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Voltage-gated sodium channels are key to the initiation and propagation of action potentials in electrically excitable cells.
Molecular characterization has shown there to be nine functional members of the family, with a high degree of sequence
homology between the channels. This homology translates into similar biophysical and pharmacological properties. Confi-
dence in some of the channels as drug targets has been boosted by the discovery of human mutations in the genes encoding
a number of them, which give rise to clinical conditions commensurate with the changes predicted from the altered channel
biophysics. As a result, they have received much attention for their therapeutic potential. Sodium channels represent
well-precedented drug targets as antidysrhythmics, anticonvulsants and local anaesthetics provide good clinical efficacy, driven
through pharmacology at these channels. However, electrophysiological characterization of clinically useful compounds in
recombinant expression systems shows them to be weak, with poor selectivity between channel types. This has led to the
search for subtype-selective modulators, which offer the promise of treatments with improved clinical efficacy and better
toleration. Despite developments in high-throughput electrophysiology platforms, this has proven very challenging. Structural
biology is beginning to offer us a greater understanding of the three-dimensional structure of voltage-gated ion channels,
bringing with it the opportunity to do real structure-based drug design in the future. This discipline is still in its infancy, but
developments with the expression and purification of prokaryotic sodium channels offer the promise of structure-based drug
design in the not too distant future.
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Introduction

The a-subunit of the mammalian voltage-gated sodium
channel is a 260 kDa protein comprising four homologous
transmembrane domains (DI-DIV), each of which is made up
of six segments (S1-S6) traversing the membrane in the form
of a-helices. The channel pore is formed by the S5 and S6
helices, and the re-entrant P-loop which links these segments
(Catterall et al., 2005). In recombinant systems, the a-subunit
alone is capable of forming a fully functional channel. To
date, nine functional members of the family have been
described (Nav1.1–Nav1.9), each sharing the same predicted
common secondary structure. Table 1 summarizes some key
features of the channel family (this review uses nomenclature
conforming to the BJP’s Guide to Receptors and Channels;

Alexander et al., 2008). The majority of the channels are sen-
sitive to block by low concentrations of tetrodotoxin
(<30 nM), while Nav1.5, 1.8 and 1.9 are only blocked by high
concentrations (>1 mM) of the toxin (Hille, 1992). Genetic
knockout of any of the genes SCN1A, SCN2A and SCN8A
[(which code for the a-subunits of Nav1.1, 1.2 and Nav1.6
and are thought to be the major channels expressed in the
adult central nervous system (CNS)] are lethal, indicating the
essential and non-redundant function of the individual chan-
nels (Catterall et al., 2008). Although all the properties for
gating and ion permeation are encapsulated in the a-subunit,
the pore-forming domain is also associated with a number of
accessory proteins. Four b-subunits have been identified
(b1–4) which are thought to be composed of a single
transmembrane-spanning single a-helix (Tseng et al., 2007).
The C-terminus on the intracellular side is short, while the
extracellular N-terminus is large, and believed to form an
immunoglobin domain, similar in sequence to a family of cell
adhesion molecules (Isom and Catterall, 1996). b1 and b3
subunits bind covalently to the a-subunit via a disulphide
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bridge, whereas b2 and b4 bind much more weakly. For some
channels, the b-subunits play an important role in changing
the biophysical properties of the channel and also the inser-
tion of the a-subunit in the plasma membrane (Tseng et al.,
2007). In addition to the b-subunits, a plethora of cytosolic
proteins combine to anchor the channel to the cell cytoskel-
eton. In this way, there is tight control of sodium channel
expression on both the intra- and extracellular sides of the
channel (for reviews see Lai and Jan, 2006; Cusdin et al., 2008)
and this is likely to be important in creating sites of special
hyperexcitability in cells, for example in the axon initial
segment (Van Wart et al., 2007). Each of the sodium channel
subtypes exhibits its own distinct biophysical properties. A
combination of expression pattern and activation and inacti-
vation characteristics bestow on the host cell, a fine control of
excitability.

Genetic mutations in sodium channel genes give
rise to channelopathies and clinical disease

A number of clinical conditions have been traced back to
mutations in sodium channel genes, which in turn give rise to
alterations in channel function precipitating a clinical phe-
notype. These channelopathies provide tremendous insights
into the normal physiological function of individual chan-
nels. For the drug hunter, these mutations are invaluable in
boosting confidence in rationale for a given target and can
provide an indication of what the clinical pharmacology may
look like for a selective modulator. Conversely, the channelo-
pathies may also highlight the penalty, that is, the potential
side effects, if non-selective agents exhibit pharmacology at
‘off-target’ sodium channels. Mutations in sodium channel
genes giving rise to channelopathies have been identified in
heart, brain, skeletal muscle and also peripheral nerves.
Table 1 indicates the major conditions arising from particular
sodium channel gene mutations, and these are discussed in
more detail below.

Cardiac arrhythmias
Nav1.5 is responsible for the rising phase of the cardiac action
potential, so it is not surprising that mutations in the SCN5A

