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ABSTRACT

Voltage-gated sodium channels (VGSCs) are the basic ion channels for neuronal excitability, which
are crucial for the resting potential and the generation and propagation of action potentials in
neurons. To date, at least nine distinct sodium channel isoforms have been detected in the nervous
system. Recent studies have identified that voltage-gated sodium channels not only play an
essential role in the normal electrophysiological activities of neurons but also have a close
relationship with neurological diseases. In this study, the latest research findings regarding the
structure, type, distribution, and function of VGSCs in the nervous system and their relationship to
neurological diseases, such as epilepsy, neuropathic pain, brain tumors, neural trauma, and multiple

sclerosis, are reviewed in detail.

Introduction

The voltage-gated Na™ channel (VGSC) is a type of
microporous transmembrane protein that is widely
distributed on the membranes of excitable cells such
as neurons, and it is mainly responsible for the trans-
membrane transport of Na™. The VGSC is the most
important ion channel required for neuronal cells to
generate excitability and execute normal physiological
functions.!™ Structurally, the VGSC consists of a
highly glycosylated pore-forming o subunit (240-
260 kDa), which can function independently together
with 1-4 auxiliary B subunits (30.4-45 kDa).>® To
date, 10 VGSC subtypes have been successfully identi-
fied in mammals. They were named Navl.1-Nav1.9
and NavX according to differences in the o« sub-
unit.*>”®* The coding gene, structure, electrophysio-
logical function, tetrodotoxin (TTX) resistance, and
tissue distribution of different VGSC subtypes are rel-
atively specific. Currently, except for the Navl.4 Na™
channel, the expression of the other nine subtypes of
VGSCs can be detected in the nervous system,” " but
their specific expression patterns, electrophysiological
characteristics and relationship with nervous system
diseases are distinct from each other. In this study,
based on the latest research findings and the results
from our group, we reviewed the structure, type,
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distribution, and function of VGSCs in the nervous
system and their relationship to nervous system dis-
eases such as epilepsy, pain, brain tumors, neural
trauma, and multiple sclerosis.

Structure, type, distribution, and function of the
VGSC « subunit in the nervous system

Structure of the VGSC « subunit

The « subunit is the core subunit of the VGSC, with a
molecular weight as large as 240-260 kDa.*>”” 1t is
composed of the following three parts: four highly
homologous transmembrane domains (DI-IV, with
amino acid homology >75%); three intracellular loops
(2 long loops, L1 and L2, and 1 short loop, L3); and
the N-terminus and C-terminus (NT and CT)'*'?
(Fig. 1). Each transmembrane domain contains six
hydrophobic a-helical transmembrane segments (S1-
S6). Transmembrane segment S4 contains 5-6 posi-
tively charged arginine residues, which are extremely
sensitive to changes in the membrane potential.
Therefore, segment $4 is called the “voltage sensor” of
the VGSC and is supposed to be closely related to the
activation of the VGSC. The fragment between trans-
membrane segments S5 and S6 contains the short
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Figure 1. Schematic representation and modulation sites of the
voltage-gated sodium channel (modified according to'?). The
predicted membrane topology of the a-subunit of voltage-gated
sodium channels is illustrated together with two B subunits.
DI~Dy indicate the four homologous domains of the a-subunit.
Segments 5 and 6 are the pore-lining segments, and the S4
helices serve as the voltage sensor. The isoleucine-phenylalanine-
methionine (IFM) residues are key amino acids for fast inactiva-
tion gating. Schematic representation of five proteins that have
been reported to interact with voltage-gated sodium channels.

fragments SS1 and SS2, which serve as a “re-entrant”
across the cell membrane (i.e., the P domain). The
intracellular loop L3 between the transmembrane
domains DIII and DIV has three hydrophobic amino
acid residues (isoleucine (I), phenylalanine (F), and
methionine (M)). This region is referred to as the IFM
structure, which is involved in the rapid inactivation
of the VGSC by facilitating intracellular signaling.*"?
The CT and NT of the o subunit mainly regulate the
function of the VGSC. For example, the CT is not
only involved in the regulation of the VGSC inactiva-
tion process but also contains many domains with
interactions between proteins and intracellular regula-
tors such as the calmodulin (CaM)-binding IQ motif
(11908-R1918),"* Nedd4-like ubiquitin protein-bind-
ing PY motif (P1974-Y1977),"> PDZ-binding PY
motif, and FHF1B-binding 1773-1832 motif.'® The
above proteins or intracellular regulators participate
in the regulation of the electrophysiological activity of
VGSCs through interactions with the CT.

Until now, the three-dimensional or crystal struc-
tures of voltage-gated sodium channels in the human
nervous system have remained unknown. However,
the crystal structures of a voltage-gated sodium chan-
nel from bacteria (Arcobacter butzleri or marine
alphaproteobacterium HIMBI114) have been reported
by two independent research groups.'”'* These
authors showed the basic structure of sodium chan-
nels (inactivated states) at A-level resolution and ana-
lyzed its biophysical properties.'”” " In those studies,
the authors determined how one segment of the volt-
age-gated sodium channel interacted with other
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molecular structures.'”” These studies are prominent
notable landmarks in the research field of voltage-
gated sodium channels, providing new insights into
the molecular basis of the voltage-sensing, ion con-
ductance, and voltage-gated dependence of sodium
channels at the atomic level. Furthermore, for clinical
investigations, these studies investigating inactivated-
state structures of voltage-gated sodium channels pro-
vide novel avenues of drug development and therapy
for a range of debilitating Nav channelopathies. Very
recently, Shen H et al.*® reported the cryogenic elec-
tron microscopy structure of a putative Nav channel
from American cockroach (designated NavPaS) at a
resolution of 3.8 A. The results of their study demon-
strated that the voltage-sensing domains (VSDs) of
the four repeats exhibit distinct conformations, and
the entrance to the asymmetric selectivity filter vesti-
bule is guarded by heavily glycosylated and disulfide
bond-stabilized extracellular loops.*® Their results also
indicated that a conserved amino-terminal domain is
placed below VSDy, and a carboxy-terminal domain is
bound to the III-TV linker on the cytoplasmic side.*
The significance of this study is that the structure of
Na,PaS established an important foundation for
understanding the function of Na, channels as well as
disease-related mechanisms.

Types of VGSC « subunits

To date, at least nine distinct sodium channel iso-
forms (Navl.1-Navl.3, Navl.5 to Navl.9, and
NavX) have been detected in the nervous system.>’"
12122 According to their sensitivity to tetrodotoxin
(TTX), the specific inhibitor of sodium channels,
these voltage-gated sodium channels are classified as
TTX-sensitive (Navl.l, Navl.2, Navl.3, Navl.4,
Navl.6, and Navl.7 channels) and TTX-resistant or
insensitive types (Navl.5, Nav1.8, and Nav1.9 chan-
nels). The pharmacological properties of the NavX
Na* channel remain unclear. Different types of Na™
channels have different coding genes, and their gene
localization on human chromosomes is different
(the specific coding genes and chromosome loca-
tions are described in detail by Goldin AL. et al.).’
In addition, the Na* channels of each subtype may
have various isoforms due to the selective splicing
of their coding genes or different modifications dur-
ing the transcription process. Alternative splicing of
the sodium channel gene is known to alter the
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pharmacological sensitivities, kinetics, and channel
distribution under physiological or pathological
conditions. This phenomenon of gene expression
and regulation is present in all sodium channels.
For example, the inactivation kinetics of Navl.l
channels containing the alternate exon 5N are more
sensitive to intracellular fluoride ions and to chang-
ing temperature than channels containing exon 5A,
although only three amino acids differ between
exons 5A and 5N.* Moreover, Navl.l channels
containing exon 5N exhibit a more rapid recovery
from inactivation at physiological temperatures.*’
Similar results were also obtained for Navl.5Na*
channels. To date, nine distinct sodium channel iso-
forms of Navl.5 have been discovered due to alter-
native splicing of the SCN5A gene, including
Navl.5a-f and Navl.5 E28B-D, and four of these
isoforms can generate different functional var-
iants.**** Therefore, not only does the voltage-gated
Na™ channel itself have many subtypes, but its sub-
types may also be divided into various isoforms. It
is believed that the specific isoforms, distinct distri-
bution and function of different subtypes of voltage-
gated Na® channels will be clarified with more
extensive and detailed studies.

