
encode NaV1.1, NaV1.2, β1-subunit, and NaV1.6,
respectively).

(2) Sodium channelopathies of skeletal muscles. This
group includes mutations in the SCN4A gene encod-
ing the NaV1.4 isoform, which is specifically expressed
in skeletal muscles. Mutations in SCN4A are associ-
ated with myotonia, myasthenic syndrome, and peri-
odic paralysis.

(3) Sodium channelopathies of the heart associated
with mutations in SCN5A (the gene that encodes
NaV1.5 is predominantly expressed in the cardiac mus-
cle) and SCN10A (the gene encoding NaV1.8 was
found during genome-wide association studies
(GWAS) with changes in ventricular conduction [45]).

(4) Sodium channelopathies of peripheral nerves
include mutations in SCN9A (NaV1.7), SCN10A
(NaV1.8), and SCN11A (NaV1.9). The mutations in
these genes are associated with peripheral pain syn-
dromes, including those with neuropathic and
inflammatory pain.

Sodium Channelopathies of the Brain

Mutations in the SCN1A gene are most often found
in sodium channelopathies of the brain. Data obtained
in the murine model of Dravet syndrome in which
truncated NaV1.1 is expressed showed that the loss of
the function of this channel causes a decrease in the
sodium current and excitability in GABAergic neu-
rons [46]. Missense mutations in NaV1.1 may cause the
loss of the function because of a disturbance of the
channel folding. The phenotype of such mutants in
the cell culture can be restored through molecular
interactions with coexpressing proteins and drugs.
Epilepsy also occurs owing to mutations in SCN1A,
which alter the character of the channel inactivation,
resulting in a constant current of sodium ions directed
inside the cell (the effect of enhancing the function
owing to a mutation leading to hyperexcitability) [47].
In general, one can say that functional studies of
NaV1.1 mutant variants revealed a wide range of bio-
physical phenotypes from the loss of the function to its
amplification. At first glance, it seems that these
effects contradict each other from the etiopathoge-
netic point of view. Therefore, a question may arise as
to how different mutations with such different func-



50

RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 1  2018

MARAKHONOV et al.

Table 1. Characteristics of voltage-gated sodium channels
Gene Chromosome Channel Expression Human channelopathies

SCN1A 2q24.3 NaV1.1 Somata of central neurons, T-tubules
of muscle fibers

Epilepsies and epileptic disorders, 
including febrile epilepsies and general-
ized epilepsies with febrile seizures 
(GEFS+), Dravet syndrome (severe 
myoclonic epilepsy of infancy), Doose 
syndrome (myoclonic astatic epilepsy), 
intractable childhood epilepsy with gen-
eralized tonic-clonic seizures, West syn-
drome (infantile spasms), Rasmussen’s 
encephalitis, Lennox–Gastaut syn-
drome. Nonepileptic diseases: familial 
hemiplegic migraine, familial autism, 
Panayiotopoulos syndrome

SCN2A 2q24.3 NaV1.2 Central neurons, mainly localized in 
unmyelinated and premyelinated axons

Early infantile epileptic encephalopathy, 
benign familial infantile seizures

SCN3A 2q24.3 NaV1.3 Somata of central neurons (mainly 
expressed in embryonic and early prenatal 
period), cardiomyocytes

Potential contribution to the develop-
ment of peripheral neuropathic pain 
after spinal cord injury

SCN4A 17q23.3 NaV1.4 Skeletal muscles (high level in adult mus-
cles, low level in neonatal muscles)

Sodium channelopathies of muscles 
(hyperkalemic periodic paralysis, con-
genital paramyotonia, potassium-aggra-
vated myotonia, severe congenital 
myotonia, myasthenic syndrome, hyper-, 
hypo-, and normokalemic periodic 
paralysis, malignant hyperthermia sus-
ceptibility)

SCN5A 3p21-24 NaV1.5 Cardiomyocytes, immature and dener-
vated skeletal muscles

Cardiac sodium channelopathies: con-
genital long QT syndrome (Romano–
Ward syndrome), idiopathic ventricular 
fibrillation (Brugada syndrome), isolated 
cardiac conduction disease, atrial asys-
tole, sick sinus syndrome, sudden infant 
death syndrome, dilated cardiomyopa-
thy, conduction disturbance, arrhythmia

SCN8A 12q13 NaV1.6 Output neurons from the cerebellum, 
cerebral cortex, hippocampus; Purkinje 
cells from the layer of granular cells of the 
cerebellum; astrocytes and Schwann cells; 
dorsal root ganglia; nodes of Ranvier;
T-tubules of cardiomyocytes

Early infantile epileptic encephalopathy, 
cerebellar ataxia in mice, end plate dis-
ease of neuromuscular junction in mice

SCN9A 2q24 NaV1.7 All types of dorsal root ganglion neurons, 
sympathetic neurons, Schwann cells, neu-
roendocrine cells

Congenital insensitivity to pain, familial 
primary erythromelalgia, paroxysmal 
pain phenomenon, GEFS+

SCN10A 3p22.2 NaV1.8 Dorsal root ganglion neurons, human 
heart, intracardiac neurons

Peripheral pain syndromes, changes
in PR interval and ventricular conduc-
tion of the heart

SCN11A 3p22.2 NaV1.9 C-type of dorsal root ganglion neurons Potential role in nociception and syn-
dromes of increased pain sensitivity

SCN7A 2q21-q23 Naх Dorsal root ganglion neurons, neurons
of the hippocampus, thalamus, cerebel-
lum, median preoptic nucleus, peripheral 
nervous system, skeletal muscle, uterus

The absence of channel in neurons can 
affect the ability to control f luid and ion 
balance of the body
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tional effects can be associated with the same pheno-
typic manifestation in the form of epileptic states.
Such heterogeneity may be due to the fact that SCN1A
is widely expressed in most neurons of the brain. At
the same time, the same mutation in SCN1A can lead
to both hyper- and hypoexcitability, depending on the
type of neurons [48]. Thus, the actual effect of SCN1A
mutations on the electrical activity of the brain will
depend not only on the type of neurons where the
mutant channel is expressed but also on the electrical
balance between all ion currents that contribute to this
activity.