gene resulting in altered function of the channel have pro-
found effects on cardiac function. To date, more than 160
mutations in SCN5A have been described, leading to range of
cardiac abnormalities and these mutations are spread widely
across the channel with particular clusters around the intra-
cellular loops, C-terminus and S4 transmembrane segment in
DIV (Zimmer and Surber, 2008). Long QT is a condition
resulting from prolonged ventricular repolarization, predis-
posing patients to toursades de pointes which in extreme
cases causes sudden death. Most inherited long QT is caused
by mutations in the potassium channel genes responsible for
cardiac repolarization. However, up to 10% of long QT
patients have mutations in SCN5A arising from more than 80
distinct mutations in the gene (Napolitano et al., 2005). The
majority of these mutations result in impaired ability of the
channels to close, leading to persistent sodium currents and a
prolongation of the ventricular action potential (Zimmer and
Surber, 2008). Brugada syndrome can also result in sudden
death caused by ventricular fibrillation. Approximately 20%
of Brugada patients carry mutations in SCN5A (Schulze-Bahr
et al., 2003). The majority of the mutations are missense
which produce a truncated channel protein. These loss of
function mutations alter the action potential waveform,
causing an imbalance of excitability in regions of the heart,
leading to venticular arrhythmias (Tan et al., 2003). In
patients with compromised cardiac conduction due to
ischaemia, drugs such as encainide or flecainide which target
Nav1.5 are contraindicated, as they have been shown to sig-
nificantly increase mortality due to promotion of lethal
arrhythmias (Echt et al., 1991). In addition, a number of
studies have reported that intentional drug overdose with
amitriptyline (which is a relatively potent modulator of
sodium channels, Dick et al., 2007) induces changes in ECG
waveform and a Brugada-like syndrome (Bolognesi et al.,
1997; Rouleau et al., 2001; Goldgran-Toledano et al., 2002;
Akhtar and Goldschlager, 2006). Clinical genetics and the
pharmacological effects of sodium channel modulators high-
light the cardiac risk associated with drugs which exhibit
off-target effects on Nav1.5. Given the potentially cata-
strophic consequences of inadvertent pharmacology at
Nav1.5, selectivity at this channel must be paramount in the
profile of novel sodium channel modulators.

Table 1 Voltage-gated sodium channel nomenclature, chromosomal location and tissue distribution

Channel
nomenclature

Gene Chromosomal
location (human)

Tetrodotoxin
sensitivity

Major tissue expression Effect of mutation

Nav1.1 SCN1A 2q24 ✓ CNS, PNS Epilepsy
Nav1.2 SCN2A 2q23–24 ✓ CNS, PNS Epilepsy
Nav1.3 SCN3A 2q24 ✓ CNS, PNS None reported
Nav1.4 SCN4A 17q23–25 ✓ Skeletal muscle Myotonia, periodic paralysis
Nav1.5 SCN5A 3p21 ✕ Heart Long QT, Brugada syndrome, progressive familial

heart block
Nav1.6 SCN8A 12q13 ✓ CNS, PNS Cerebellar atrophy
Nav1.7 SCN9A 2q24 ✓ PNS (SNS and PAs) Increased and decreased pain sensitivity
Nav1.8 SCN10A 3p21–24 ✕ PNS (PAs) None reported
Nav1.9 SCN11A 3p21–24 ✕ PNS (PAs) None reported
Nax SCN6/7A 2q21–23 Non-functional Glia –

CNS, central nervous system; PAs, primary afferent neurones; PNS, peripheral nervous system; SNS, sensory nervous system.
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Primary periodic paralysis
Periodic paralyses are a collection of heterogeneous disorders
resulting in sudden onset of flaccid paralysis which is epi-
sodic, and from which the patients make a full recovery.
Primary periodic paralysis is an autosomal dominant condi-
tion occurring from a genetic defect in either sodium, calcium
or potassium ion channels. The disease is classified as either
hyper- or hypokalaemic dependent on circulating potassium
concentrations and whether the condition improves or trig-
gers the muscle weakness. Approximately 20% of hypo- and
50% of hyperkalaemic periodic paralyses are caused by muta-
tions in the SCN4A gene which encodes for the Nav1.4
channel (Venance et al., 2006). The clinical symptomatology
results from abnormal biophysical properties of the channel.
The majority of the SCN4A missense mutations occur in the
regions of the channel associated with fast inactivation,
which results in an impairment of the channels ability to
move into a non-conducting state. This leads to the Nav1.4
channels passing more current, resulting in either myotonia
due to the initiation of pathologic bursts of action potentials
or a flaccid paralysis resulting from depolarizing block,
rendering the fibres inexcitable (Cannon, 2000).

Epilepsy
SCN1A is the gene which encodes for the Nav1.1 channel. To
date, more than 200 mutations have been identified in the
Nav1.1 channel leading to a number of inherited epilepsies
(Ragsdale, 2008). The mutations result in either gain or loss of
function and a spectrum of disease severities (Mulley et al.,
2005). An additional population of patients have epilepsy
driven by a mutation in the SCN1B gene which is responsible
for the b1 subunit. This results in a modification to the extra-
cellular domain of the b-subunit, impairing the interaction
with the a-subunit and reducing the level of channel expres-
sion in the membrane (Wallace et al., 1998). A much smaller
number of mutations have been found in SCN2A (coding for
Nav1.2). The clinical symptoms are less marked and the con-
vulsions usually do not continue into adulthood. The condi-
tion is associated with a decrease in the magnitude of whole-
cell currents resulting from a decrease in channel density in
the membrane (Misra et al., 2008). Therefore, both gain and
loss of function mutations in SCN1A and SCN2A (Lossin et al.,
2003; Ragsdale, 2008) can give rise to epilepsy, and in fact
severe myoclonic epilepsy in infancy (SMEI) which is a very
severe form of the disease, is caused by loss of function of the
Nav1.1 channel (Fujiwara et al., 2003). This apparent paradox
hints at the level of complexity governing brain excitability.
Mice with homozygous null or heterozygous mutations in
SCN1A exhibited spontaneous epileptic seizures and upon
examination were found to have reduced (~75%) sodium
current density in hippocampal GABAergic interneurons (Yu
et al., 2006). The inference being that loss of inhibitory tone
could provoke SMEI in carriers of mutant SCN1A. The situa-
tion is yet more complex because pyramidal neurones also
express Nav1.1 yet their sodium currents appear to be unaf-
fected by Nav1.1 ablation (Yu et al., 2006). A possible expla-
nation could lie in the observation that Nav1.1 is found at the
axon initial segment of parvalbumin-positive (presumed
GABAergic) neurones of the developing neocortex, while the

channel is more localized to somata and axons in hippocam-
pal neurones and at much lower levels in the pyramidal cells
(Ogiwara et al., 2007). Epilepsy can be viewed as a disorder of
network excitability (Ragsdale, 2008). At the single cell level,
aberrations in sodium channel density in localized regions of
the neurone can produce abnormal (either increased or
decreased) patterns of firing, resulting from the complex
interaction of sodium channels at the single neurone level.
Many of these changes are likely to occur during embryologi-
cal development, with some neurones being able to compen-
sate for sodium channel loss with the increased expression of
another family member (Yu et al., 2006), while other cells
may not have the capacity to bring about this change. The net
effect is dependent on the cellular location of expression,
whether the neurone is inhibitory or excitatory and how this
activity is shunted onto neurones within the network.