Distribution and function of the VGSC « subunit
in the nervous system

The nervous system consists of the central nervous
system (CNS) and peripheral nervous system (PNS).
The distributions of the above 9 VGSC « subunits in
the CNS and PNS are different. In general, the Navl.1,
Navl.2, Navl.3, Navl.5, and Navl.6 Na™ channels are
more widely distributed in the CNS, while the Nav1.7,
Navl.8, and Nav1.9 Na* channels are mainly distrib-
uted in the PNS (especially in the spinal nerve sys-
tem).” 21222539 Normal VGSCs have three main
features: (1) voltage-dependent activation; (2) rapid
inactivation; and (3) Na™ selectivity.>>”® The a sub-
unit is the dominant subunit of VGSCs and is respon-
sible for normal electrophysiological function. It is
also the main factor that determines the normal physi-
ological activities of VGSCs, such as voltage-gating
activity, ion-selectivity, and tetrodotoxin resistance.
The o subunit itself can independently play a role, but
only when it is co-expressed with the B subunits
will the electrophysiological characteristics of an intact

Na® channel be exhibited.®>' The specific

electrophysiological and pharmacological characteris-
tics of different o subunits are different, and different
subtypes of the same « subunit also have different
electrophysiological characteristics.

VGSC « subunits in the CNS
The distribution and function of the VGSC « subunit
(from the mRNA to the protein level) in the CNS has
been studied for decades (Table 1). Initially, those
studies were performed based mostly on animal
experiments. In the 1980s, Noda et al.*** elucidated
the primary structure of the electrophorus sodium
channel by cloning and sequencing the DNA comple-
mentary to its messenger RNA and isolating comple-
mentary DNA clones derived from two distinct rat
brain mRNAs encoding sodium channel large poly-
peptides. Auld et al.** cloned a full-length rat brain
Na™ channel alpha subunit cDNA and analyzed its
functional properties by transcribing the ¢cDNA in
vitro and injecting it into Xenopus oocytes to synthe-
size functional Na* channels. Westenbroek et al.’
first analyzed the differential localization of the
sodium channel subtypes Navl.l and Navl.2 in rat
brain neurons by immunocytochemical methods. The
results of that study indicated that Navl.1 is expressed
in cell bodies and axon initial segments, while Nav1.2
is expressed in axons and dendrites.”> Gong B et al.*
further investigated the differences in Navl.l and
Navl.2 sodium channel expression in rat brain and
showed that although the expression of these two Na
(4+) channel alpha subunits in heterologous systems
yielded currents with very similar electrophysiological
and pharmacological properties, their distinct spatial
and temporal patterning, as well as their association
with auxiliary subunits in brain, suggested that they
performed distinct, nonoverlapping functions in situ.
Subsequently, in 1992, Ahmed et al.”’ isolated and
cloned a complete amino acid sequence of the o sub-
unit of a human brain sodium channel from a cDNA

Table 1. Distribution of voltage-gated sodium channel « subu-
nits in neurons of CNS.

Nav Cell Proximal Proximal  Distal Nodes of
isoforms body process AlS AlS Ranvier
Nav1.1 + + + +
Nav1.2 +

Nav1.3 + +

Nav1.5 + +

Nav1.6 + + + +

Note. AlS: axon initial segment. + : Major distribution of voltage-gated
sodium channel « subunits in neurons of CNS.



library derived from human cerebral cortex. Since
then, based on the foundational studies in this field,
scholars have begun examining the cloning, distribu-
tion, and functional analysis of sodium channels in
the human nervous system.’® In 2000, Whitaker
et al.”’ systematically investigated the specific distribu-
tion of four brain sodium channel subtypes in selected
human CNS regions by a comparative immunohisto-
chemical method. Their results showed that the
Navl.l, Navl.3, and Navl.6 Na® channels were
mainly distributed in the neuronal cell bodies and
proximal processes, while the Navl.2 Na* channel
was mainly distributed in the neuronal axons and
nerve fiber bundles.”” Whitaker et al. also systemati-
cally analyzed the specific expression of the above four
types of VGSC « subunits in the cerebral cortex (mid-
dle frontal gyrus (MFG), middle temporal gyrus
(MTG), sensory and motor cortex (SMC), and visual
cortex (VC)), deep brain nuclei (globus pallidus (Gp),
putamen (Put), substantia nigra, and thalamic nuclei
(Tha)), hippocampal structures (hippocampus (Hip),
CA3, CA2, and dentate gyrus (DG)), insular cortex,
and cerebellum (Purkinje cell body).”” The results
demonstrated that the Navl.1, Navl.2, Navl.3, and
Navl.6 Na™ channels were expressed in all the above
tissues but that the expression levels differed.

The following studies further confirmed the subcel-
lular distribution and function of these four brain
sodium subtypes in neurons, indicating that Navl.1
and Navl.3 are predominantly localized to the neuro-
nal soma and proximal dendrites, where neuronal
excitability is controlled through the integration of
synaptic impulses to establish the threshold for action
potential initiation and propagation to the dendritic
and axonal compartments.'® Using affinity-purified
isoform-specific antibodies, Caldwell JH et al.*® found
that Na(v)1.6 is highly concentrated at the nodes of
Ranvier of both sensory and motor axons in the
peripheral nervous system and at the nodes in the cen-
tral nervous system. The following study further con-
firmed that Navl.6 is prominently expressed at axon
initial segments, where action potentials are initiated,
and at the nodes of Ranvier, the gaps in the myelin
sheaths of myelinated axons, where it propagates
action potentials.'” Kaplan MR et al.*>*' showed that
Nav1.2, but not Navl.6, is clustered in developing cen-
tral nervous system nodes and that clustering of
Navl.2 and Navl.6
Their studies also indicated that oligodendrocyte-

is differentially controlled.
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conditioned medium is sufficient to induce clustering
of the Nav1.2 alpha subunit along central nervous sys-
tem axons in vitro and that this clustering is regulated
by electrical activity and requires an intact actin cyto-
skeleton and synthesis of a non-sodium channel pro-
tein.*>*! Their results revealed that the sequential
clustering of Navl.2 and Nav1.6 channels is differen-
tially controlled and suggested that myelination indu-
ces Navl.6 clustering.*' Gasser A et al.** further
confirmed that an ankyrin G-binding motif is neces-
sary and sufficient for targeting Nav1.6 sodium chan-
nels to axon initial segments and nodes of Ranvier. In
addition to Navl.6, localization of the Nav1.8 sodium
channel isoform at nodes of Ranvier in normal human
radicular tooth pulp was also identified.*’ In the fol-
lowing studies, Van Wart A et al.** used quantitative
and real-time PCR to determine whether the develop-
mental appearance of Na,1.6 channels is accompanied
by an increase in the steady-state level of Na,1.6
mRNA in the retina. They further demonstrated that
Na,1.6 levels did not change between postnatal day 2
(P2) and P10, but there was an approximately 3-fold
increase in Na,1.6 transcript levels between P10 and
P19**. The results indicated a developmental switch
from sodium channel isoform Navl.2 to isoform
Navl.6 at initial segments and nodes of Ranvier in rat
retinal ganglion cells during the second and third
postnatal weeks. The above findings indicated that the
Navl.l, Navl.3, and Navl.6 Na* channels may be
closely related to the generation of neuronal action
potentials, while the Nav1.2 Na* channel may play an
important role in transmission of these action poten-
tials. It is well known that the distal end of the axon
initial segment (AIS) is the site for action potential ini-
tiation in cortical pyramidal neurons. However, it is
not clear which VGSC subtype plays a key role in the
generation of action potentials. A study exploring the
subcellular distribution of Navl.1 in the nervous sys-
tem indicated that Navl.l is expressed in nodes of
Ranvier throughout the mouse spinal cord and in
many brain regions.*” The authors identified three
populations of nodes expressing Navl.1l, Navl.6, or
both. They also observed Navl.1 expression in a prox-
imal AIS subcompartment in spinal cord neurons,
including 80% of motor neurons, and in multiple
brain areas, suggesting that Navl.1 is involved in the
control of action potential generation and propaga-
tion*. Subsequently, Hu W, et al.*® found that low-
threshold Na(v)1.6 and high-threshold Na(v)1.2