Dravet syndrome (severe myoclonic epilepsy of
infancy) is a rare disease characterized by generalized
tonic, clonic, or tonic-clonic seizures that are initially
provoked by increasing temperature and manifested
during the first year of life. Patients with Dravet syn-
drome usually have de novo mutations. Later, patients
also exhibit other types of seizures, including short-
term loss of consciousness and myoclonic or other
types of seizures. The psychomotor delay is observed
approximately in the second year of life. Dravet syn-
drome is considered to be the most severe phenotype
within the spectrum of generalized epilepsies with
febrile seizures. More than half of the mutations cause
the loss of function as a result of the occurrence of pre-
mature stop codons or deletions, which leads to a
decrease in the level of functional sodium channels.
Mutations in SCN1A are also associated with other
epileptic disorders, which are listed in Table 1.

Missense mutations in SCN2A were found in a small
percentage of cases in patients with epilepsy, mainly in
benign familial infantile epilepsy (BFIE). According
to the data, mutations led to a decrease in the channel
activity (the loss of function) [49]; other authors
reported that mutations in SCN2A led to the effect of
the gain of function [50, 51].

The first mutation in SCN3A (K353Q) was identi-
fied in patients with focal epilepsy resistant to antiepi-
leptic drugs [52]. Despite the fact that the revealed
missense mutation caused an increase in the late cur-
rent, the pathogenic role of mutant NaV1.3 is still
questionable.

Sodium Channelopathies of the Skeletal Muscles

Disturbance of the function of sodium channels in
muscles may affect their ability to contract or relax and
is associated with two pathological conditions: myoto-
nia and periodic paralysis [53]. Myotonia is character-
ized by slowed muscle relaxation after sudden forced
contraction and is associated with a repetitive genera-
tion of the action potential leading to hyperexcitability
of the sarcolemma. In contrast, periodic paralysis is a
state of reduced excitability of the muscle cell mem-
brane, in which the action potentials cannot be gener-
ated or distributed.

Periodic paralysis and myotonia. Periodic paralysis
is characterized by episodic weakness or paralysis of
contracting muscles that occurs under normal neuro-
muscular transmission and motor neuron function. In
patients with familial periodic paralysis, the disease
usually manifests itself in childhood [54]. Weakness
attacks are often associated with changes in the con-
centration of potassium ions (K+) in the serum as a
result of a sharp redistribution of intra- and extracellu-
lar K+. This clinical epiphenomenon forms the basis
for the classification of periodic paralysis, in the form
of hypo-, hyper-, or normokalemic. In congenital
paramyotonia, cold-induced rigidity and weakness of
the muscles are the leading symptoms [54, 55]. Potas-
sium-aggravated myotonia is characterized by myoto-
nia without weakness and worsening of the symptoms
after intake of components with an increased content
of K+ ions [56].

Electrophysiological studies in vitro established
that both myotonia and periodic paralysis are associ-
ated with abnormal conduction of sodium ions in the
muscle cell membrane [57], and these results indi-
cated the SCN4A gene as the most probable candidate
responsible for the development of these conditions.
Studies on genetic linkage confirmed this hypothesis
[58]. Hyperkalemic periodic paralysis, congenital
paramyotonia, and potassium-aggravated myotonia
were found to be related to missense mutations in the
SCN4A gene. Two prevailing mutations associated
with hyperkalemic periodic paralysis have been
described (p.T704M and p.M1592V), and they arise
independently of each other in unrelated pedigrees
[59, 60]. For congenital paramyotonia and potassium-
aggravated myotonia, the spectrum of mutations
turned out to be wider [61, 62]. In addition, about 15%
of patients with hyperkalemic periodic paralysis have
mutations in the SCN4A gene [63]. Homozygous
SCN4A mutations are also described in congenital
myasthenia [64, 65].

Characterization of SCN4A gene mutations and
pathophysiology. Using heterologously expressed
recombinant voltage-gated sodium channels, several
laboratories characterized biophysical consequences
of many mutations associated with either periodic
paralysis or various myotonic disorders. These studies
showed that variable defects in the rate or degree of
channel inactivation occur in almost all cases. Muta-
tions associated with hyperkalemic periodic paralysis
show incomplete inactivation, which leads to a mini-
mum level of the residual Na+ current (1–2% of the
peak current) and to a stable depolarization of muscle
fibers [66, 67], which in turn results in the inactivation
of the majority of sodium channels (both mutant and
wild type). This explains conduction disturbance and
electrical hyperexcitability observed in skeletal mus-
cles during an attack of periodic paralysis [68, 69].
Thus, mutant sodium channels exert an indirect dom-
inant-negative effect on normal channels. In addition,
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some, but not all, mutations associated with hyperka-
lemic periodic paralysis have an impaired slow inacti-
vation [70], which contributes to maintaining the
effect of residual sodium current [71].

SCN4A mutations in myotonic disorders lead to a
slowdown of the inactivation rate and the rate of
recovery from inactivation, as well as to retardation of
deactivation [72, 73]. It is assumed that these biophys-
ical disturbances increase the duration of the action
potentials in muscle fibers [74]. Elongation of the
action potentials along the T tubules of myofiber
membranes leads to a local increase in the extracellu-
lar potassium concentration owing to its outflow from
the cell through constantly activated potassium chan-
nels. The extracellular concentration of K+ ions in the
T tubules has a depolarizing effect on the membrane.
This can cause the appearance of spontaneous action
potentials on the membranes of neighboring fibers,
which in turn cause persistent muscle contraction and
delayed relaxation, which is a symptom of myotonia [75].