Thankfully, despite epilepsy being a common condition,
most sufferers are well controlled with anticonvulsant drugs.
However, up to 30% of patients do not respond to the drugs
currently available (Hemming et al., 2008). Thus, a greater
understanding of the cellular pathology underpinning epi-
lepsy, together with more effective pharmacological agents to
treat the condition, is needed. It seems feasible that subtype
selective modulators of sodium channels could provide useful
therapeutic entities in this regard, but we always need to be
mindful of the complex interplay of brain sodium channels.
Are the current crop of anticonvulsants which target sodium
channels reasonably well tolerated because of a lack of selec-
tivity, and will targeting a single subtype unmask unwanted
side-effects?

Familial hemiplegic migraine
Recently, mutations in SCN1A have also been linked to famil-
ial hemiplegic migraine (Castro et al., 2009). Individuals car-
rying an L263V mutation in the Nav1.1 channel suffered from
migraine and also epileptic attacks, at times independent of
each other. The mutation occurs in the S5 domain of DI, an
area important for ion selectivity and gating of the channel
(Zhao et al., 2004). No functional data were presented
although other missense mutations in the S5 segment result
in a range of epileptic phenotypes (Meisler and Kearney,
2005). These findings support the notion that familial
hemiplegic migraine and epilepsy share at least in part, a
common pathological link.

Ataxia
The Nav1.6 channel has been linked to cerebellar atrophy,
behavioural deficits and ataxia. In a single case, mutations in
the SCN8A gene resulted in complete loss of Nav1.6 function
(Trudeau et al., 2006), implicating the involvement of the
channel in cognitive and behavioural processing. The muta-
tion inserts a translation termination codon into the pore
loop of domain IV, deleting the C-terminal cytoplasmic
domain with loss of channel function. The ataxia3 mouse
exhibits severe movement disorders, ataxia and tremor which
in part, resembles the human phenotype. The mice carry a
single amino acid substitution (S21P) located on the
N-terminal cytoplasmic domain of Nav1.6 which results in
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reduced intracellular trafficking of the channel and a decrease
in channel density at Nodes of Ranvier (Sharkey et al., 2009).

Pain
A number of preclinical studies have implicated Nav1.3, 1.7,
1.8 and 1.9 which are expressed in DRG neurones, in nocice-
ptive processing (for review see Dib-Hajj et al., 2009). In
rodents, Nav1.3 is expressed in fetal development, but expres-
sion is lost within a few days after birth (Waxman et al., 1994).
Following peripheral nerve damage expression of the channel
re-emerges in DRGs and given the biophysical properties of
the channel, it has been suggested that this channel may be a
significant contributor to ectopic activity (Dib-Hajj et al.,
1999). However, mice which are null mutants for Nav1.3
exhibit normal responsiveness to neuropathic challenge
(Nassar et al., 2006). Either antisense or genetic ablation of 1.8
or 1.9 in rodents produces deficits in nociceptive processing
in response to either inflammatory or neuropathic challenge
(Akopian et al., 1999; Lai et al., 2000; Priest et al., 2005).
However, the picture is confusing with interventions being
effective in some models but not others. Plasticity in channel
expression is likely to contribute to this as a number of studies
using traditional global knockout approaches have demon-
strated clear up-regulation of Nav channels, presumably to
compensate for the loss of another (Akopian et al., 1999; Yu
et al., 2006; Vega et al., 2008). The value of global knockout
approaches to investigate sodium channel function and trans-
lation to man is also questionable in light of the findings with
Nav1.7. SCN9A encodes Nav1.7 and global gene deletion in
mice results in pups which die shortly after birth (Nassar et al.,
2004). However, nociceptor-specific Nav1.7 knockout mice
are viable and show deficits in response to inflammatory
(Nassar et al., 2004) but not neuropathic insult (Nassar et al.,
2005). This contrasts markedly with recent findings from
clinical genetic analyses of patients who exhibit rare and
unusual pain phenotypes. These individuals have provided an
invaluable insight into the role of Nav1.7 in sensory process-
ing. Congenital indifference to pain (CIP) is a rare autosomal
recessive disorder characterized by the inability to recognize a
painful stimulus (Nagasako et al., 2003). In the past, individu-
als who suffered from indifference to pain would often earn a
living performing feats of amazing pain tolerance to paying
audiences (e.g. Dearborn, 1932). CIP individuals have normal
autonomic and central function but are unable to perceive or
interpret the quality or intensity of a painful challenge. Some
patients also report anosmia (loss of the sense of smell, Losa
et al., 1989; Hirsch et al., 1995), although the reasons for this
are unclear. Tactile sensitivity in these individuals is retained
to the extent that patients with CIP can distinguish between
the sharp and blunt ends of a pin (Ford and Wilkins, 1938).
Some cases of CIP are caused by a hereditary sensory auto-
nomic neuropathy, of which a number have been identified,
leading to defects in C- and A-d primary afferent fibres
(Nagasako et al., 2003). Retrospective genotyping of some
families with CIP has led to the identification of mutations in
the SCN9A gene (Cox et al., 2006; Goldberg et al., 2007).
These mutations lead to non-sense or frameshift mutations of
the Nav1.7 channel and a complete loss of function. Obser-
vations such as these indicate that the Nav1.7 channel has a

pivotal role in pain processing in man, in the transduction
and/or the conduction events in the nociceptors.