538 J. WANG ET AL.

channels preferentially accumulate at the distal and
proximal AIS, respectively, and have distinct functions
in action potential initiation and back-propagation.
Patch-clamp recordings from the cut end of pyramidal
neuron axons in the rat prefrontal cortex revealed a
high density of Na(+4) currents and a progressive
reduction in the half-activation voltage (up to 14 mV)
with increasing distance from the soma at the AIS.*®
Their further modeling studies and simultaneous
somatic and axonal recordings showed that distal Na
(v)1.6 promotes action potential initiation, whereas
proximal Na(v)1.2 promotes its back-propagation to
the soma.* Recently, Lorincz et al.*” revealed the pres-
ence of the Navl.6 channel subunit in proximal and
distal dendrites of hippocampal CA1 cortical pyrami-
dal cells by using a highly sensitive electron micro-
scopic technique.  The
demonstrated a lower subunit density by a factor of 35

immunogold results
to 80 than that found in axon initial segments. In
addition, a gradual decrease in Navl.6 density was
also detected along the proximodistal axis of the den-
dritic tree without any labeling of the dendritic
spines.*” These results revealed the characteristic sub-
cellular distributions of VGSCs in neurons, which
serve different functions in action potential initiation
and back-propagation.

The Navl.5 Na* channel o subunit, the so-called
cardiac sodium channel, is also widely expressed in
the CNS. The Navl.5 Na™ channel is a tetrodotoxin-
resistant (TTX-R) Na*t channel. It was first success-
fully cloned in myocardium and has been considered
to be a myocardial tissue-specific Na* channel.”'***~
2648 However, the results of previous studies and our
preliminary research have shown that Navl.5 Na*
channel mRNA and protein are also expressed in neu-
rons of the human brain, and this TTX-R Na™ current
was also detected.'"***>*>** In 2005, the function of
the Navl.5 Na* channel @ subunit was analyzed in
the human neuroblastoma cell line NB-1.”" The results
demonstrated that the Nav1.5 Na* channel in NB-1 is
a novel Navl.5 Na™ channel subtype that differs from
that of myocardial tissue and has different electro-
physiological characteristics from those of the myo-
cardial Nav1l.5 Na* channel.”’ This result confirmed
the functional expression of Navl.5 channels in neural
precursor cells. Recently, another study demonstrated
that Nav1.5 sodium channel window currents contrib-
uted to spontaneous firing in olfactory sensory neu-
rons.”* It is well known that olfactory sensory neurons

(OSNs) fire spontaneously as well as in response to
odor, and both forms of firing are physiologically
important. The study revealed that whole cell patch-
clamp recordings from OSNs demonstrated both
tetrodotoxin-sensitive and tetrodotoxin-resistant com-
ponents of the Na(+) current.”®> However, RT-PCR
showed that only one tetrodotoxin-resistant mRNA,
the so-called cardiac subtype Navl.5, was expressed in
olfactory tissue.”> Additionally, the immunohisto-
chemical analysis indicated that Navl.5 is present in
the apical knob of OSN dendrites but not in the axon.
Further studies using the patch-clamp recording
method indicated that Navl.5 channels are required
for spontaneous activity despite resting inactivation.>*
In summary, this is the first study to confirm that
Navl.5 channels are not only expressed in olfactory
neurons but also play a key role in the generation of
action potentials. These results indicate the signifi-
cance of Navl.5 in odor sensitivities and may provide
novel insights into the treatment of olfactory
disorders.

Our previous studies have indicated that Navl.5
mRNAs are expressed in the cortical neurons of human
or rat brain tissues.”>”>">° Recently, we systematically
investigated the expression of various Navl.5 splice var-
iants and their associated electrophysiological properties
in rat brain tissue via biochemical analyses and whole-
cell patch-clamp recording methods.”” The results dem-
onstrated that several Navl.5 splice variants are
expressed in the rat brain at different expression ratios.
Electrophysiological analysis of Navl.5 in rat brain sli-
ces revealed that the TTX-resistant Na current is acti-
vated at —40 mV and reaches a maximum amplitude
at 0 Mv.”” This study with electrophysiological analysis
further confirmed the functional expression of Navl.5
in brain neurons. Thus, the significance of specific
Navl.5 channel variants in the CNS and their relation-
ship with the normal and abnormal electrophysiological
activities of neurons warrants further investigation.

VGSC « subunits in the PNS (especially the spinal
nerves)

With the exception of the Navl.4 Na™ channel,
expression of the other 9 types of VGSC « subunits
was detected in the PNS (especially the spinal nerve
system), but the expression levels varied between the
different types of Na* channel & subunits. The expres-
sion levels of the Nav1.7-Nav1.9 Na* channels were
relatively high, while the expression levels of the



Navl.1-Navl.3, Navl.6, and NavX Na™* channels were
lower. The Navl.5 Na™ channel was also expressed
and considered to be the main Na™ channel to gener-
ate the third TTX-R current.”?®?°%-% In the PNS,
VGSCs in the dorsal root ganglion (DRG) neurons of
the spinal nerve have been studied most extensively.
DRG neurons can be classified into several subtypes
according to different classification criteria, such as
myelinated A-fiber neurons and unmyelinated C-fiber
neurons. The N527 (negative)-labeled C-fiber neurons
can be divided into two subtypes: peptidergic neurons
and nonpeptidergic neurons, such as TrkA™ (positive)
neurons (peptidergic) and IB4" neurons (nonpepti-
dergic).”®*®* Studies have found that the expression
levels of different types of VGSCs in different subtypes
of DRG neurons are different (Table 2). The expres-
sion of the Navl.1 and Nav1.6 Na™ channels are lim-
ited to A-fiber neurons, especially TrkC™ neurons,
and these channels are highly expressed in the axon
origin of spinal cord neurons and near the nodes of
Ranvier.”>® These results suggest that these Na*
channels are expressed in proprioceptive neurons and
that the expression levels of Nav1.7-Nav1.9 Na* chan-
nels in C-fiber neurons are higher than those in A-
fiber neurons, whereas NavX Na™ can be expressed in
both neurons, exhibiting basically the same expression
level. According to another set of classification criteria,
the mRNAs of the Nav1.7-Nav1.9 Na* channels, but
not those of the Navl.1 and Nav1.6 Na™ channels, are
highly expressed in N527/TrkA® DRG neurons. The
expression levels of the Nav1.7 and Nav1.8 Na™ chan-
nels in N52*/TrkA* DRG neurons are similar to
those in N52~ DRG neurons, but the expression level
of the Nav1.9 Na™ channel is low. The mRNA expres-
sion levels of the Navl.1 and Nav1.6 Na* channels in

Table 2. Distribution of voltage-gated sodium channel « subu-
nits in DRG neurons.