Strategies for treatment of skeletal muscle sodium
channelopathies. At present, carbonic anhydrase
inhibitors are used for pharmacological treatment of
sodium channelopathies of muscles, but the mecha-
nism of their action has been little studied [76, 77].
Some local anesthetic/antiarrhythmic drugs have
antimyotonic activity and are sometimes suitable for
the treatment of nondystrophic myotonias [78, 79].
These drugs are effective owing to their ability to inter-
rupt fast-acting series of the action potentials through
their blocking activity toward sodium channels. Mex-
iletine is the most commonly used antimyotonic
agent, whose effectiveness was demonstrated in exper-
iments in vitro [80], but no clinical trials that compare
this agent with a placebo or with other treatments have
been conducted. A more potent sodium channel
blocker, f lecainide, can also be useful in severe forms
of myotonia that are resistant to mexiletine [81]. How-
ever, it should be noted that long-term treatment of
myotonia with sodium channel blockers is often lim-
ited by the side effects of the drugs.

Sodium Channelopathies of the Heart

In the heart, sodium channels are important for the
ordered distribution of the action potentials from the
sinoatrial node through the atria, the atrioventricular
node, the His bundle through the specialized Purkinje
conducting fibers to the ventricles (the His-Purkinje
system), and further along the entire myocardium to
stimulate rhythmic contraction. Mutations in the
SCN5A gene encoding the main α-subunit expressed
in the human heart cause hereditary predisposition to
ventricular arrhythmia (congenital long QT syn-
drome, idiopathic ventricular fibrillation) [82],
impaired cardiac conduction [83], or both diseases
[84]. Mutations in SCN5A can also occur in the form
of drug-induced arrhythmias [85], sudden infant

death syndrome (SIDS) [86], and other forms of pre-
disposition to arrhythmia [87].

Inherited arrhythmias: long QT syndrome and Bru-
gada syndrome. Congenital long QT syndrome
(LQTS) is a hereditary disease caused by abnormal
repolarization of the myocardium and is characterized
by a clinically increased risk of potentially fatal ven-
tricular arrhythmias [88]. The syndrome is inherited
most often in autosomal dominant families
(Romano–Ward syndrome), but there are also fami-
lies with autosomal recessive mode of inheritance in
combination with congenital deafness (Jervell and
Lange–Nielsen syndrome). The syndrome derives its
name from the characteristic prolongation of the QT
interval, revealed by electrocardiographic study of
patients, which is a surrogate marker of increased
duration of the action potential in the ventricles and
abnormal repolarization of the myocardium. In
approximately 10% of cases, LQTS is caused by muta-
tions in the SCN5A gene, while the majority of
patients with Romano–Ward syndrome have muta-
tions in one of the two heart-specific potassium chan-
nel genes (KCNQ1 and HERG) [89]. It is worth noting
that factors which initiate the arrhythmia may be dif-
ferent in different genetic variants of LQTS, despite
the fact that different mutations in SCN5A are often
associated with different clinical signs, but all of them
increase the risk of “large cardiac events” occurring
during sleep or rest [90].

Mutations in the SCN5A gene were also described
in patients with idiopathic ventricular fibrillation,
including Brugada syndrome [91] and sudden unex-
plained death syndrome (SUDS) [92]. Individuals
with Brugada syndrome have an increased risk of
developing potentially lethal ventricular arrhythmias
(polymorphic ventricular tachycardia or fibrillation)
without concomitant ischemia, electrolyte disorders,
or structural heart disease. Individuals with idiopathic
ventricular fibrillation often display a characteristic
ECG pattern consisting of an increase in the ST seg-
ment in the right chest leads, which is typical of the
right bundle branch block, but with normal QT inter-
vals [93]. The prescription of sodium channel blocking
agents (for example, procainamide, f lecainide, ayma-
lin) in this condition can trigger similar pathological
changes on ECG in a number of latent cases. Idio-
pathic ventricular fibrillation is inherited in an autoso-
mal dominant manner with incomplete penetrance
and is found predominantly in men. SUDS is a syn-
drome with a very similar clinical pattern, which leads
to sudden death usually during sleep, and is described
in young and middle-aged men in the Southeast Asian
population [94].

Impaired cardiac conduction. Mutations in the
SCN5A gene are also associated with heterogeneous
hereditary cardiac conduction diseases, manifesting
atrioventricular conduction disorders (heart block),
decreased rate of intramyocardial conduction, or
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atrial fibrillation [83]. The degree of cardiac conduc-
tion disorder may progress with age and is usually not
associated with prolongation of the QT interval or
other ECG changes corresponding to Brugada syn-
drome. Heart block in these states, as a rule, is a result
of slowdown in the His-Purkinje system. In most
cases, these conditions have the autosomal dominant
type of inheritance. However, recessive disease, sick
sinus syndrome, associated with mutations in the
SCN5A gene [95] or having digenic inheritance of the
heterozygous SCN5A mutation with a variant of the
connexin-40 gene promoter [96], is described.

