
Nine genes (SCN1A–SCN5A and 
SCN8A–SCN11A) in mammals encode 
the pore-forming α‑subunits of sodium 
channels (referred to throughout as chan-
nels), NaV1.1–NaV1.9, which have distinct 
biophysical and pharmacological proper-
ties and tissue distribution patterns1. Each 
of these channels has a conserved motif 
of 24 transmembrane segments that are 
organized into four homologous domains 
(DI–DIV), each with six transmembrane 
segments (S1–S6) that are linked by cyto-
plasmic loops, and cytoplasmic amino and 
carboxyl termini. The S1–S4 segments 
of each domain form the voltage-sensing 
domain, whereas S5 and S6, and the extra-
cellular linker that joins these two segments, 
form the pore domain. The S5–S6 linker 
in each domain contains two membrane 
re‑entrant segments (SS1 and SS2) that con-
tribute to the sodium-selectivity filter, and 
the DI–SS2 carries a residue that determines 
susceptibility to blockade by tetrodotoxin 
(TTX). Whereas the presence of an aromatic 
residue confers sensitivity to nanomolar con-
centrations of TTX, a serine or cysteine in 
this position confers resistance to micromolar 
concentrations of TTX1.

Three of these channels — NaV1.7, NaV1.8 
and NaV1.9 — are preferentially expressed in 
peripheral neurons and have been shown to 
have an important role in preclinical animal 

models of both normal and pathological pain. 
NaV1.7 and NaV1.8 channels have garnered 
intense interest because of evidence for their 
role in human pain disorders2–5, whereas there 
has previously been no such evidence for 
NaV1.9. Our understanding of NaV1.9 in gen-
eral has also lagged behind as, unlike NaV1.7 
and NaV1.8, it has proved difficult to study 
NaV1.9 in heterologous expression systems, 
because it is only expressed at low levels and is 
difficult to study in isolation in native neurons.

Recent genetic and functional findings 
that link NaV1.9 to human pain disorders6–9 
have triggered a renewal of interest in NaV1.9 
as an important contributor to pain in 
humans. In this Progress article, we discuss 
functional studies of NaV1.9 that have yielded 
new insights into the unique gating charac-
teristics of this channel and its contribution 
to the response of sensory neurons under 
normal and pathological conditions. We also 
highlight studies that have validated NaV1.9 as 
an important contributor to pain in humans, 
and identify remaining unanswered questions 
about the role of NaV1.9 in pain signalling.

NaV1.9 expression
NaV1.9 was first identified in neurons of the 
dorsal root ganglion (DRG) and trigemi-
nal ganglia from rats10. SCN11A, the gene 
encoding NaV1.9, was mapped to human 
chromosome 3 (3p21–24) within a cluster 

including SCN5A and SCN10A (the genes 
encoding NaV1.5 and NaV1.8, respectively), 
and to an analogous region on mouse chro-
mosome 9 (REF. 11). The human SCN11A 
open reading frame encodes a protein of 
1,765 amino acids that shows the least 
homology to other members of the NaV 
family. Nonetheless, NaV1.9 possesses all 
of the hallmarks of a NaV channel that are 
described above.

NaV1.9 is preferentially expressed in 
small-diameter (<30 μm diameter) DRG 
neurons, in trigeminal ganglion neurons and 
in intrinsic myenteric neurons12,13. NaV1.9 is 
expressed in functionally identified nocicep-
tors14,15. NaV1.9 has been localized within 
DRG neuronal somata and free nerve ter-
minals, and at central terminals within the 
outer layers of the substantia gelatinosa in 
the spinal cord11 (FIG. 1a–d). It is also local-
ized in presynaptic terminals within the 
dorsal horn16; however, our data suggest that, 
although it is translocated to the dorsal horn, 
the channel is present at only low levels at 
this site. Nevertheless, computer simulations 
show that even at 50% of its normal density 
in DRG neuron cell bodies, NaV1.9 contrib-
utes >75% of its normal depolarizing effect17, 
suggesting that the channel could modulate 
neurotransmitter release in the dorsal horn 
even when present at a low density.