Nav isoforms N52-/TrkA+ N52-/TrkA— N52+/TrkA+ N52+/TrkA— B4+

Nav1.1 Rare Minor ++ ++ +
Nav1.6 Rare Rare ++ ++ +
Nav1.7 ++ ++ ++ +

Nav1.8 ++ ++ ++ ++
Nav1.9 ++ ++ + Rare ++

Note. ++Higher expression of sodium channels in DRG neurons of PNS (posi-
tive cells: more than 60%). + : High expression of sodium channels in DRG
neurons of PNS (positive cells: more than 30% but less than 60%). A
detailed expression pattern of voltage-gated sodium « subunits in different
DRG neuronal populations is described by Fukuoka T et al (reference 28).
Note to mention, voltage-gated sodium channels Nav1.2, Nav1.3 and
Nav1.5 are also expressed in DRG neurons, however, their expressions are
not detected by this classification.
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N52%/TrkA™ DRG neurons are high, with no expres-
sion of the Navl.8 and Navl.9 Na* channels. The
expression levels of the Nav1.8 and Nav1.9 Na* chan-
nels in the IB4+ neurons are high, while the expres-
sion levels of the Nav1.1 and Nav1.6 Na™ channels are
low. Additionally, neurons that do not express the
Navl.7 Na* channel are mostly N52%/TrkA™ neu-
rons.”**° To summarize, VGSC « subunits are widely
distributed in the neurons of the PNS, which may be
closely related to certain diseases such as neuropathic
pain.

Structure, type, distribution, and function of the
VGSC § subunits in the nervous system

Structure of the VGSC S subunits

In the VGSC structure, B subunits have been consid-
ered auxiliary subunits of the & subunit™ 2%
and mainly consist of three parts: an independent
transmembrane domain; a small intracellular C-termi-
nus; and a large extracellular N-terminus.®!

The crystal structure of B subunits has been investi-
gated for several years. For example, Gilchrist et al.**
explored the crystal structure of the extracellular g4
domain and identified (58)Cys as an exposed residue
that eliminates the influence of 84 on toxin pharma-
cology. Their results also suggested the presence of a
docking site that is maintained by a cysteine bridge
buried within the hydrophobic core of 4. Further-
more, Namadurai et al.”® reported the crystal structure
of the human A3 subunit immunoglobulin (Ig)
domain and found that the 3 subunit Ig assembles as
a trimer in the crystal asymmetric unit. The results
also indicate a more complex picture of the Nav «o/f
subunit interaction. Recently, Yan Z et al.*® presented
the cryo-EM structure of EeNa,1.4, the Na, channel
from electric eel, in complex with the $1 subunit at
4.0 A resolution. The study results indicated that the
immunoglobulin domain of 1 docks onto the extra-
cellular L5; and L6y loops of EeNa,1.4 via extensive
polar interactions, and the single transmembrane helix
interacts with the third voltage-sensing domain
(VSDy).®° The authors also performed a structural
comparison with closed Na,PaS, and the results
showed that the outward transfer of gating charges is
coupled to the iris-like pore domain dilation through
intricate force transmissions involving multiple chan-
nel segments.66 To summarize, the above studies pro-
vide new insights into the structure and function of
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the B subunits as well as some pathological Nav chan-
nel mutations.

Types of VGSC § subunits

There are four subtypes of 8 subunits, 8-, (30.4-45
kDa), of which the B, subunit has two variants, 8,4
and B;p. The coding genes are SCN1B-SCN4B. Subu-
nits B, B1a, and B; have similar amino acid sequences,
in which the 8, and B; subunits have an amino acid
identity of 45%. In the case of S, normal splicing of
the exon 3/intron 3 boundary does not occur, leading
to in-frame retention of intron 3 and generation of an
alternate C-terminal sequence that does not include a
transmembrane domain.*” Thus, B3 is called a devel-
opmentally regulated secreted protein, and its amino
acid identities with B, and B;x are 17% and 33%,
respectively. These subunits are linked to the « subunit
by non-covalent bonds. The amino acid identity of the
B, and B, subunits is approximately 35%, but they are
linked to the o subunit by covalent bonds (disulfide
bonds).*"***7' In vivo, the « subunit is generally
associated with two $ subunits to form a large hetero-
multimeric complex, of which one is linked by a non-
covalent bond (B8; or B3), and the other subunit is
linked by a covalent bond (8, or By). 1037273

Distribution of VGSC j subunits

The four known types of 8 subunits are widely distrib-
uted in the CNS and PNS, in which the 8, subunit is
widely distributed in large or medium (>30 um) DRG
neurons, while they are distributed to a reduced degree
in smaller neurons (<25 pm).”*"*? The B, subunit is
widely distributed in CNS and PNS neurons, including
the cerebral cortex, cerebellum, hippocampus, brain-
stem, spinal cord, and DRG neurons. The $; subunit is
highly expressed in small (<25 um) and medium (25-
45 pm) neurons, with a reduced distribution in large
(>45 pm) neurons. The B, subunit is highly expressed

Table 3. Distribution of voltage-gated sodium channel § subu-
nits in neurons.

Navp isoforms Distribution in neurons

B1 mainly in large or medium (>30 x«m) DRG neurons, less in
smaller neurons (<25 um)

B2 widely distributed in CNS and PNS neurons, including
cerebral and DRG neurons

B3 mainly in small (<25 pm) and medium (25-45 um)
neurons, less in large (>45 pm) neurons

p4 mainly in large neurons, less in medium and small neurons

in the PNS, especially in DRG neurons. At the cellular
level, the B, subunit is mainly expressed in large neu-
rons, with relatively lower expression in medium and

small neurons (Table 3).36176368-71

Function of VGSC $ subunits

Although g subunits are the auxiliary subunits of the «
subunit, their co-expression with the « subunit is con-
sidered to be very important in the regulation of the «
subunit and even the function of that Na* channel.
Their specific roles include the following: (1) regulat-
ing the gated kinetics of the whole Na™ channel; (2)
regulating the voltage-dependence of the Na* chan-
nels; (3) regulating the expression of the Na™* channel
on the surface of the cell membrane; and (4) playing a
similar role as adhesion molecules, which interact
with cytoskeleton proteins, extracellular motifs, and
other cytokines, thus regulating cell migration and
aggregation.”®>"°*> The adhesive functions of 8 sub-
units are critical for brain development and thus excit-
ability, including the processes of neurite outgrowth,
axon pathfinding, and fasciculation, and they are pos-
tulated to play similar roles in the heart and peripheral
nerves.”” In summary, a growing body of studies has
identified the importance of B subunit proteins not
only in normal physiology but also in numerous path-
ophysiologies, including channelopathies.

The B subunits are localized to a number of impor-
tant subcellular compartments, enabling them to
engage in specific functions. In the brain and periph-
eral nerves, 8 subunits are clustered in the AIS and
nodes of Ranvier, where VGSC « subunits are prefer-
entially accumulated.®” At the AIS and nodes, a C-ter-
minal association with the adaptor protein ankyrin G
is postulated to anchor B subunits to the cytoskeletal
protein By spectrin.®””* At the nodes of Ranvier, 8
subunits can associate with « subunits tightly clus-
tered within the nodal gap and thus positioned for
channel modulation during rapid saltatory conduc-
tion.®”””> B subunits also modulate the function of the
o subunit, with effects including alterations in persis-
tent and resurgent sodium currents, peak sodium cur-
rent density, and voltage-dependence activation and
inactivation. For instance, previous studies have found
that the co-expression of the 8, subunit and Navl.7
and Nav1.8 in Xenopus oocytes can enhance the Na™
current and cause a hyperpolarized shift of the Na™

channel during the process of steady-state



inactivation. Furthermore, the 8, subunit could specif-
ically enhance the expression of the Nav1.8 Na™ chan-
nel without affecting the expression of the Navl.7
Na™ channel.*® Recent studies on mammalians indi-
cated that the co-expression of the S1 subunit with
Navl.8 could increase the Na*t current by 2-fold, and
a hyperpolarization shift was detected regardless of
the activation or inactivation of the Na™ channel.®® In
DRG neurons, knocking down the A1 subunit can
reduce the current of Na +, slightly changing the
amplitude of the current curve and the gating charac-
teristics of the Na™ channel. In vivo, mice with
SCNI1B gene silencing show many neurological disor-
ders, including hyper-excitability of DRG neurons,
epilepsy and ataxia, among others.®"* The expression
of the 1, subunit is highest in the embryonic period,
and it begins to decrease after birth. Co-expression of
P14 with Nav1.2 in Chinese hamster eggs was found
to increase the Na™ current by 2.5 times and to gener-
ate a slight hyperpolarization shift, although this shift
did not affect its steady-state inactivation potential or
channel kinetics. Furthermore, the B1, subunit also
increased the expression level of Navl.2Na™* channels
on the cell membrane, similar to its parental S1
subunit.*"”°