Sodium Channelopathies of the Peripheral Nerves

Neuropathic pain is defined as pain caused by a
lesion or disease of the somatosensory nervous system
and can be divided into central and peripheral. Typical
examples of neuropathic pain include postherpetic
neuralgia, painful diabetic neuropathy, phantom limb
pain, and pain arising from traumatic spinal cord
injury. The main mechanism leading to the emergence
of neuropathic pain is a lowering the threshold of
nerve excitability, which manifests itself as a series of
repetitive pulses, generated ectopically or with mini-
mal stimulation. Damage to the nerve can lead to
changes in the distribution of sodium channels on the
surface of nerve cells, the expression of regulatory
genes, and/or the electrical kinetics of the channel. All
these contribute to the remodeling of the neuronal
membrane and to hyperexcitability associated with
neuropathic pain [97]. In the peripheral neurons and
neurons of the dorsal root ganglion (DRG), NaV1.7,
NaV1.8, and NaV1.9 sodium channels, which appear to
play an important role in the occurrence of neuro-
pathic pain, were identified. Thus, these channels are
new targets for anesthesia in peripheral neuropathic
pain syndromes. In particular, NaV1.7 is considered to
be one of the main mediators of peripheral pain. In
addition, it was recently showed in mouse model that
the NaV1.8 sodium channel is involved in molecular
mechanisms that lead to the development of pain syn-
dromes in osteoarthritis [98].

Inherited erythromelalgia, a chronic neuropathic
pain syndrome, which is characterized by painful
attacks in the limbs that begin in childhood and prog-
ress throughout life, is another peripheral sodium
channelopathy. This disease is associated with muta-
tions in SCN9A, resulting in hyperexcitability of the
channel.

Congenital insensitivity to pain is characterized by
a complete lack of perception of pain in patients with
nonfunctional NaV1.7. These patients also exhibit par-
tial anosmia (loss of smell). In this case, nonsense
mutations in SCN9A were identified.

CONCLUSIONS
Recent research elucidated the nature of many

hereditary diseases of the nervous system. A signifi-
cant group of diseases are now associated with the dis-
ruption of the voltage-gated sodium channel function-
ing. It seems that the study of the functional role of this
group of channels may result in the development of
new therapeutic agents.

REFERENCES
1. Hille, B., Ion Channels of Excitable Membranes, Sun-

derland, Mass.: Sinauer, 2001.
2. Hodgkin, A.L. and Huxley, A.F., The components of

membrane conductance in the giant axon of Loligo, J.
Physiol., 1952, vol. 116, no. 4, pp. 473—496.  doi
10.1113/jphysiol.1952.sp004718

3. Catterall, W.A., Voltage-gated sodium channels at 60:
structure, function and pathophysiology, J. Physiol.,
2012, vol. 590, no. 11, pp. 2577—2589.  doi
10.1113/jphysiol.2011.224204

4. Catterall, W.A., Goldin, A.L., and Waxman, S.G.,
International Union of Pharmacology: 48. Nomencla-
ture and structure-function relationships of voltage-
gated sodium channels, Pharmacol. Rev., 2005, vol. 57,
no. 4, pp. 397—409.  doi 10.1124/pr.57.4.4

5. Catterall, W.A., From ionic currents to molecular
mechanisms: the structure and function of voltage-
gated sodium channels, Neuron, 2000, vol. 26, no. 1,
pp. 13—25.

6. Beneski, D.A. and Catterall, W.A., Covalent labeling of
protein components of the sodium channel with a pho-
toactivable derivative of scorpion toxin, Proc. Natl.
Acad. Sci. U.S.A., 1980, vol. 77, no. 1, pp. 639—643.
doi 10.1073/pnas.77.1.639

7. Hartshorne, R.P. and Catterall, W.A., Purification of
the saxitoxin receptor of the sodium channel from rat
brain, Proc. Natl. Acad. Sci. U.S.A., 1981, vol. 78, no. 7,
pp. 4620—4624.

8. Hartshorne, R.P., Messner, D.J., Coppersmith, J.C.,
and Catterall, W.A., The saxitoxin receptor of the
sodium channel from rat brain: evidence for two non-
identical beta subunits, J. Biol. Chem., 1982, vol. 257,
no. 23, pp. 13888—13891.

9. Payandeh, J., Scheuer, T., Zheng, N., and Catterall, W.A.,
The crystal structure of a voltage-gated sodium chan-
nel, Nature, 2011, vol. 475, no. 7356, pp. 353—358.  doi
10.1038/nature10238

10. Payandeh, J., Gamal El-Din, T.M., Scheuer, T., et al.,
Crystal structure of a voltage-gated sodium channel in
two potentially inactivated states, Nature, 2012,
vol. 486, no. 7401, pp. 135—139.  doi 10.1038/nature11077

11. Zhang, X., Ren, W., DeCaen, P., et al., Crystal struc-
ture of an orthologue of the NaChBac voltage-gated
sodium channel, Nature, 2012, vol. 486, no. 7401,
pp. 130—134.  doi 10.1038/nature11054

12. McCusker, E.C., Bagneris, C., Naylor, C.E., et al.,
Structure of a bacterial voltage-gated sodium channel
pore reveals mechanisms of opening and closing, Nat.
Commun., 2012, vol. 3, p. 1102.  doi 10.1038/ncom-
ms2077



54

RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 1  2018

MARAKHONOV et al.

13. Catterall, W.A., Structure and function of voltage-
gated sodium channels at atomic resolution, Exp.
Physiol., 2014, vol. 99, no. 1, pp. 35—51.  doi
10.1113/expphysiol.2013.071969

14. Nardi, A., Damann, N., Hertrampf, T., and Kless, A.,
Advances in targeting voltage-gated sodium channels
with small molecules, ChemMedChem, 2012, vol. 7,
no. 10, pp. 1712—1740.  doi 10.1002/cmdc.201200298

15. Pless, S.A., Elstone, F.D., Niciforovic, A.P., et al.,
Asymmetric functional contributions of acidic and aro-
matic side chains in sodium channel voltage-sensor
domains, J. Gen. Physiol., 2014, vol. 143, no. 5,
pp. 645—656.  doi 10.1085/jgp.201311036

16. Kaczmarski, J.A. and Corry, B., Investigating the size
and dynamics of voltage-gated sodium channel fenes-
trations, Channels (Austin), 2014, vol. 8, no. 3,
pp. 264—277.