Among the small-diameter neurons of 
the DRG, NaV1.9 seems to be preferentially 
expressed in somatosensory non-peptidergic 
DRG neurons, which can be identified by 
binding to the Griffonia simplicifolia isolectin 
IB4 (REF. 12). IB4+ nociceptors transmit sig-
nals concerning noxious stimuli from the 
periphery to limbic and affective regions of 
the brain through multisynaptic circuits18, 
and produce smaller noxious-heat-activated 
currents than do peptidergic IB4− neurons19. 
This preferential cellular distribution of 
NaV1.9 may contribute to the distinct firing 
properties of IB4+ neurons15. However, it has 
recently been shown that NaV1.9 is predomi-
nantly present in IB4− peptidergic DRG neu-
rons that innervate the colon20. Irrespective 
of the cell type in which it is expressed, the 
presence of NaV1.9 in the peripheral and 
central termini of primary afferents suggests 
that the channel has a role in the integra-
tion of receptor potentials and possibly in 
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Abstract | The voltage-gated sodium channel Na
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in nociceptors and has been shown in rodent models to have a major role in 
inflammatory and neuropathic pain. These studies suggest that by selectively 
targeting Na
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1.9, it might be possible to ameliorate pain without inducing adverse 

CNS side effects such as sedation, confusion and addictive potential. Three recent 
studies in humans — two genetic and functional studies in rare genetic disorders, 
and a third study showing a role for Na

V
1.9 in painful peripheral neuropathy — 

have demonstrated that Na
V
1.9 plays an important part both in regulating sensory 

neuron excitability and in pain signalling. With this human validation, attention is 
turning to this channel as a potential therapeutic target for pain.
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modulating neurotransmitter release in the 
dorsal horn of the spinal cord at the first 
synapse of the pain-signalling pathway.

Physiology of NaV1.9 channels
NaV1.9 mediates a TTX-resistant (TTX‑R) 
sodium ion current, which is consistent 
with the presence of a serine residue at the 
TTX-susceptibility-determining site in the 
DI–SS2 pore region of the channel; amino 
acid residues with an aromatic ring (for 
example, tyrosine in NaV1.6 and NaV1.7) at 
this position in TTX‑S channels engage TTX 
in a cation–π interaction that increases the 
affinity of the toxin for the binding pocket 
within the outer vestibule of the channel. By 
contrast, the presence of serine (as in NaV1.8 
and NaV1.9) or cysteine (as in NaV1.5) mark-
edly reduces the affinity of the TTX–channel 
interaction by several orders of magnitude21.

Although instability of the NaV1.9 current 
has been encountered by almost all investiga-
tors who have studied this channel, methods 
and protocols have been designed to mini-
mize this instability and to generate repro-
ducible data22–25. The inactivation of NaV1.9 
is unusually ‘ultra-slow’ and results in the 
persistence of the sodium current after activa-
tion (FIG. 1e). NaV1.9 characteristically acti-
vates at more hyperpolarized voltages than 
do other neuronal sodium channels. Thus, 
there is a large overlap between activation 
and inactivation, and this overlap is predicted 
to produce a large ‘window current’ (that is, 
a wide range of voltages in which a channel 
may spontaneously or persistently open), 
within the physiological voltage domain close 
to the resting membrane potential of neurons 
(−70 mV to −40 mV)22 (FIG. 1f). Importantly, 
the NaV1.9 current recorded from human 
native DRG neurons activates at approxi-
mately −80 mV, which is 10–20 mV more 
negative than the voltage at which the NaV1.9 
current in rodent DRG neurons is activated 
— probably owing to species-specific differ-
ences in primary protein sequence26; a more 
hyperpolarized activation voltage indicates 
that human NaV1.9 can open in response to a 
stimulus weaker than that which can activate 
rodent NaV1.9. Incontrovertible evidence 
that NaV1.9 produces the persistent TTX‑R 
current is provided by studies that show 
that this current is lost in DRG neurons of 
Scn11a‑knockout mice16,27,28 but is restored 
by the expression of recombinant NaV1.9 
channels in these neurons6,28 and in superior 
cervical ganglion neurons9.

The biophysical properties of NaV1.9 
— including ultra-slow kinetics and a large 
window current (FIG. 1f) — suggest that 
NaV1.9 channels do not contribute much to 

the amplitude of action potentials, but rather 
that they may act as threshold channels by 
contributing a sodium conductance that 
regulates resting potential and that prolongs 
the depolarizing response to subthreshold 
stimuli17,22, lowering the threshold for single 
action potentials and increasing repetitive 
firing29. Although the degree of hyperpolari-
zation of the voltage dependence of activa-
tion of NaV1.9 is dependent on the ionic 
composition of the pipette solution during 
recording24,25, computer simulations and 
current-clamp studies using physiological 
solutions in the recording pipette support 
the conclusion that this channel acts as a 
threshold channel17,29. Computer simulations 
show that, even at densities as low as 20% of 
the density estimated to be present in DRG 
neurons, NaV1.9 conductance depolarizes 
the resting potential of the cell17. However, 
the effect of the NaV1.9‑induced depolariza-
tion is similar to that observed for mutant 
NaV1.7 channels from patients with inherited 
erythromelalgia (which causes DRG neuron 