The regulatory role of the B, subunit is more appar-
ent when it is co-expressed with the « subunit of sen-
sory neuron Na' channels. Its co-expression with
Navl.8 in Xenopus oocytes can cause a relatively
moderate depolarizing shift (4 mV) during the inacti-
vation of the Nav1.8 Na™ channel, while the activation
process, current dynamics, and Na* current peak are
unaffected. Moreover, when the B2 subunit was co-
expressed with Navl.3, Navl.6, Navl.7, little to no
change was detected in the voltage-dependence, chan-
nel dynamics and current intensities of these sodium
channels.®"**® The above in vitro studies have shown
that the 82 subunit has a minor effect on the overall
function of the Na™ channel. However, in contrast,
the amplitude of the Na™ current and the expression
level of mRNA and protein all decreased in mice car-
rying the B2 subunit knockout' indicating that
expression of the B2 subunit in neurons can enhance
the amplitude of the Na* current and channel dynam-
ics, among others. The specific reasons for the incon-
sistency of in vitro and in vivo experiments are
unclear. Additionally, studies have found that after the
SCN2B gene was knocked out, the expression level of
TTX-S Na™ More

decreased in DRG neurons.
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importantly, the mechanical pain caused by peripheral
nerve injury in mice with SCN2B gene silencing was
decreased.®’ The above findings suggest that the S,
subunit may play an important role in the generation
of neuropathic pain.

The B; subunit is widely expressed in the neurons
of the CNS and PNS, but it is not expressed in glial
cells or in most non-neuronal cells. The 83 subunit as
well as the Nav1.8 and Navl.9 of TTX-R are widely
expressed in peripheral nerve receptors, suggesting
that the 85 subunit may play an important role in the
generation of neuropathic pain. When the peripheral
nerve is injured by chronic compression or avulsion,
the mRNA expression level of the 85 subunit in C-
fiber neuronal receptors and DRG neurons was
increased.’"*>*®* The B3 subunit may also play an
important role in regulating the entire function of
Na™ channels. Early studies have found that the cur-
rent intensity of Navl.8Na™ was increased when the
B3 subunit was co-expressed with Nav1.8 in Xenopus
oocytes. However, follow-up studies showed that
when B3 subunits were co-expressed with Nav1.8 in
mammalian cells, the Nav1.8Na™ current peak could
be reduced by 31%, but there was no effect on its acti-
vation or steady inactivation.’”*® The above results
indicate that the 83 subunit and Nav1.8 co-expression
may affect the -electrophysiological function of
Nav1.8Na™ channels, but this hypothesis requires fur-
ther confirmation in subsequent studies. As men-
tioned above, Namadurai et al.*> detected full-length
B3 subunit trimers on the plasma membrane of trans-
fected HEK293 cells by using a fluorescence photoacti-
vated localization microscopy method. They further
showed that B3 subunits can bind to more than one
site on the Navl1.5 o subunit and induce the formation
of o subunit oligomers, including trimers.”> Their
results suggest a novel and unexpected role for the 43
subunits in Nav channel cross-linking and provide
new structural insights into some pathological sodium
channel mutations.

The B, subunit is a newly discovered auxiliary sub-
unit, the function of which has recently been systemat-
ically studied. This subunit is widely expressed in the
nervous system, and its expression level in DRG neu-
rons of the PNS is higher than that in the brain and
spinal cord. The S, subunit regulates the function of
the entire Na* channel by containing many positively
charged lysines and hydrophobic residues at the ter-
minus. Recent studies have shown that the 8, subunit
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plays a specific role in the generation of resurgent cur-
rents in Na™ channels, as the co-expression of Nav1.6
and the B, subunit can generate a resurgent cur-
rent’°"’% resurgent currents are the electrophysio-
logical basis for the occurrence of pain and
neurological disorders such as epilepsy, suggesting
that the $, subunit may play an important role in the
occurrence and development of certain diseases in the
nervous system.

In conclusion, the four types of S-subunits are
widely expressed in the nervous system, particularly in
the peripheral nervous system. They play a role in reg-
ulating the voltage-dependence, gated properties of
sodium channels by co-expression with the o subunit
and thus affect the normal electrophysiological activi-
ties of neurons.

VGSCs and neurological diseases

The activity of voltage-gated sodium channels has
long been linked to neurological disorders of neuronal
excitability, such as epilepsy and pain. Therefore, these
types of diseases are also known as “channelopathies”.
In addition to epilepsy and pain, mutations in or dys-
functions of « subunits or B-subunits both can lead to
other neurological diseases. In the following section,
the relationship between o subunits of voltage-gated
sodium channel and these neurological diseases are
mainly discussed (B-subunits related channelopathies
are described in detail by O’Malley et al.*”).

VGSCs and epilepsy

VGSCs are the most important initiating ion channels
for neurons to generate action potentials and are
involved primarily in the formation of the rising phase
of the action potential.*® They also play an important
role in the normal and abnormal electrophysiological
activities of neurons. Epilepsy is a brain dysfunction
syndrome caused by excessive synchronization of
brain neuron discharge. Since mutations in the genes
encoding many types of ion channels have been found
to be the main etiology causing abnormal neuronal
discharge and leading to epilepsy, epilepsy is also con-
sidered an ion channel disease (channelopathy).ﬁ’82
The relationship between VGSCs and epilepsy, espe-
cially the relationship between the gene encoding the
o subunit of the Na™ channels and primary epilepsy,
has long been a popular topic in the field of epilepsy
research. A variety of epilepsy syndromes are caused

by mutations of the gene encoding the VGSC « sub-
unit or B subunits.*** Currently, the most commonly
used clinical antiepileptic drugs are essentially Na™
channel inhibitors, further indicating that VGSCs are
closely related to epilepsy.