Gain of function mutations associated with the SCN9A
gene have also been identified in patients suffering from
a heightened sense of pain. Erythermalgia is a rare but
extremely painful disorder, characterized by a very severe
burning sensation usually in the legs, and coupled with pro-
found erythema in the affected area (Babb et al., 1964; Drenth
and Michiels, 1992; Drenth et al., 2008). Electrophysiological
investigation of erythermalgia mutants in recombinant
expression systems indicate that, in comparison to wild-type
whole-cell currents, the activation threshold for the mutant
channels is shifted in the hyperpolarizing direction. Some of
the mutants also give rise to an increase in the magnitude of
sodium currents (Cummins et al., 2004; Cheng et al., 2008).

Paroxysmal extreme pain disorder (PEPD) is another condi-
tion linked to mutations in SCN9A. The disease is a rare
autosomal-dominant disorder with a diffuse, but extreme
pain reported from the rectal, ocular and mandibular areas
(Fertleman et al., 2007). In addition to the pain, patients
present with syncopes, bradycardia and asystole leading some
to suggest that the condition can be regarded as a type of
‘reflex epilepsy’ (Schubert and Cracco, 1992). PEPD mutant
Nav1.7 channels have characteristic electrophysiological sig-
natures when expressed recombinantly. Following a depolar-
izing step, wild-type Nav1.7 channels activate and inactivate
in less than 5 ms. In comparison, PEPD mutant channels
either inactivate over hundreds of ms, or either fail to inacti-
vate at all. They may also have more negative activation
thresholds (Fertleman et al., 2006; Jarecki et al., 2008).

Collectively, the mutations give rise to dramatic changes in
the biophysical properties of the channel. At one extreme, the
mutations can render the channels completely non-
functional and unable to pass current. While at the other end
of the spectrum, point mutations produce significant changes
in the activation threshold and rate of inactivation of the
channels. The cellular changes are consistent with either the
inability to sense pain at all, or an exaggerated and extremely
unpleasant sensation of pain. It is very unusual to have
extremes of clinical pain phenotype which are so well
explained at the molecular level. It is therefore understand-
able why the Nav1.7 channel has generated so much interest
as an analgesic target. However, there are a number of unan-
swered questions. Why the clinical symptoms of erythermal-
gia and PEPD are different, given that in both conditions gain
of function mutations in Nav1.7 underpin the hyperexcitabil-
ity. Many CIP patients report anosmia (Losa et al., 1989;
Hirsch et al., 1995), but the cellular and anatomical basis of
this has yet to be determined. Most cases of erythermalgia are
reported in early life, but some mutations seem to result in
symptoms emerging in later life (Han et al., 2009). It is not
clear why this should be or what the trigger factors are for
emergence of the disease in affected individuals. However, we
are beginning to gain a better understanding of how the
biophysical changes that occur in the mutations can affect
neuronal excitability and how this relates to symptoms (Dib-
Hajj et al., 2009; Han et al., 2009).

Despite the excellent confidence in rationale for Nav1.7
and a number of other sodium channel subtypes, it has
proven to be extremely challenging to identify compounds
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which target some channels in the family while sparing
others. The architecture of the channel, the high degree of
conservation of sequence in key parts of the a-subunit and
homology between voltage-gated channels in general have all
contributed to very few isoform-selective compounds moving
into clinical development. The reasons are discussed below.

Sodium channel pharmacology

Voltage-gated sodium channels represent a well-precedented
drug target class as local anaesthetics (LAs; e.g. lidocaine), the
classical anticonvulsants (lamotrigine, carbamazepine,
phenytoin) and antidysrhythmics (mexiletine, flecainide)
exhibit their pharmacology through modulation of these
channels. Compounds such as these are very effective in treat-
ing clinical hyperexcitability states driven through the aber-
rant activity of sodium channels, in conditions such as
epilepsy and neuropathic pain, or to produce complete nerve
block in the case of the LAs. These drugs were discovered
using empirical means, often in isolated tissue preparations
which were designed to model some component of the clini-
cal condition being targeted. Therefore in the past, drugs were
discovered due to pharmacological activity in, for example,
isolated heart or brain slice preparations, and this was very
successful in identifying drugs to treat arrhythmias or
epilepsy (Borchard et al., 1982; Piredda et al., 1986).

The definitive characterization of the molecular target as
the voltage-gated sodium channel often occurred much later,
with drugs like procaine and cocaine being used for many
years (e.g. Harris and Goldberg, 1931) before the underlying
pharmacology became apparent. The discovery of these drugs
also pre-dates by a very considerable time, the cloning and
expression of the individual channel subtypes, which came
many years later (Noda et al., 1986). When the clinically
useful sodium channel modulators were eventually profiled in
recombinant systems using electrophysiological methods,
they were, in general, shown to be weak and poorly selective
between channel subtypes. Although empiricism led to the
drugs of yesterday, today the bar is now considerably higher
as we seek to identify subtype-selective drugs with the
improved efficacy and reduced side-effect profile that the
patient demands.

In toxins, nature has provided some potent modulators of
sodium channels, which has given rise to their classification
as either resistant (Nav1.5, 1.8 and 1.9) or sensitive (at nano-

molar potency; Nav1.1, 1.2, 1.3, 1.4, 1.7) to block by the
pufferfish toxin, tetrodotoxin (TTX). The mechanism of block
exhibited by TTX and that of drug molecules is completely
different. Drug molecules usually have molecular weights of
less than 500, often significantly so. This is because the
chemical space in which drug-like molecules can be found is
limited due to properties such as solubility, permeability and
pharmacokinetics becoming problematic when molecular
weight exceeds 500 (Lipinski et al., 1997). Drugs like lamot-
rigine and lidocaine (which have molecular weights of ~256
and 350 respectively) are able to penetrate deep into the
channel either via passage through the hydrophilic pore or
through the hydrophobic cell membrane, and bind to a
common binding site on the inner face (Hille, 1977). This site
is believed to be shared and overlapping for the sodium
channel modulating anticonvulsants, the antidysrhythmics
(of Class 1b; lidocaine and 1c; flecainide, encainide) and LAs
(Fozzard et al., 2005). This common binding domain for small
molecules has become known as the ‘local anaesthetic’
binding site. Historically, displacement of radiolabelled batra-
chotoxin (BTX) binding was used as the mainstay for the
identification of novel sodium channel modulators. The BTX
binding site overlaps that for the LAs and other small mol-
ecule modulators (Willow and Catterall, 1982; Postma and
Catterall, 1984; Nau and Wang, 2004). Site-directed mutagen-
esis has further refined this binding site and demonstrated the
key residues which form part of the ligand binding domain
(Ragsdale et al., 1994; 1996). Figure 1 provides the sequence
alignments in the region around the LA binding site for rat
Nav1.2. Isoleucine, phenylalanine and tyrosine residues at
positions 1760, 1764 and 1771 respectively are conserved
across all channels. These residues have been identified as key
determinates of state-dependent binding of LAs (Ragsdale
et al., 1994; 1996).