hyperexcitability); depolarization of the rest-
ing potential by such mutant NaV1.7 channels 
only accounts for a portion of the reduction 
in action potential threshold, which also 
results from the increase in sodium conduct-
ance30,31. Consistent with this finding, one 
study used guanosine‑5‑O-thiotriphosphate 
(GTPγS; which potentiates NaV1.9 activity) to 
directly show that upregulation of the NaV1.9 
current lowers the threshold of current that 
is required to generate action potentials29 
(FIG. 2a,b). The same study also demonstrated 
that the NaV1.9 current supports repetitive 
firing (FIG. 2c,d) and can drive spontaneous 
activity29 (FIG. 2e,f). Thus, taken together, 
the computer simulations17 and empirical 
evidence28,32,33 suggest that NaV1.9 acts as a 
threshold channel.

NaV1.9 in inflammatory pain models
Although acute inflammatory pain and 
neuropathic pain share common pathophysi-
ological mechanisms that typically result in 
sensitization of peripheral sensory neurons, 
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their aetiologies are distinct. Tissue injury 
leads to cytokine production, as well as to 
activation of innate and adaptive immune 
responses, and can also lead to pain — which, 
depending on the robustness and dura-
tion of the immune response, may become 
persistent. Preclinical studies in rodents 
support a role for NaV1.9 in inflammatory 
pain (for a recent review, see REF. 34), and 
NaV1.9 was also recently implicated in bone 
cancer pain in rats35. Treatment of rat DRG 
neurons with prostaglandin E2 (PGE2), an 
autocrine and paracrine lipid metabolite of 
arachidonic acid that acts through cyclooxy-
genases and that has a major impact on pain 
signalling36, increases the amplitude of the 
NaV1.9 current via a pathway that involves 
G proteins37. Treatment of DRG neurons 
with other inflammatory mediators, such as 
interleukin‑1β38 or a mixture of bradykinin, 
ATP, histamine, PGE2 and noradrenaline39, 
increased the current density (a measure 
that reflects the number of active channels) 
of NaV1.9, enhanced the excitability of these 
neurons by lowering the threshold for action 

potential generation, and increased the 
number of action potentials in response to 
injected depolarizing stimuli. A recent study 
showed that treatment with a well-defined 
mixture of inflammatory mediators — brad-
ykinin, ATP, histamine, PGE2 and serotonin 
— causes a marked increase in the firing of 
colon-innervating afferents in wild-type mice 
but not in Scn11a‑null mice20. This finding 
supports a role for NaV1.9 in rendering DRG 
neurons hyperexcitable, thus leading to pain 
in inflammatory disorders — for example, in 
osteoarthritis or pathologies in which pro-
inflammatory cytokines are produced, such 
as burn injury — although whether it also 
has a role in neuropathic pain is less clear.

Genetic validation in humans
Studies in rodents are not necessarily pre-
dictive of human therapeutic responses to 
putative new pain medications40, and this has 
highlighted the importance of using genetic 
and genomic methods to validate sodium 
channels as therapeutic targets in human 
pain41. Indeed, this approach has confirmed 

that the NaV1.7 channel is a key player in the 
generation and/or transmission of the neu-
ronal response to noxious stimuli that leads 
to pain in humans. Recently, mutations in the 
gene encoding NaV1.9 (FIG. 3) have been iden-
tified in individuals with rare genetic pain dis-
eases and in larger populations of people with 
painful peripheral neuropathy (TABLE 1), thus 
validating NaV1.9 as a target in human pain 
disorders. Of these studies, three reported 
variants of NaV1.9 that resulted in a gain of 
function at the channel level and that were 
associated with increased pain6,8,9, whereas 
the fourth study reported a gain of function at 
the channel level that was associated with an 
inability to experience pain, which was asso-
ciated with self-mutilation7. Despite the fact 
that these studies have found opposing effects 
of different gain‑of‑function mutations on 
neuronal firing (discussed below), these stud-
ies all link NaV1.9 to human pain.