To date, the mutation of the SCN1A gene encoding
the Navl.l1 Na* channel & subunit has been demon-
strated to be the etiology of many primary epilep-
sies.®> %% In addition, mutations of the Navl1.2,
Navl.3, Navl.5, and Navl.6 Na™ channel « subunit
coding genes SCN2A, SCN3A, SCN5A, and SCN8A
may also be related to some types of epilepsy. Among
them, the relationship between mutations of the gene
encoding the Navl.1 Na* channel o subunit and epi-
lepsy has been extensively studied.*>*>™® It is now
known that Dravet syndrome (SMEI, severe myo-
clonic epilepsy in infancy), GEFS (+) (generalized epi-
lepsy with febrile seizures, plus), and FS (familial
febrile seizure) can be caused by mutations of the
SCN1A gene encoding the VGSC Navl1.1 Na* channel
a subunit.**"¥?°** There are up to one hundred
known gene mutation sites, as described by Catterall
WA. et al..** Currently, the specific mechanism of epi-
lepsy caused by SCN1A gene mutation is not yet fully
understood, but it is thought to be closely related to
the impaired generation of the action potential and
current in GABA-ergic inhibitory neuronal Na™ chan-
nels.*>®! Catterall WA et al.*> summarized the rela-
tionship between SCN1A gene mutation and epilepsy
severity. Studies have also found that a missense muta-
tion of the SCN2A gene encoding the Navl.2 Na*
channel & subunit could also trigger GEFS (+),*® and
the results of an animal study showed that the Navl.2/
SCN2A gene mutation (SCN2ACALS79-88QQQ) 4y ()54
transgenic mice could inhibit the inactivation of
VGSCs, causing the progressive epilepsy associated
with hippocampal sclerosis. This study also found that
the epilepsy of these Q54 transgenic mice was very
similar to the temporal lobe epilepsy observed in
humans,®® which is important for future studies of
human epilepsy and for the establishment of corre-
sponding animal models.”**%%>%*

The expression level of the Nav1.3 Na™ channel is
relatively high in embryonic brain tissue. With
increasing age, the expression level decreases, showing
a low expression level in adult brain tissue. However,
studies have found that this protein may play a role in
the pathogenesis of epilepsy.””™®” The results of animal
studies showed that the expression levels of Navl.1,



Navl.3, and the B, subunit in hippocampal neurons of
mice with spontaneous epilepsy were significantly
higher than those in the control group,” indicating
that the Nav1.3 Na* channel may also play an impor-
tant role in the pathophysiology of the abnormal neu-
ronal discharge and thus be closely related to the
occurrence and development of epilepsy. However,
the exact relationship between Navl.3 and human
epilepsy is still further

investigation..

unknown and merits

The expression level of the Nav1.5 Na™ channel in
the brain is similar to that of the Nav1.3 Na™ channel,
which is also high in the embryonic period and low in
the adult brain tissue of both humans and mice. Previ-
ous studies have shown that the Navl.5 Na™ channel
is widely distributed in the limbic system of the brains
of both humans and mice, such as in the structure of
the hippocampus.***>**33375¢ Ag the limbic system
is a predilection site of epilepsy, previous studies have
speculated that the Navl.5 Na® channel may be
closely related to the occurrence and development of
epilepsy. Until recently, the above speculation was
only preliminarily confirmed. A study experimentally
examined the brain tissue of a patient who died of
sudden unexpected death in epilepsy (SUDEP) and
found a missense mutation (R523C in exon 12) in the
SCN5A gene encoding the Nav1.5 Na™ channel « sub-
unit in human brain tissue.”® Although the changes in
electrophysiological function due to the mutation are
not yet clear, this is the first time that a mutation in
the Navl.5 Na* channel & subunit in the human brain
tissue from a patient with epilepsy has been reported
in the literature. Subsequently, another study identi-
fied, for the first time, a family showing an association
between Brugada syndrome and epilepsy with a
known mutation in the SCN5A gene (p.W1095X,
¢.3284G>A).”” The authors suggested that this muta-
tion could be responsible for cardiac and brain
involvement and confirmed the possibility that
SCN5A mutations might confer susceptibility to
recurrent seizure activity, supporting the emerging
concept of a genetically determined cardiocerebral
channelopathy.” Although these observations indi-
cate that SCN5A mutations may play a role in the
pathogenesis of epilepsy, this role might not be a
major one due to the low expression level of these pro-
teins in human brain neurons.

The sodium channel Na,l.6, encoded by the
SCN8A gene, is one of the major voltage-gated

CHANNELS (&) 543

channels in brain neurons and plays an important role
in regulating the initiation and propagation of action
potentials in the nervous system.** Loss of Na,l1.6
activity results in reduced neuronal excitability, while
gain-of-function mutations can increase neuronal
excitability.'” Previous studies have demonstrated
that de novo mutations of human SCN8A detected by
exome sequencing reveal a role for Na,1.6 in epi-
lepsy.'® Future studies should provide insight into the
specific mechanisms of Na,l1.6 pathogenesis in
epilepsy.

In addition to mutations of the genes encoding the
VGSC « subunit that is known to trigger epilepsy,
mutations of the genes encoding the 8 subunits could
also lead to epilepsy. Studies have found that a muta-
tion in the SCN1B gene encoding the 8, subunit could
induce GEFS+ because the missense mutation of the
Navp1/SCNI1B gene located on chromosome 19q13
changed the Cys at position 121 to Trp, leading to a
change in the normal electrophysiological function of
the VGSC and resulting in the abnormal discharge of
neurons and thus causing epilepsy.'®" It has also been
reported that mutations in sodium channel 8 subunits
can cause Dravet s.yndrome.lo2 In conclusion, studies
examining the relationship between mutation of the
subunit-encoding gene and epilepsy are being
reported (see detailed review by O’Malley et al.””), and
it is believed that more attention will be paid to 8 sub-
units to further understand their functions.

Currently, the specific mechanism of epilepsy
induced by VGSC coding gene mutations is unclear,
but it is closely related to the normal electrophysiolog-
ical characteristics of VGSCs. For example, a delay in
Na™ channel inactivation will generate a persistent
sodium current, which reduces the discharge thresh-
old of a persistent action potential. The rapid recovery
of the Na™ channel from the inactivated state will
result in an increased discharge frequency of the
action potential, and the expression of VGSCs in the
inhibitory neuronal cell membrane is decreased.”®%"
8587 However, the entire process from mutation of the
VGSC-encoding gene to epileptogenesis is particularly
complex, as reflected by not only the changes in the
normal electrophysiological function of neurons but
also the signal transduction between neurons and neu-
rons and between neurons and glial cells at the cellular
level, receptor-ligand regulation and abnormal signal
transduction pathways at the molecular level, and
mutations in the VGSC coding genes as well as



544 J. WANG ET AL.

changes in the genes encoding other related ion chan-
nels and cytokines at the genetic level. Thus, further
studies are still needed to elucidate the specific mecha-
nisms of epileptic seizures.

VGSCs and pain

Pain is an acute or chronic disease caused by a variety
of harmful factors that stimulate the peripheral or cen-
tral nervous system and lead to its structural and func-
tional disorder. Studies have found that VGSCs play
an important role in the generation and conduction of
pain, especially in the generation of peripheral neuro-
pathic pain.'”>"'% The somatic sensory afferent neu-
rons are aggregated in DRG neurons of the peripheral
nerves. A variety of harmful stimuli may cause
changes in the type, quantity, distribution and electro-
physiological activity of the VGSCs in the DRG neu-
rons, resulting in increased excitability of the DRG
neurons and increased discharge frequency or ectopic
discharge, thereby causing pain. The types of VGSC
that are known to be closely related to pain include
the Navl.7, Navl.8, Navl.9, and Navl.3 Na' chan-
nels. Electrophysiological studies have shown that the
occurrence of VGSC-mediated pain is the result of the
total effect of the entire sodium channel, which means
the effect is a combined action of the & subunit and 8
subunits (especially 8; and f;).%%7%10%71%8

The Navl.7 Na* channel is expressed in peripheral
neurons, including DRG sensory neurons, sympa-
thetic ganglion neurons, myenteric neurons, and tri-
geminal ganglion neurons.'” Three known pain
syndromes are caused by mutations in the gene
SCN9A encoding the Nav1.7 Na™ channel & subunit:
inherited erythromelalgia (IEM), paroxysmal extreme
pain disorder (PEPD), and congenital inability to
experience pain (CIP).'”'%'"> The mutation sites
and types of the SCN9A gene encoding the Navl.7
Na" channel o subunit corresponding to these three
pain syndromes have been described by Dib-Hajj SD.
et al..'” Although all three pain syndromes are caused
by mutations of the SCN9A gene, their mechanisms
are different. The pain of IEM caused by SCN9A
mutations occurs because the mutated Navl.7 Na™
channel is more easily activated during hyperpolariza-
tion. In PEPD, the SCN9A mutation causes incom-
plete rapid inactivation of the Nav1.7 Na® channel,
leading to a persistent Na™ current. The CIP is caused
by the functional loss of the mutated Navl.7 Na*
Channe1‘109,lll,ll4,115