A number of excellent reviews are available which discuss
the various molecular models for LA binding to the channel
and how these compounds alter channel gating (Fozzard
et al., 2005; Lipkind and Fozzard, 2005). Beyond this region,
sequence identity is very similar even into the flanking sites
beyond the trans-membrane domain and including some of
the loop region. The architecture of the channel dictates its
pharmacology and although compounds which can access
the LA binding site may well exhibit pharmacology, the
sequence identity in the region means that pharmacological
selectivity between channel subtypes is likely to be very chal-
lenging if compounds bind to this region. Nonetheless, it is

Nav1.1 VKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSEDDFEMFYEV
Nav1.2 VKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSEDDFEMFYEV
Nav1.3 VKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSEDDFEMFYEV
Nav1.4 VKGDCGNPSIGICFFCSYIIISFLIVVNMYIAIILENFNVATEESSEPLGEDDFEMFYET
Nav1.5 SRGDCGSPAVGILFFTTYIIISFLIVVNMYIAIILENFSVATEESTEPLSEDDFDMFYEI
Nav1.6 FKGDCGNPSVGIFFFVSYIIISFLIVVNMYIAIILENFSVATEESADPLSEDDFETFYEI
Nav1.7 VEGDCGNPSVGIFYFVSYIIISFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMFYEV
Nav1.8 TRGDCGSPAVGIIFFTTYIIISFLIMVNMYIAVILENFNVATEESTEPLSEDDFDMFYET
Nav1.9 SSENCHLPGIATSYFVSYIIISFLIVVNMYIAVILENFNTATEESEDPLGEDDFDIFYEV

Figure 1 Multiple sequence alignment of human voltage-gated sodium channel a-subunits at the region of the local anaesthetic binding site.
Blue text denotes the putative transmembrane a-helix; red identifies the key residues for local anaesthetic binding (Ragsdale et al., 1994; 1996).
Note the identical sequence in this region and the high degree of homology extending beyond the transmembrane domain into the flanking
loop sequences.
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hoped that molecular modelling of the LA site will offer an
insight into channel pharmacology at the molecular level,
eventually offering the possibility of designing drugs which
target some isoforms and channel states while sparing others.
Given that the BTX and LA sites are overlapping, BTX binding
is probably not a good method for identifying compounds
which will target some sodium channels and spare others. A
recent study has produced some interesting data that may
conflict with this view. Using a mutagenesis approach, the
Nav1.8-selective modulator A-803467 was shown to bind to a
different site than that occupied by the LA tetracaine (Browne
et al., 2009). There was some overlap between the sites recog-
nized by the two compounds, but this could suggest that
isoform selectivity can be achieved at sites close to that for LA
binding. A possible explanation for this could be the short-
comings in the two-dimensional view of the channel which
cannot take into account the potential influence of amino
acids in adjacent domains, which could affect the structure of
an otherwise highly conserved region. The LA site seems
crucial for small molecule pharmacology, but time will tell
whether this is a fruitful site to target to enable isoform
selectivity.

TTX is sufficiently large to produce true channel block by
occlusion of the pore. TTX has a guanidinium group which
fits well with a relatively superficial binding site at the extra-
cellular end of the pore (for review, see Narahashi, 2008). The
remainder of the molecule in its entirety is too large to pen-
etrate deeper into the channel, but is large enough to reach
down to the selectivity filter and prevent sodium flux. Early
molecular models provided a useful explanation for TTX and
saxitoxin binding to the sodium channel and also an under-
standing at the molecular level, for toxin selectivity. TTX
forms a hydrophobic interaction with aromatic rings of phe-
nylalanine or tyrosine in TTX-sensitive channels such as
Nav1.2 or 1.4, but is unable to do so with the cysteine residue
in Nav1.5 (Lipkind and Fozzard, 1994). This provides an
explanation for the TTX-resistance of the Nav1.5 channel.
TTX bound to a channel does not inhibit the ability of the
channels to gate, which under block, operates normally in
response to depolarization (Keynes and Rojas, 1974).
However, there is some evidence from binding studies that
when the TTX site is occupied by the toxin, there is decreased
affinity of BTX for its binding site deeper in the channel
(Brown, 1986). The reason for this phenomenon is unclear.

A combination of site-directed mutagenesis, binding and
electrophysiological approaches has identified at least six dis-
tinct binding domains, in addition to the TTX and LA binding
sites, in or around the pore region of the a-subunit. The
majority of these sites have been identified using peptide and
non-peptide toxin molecules and alkaloids as pharmacologi-
cal probes, coupled with electrophysiology to characterize
their pharmacology (Nicholson, 2007). Table 2 lists some of
the toxins, their putative binding domains and also pharma-
cological action. Figure 2 identifies these binding domains in
a 3D model of a sodium channel.

Pharmacological selectivity by TTX has defined the TTX-
sensitive and resistant members of the family. Despite a con-
certed effort to screen toxins and venoms from a number of
animal species, few fractions have been identified which show
significant selectivity between isoforms. However, a number

of toxins exhibit preference for some channels over others
(Table 3). It seems likely that for many of these molecules,
their size may well preclude access to sites crucial for selectiv-
ity. In some instances, they do provide useful tools for
probing channel structure and function. Given the limita-
tions of toxins as drug molecules, small molecules probably
offer the best chance of achieving subtype selectivity.

Biophysical modulation, state/use
dependency, etc.