17. Shaya, D., Kreir, M., Robbins, R.A., et al., Voltage-
gated sodium channel (NaV) protein dissection creates
a set of functional pore-only proteins, Proc. Natl. Acad.
Sci. U.S.A., 2011, vol. 108, no. 30, pp. 12313—12318.
doi 10.1073/pnas.1106811108

18. Heinemann, S.H., Terlau, H., Stuhmer, W., et al., Cal-
cium channel characteristics conferred on the sodium
channel by single mutations, Nature, 1992, vol. 356,
no. 6368, pp. 441—443.  doi 10.1038/356441a0

19. Xia, M., Liu, H., Li, Y., et al., The mechanism of
Na(+)/K(+) selectivity in mammalian voltage-gated
sodium channels based on molecular dynamics simula-
tion, Biophys. J., 2013, vol. 104, no. 11, pp. 2401—2409.
doi 10.1016/j.bpj.2013.04.035

20. Zhang, X., Xia, M., Li, Y., et al., Analysis of the selec-
tivity filter of the voltage-gated sodium channel
Na(v)Rh, Cell Res., 2013, vol. 23, no. 3, pp. 409—422.
doi 10.1038/cr.2012.173

21. Yang, Y., Estacion, M., Dib-Hajj, S.D., and Wax-
man, S.G., Molecular architecture of a sodium chan-
nel S6 helix: radial tuning of the voltage-gated sodium
channel 1.7 activation gate, J. Biol. Chem., 2013,
vol. 288, no. 19, pp. 13741—13747.  doi 10.1074/jbc.
M113.462366

22. Cheng, X., Dib-Hajj, S.D., Tyrrell, L., et al., Deletion
mutation of sodium channel Na(V)1.7 in inherited
erythromelalgia: enhanced slow inactivation modulates
dorsal root ganglion neuron hyperexcitability, Brain,
2011, vol. 134, no. 7, pp. 1972—19786.  doi
10.1093/brain/awr143

23. Oelstrom, K., Goldschen-Ohm, M.P., Holmgren, M.,
and Chanda, B., Evolutionarily conserved intracellular
gate of voltage-dependent sodium channels, Nat. Com-
mun., 2014, vol. 5, p. 3420.  doi 10.1038/ncomms4420

24. Khan, A., Kyle, J.W., Hanck, D.A., et al., Isoform-
dependent interaction of voltage-gated sodium chan-
nels with protons, J. Physiol., 2006, vol. 576, no. 2,
pp. 493—501.  doi 10.1113/jphysiol.2006.115659

25. Jones, D.K., Peters, C.H., Allard, C.R., et al., Proton
sensors in the pore domain of the cardiac voltage-gated
sodium channel, J. Biol. Chem., 2013, vol. 288, no. 7,
pp. 4782—4791.  doi 10.1074/jbc.M112.434266

26. Brackenbury, W.J. and Isom, L.L., Na channel beta
subunits: overachievers of the ion channel family, Front.

Pharmacol., 2011, vol. 2, p. 53.  doi 10.3389/fphar.
2011.00053

27. Namadurai, S., Balasuriya, D., Rajappa, R., et al.,
Crystal structure and molecular imaging of the Nav
channel beta3 subunit indicates a trimeric assembly, J.
Biol. Chem., 2014, vol. 289, no. 15, pp. 10797—10811.
doi 10.1074/jbc.M113.527994

28. Lewis, A.H. and Raman, I.M., Interactions among
DIV voltage-sensor movement, fast inactivation, and
resurgent Na current induced by the NaVbeta4 open-
channel blocking peptide, J. Gen. Physiol., 2013,
vol. 142, no. 3, pp. 191—206.  doi 10.1085/jgp.201310984

29. Djamgoz, M.B. and Onkal, R., Persistent current
blockers of voltage-gated sodium channels: a clinical
opportunity for controlling metastatic disease, Recent
Pat. Anticancer Drug Discov., 2013, vol. 8, no. 1, pp. 66—
84.

30. Chatelier, A., Zhao, J., Bois, P., and Chahine, M., Bio-
physical characterisation of the persistent sodium cur-
rent of the Nav1.6 neuronal sodium channel: a single-
channel analysis, Pflugers Arch., 2010, vol. 460, no. 1,
pp. 77—86.  doi 10.1007/s00424-010-0801-9

31. Eijkelkamp, N., Linley, J.E., Baker, M.D., et al., Neu-
rological perspectives on voltage-gated sodium chan-
nels, Brain, 2012, vol. 135, no. 9, pp. 2585—2612.  doi
10.1093/brain/aws225

32. Lampert, A., Eberhardt, M., and Waxman, S.G.,
Altered sodium channel gating as molecular basis for
pain: contribution of activation, inactivation, and
resurgent currents, Handb. Exp. Pharmacol., 2014,
vol. 221, pp. 91—110.  doi 10.1007/978-3-642-41588-3_5

33. Jarecki, B.W., Piekarz, A.D., Jackson, J.O., Jr., and
Cummins, T.R., Human voltage-gated sodium channel
mutations that cause inherited neuronal and muscle
channelopathies increase resurgent sodium currents, J.
Clin. Invest., 2010, vol. 120, no. 1, pp. 369—378.  doi
10.1172/JCI40801

34. Tan, Z.Y., Piekarz, A.D., Priest, B.T., et al., Tetrodo-
toxin-resistant sodium channels in sensory neurons
generate slow resurgent currents that are enhanced by
inflammatory mediators, J. Neurosci., 2014, vol. 34,
no. 21, pp. 7190—7197.  doi 10.1523/JNEURO-
SCI.5011-13.2014

35. Black, J.A. and Waxman, S.G., Noncanonical roles of
voltage-gated sodium channels, Neuron, 2013, vol. 80,
no. 2, pp. 280—291.  doi 10.1016/j.neuron.2013.09.012

36. Pappalardo, L.W., Black, J.A., and Waxman, S.G.,
Sodium channels in astroglia and microglia, Glia, 2016,
vol. 64, no. 10, pp. 1628—1645.  doi 10.1002/glia.22967

37. Westenbroek R.E., Merrick D.K., and Catterall, W.A.,
Differential subcellular localization of the RI and RII
Na+ channel subtypes in central neurons, Neuron,
1989, vol. 3, no. 6, pp. 695—704.