The Nav1.8 Na* channel is a sensory neuron-spe-
cific Na* channel that is widely expressed in DRG
neurons and trigeminal ganglion neurons.''® It is
characterized by slow inactivation and mainly involves
the formation of the rising phase of the action poten-
tial in DRG neurons, playing an important role in the
regulation of neuronal excitability. The relationship of
the Navl.8 Na* channel and pain has mainly been
tested in animal experiments. Studies have shown that
the Nav1.8 Na™ channel plays an important role in
peripheral neuropathic pain, such as inflammatory,
neuropathic, and neurofibromatologic pain.'!''*"'*?
Furthermore, the Nav1.8 Na™ channel is closely asso-
ciated with temperature-related pain, such as cold
stimulation, and it is considered to be the most impor-
tant Na™ channel for pain induction at a low tempera-
ture."”” Animal studies have found that animals with
Nav1.8 Na* channel gene silencing are almost insensi-
tive to nociceptive cold stimulation. Additionally, neu-
rons with Navl.8/SCN10A gene silencing could be
passively depolarized only by current stimulation at
10°C. If expression of the Nav1l.8 Na® channel was
not altered in the previously designed low temperature
conditions, then generation of the neuronal action
potential would be normal.'”'"”"'** This result sug-
gests that the Nav1.8 Na™* channel is the most impor-
tant Na' channel for generation of the action
potential in peripheral neurons at a low temperature.
More importantly, the Navl.8 Na® channel-specific
blockers uO-conotoxin, A-803467, and Compound 2
could significantly inhibit or reduce neuropathological
and inflammatory pain in experimental animals.'”
Furthermore, A-803467 could significantly reduce
chronic compression pain in the sciatic nerve at a low
temperature,'*” further demonstrating that the Nav1.8
Na™ channel plays an important role in inflammatory
and neuropathic pain.

The Nav1.9 Na™ channel is mainly expressed in the
primary sensory neurons and enteric neurons of
peripheral nerves. Its activation and inactivation are
slower than those in other types of Na* channels, and
this feature is mainly involved in the regulation of the
neuronal action potential threshold. Recent animal
studies have shown that the Navl.9 Na® channel
mediates neuropathological, inflammatory and vis-
ceral pain.''>"'*"?! For example, after gene knockout
mice (Navl.9 Na* channel « subunit) received a foot
injection of a variety of inflammatory mediators, none
or only mild symptoms of inflammatory pain was



observed. A similar result was obtained for the intra-
peritoneal injection of complete Freund’s adjuvant
(CFA)."'® These findings demonstrate that the Nav1.9
Na® channel plays an important role in the patho-
physiology of pain generation. However, the specific
role of the Nav1.9 Na™ channel in human pain is still
under investigation.

The relationship between the Nav1.3 Na* channel
and pain was found by studying nerve injury. The
Navl.3 Na* channel is mainly expressed at the embry-
onic stage and at a young age, with low expression in
mature DRG neurons; however, when the nerve is
injured, expression of the Navl.3 Na® channel in
DRG neurons is significantly increased.'*>'** Similar
to the Navl.8 Na' channel, the Nav1.3 Na™ channel
has the characteristic of slow deactivation, and the
Navl.3 Na™ channel can produce a ramp current and
short-term persistent current near the resting mem-
brane potential, which allows the Nav1.3 Na™ channel
to generate the action potential at subthreshold stimu-
lation."*> In an animal model of chronic compression
injury of the nerve root, the expression level of the
Navl.3 Na' channel was significantly increased,
accompanied by rapid repolarization of the excitatory
potential, leading to persistent abnormal discharge
and resulting in the manifestation of neuropathic
pain. In contrast, inhibition of Navl.3 Na* channel
expression (such as by glial cell line-derived neurotro-
phic factor, GDNF) or the use of its inhibitors could
reduce the excitability of DRG neurons and reduce the
hyperalgesia phenomenon.'**'** These results suggest
that the Nav1.3 Na* channel plays an important role
in the pathophysiology of pain.

The VGSC B subunits also play an important role
in the pathophysiology of pain, and these subunits are
co-expressed and function with the o subunit of the
Na™ channel. Studies using an animal model of pain
caused by sciatic nerve transection have found that
expression of the f; subunit in the ipsilateral DRG
neurons of the nerve injury was significantly increased
compared to that of the contralateral DRG neurons,
consistent with the up-regulation of Navl.3.'*>'**
This result indicates that the B; subunit may regulate
the excitability of neurons by regulating the function
of the co-expressed Navl.3 and thus mediating the
generation of pain.

Presently, the drugs for clinical treatment of
peripheral neuropathic pain are almost all Na* chan-
nel blockers, such as carbamazepine, the preferred
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drug therapy for trigeminal neuralgia, and the periph-
eral nerve blocker lidocaine. However, since these
drugs can inhibit all types of Na* channels, side effects
are inevitable. Therefore, if the Na* channel responsi-
ble for different types of pain can be clinically identi-
fied, and a blocking drug specific to this type of Na™
channel can be developed, the side effects of these
common Na* channel blockers can be avoided. Such
studies are currently ongoing. For example, McCor-
mack K et al.'** have described two unique structur-
ally related nanomolar potent small molecule Nav
channel inhibitors that exhibit up to 1,000-fold selec-
tivity for human Navl.3/Navl.l (ICA-121431, IC50,
19 nM) or Navl.7 (PF-04856264, IC50, 28 nM) vs.
other TTX-sensitive or resistant (i.e., Nav1l.5) sodium
channels. Alexandrou et al.'*® reported two potent
and selective arylsulfonamide Navl.7 inhibitors (PF-
05198007 and PF-05089771), which they have used to
directly interrogate the role of Navl.7 in nociceptor
physiology. They have demonstrated that Navl.7 is
the predominant functional TTX-sensitive Nav in
mouse and human nociceptors and contributes to the
initiation and the upstroke phase of the nociceptor
action potential.'*® Cao L et al.'*’ reported that five
patients with IEM were treated with a new potent and
selective compound that blocked the Navl.7 sodium
channel, resulting in a decrease in heat-induced pain
in most patients. In summary, since the present stud-
ies provide a potential framework for identifying sub-
type
inhibitors targeting the specific voltage-gated sodium
channels, it would be possible to achieve a real tar-
geted therapy in the future.

selective small molecule sodium channel

VGSCs and glioma

Glioma is the most common primary tumor of the
nervous system, accounting for 40-60% of primary
intracranial tumors.'*® According to their pathological
differences, gliomas can be divided into pilocytic
astrocytoma, diffuse (hypertrophic) astrocytoma, oli-
godendroglioma, and glioblastoma. According to their
level of malignancy, gliomas can be divided into
WHO grades I-IV, of which grade I is benign, while
grades II-IV refer to malignant tumors."*® Previous
studies have found that VGSCs on the cell membrane
of malignant gliomas play an important role in the
cell proliferation and migration of glioma.'* "
Moreover, the types of VGSCs that can be detected in
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glioma cells include Navl.1-Navl.3, Navl.5-Navl.7,
and NavX (Nav2.1) Na* channels."**"**'** Among
them, Navl.1-Navl.3, Navl.6, and NavX (Nav2.1)
Na* channels can be detected in pilocytic astrocyto-
mas (grade I); Navl.1-Navl.3, Navl.5, Navl.6, and
NavX (Nav2.1) Na® channels can detected in diffuse
astrocytomas (hypertrophic, grade II-III); Navl.l-
Navl.3 and Navl.6 Na™ channels can be detected in
oligodendroglioma (grade II-III); and Navl.1-Navl.3
and Navl.5-Nav1.7 Na* channels can be detected in
glioblastoma (grade IV)."*>?%132713% The Navl.1-
Navl.3 and Nav1.6 Na™ channels were detected in all
types of the above gliomas, but the expression type
and expression level of the VGSCs in the gliomas of
different pathological types or different grades are
different.