SCN11A mutations in familial episodic 
pain. Zhang et al.8 described a rare human 
pain disorder in two large Chinese families 
with multigenerational autosomal-dominant 
gain‑of‑function mutations in SCN11A, 
which they called SCN11A‑related familial 
episodic pain. Early in childhood, affected 
family members reported pain — mainly in 
the lower extremities — that was exacerbated 
by fatigue and accompanied by sweating. 
Painful areas felt extremely cold, and the 
pain could be relieved by hot compresses. 
Pain relief could also be achieved by treat-
ment with non-steroidal anti-inflammatory 
drugs (NSAIDs), consistent with the effects of 
inflammatory mediators (as discussed above).

Genetic linkage analysis localized the 
mutation responsible for this pain condition 
to a region on chromosome 3 that carries 
a cluster of genes — including SCN11A — 
that encode the three TTX‑R NaV channels. 
Subsequent whole-exome sequencing fol-
lowed by Sanger sequencing identified two 
missense mutations in SCN11A, one in each 
family. Both of these mutations substituted a 
residue that is invariant in all members of the 
NaV family, suggesting that these mutations 
may alter channel function. One mutation 
(R225C) altered a residue within the voltage-
sensing S4 of DI (DI–S4), and the other 
mutation (A808G) produced an amino-acid 
substitution within the pore-lining S6 of DII 
(DII–S6) (FIG. 3). The two mutations co‑segre-
gated with pain in affected individuals, were 
absent from unaffected individuals and were 
not found in a control cohort of ethnic Han 
individuals or in the 1,000 Genomes database, 
providing strong genetic evidence to support 
the pathogenicity of these SCN11A mutations.

Figure 1 | Distribution of NaV1.9 in primary afferents.  a | The voltage-gated sodium channel 
Na

V
1.9 (red) is present in protein gene product 9.5 (PGP9.5; also known as UCHL1)-positive intra-

epidermal nerve fibres (green), which have endings in the epidermis that extend from the sub
epidermal nerve bundle. Colocalization of Na

V
1.9 and PGP9.5 is shown in yellow. The dotted line 

indicates the demarcation of stratum corneum (Sc; above the line) and stratum lucidum (Sl; below 
the line) and of the epidermis. The Sc, Sl and the other different layers of the epidermis (namely, the 
stratum basale (Sb), stratum spinosum (Ss) and stratum granulosum (Sg)) are delineated by the square 
brackets. b | Small-diameter neurons in the dorsal root ganglion (DRG) exhibit robust Na

V
1.9 immu-

nolabelling (red). DRG neurons display substantial colocalization of Na
V
1.9 with the Griffonia sim-

plicifolia isolectin IB4 (green) but not with calcitonin gene-related peptide (CGRP; blue). 
c | Presynaptic nerve terminals of DRG neurons in the superficial layers of the dorsal horn of the spinal 
cord display Na

V
1.9 immunostaining (red). The dorsal horn is outlined by a dotted line.  

d | A schematic representing the localization of Na
V
1.9 channels at primary afferent peripheral nerve 

endings in the skin, in DRG somata and in central nerve endings, where they terminate predominantly 
in the superficial lamina II in the dorsal horn of the spinal cord. e | The persistent tetrodotoxin-resist-
ant (TTX‑R) sodium currents mediated by Na

V
1.9 channels and, for comparison, fast-inactivating TTX-

sensitive (TTX‑S) currents mediated by Na
V
1.6 and/or Na

V
1.7 channels recorded from a small-diameter 

Na
V
1.8‑null mouse DRG neuron that lacks the slow TTX‑R current mediated by Na

V
1.8 channels. 

Current traces that result from 100 ms depolarizing pulses from a holding potential of −120 mV (to 
ensure that all Na

V
 channels are available to open) to the membrane voltages indicated on the traces 

show that Na
V
1.9 channels activate at more hyperpolarized potentials than do the fast TTX‑S chan-

nels. Depolarization to −40 mV activates only Na
V
1.9 channels (red trace), whereas a depolarizing 

stimulus at −30 mV shows a compound trace consistent with activation of both a fast-inactivating 
TTX‑S component (blue trace) and the Na

V
1.9‑mediated persistent component (pale red trace). Note 

the rapid activation and inactivation of the TTX‑S current compared with the slow activation and very 
slow inactivation of Na