38. Boiko, T., Rasband, M.N, Levinson, S.R., et al., Com-
pact myelin dictates the differential targeting of two
sodium channel isoforms in the same axon, Neuron,
2001, vol. 30, no. 1, pp. 91—104.

39. Kaplan, M.R., Cho, M.H., Ullian, E.M., et al., Differ-
ential control of clustering of the sodium channels
Na(v)1.2 and Na(v)1.6 at developing CNS nodes of
Ranvier, Neuron, 2001, vol. 30, no. 1, pp. 105—119.



RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 1  2018

SODIUM CHANNELOPATHIES: FROM MOLECULAR PHYSIOLOGY 55

40. Toledo-Aral, J.J., Moss, B.L., He, Z.J., et al., Identifi-
cation of PN1, a predominant voltage-dependent
sodium channel expressed principally in peripheral
neurons, Proc. Natl. Acad. Sci. U.S.A., 1997, vol. 94,
no. 4, pp. 1527—1532.

41. Akopian, A.N., Souslova, V., England, S., et al., The
tetrodotoxin-resistant sodium channel SNS has a spe-
cialized function in pain pathways, Nat. Neurosci.,
1999, vol. 2, no. 6, pp. 541—548.  doi 10.1038/9195

42. Black, J.A., Cummins, T.R., Plumpton, C., et al.,
Upregulation of a silent sodium channel after periph-
eral, but not central, nerve injury in DRG neurons, J.
Neurophysiol., 1999, vol. 82, no. 5, pp. 2776—2785.

43. Goldin, A.L., Resurgence of sodium channel research,
Annu. Rev. Physiol., 2001, vol. 63, pp. 871—894.  doi
10.1146/annurev.physiol.63.1.871

44. Xia, J., Huang, N., Huang, H., et al., Voltage-gated
sodium channel Nav1.7 promotes gastric cancer pro-
gression through MACC1-mediated upregulation of
NHE1, Int. J. Cancer, 2016, vol. 139, no. 11, pp. 2553—
2569.  doi 10.1002/ijc.30381

45. Chambers, J.C., Zhao, J., Terracciano, C.M., et al.,
Genetic variation in SCN10A influences cardiac con-
duction, Nat. Genet., 2010, vol. 42, no. 2, pp. 149—152.
doi 10.1038/ng.516

46. Yu, F.H., Mantegazza, M., Westenbroek, R.E., et al.,
Reduced sodium current in GABAergic interneurons in
a mouse model of severe myoclonic epilepsy in infancy,
Nat. Neurosci., 2006, vol. 9, no. 9, pp. 1142—1149.  doi
10.1038/nn1754

47. Lossin, C., Wang, D.W., Rhodes, T.H., et al., Molecu-
lar basis of an inherited epilepsy, Neuron, 2002, vol. 34,
no. 6, pp. 877—884.

48. Rush, A.M., Dib-Hajj, S.D., Liu, S., et al., A single
sodium channel mutation produces hyper- or hypoex-
citability in different types of neurons, Proc. Natl. Acad.
Sci. U.S.A., 2006, vol. 103, no. 21, pp. 8245—8250.  doi
10.1073/pnas.0602813103

49. Misra, S.N., Kahlig, K.M., and George, A.L., Jr.,
Impaired NaV1.2 function and reduced cell surface
expression in benign familial neonatal-infantile sei-
zures, Epilepsia, 2008, vol. 49, no. 9, pp. 1535—1545.
doi 10.1111/j.1528-1167.2008.01619.x

50. Liao, Y., Deprez, L., Maljevic, S., et al., Molecular
correlates of age-dependent seizures in an inherited
neonatal-infantile epilepsy, Brain, 2010, vol. 133, no. 5,
pp. 1403—1414.  doi 10.1093/brain/awq057

51. Scalmani, P., Rusconi, R., Armatura, E., et al., Effects
in neocortical neurons of mutations of the Na(v)1.2
Na+ channel causing benign familial neonatal-infantile
seizures, J. Neurosci., 2006, vol. 26, no. 40, pp. 10100—
10109.  doi 10.1523/JNEUROSCI.2476-06.2006

52. Holland, K.D., Kearney, J.A., Glauser, T.A., et al.,
Mutation of sodium channel SCN3A in a patient with
cryptogenic pediatric partial epilepsy, Neurosci. Lett.,
2008, vol. 433, no. 1, pp. 65—70.  doi
10.1016/j.neulet.2007.12.064

53. Cannon, S.C. and George, A.L., Pathophysiology of
myotonia and periodic paralysis, in Diseases of the Ner-
vous System: Clinical Neuroscience and Therapeutic
Principles, Asbury, A.K., et al., Eds., Cambridge: Cam-
bridge Univ. Press, 2002, pp. 1183—1206.