The current selection of clinically useful sodium channel
modulators exhibits poor potency and selectivity between
channel subtypes. The channel family also has a critical role
in many physiological processes, so why are these drugs rea-
sonably well tolerated? Put another way, why do anticonvul-
sants not have serious side effects on the heart, or
antidysrhythmics on CNS function? Over 50 years ago, it
became clear that rapidly firing nerve fibres were more sensi-
tive to block by the LA procaine than those firing at a slower
rate (Matthews and Rushworth, 1957), and this eventually
became known as ‘use-dependent’ (or phasic) block (Court-
ney et al., 1978). Small molecule sodium channel modulators
frequently possess state- and use-dependency. A compound
showing state-dependent pharmacology exhibits a higher
binding affinity for one channel state over another. For the
LAs, affinities are highest for the open and inactivated states
of the channel and lowest for the resting state (Courtney
et al., 1978; Chernoff, 1990). This seems to be true for most of
the drug-like molecules described to date. Use-dependency
occurs when neurones fire frequently and the probability of a
channel being in an inactivated state (i.e. one for which the
drug has a higher affinity and that can be pharmacologically
modified) is highest. Block can therefore accumulate as LAs
have a slower dissociation rate from inactivated channels,

Table 2 Toxin and alkaloid binding sites on the a-subunit, the
pharmacological effect and the putative binding site

Site Pharmacological probe Effect/binding domains

1 tetrodotoxin, saxitoxin Occlusion of the pore
IS5-S6, IIS5-S6, IIIS5-S6, IVS5-S6

2 batrachotoxin, veratridine,
aconitine

Promotes persistent activation
IS6, IVS6

3 scorpion a-toxin,
sea anemone toxins

Destabilization of inactivated state,
increased Popen,
IS5-IS6, IVS3-S4, IVS5-S6

4 scorpion b-toxin Shifts activation in hyperpolarizing
direction
IIS1-S2, IIS3–4

5 brevetoxins, ciguatoxin Enhanced activation and block of
inactivation
IS6, IVS5

6 d-conotoxin Slows inactivation (sub-site of
Site 3)
IVIS3–4

7 pyrethroids Inhibits inactivation, shifts
voltage-dependence of
activation
IIIS6

‘I’ refers to the domain, and ‘S’ the transmembrane segment.
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compared with those in the resting state (Chernoff, 1990).
This causes the accumulation of ‘functionally’ blocked chan-
nels and this is a dynamic process in that ‘block changes
inactivation and inactivation changes block’ (Hille, 1977).
The channels are not truly blocked in the sense that the pore
is occluded (as occurs with TTX), but the binding of the drug
to the channel renders it less able to move from a non-
conducting (inactivated) to a conducting (open) state.

The ‘on’ and ‘off’ rates of drug molecules are clearly very
important in determining the potency of compounds in the
context of use-dependency, and this in turn is governed by the
physicochemical properties of the drug (Chernoff and Stri-
chartz, 1990). These observations form the central tenets of the
‘modulated receptor hypothesis’ (Hille, 1977). However, when
the LAs are used to produce a local nerve block, such as may be
used prior to third molar tooth extraction, very high concen-
trations of the drug are infiltrated close to the nerve. For

lidocaine, typically 2% solutions are used (Porto et al., 2007)
which is a concentration in the tens of millimoles, applied to
the nerve. Under these circumstances, it is difficult to gauge the
importance or benefit of use-dependent activity. Clearly, use-
dependence is crucial in those drugs which are systemically
available. Lamotrigine has a greater than 200-fold affinity for
inactivated channels compared with those at rest. The com-
pound binds slowly to fast-inactivated channels and the kinet-
ics of lamotrigine binding to inactivated channels is faster than
the development of the slow inactivated state (Kuo and Lu,
1997). These features mean that lamotrigine needs a sustained
depolarization in a neurone to produce significant block. Long
depolarizations are unusual in normal physiological systems
but are characteristic of epileptic discharge (De Curtis and
Avanzini, 2001) which probably underpins why the drug is
very effective at controlling seizures, while being generally well
tolerated.

Figure 2 Homology model for a sodium channel with toxin binding domains shown. Top view (left) and side view (right). Site 1:
(tetrodotoxin), blue; Site 2: (batrachotoxin), red; Site 3 (scorpion a-toxin), orange; Site 4 (scorpion b-toxin), yellow; Site 5 (brevetoxins), white;
Site 6 (d-conotoxin), orange; and Site 7 (pyrethroids), white. See main text for details on model.

Table 3 Some toxins reported to demonstrate sodium channel subtype-selectivity

Toxin (species) Major pharmacology, subtype selectivity Reference

i-conotoxin RXIA
(Cone snail)

Shifts voltage-dependence of activation in hyperpolarizing direction
rNav1.6 > rNav1.2 > rNav1.7.
Ineffective v rNav1.1, rNav1.3, rNav1.4, rNav1.5, rTTX-R

Fiedler et al., 2008

m-conotoxin TIIIA
(Cone snail)

Current block
rNav1.2 ~ = rNav1.4
Ineffective v rNav1.3, hNav1.5, hNav1.7, hNav1.8

Lewis et al., 2007

m-conotoxin KIIIA
(Cone snail)

Current block
rNav1.2 > rNav1.4 > rNav1.7 >/= rNav1.1 > rNav1.3 > rNav1.5

Khoo et al., 2009

m-conotoxin GIIIA/B
(Cone snail)

Current block
rNav1.4 >> hNav1.4 > hNav1.5

Chahine et al., 1998; Cummins et al., 2002

mO-conotoxin MrVIB
(Cone snail)

Current block
hNav1.8 > rNav1.2, rNav1.3, hNav1.5

Ekberg et al., 2006

ProTxII
(Tarantula)

Current block
hNav1.7 > hNav1.6 > hNav1.5 > hNav1.8

Schmalhofer et al., 2008

Ceratotoxin1
Ceratotoxin2
Phrixotoxin
(Tarantula)