V
1.9. f | Fitting the activation data of Na

V
1.9 currents (solid red curve) and TTX‑S 

currents (solid blue curve) to a Boltzmann function shows that Na
V
1.9 channels activate at more hyper-

polarized potentials (that is, they open more easily at hyperpolarized potentials) than do the fast-
activating and fast-inactivating TTX‑S sodium channels. The steady-state inactivation curves for 
TTX‑R, Na

V
1.9‑mediated persistent channels (dashed red line) and fast-inactivating TTX‑S sodium 

channels (dashed blue line) show that Na
V
1.9 channels remain available at more depolarized potentials 

than do the TTX‑S channels. The voltage domain delineated by the overlap between the activation 
and inactivation curves corresponds to the ‘window current’ that is produced by the different chan-
nels, and is substantially larger for Na

V
1.9 (red) than for the TTX‑S channels (blue). The increased 

window currents of Na
V
1.9‑expressing DRG neurons are predicted to promote the depolarization 

of resting membrane potential and thus contribute to boosting weak stimuli. Parts e,f courtesy of 
J. Huang, Yale University School of Medicine, Connecticut, USA.
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↑ NaV1.9 current lowers threshold for action potentials

↑ NaV1.9 current drives repetitive firing
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Functional testing of these mutant chan-
nels in mouse DRG neurons revealed an 
increase in the NaV1.9 current density that 
did not reach statistical significance and 
did not show an effect of the mutations on 
NaV1.9‑gating properties. However, apply-
ing a depolarizing current to DRG neurons 
expressing either of the mutant channels 
revealed an increased evoked excitability, 
with a reduced threshold for generating 
action potentials and a higher firing fre-
quency, without any change in the resting 
membrane potential. Despite the lack of a 
clear effect of the mutations on the current 
density or gating properties of the encoded 
channel, the genetic evidence, together with 
the reporting of mutant-channel-induced 
neuronal hyperexcitability, supports a causal 
link between NaV1.9 mutations and this rare 
familial episodic pain.

NaV1.9 and peripheral neuropathy. In 
another study, Huang et al.6 identified 
gain‑of‑function mutations in a cohort of 
patients with painful peripheral neuropathy, 
thus providing a link between NaV1.9 and a 
very common pain disorder that afflicts mil-
lions of people around the world. Among 
345 individuals with painful peripheral 
neuropathy, 12 individuals (who did not 
carry mutations in SCN9A or in SCN10A) 
were found to carry one of eight mutations 
in SCN11A. Four of these mutations led to 
substitutions of highly conserved amino 
acids in membrane-spanning segments of 
NaV1.9; three altered amino-acid residues of 
the cytoplasmic loops or of the C terminus 
of the channel (FIG. 3); and one affected the 
3ʹ splice acceptor site of intron 24. In addi-
tion to experiencing numbness, tingling and 
pain in the distal extremities, these patients 
complained of autonomic dysfunction — for 
example, diarrhoea and a sensation of dry 
eyes. Intuitively, the pain symptoms could be 
associated with the effects of mutant NaV1.9 
on DRG neuron excitability, whereas dry 
eyes and diarrhoea might be associated with 
the presence of the mutant channels in free 
nerve terminals in the cornea42 and in visceral 
afferent neurons13,43. The symptom of dry 
eyes might be explained by corneal nocicep-
tor hyperactivity44,45. The fact that the mutant 
variant of the channel might cause these 
gastrointestinal symptoms13,43 is supported 
by the recent finding that NaV1.9 has a role 
in the responses to mechanical stimulation 
of the colon: it contributes to mechanical 
hypersensitivity of visceral afferents that 
innervate the colon, and is essential for the 
response of these neurons to inflammatory 
mediators such as PGE2 and ATP, and to 

Figure 2 | NaV1.9 increases the excitability of DRG neurons.  Injecting a stimulus current into a 
wild-type small-diameter dorsal root ganglion (DRG) neuron (at a holding potential of −90 mV) must 
depolarize the membrane potential above a certain voltage threshold (indicated by a blue line) before 
an action potential is fired (part a). For the same neuron as shown in part a, an increase in Na

V
1.9 cur-

rent, after treatment with guanosine 5‑O‑thiotriphosphate (GTPγS), which potentiates Na
V
1.9 activity 

as a consequence of activating G protein signalling cascades, markedly reduces the current threshold 
(known as the rheobase) and voltage threshold at which the first all‑or‑none action potential is fired 
(indicated by a solid blue line; the dashed blue line indicates the voltage threshold before enhance-
ment of Na