54. Griggs, R.C., The myotonic disorders and the periodic
paralyses, Adv. Neurol., 1977, vol. 17, pp. 143—159.

55. Streib, E.W., Paramyotonia congenita: successful treat-
ment with tocainide: clinical and electrophysiologic
findings in seven patients, Muscle Nerve, 1987, vol. 10,
no. 2, pp. 155—162.  doi 10.1002/mus.880100209

56. Rudel, R., Ricker, K., and Lehmann-Horn, F., Geno-
type—phenotype correlations in human skeletal muscle
sodium channel diseases, Arch. Neurol., 1993, vol. 50,
no. 11, pp. 1241—1248.

57. Rudel, R. and Lehmann-Horn, F., Membrane changes
in cells from myotonia patients, Physiol. Rev., 1985,
vol. 65, no. 2, pp. 310—356.

58. Fontaine, B., Khurana, T.S., Hoffman, E.P., et al.,
Hyperkalemic periodic paralysis and the adult muscle
sodium channel alpha-subunit gene, Science, 1990,
vol. 250, no. 4983, pp. 1000—1002.

59. Ptácek, L.J., George, A.L., Jr., Griggs, R.C., et al.,
Identification of a mutation in the gene causing hyper-
kalemic periodic paralysis, Cell, 1991, vol. 67, no. 5,
pp. 1021—1027.

60. Rojas, C.V., Wang, J.Z., Schwartz, L.S., et al., A Met-
to-Val mutation in the skeletal muscle Na+ channel
alpha-subunit in hyperkalaemic periodic paralysis,
Nature, 1991, vol. 354, no. 6352, pp. 387—389.  doi
10.1038/354387a0

61. McClatchey, A.I., Bergh, P., Pericak-Vance, M.A.,
et al., Temperature-sensitive mutations in the III—IV
cytoplasmic loop region of the skeletal muscle sodium
channel gene in paramyotonia congenita, Cell, 1992,
vol. 68, no. 4, pp. 769—774.

62. Lerche, H., Mitrovic, N., Dubowitz, V., and Leh-
mann-Horn, F., Paramyotonia congenita: the R1448P
Na+ channel mutation in adult human skeletal muscle,
Ann. Neurol., 1996, vol. 39, no. 5, pp. 599—608.  doi
10.1002/ana.410390509

63. Miller, T.M., Dias da Silva, M.R., Miller, H.A., et al.,
Correlating phenotype and genotype in the periodic
paralyses, Neurology, 2004, vol. 63, no. 9, pp. 1647—
1655.

64. Tsujino, A., Maertens, C., Ohno, K., et al., Myasthenic
syndrome caused by mutation of the SCN4A sodium
channel, Proc. Natl. Acad. Sci. U.S.A., 2003, vol. 100,
no. 12, pp. 7377—7382.  doi 10.1073/pnas.1230273100

65. Arnold, W.D., Feldman, D.H., Ramirez, S., et al.,
Defective fast inactivation recovery of Nav 1.4 in con-
genital myasthenic syndrome, Ann. Neurol., 2015,
vol. 77, no. 5, pp. 840—850.  doi 10.1002/ana.24389

66. Cannon, S.C., Brown, R.H., Jr., and Corey, D.P., A
sodium channel defect in hyperkalemic periodic paral-
ysis: potassium-induced failure of inactivation, Neuron,
1991, vol. 6, no. 4, pp. 619—626.

67. Cannon, S.C. and Strittmatter, S.M., Functional
expression of sodium channel mutations identified in
families with periodic paralysis, Neuron, 1993, vol. 10,
no. 2, pp. 317—326.

68. Lehmann-Horn, F., Rudel, R., Ricker, K., et al., Two
cases of adynamia episodica hereditaria: in vitro inves-
tigation of muscle cell membrane and contraction
parameters, Muscle Nerve, 1983, vol. 6, no. 2, pp. 113—
121.  doi 10.1002/mus.880060206



56

RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 1  2018

MARAKHONOV et al.

69. Rüdel, R., Lehmann-Horn, F., Ricker, K., and Küther, G.,
Hypokalemic periodic paralysis: in vitro investigation
of muscle fiber membrane parameters, Muscle Nerve,
1984, vol. 7, no. 2, pp. 110—120.  doi
10.1002/mus.880070205

70. Cummins, T.R. and Sigworth, F.J., Impaired slow
inactivation in mutant sodium channels, Biophys. J.,
1996, vol. 71, no. 1, pp. 227—236.  doi 10.1016/S0006-
3495(96)79219-6

71. Ruff, R.L., Slow Na+ channel inactivation must be dis-
rupted to evoke prolonged depolarization-induced
paralysis, Biophys. J., 1994, vol. 66, no. 2, part 1, p. 542.

72. Lerche, H., Heine, R., Pika, U., et al., Human sodium
channel myotonia: slowed channel inactivation due to
substitutions for a glycine within the III—IV linker, J.
Physiol., 1993, vol. 470, pp. 13—22.

73. Mitrovic, N., George, A.L., Jr., Rudel, R., et al.,
Mutant channels contribute <50% to Na+ current in
paramyotonia congenita muscle, Brain, 1999, vol. 122,
no. 6, pp. 1085—1092.

74. Cannon, S.C., From mutation to myotonia in sodium
channel disorders, Neuromuscul. Disord., 1997, vol. 7,
no. 4, pp. 241—249.

75. Adrian, R.H. and Bryant, S.H., On the repetitive dis-
charge in myotonic muscle fibres, J. Physiol., 1974,
vol. 240, no. 2, pp. 505—515.  doi 10.1113/jphysiol.1974.
sp010620

76. Moxley, I.R., Channelopathies, Curr. Treat. Options
Neurol., 2000, vol. 2, no. 1, pp. 31—47.

77. Meola, G. and Sansone, V., Therapy in myotonic dis-
orders and in muscle channelopathies, Neurol Sci.,
2000, vol. 21, no. 5, suppl., pp. S953—S961.