Current block, depolarizing shift in V-dependence of activation
rNav1.2 > hNav1.5 > rNav1.1 > rNav1.4
rNav1.2 > rNav1.3 > rNav1.1 = rNav1.4 > hNav1.5
rNav1.2 > rNav1.3 > hNav1.5 > rNav1.4 > rNav1.1

Bosmans et al., 2006

Jingzhaotoxin-XI
(Tarantula)

Channel block, small depolarising shift in threshold of activation in Nav1.5
TTX-sensitive INa (rat DRG) > rNav1.5 (cardiac myocyte)

Liao et al., 2006

Huwentoxin-IV
(Tarantula)

Current block, no effect on V-dependence of activation
hNav1.7 > rNav1.2 > rNav1.3 >> hNav1.5 > rNav1.4

Xiao et al., 2008

Table shows the major pharmacological actions and selectivity of a range of toxins reported to show isoform-specificity at voltage-gated sodium channels. Symbol
h, human; r, rat. TTX-R and TTX-S refer to the tetrodotoxin-resistant and tetrodotoxin-sensitive whole-cell sodium currents recorded from rat dorsal root ganglion
neurones, respectively.
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From our current perspective, it seems unlikely that a
strongly use-dependent but non-selective channel modulator
will be able to deliver the next generation of therapies for
conditions such as epilepsy or pain. Isoform-specific modula-
tors offer the promise of therapies with a significant advan-
tage over current standard of care, which will be essential if
the drugs are to gain approval. Given the tremendous thera-
peutic potential of sodium channel modulators, it is no sur-
prise that this has prompted a high degree of interest from the
pharmaceutical industry. The patent literature contains over
150 sodium channel modulator applications published in the
last 2 years, coming from over 50 different organizations
(Pfizer internal data), which reflects the level of activity in
this area. Table 4 summarizes some of the pharmacologies
reported for small molecule isoform-specific sodium channel
modulators. Because of state-dependency of compounds,
IC50 values are very dependent on the protocol used to gen-
erate the data which makes comparisons between studies
difficult. Nonetheless, some of the compounds show good
isoform selectivity. Most of the activity has been directed
towards pain as a therapeutic indication and a number of
these compounds have been shown to exhibit antinociceptive
activity in preclinical models. A-803467, which is selective for
Nav1.8, reverses nociceptive responses following neuropathic
and inflammatory challenge (Jarvis et al., 2007). The imida-
zopyridines are Nav1.7 preferring, and also demonstrate effi-
cacy in neuropathic models (London et al., 2008). This in vivo
efficacy is encouraging and suggests that targeting either
Nav1.7 or 1.8 in isolation, can produce a robust antinocicep-
tive effect in preclinical models.

The opportunity offered by structural biology

At the heart of the search for novel chemical entities is the
screen. At one end of the spectrum, a full high throughput
screen could involve the basic pharmacological profiling of a
million compounds. This is useful in identifying a ‘hit’ which
undergoes a more detailed interrogation of pharmacology
using more complex methods. This is performed on a much
smaller number of compounds from which the drug is ulti-
mately found. The pharmaceutical industry will continue to
search for compounds in this way, believing that larger and

larger compound libraries offer an improved chance of
finding the elusive ‘hit’. However, in the 10 year period
between 1991 and 2000, the average success rate (from first in
man to registration) for new chemical entities in all therapeu-
tic areas combined, was 11% (Kola and Landis, 2004). Overall,
the Pharma industry needs to reduce attrition and improve its
success rate. Can a more detailed understanding of the three-
dimensional architecture of the channel offer a smarter way
to discover subtype selective compounds?

As a science, structural biology is in its relative infancy and
obtaining information on the three-dimensional structure of
membrane proteins has proven to be extremely challenging.
However, significant advances have been made in recent
years. Pioneering work from the Mackinnon laboratory in
elucidating the crystal structure of a mammalian potassium
channel (Long et al., 2005) has opened up the exciting possi-
bility of obtaining the crystal structure of a mammalian
sodium channel in the future. This is still some way off, but
the identification and characterization of the bacterial
channel NaChBac has provided useful impetus. One of the
stumbling blocks to obtaining structures of mammalian
sodium channels is their stability under solubilization with
detergents and difficulty in synthesizing high levels of func-
tionally active channel. It is now possible to produce large
amounts of purified, functional NaChBac (Nurani et al.,
2008).

NaChBac has been isolated from Bacillus halodurans, and
shares a number of structural features with eukaryotic chan-
nels, underpinning its importance to the field. The channel is
presumed to be made from a tetramer comprising four major
domains, each of which is made up of six-transmembrane
spanning segments. However, unlike the mammalian equiva-
lent, NaChBac has a tetramer made from four identical repeat-
ing domains (Nurani et al., 2008), and more closely resembles
the structural motif of potassium channels in this respect. The
pore region shows greatest similarity to that of Cav channels,
despite exhibiting a high degree of selectivity for sodium ions.
In keeping with this observation, the NaChBac channel is
much more sensitive to block with the L-type calcium
channel modulator nifedipine (IC50 ~2.2 mM), than to tetro-
dotoxin (no block at 30 mM; Ren et al., 2001). The gating
kinetics of the NaChBac currents are also very different than
that for mammalian Nav channels, with the rate of activation,

Table 4 Drug-like molecules reported to exhibit isoform selectivity

Compound/class Pharmacology, subtype selectivity Reference

A-803467 [5-(4-Chlorophenyl-N-(3,5-
dimethoxyphenyl) furan-2-carboxamide)

hNav1.8 primary pharmacology ~8 nM IC50.
100¥ selectivity over hNav1.2, hNav1.3, hNav1.5, hNav1.7

Jarvis et al., 2007

1-benzazepin-2-ones Most potent compound in series ~30 nM IC50 v hNav1.7.
Some compounds selective (<10¥) hNa1.5 < hNav1.8

Williams et al., 2007

Imidazopyridines Most potent compound ~60 nM IC50 v hNav1.7.
Selectivity <10¥ over hNav1.8

London et al., 2008

Furan piperazines hNav1.8 >mNav1.8, most potent compound ~100 nM.
Selectivity <10¥ over hNav1.2 and hNav1.5

Drizin et al., 2008

5-Aryl-2-furfuramides hNav1.8 IC50 < 10 nM for most potent compound
>100¥ selectivity over hNav1.2, hNav1.3, hNav1.5, hNav1.7

Kort et al., 2008

4,9-anhydro-TTX IC50 ~78 nM at mNav1.6.
>15¥ selectivity over rNav1.2, rNav1.3, rNav1.4, hNav1.5, hNav1.7, rNav1.8

Rosker et al., 2007

Table shows primary pharmacology and selectivity profiles for a number of drug-like molecules. Symbols m, mouse; r, rat; h, human.
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inactivation and recovery from inactivation being approxi-
mately one-tenth that of Navs (Ren et al., 2001).