Analysis of the electrophysiological characteristics
of different types of VGSCs in glioma cells is a prereq-
uisite to elucidate their specific functions. As men-
tioned above, the specific electrophysiological
function of the voltage-gated Nav1.5 Na* channels in
the human neuroblastoma cell line NB-1 were ana-
lyzed in 2005.>" Our subsequent studies showed that
the mRNA and protein expression levels of the Nav1.5
Na™ channel in gliomas of all malignancy grades were
significantly higher than those in normal brain tis-
sue.””> This result is consistent with a previous
study."”® In addition, reduced Navl.5 expression sig-
nificantly suppressed the proliferation and invasive
ability of astrocytoma cells, indicating that Navl.5
might play a role in promoting the growth and metas-
tasis of astrocytoma cells.*® Furthermore, a recent
study also found that patients with SCN5A mutations
in GBM (glioblastoma multiforme, a malignant gli-
oma) had a significantly shorter survival."** This result
further suggests that the voltage-gated Navl.5 Na™
channel may play an important role in the prolifera-
tion and migration of glioma cells.

Very recently, a study analyzed the effects of anti-
epileptic drugs on the growth of glioblastoma cell lines
and found that temozolomide and oxcarbazepine,
supposed Na™ channel blockers, significantly inhib-
ited glioblastoma cell growth and reached ICs, at the
therapeutic concentrations.'*® These results suggested
the possibility of using antiepileptic drugs as a future
treatment method for gliomas. However, since the
antiepileptic drugs are unable to selectively block the
subtypes of sodium channels in glioma tissue, a high
dose of these compounds may also block sodium

channels in other functional tissues, such as the heart,
causing serious side effects. Therefore, future studies
should clarify which subtype of sodium channel plays
a key role in the proliferation and migration of glio-
mas and which type of drug is specific for blocking
this subtype of sodium channel. If all these issues are
clarified, to the best of our knowledge, local treatment
(surgical resection with local anti-sodium channel
drug therapy) of glioma using these compounds
should be a practical therapeutic strategy in the future.

VGSCs and neural injury

The pathophysiological changes and neurochemical
reaction after injury in the brain, spinal cord, and
nerve root depend not only the primary injury but
also the subsequent secondary injury, and these sec-
ondary injuries will result in the loss or apoptosis of
neurons that were not directly injured. The expression
of VGSCs and the electrophysiological activity of neu-
rons after injury were found to be altered, which
would affect the excitability and stability of the whole
cell.'*»1¥771% The study of lateral fluid percussion
injury in rats revealed that the mRNA and protein
expression levels of the Nav1.6 Na™ channel « subunit
in bilateral hippocampal neurons began to increase
2 hours after brain injury, and the expression level
was 7 times that of the control group at approximately
12 hours, which was still significantly higher than that
of the control group at 72 hours.">” These results sug-
gest that the Nav1.6 Na* channel may be involved in
the secondary reaction after nerve injury.

Cerebral ischemia-reperfusion injury is similar to
traumatic brain injury. A study found that in the cere-
bral hemisphere of the injured side of rats with reperfu-
sion 2 hours after arterial embolization, the expression
levels of the Navl.1-Nav1.3 and Nav1l.7 Na* channels
were significantly down-regulated, indicating that
VGSCs may play an important role in cerebral ische-
mia-reperfusion injury."*® Similarly, the expression level
of VGSCs was also altered when the spinal nerve root
was injured, but the changes in Na' channel in differ-
ent injury types varied. Generally, in the injured DRG
neurons, the expression level of the Navl.3 Na™ chan-
nel was up-regulated, while the expression levels of the
Nav1.8 and Nav1.9 Na™ channels showed a significant
downward trend."”*"* The difference is that although
the expression levels of the Navl.1, Navl.6, and Nav1.7
Na™ channels also showed a downward trend, their



decline was reduced.'*® Some studies also showed that
the expression levels of the Navl.8 and Navl.9 Na*
channels were down-regulated in patients with brachial
plexus avulsion injury.'*"'** The reason for the differ-
ent expression patterns of sodium channels between
animal experiments and actual clinical injury is not yet
clear. Additionally, in a model of chronic nerve root
compression injury, although the expression level of
the Navl.8 Na® channel was not decreased, and the
expression level of the Navl.3 Na® channel was not
increased, the total electrophysiological activity of the
Nat channel had been changed. For example, the
action potential of the TTX-S Na* channel shifted to
hyperpolarization, whereas the peak of the slowly inac-
tivated TTX-R current was increased.'*>'** These stud-
ies have shown that VGSCs also play an important role
in the pathophysiology after nerve root injury.

Overall, alterations in VGSC subunit expressions
were detected in multiple traumatic neural injury
models, demonstrating the importance of these pro-
teins in the regulations of normal or abnormal excit-
ability in sensory neurons. Future studies should focus
on the functional alterations of different subtypes of
sodium channels expressed in the neurons of trau-
matic neural injury models and reveal the specific role
played by each subtype of sodium channel in the gen-
eration and propagation of pain.

VGSCs and multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory dis-
ease of the CNS that is mainly characterized by white
matter demyelination, and its pathogenesis remains
unclear.'*> Previous studies have focused less on the
changes in VGSCs in patients with MS lesions and
their possible role in the occurrence and development
of MS."*>"'*” However, a recent study found that the
expression level of Navl.5 was significantly increased
in MS lesions (reactive astrocytes), while the expres-
sion levels of the Navl.l-Navl.3 and Navl.6 Na™
channels exhibited only slight changes compared to
astrocytes in normal white matter.">> The results of
this study indicated that VGSCs may play a role in the
functional response of reactive glial cells in MS lesions,
and the researchers speculated that the increased
expression level of the voltage-gated Navl.5 Na™
channel is a compensatory mechanism. This compen-
satory mechanism may play an important role in the
maintenance of intracellular and extracellular ion
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homeostasis for Na*-K*-ATPase.'* This is the first
study to report changes of the voltage-gated Navl.5
Na* channel in MS, thus providing an experimental
basis for further clarification of the pathophysiology
of MS.

Similar to MS, the pathological changes of experi-
mental autoimmune encephalomyelitis (EAE) are very
complex, including inflammation, demyelination, and
glial cell reaction."**"*° Studies have found that VGSC
blockers can reduce the expression of microglia and
phagocytes in EAE lesions,*® while several studies have
shown that VGSC blockers can reduce the degree of
injury in cell axons and improve the clinical status of
the patients."**™"** It is worth noting that the drugs fle-
cainide (has a strong inhibitory effect on the voltage-
gated Navl.5 Na™ channel), carbamazepine, and phe-
nytoin showed a protective effect in EAE injury.'**"*°
This protective effect is reflected by the inhibition of
microglial activity, including the reduction in phagocy-
tosis as well as apoptosis and inhibition of the release
of IL-1 and TNF-a preinflammatory mediators,"**"*°
suggesting that VGSCs may play an important role in
the pathophysiology of EAE. Clinical studies of applica-
tions of Na™ channel blockers in patients with MS and
other neurological disorders are currently underway.""
Such studies will elucidate the significance of voltage-
gated Na™ channel blockers in the treatment of MS
and other lesions caused by the glial cell response.

In conclusion, the relationship between sodium
channels and nervous system diseases has been stud-
ied extensively and has been provided many impor-
tant discoveries and developments. Future studies will
enhance our understanding of the structures and func-
tions of sodium channels and their relationship with
human diseases.
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