78. Jackson, C.E., Barohn, R.J., and Ptacek, L.J.,
Paramyotonia congenita: abnormal short exercise test,
and improvement after mexiletine therapy, Muscle
Nerve, 1994, vol. 17, no. 7, pp. 763—768.  doi
10.1002/mus.880170710

79. Kwieciński, H., Ryniewicz, B., and Ostrzycki, A.,
Treatment of myotonia with antiarrhythmic drugs, Acta
Neurol. Scand., 1992, vol. 86, no. 4, pp. 371—375.

80. Takahashi, M.P. and Cannon, S.C., Mexiletine block
of disease-associated mutations in S6 segments of the
human skeletal muscle Na(+) channel, J. Physiol.,
2001, vol. 537, no. 3, pp. 701—714.

81. Rosenfeld, J., Sloan-Brown, K., and George, A.L., Jr.,
A novel muscle sodium channel mutation causes pain-
ful congenital myotonia, Ann. Neurol., 1997, vol. 42,
no. 5, pp. 811—814.  doi 10.1002/ana.410420520

82. Wang, Q., Shen, J., Splawski, I., et al., SCN5A muta-
tions associated with an inherited cardiac arrhythmia,
long QT syndrome, Cell, 1995, vol. 80, no. 5, pp. 805—
811.

83. Schott, J.J., Alshinawi, C., Kyndt, F., et al., Cardiac
conduction defects associate with mutations in
SCN5A, Nat. Genet., 1999, vol. 23, no. 1, pp. 20—21.
doi 10.1038/12618

84. McNair, W.P., Ku, L., Taylor, M.R., et al., SCN5A
mutation associated with dilated cardiomyopathy, con-
duction disorder, and arrhythmia, Circulation, 2004,
vol. 110, no. 15, pp. 2163—2167.  doi 10.1161/01.CIR.
0000144458.58660.BB

85. Makita, N., Horie, M., Nakamura, T., et al., Drug-
induced long-QT syndrome associated with a subclini-

cal SCN5A mutation, Circulation, 2002, vol. 106,
no. 10, pp. 1269—1274.

86. Schwartz, P.J., Priori, S.G., Dumaine, R., et al., A
molecular link between the sudden infant death syn-
drome and the long-QT syndrome, N. Engl. J. Med.,
2000, vol. 343, no. 4, pp. 262—267.  doi 10.1056/
NEJM200007273430405

87. Splawski, I., Timothy, K.W., Tateyama, M., et al.,
Variant of SCN5A sodium channel implicated in risk of
cardiac arrhythmia, Science, 2002, vol. 297, no. 5585,
pp. 1333—1336.  doi 10.1126/science.1073569

88. Vincent, G.M., The molecular genetics of the long QT
syndrome: genes causing fainting and sudden death,
Annu. Rev. Med., 1998, vol. 49, pp. 263—274.  doi
10.1146/annurev.med.49.1.263

89. Wang, Q., Curran, M.E., Splawski, I., et al., Positional
cloning of a novel potassium channel gene: KVLQT1
mutations cause cardiac arrhythmias, Nat. Genet.,
1996, vol. 12, no. 1, pp. 17—23.  doi 10.1038/ng0196-17

90. Schwartz, P.J., Priori, S.G., Spazzolini, C., et al., Gen-
otype—phenotype correlation in the long-QT syn-
drome: gene-specific triggers for life-threatening
arrhythmias, Circulation, 2001, vol. 103, no. 1, pp. 89—
95.

91. Chen, Q., Kirsch, G.E., Zhang, D., et al., Genetic
basis and molecular mechanism for idiopathic ventric-
ular fibrillation, Nature, 1998, vol. 392, no. 6673,
pp. 293—286.  doi 10.1038/32675

92. Vatta, M., Dumaine, R., Varghese, G., et al., Genetic
and biophysical basis of sudden unexplained nocturnal
death syndrome (SUNDS), a disease allelic to Brugada
syndrome, Hum. Mol. Genet., 2002, vol. 11, no. 3,
pp. 337—345.

93. Brugada, J. and Brugada, P., Further characterization
of the syndrome of right bundle branch block, ST seg-
ment elevation, and sudden cardiac death, J. Cardio-
vasc. Electrophysiol., 1997, vol. 8, no. 3, pp. 325—331.

94. Sangwatanaroj, S., Yanatasneejit, P., Sunsaneewitay-
akul, B., and Sitthisook, S., Linkage analyses and
SCN5A mutations screening in five sudden unex-
plained death syndrome (Lai-tai) families, J. Med.
Assoc. Thai., 2002, vol. 85, suppl. 1, pp. S54—S61.

95. Benson, D.W., Wang, D.W., Dyment, M., et al., Con-
genital sick sinus syndrome caused by recessive muta-
tions in the cardiac sodium channel gene (SCN5A), J.
Clin. Invest., 2003, vol. 112, no. 7, pp. 1019—1028.  doi
10.1172/JCI18062

96. Makita, N., Sasaki, K., Groenewegen, W.A., et al.,
Congenital atrial standstill associated with coinheri-
tance of a novel SCN5A mutation and connexin 40
polymorphisms, Heart Rhythm, 2005, vol. 2, no. 10,
pp. 1128—1134.  doi 10.1016/j.hrthm.2005.06.032

97. Devor, M., Sodium channels and mechanisms of neu-
ropathic pain, J. Pain, 2006, vol. 7, no. 1, suppl. 1,
pp. S3—S12.  doi 10.1016/j.jpain.2005.09.006

98. Schuelert, N. and McDougall, J.J., Involvement of
Nav1.8 sodium ion channels in the transduction of
mechanical pain in a rodent model of osteoarthritis,
Arthritis Res. Ther., 2012, vol. 14, no. 1, p. R5.  doi
10.1186/ar3553

Translated by D. Novikova