Despite these significant functional differences, structural
modelling of the NaChBac channel has provided insights into
the binding of lamotrigine and batrachotoxin (Cronin et al.,
2003). More recently, NaChBac has provided models which
attempt to explain the gating mechanisms and conforma-
tional changes which occur in the channel (Shafrir et al.,
2008a,b). At present, the NaChBac channel probably offers
the best chance of producing a crystal structure for a mam-
malian sodium channel. When this happens, it will transform
our understanding of the three-dimensional structure of the
channel and greatly enhance our ability to make subtype-
selective compounds.

The textbook depiction of the sodium channel is one where
the channel, by necessity, is cut and flattened showing the
classical ‘four times six’ transmembrane-spanning domains.
This 2-dimensional view is useful up to a point, but the
3-dimensional view is much more information-rich, as even
at low resolution, it allows us to visualize parts of the structure
which come into close proximity with each other. In this way,
it forces us to think in three dimensions as we consider the
gating mechanisms and pharmacology of the channel. For
example, the 3-dimensional structure of the electric eel
sodium channel has been determined at 19 Å resolution using
cryo-electron microscopy and single-particle image analysis
(Sato et al., 2001). The channel appears to be bell-shaped with
a large number of cavities and holes in the structure. This
provides a low-resolution 3-dimensional map of the channel
but clearly falls short of the detail needed to understand the
pharmacology of the channel. Mutational analyses have iden-
tified the key residues for binding of lamotrigine and enabled
a model to be generated based on the binding of the com-
pound to the eel channel (Cronin et al., 2003). In a similar
way, site-directed mutagenesis of the cockroach sodium
channel has revealed the residues critical for the binding of
pyrethroid insecticides and enabled the modelling of a
pyrethroid-bound channel (Du et al., 2009). These types of
study are producing a gradual improvement in the resolution
of the modelling, for a number of compounds bound to the
channel.

These analyses are beginning to provide images of what the
channel may look like and are the first steps on a journey

which will hopefully lead to the co-crystallization of the
channel with pharmacologically relevant drugs. This would
lead to true ‘structure-based’ drug design. At present, this may
seem far-fetched for the sodium channel, but exciting
progress has been made in understanding the architecture of
another difficult target; G-protein coupled receptors (Cher-
ezov et al., 2007; Rasmussen et al., 2007; Warne et al., 2008),
and this may give a hint to what is possible in the future.

We are currently modelling the Nav channel based on the
Kv1.2 work of the MacKinnon lab (Long et al., 2005) to try
and gain insight into the key binding domains for com-
pounds with known pharmacology. Unfortunately, the reso-
lution to allow true docking of molecules into the channel
structure is still not currently available. However, site-directed
mutagenesis has identified the critical binding domains for a
number of toxins and small molecules, and has formed the
basis of what we currently understand as the well-recognized
binding sites on the channel (Catterall et al., 2005). Using the
crystal structure of Kv1.2 (Long et al., 2007), a homology
model of a sodium channel was created using Modeller. The
intracellular loops between domains 1 and 2 and domains 2
and 3, as well as the C- and N-terminal parts were omitted
during the model construction. All extracellular loops were
included, but relative orientations of the large loop has not
been optimized yet and these loops are only shown for refer-
ence. The structure of lidocaine (Figure 3) was manually
docked into the vestibule/LA site.

Solution structure determination of toxin molecules could
offer an opportunity to gain a better insight into the interac-
tion of a toxin molecule and its binding site on a channel.
This approach could provide a better understanding of the
structure–function relationship for a toxin at the molecular
level. In turn, this could also provide valuable information
concerning the channel structure in the region of the binding
domain. A good example of this is work involving
m-conotoxin GIIIA, which has been used to build a model to
enable a better understanding of the outer vestibule of the
Nav1.4 channel (Choudhary et al., 2007). Mutational analyses
of residues on both the channel and the toxin assist in defin-
ing the key binding domains, resulting in the generation of a
preliminary docking arrangement. A greater understanding of
why certain toxins exhibit some selectivity while others do
not may lead to the identification of unique binding

Figure 3 Binding of lidocaine to a 3D model of a sodium channel. Top view (left) and side view (right). Lidocaine (white circle) is bound in
the vestibule/local anaesthetic binding site, below the selectivity filter domain (yellow circle).
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domains. If this can be achieved, it opens up the possibility of
designing small molecules which mimic the key pharmaco-
logically important structural features of the toxin. However,
many of the toxin molecules are large and peptidic in nature,
and it may prove impossible for small molecular weight drug
molecules to span the distances required to bring about
modulation of the channel. Nonetheless, small molecules
offer the benefit of being able to permeate further into the
channel, maybe offering the opportunity to interfere with the
gating or inactivation machinery in sites which may not be
available to large toxin molecules.

A greater understanding of the architecture of the voltage-
gated sodium channel can potentially assist in the identifica-
tion of compounds with particular pharmacological
properties. This would lead to true ‘structure-based’ drug
design. This is still a long way off but progress on elucidating
the 3D structure of other membrane proteins like the
b-adrenoceptors offers hope that this is not an impossible
task. Binding sites within the protein may be identified,
opening up the future potential of guiding medicinal chem-
istry design towards (or away from, depending on the specific
ion channel) better interactions between small molecules and
the ion channel of interest.
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