V
1.9 currents) (part b). The enhanced Na

v
1.9 current also gives rise to prolongation of pre

viously subthreshold depolarizations (arrows) resulting in the firing of an action potential. Parts c and d 
show responses of a wild-type small-diameter DRG neuron to two 200‑ms‑duration depolarizations 
(one just subthreshold, and one suprathreshold) from a holding potential of −90 mV, before (part c) and 
after (part d) treatment with GTPγS. Increasing the Na

V
1.9 current lowers the voltage threshold 

(dashed lines) and the current threshold (30 pA in part d versus 120 pA in part c) and results in repetitive 
firing (part d). Parts e and f show current-clamp recordings of 10 sequential responses in a wild-type 
small-diameter DRG neuron — first at 1 minute after establishing the cell recording configuration 
(part e), and then at 3 minutes later, to allow for GTPγS to activate the G protein signalling cascade 
(part f). There was no firing of action potentials prior to enhancement of the Na

V
1.9 current (part e). 

However, in neurons in which GTPγS treatment led to an upregulation of Na
V
1.9 current, action poten-

tials arise in the absence of stimulation, as the membrane potential slowly depolarizes and reaches a 
potential range that corresponds to the threshold voltage for activating Na

V
1.9 channels (part f), con-

sistent with a role for Na
V
1.9 in driving spontaneous activity. Adapted with permission from REF. 29, 

John Wiley & Sons.
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an inflammatory ‘soup’ that is derived from 
the bowel of individuals with inflammatory 
bowel disorder or Crohn disease20.

Functional assessment of two of these 
mutations (I381T in DI–S6 and L1158P 
in DIII–S4) with whole-cell voltage-
clamp recordings in DRG neurons from 
Scn11a‑knockout mice showed that these 
mutations confer gain‑of‑function attributes 
on NaV1.9 channels6. Current-clamp record-
ings of rat DRG neurons that expressed the 
full complement of endogenous sodium chan-
nels demonstrated that each of the two mutant 
channels confers hyperexcitability compared 
with wild-type NaV1.9 channels, as indicated 
by a depolarized resting membrane potential, 
an increased number of neurons firing spon-
taneously and an increased number of action 
potentials evoked by a depolarizing current 
(FIG. 4). A more recent study has identified a 
new SCN11A mutation in an individual with 
painful neuropathy9. The mutation, G699R, 
is located in the DII–S4–S5 linker (FIG. 3), and 
functional assessment of the mutant channel 
demonstrated gain‑of‑function attributes at 
the channel level and increased DRG neuron 
firing (TABLE 1).

Until recently, the functional effects of 
mutant sodium channels on DRG neu-
ron excitability have been assessed using 
current-clamp recordings from transfected 
neurons that express the mutant sodium 

channels46. However, such studies can-
not control for the level of expression of 
the recombinant channel, which adds to 
the endogenous sodium currents in the 
transfected neurons. The development of 
models for wild-type and mutant sodium 
currents that can be implemented in stimu-
lation protocols in native DRG neurons 
through the use of dynamic clamp31 has 
enabled the study of the effects of precisely 
calibrated physiological levels of mutant 
NaV1.9 current on the firing of individual 
DRG neurons6. Using this approach, Huang 
et al.6 showed that substitution of 50% of 
the wild-type NaV1.9 current in rat DRG 
neurons with the corresponding I381T cur-
rent (to mimic a heterozygous phenotype) 
causes a substantial depolarization of the 
resting membrane potential and induces 
hyperexcitability of DRG neurons, support-
ing the conclusion that the nociceptors of 
individuals who carry this mutation can be 
hyperexcitable — consistent with the pain 
phenotype.

The two functionally profiled NaV1.9 
mutations found by Huang et al.6 (which 
were each identified in two unrelated 
individuals with similar symptoms) and 
the mutation found by Han et al.9 are only 
present at low frequencies in control popula-
tions and in genomic databases. On the basis 
of these observations, and the functional 

characterization of the gain‑of‑function 
attributes demonstrated by our group, these 
mutations meet the criteria for ‘pathogenic’ 
or ‘probably pathogenic’ (REF. 47).

SCN11A mutation and inability to experi-
ence pain. In a third study, Leipold et al.7 
described a mutation in SCN11A in two 
unrelated individuals with normal intel-
lectual ability who had a congenital inability 
to experience pain, a phenotype that was 
associated with self-mutilation and painless 
fractures. Additional symptoms included 
increased sweating, gastrointestinal dysfunc-
tion, mild muscular weakness, delayed motor 
development, and slightly reduced motor 
and sensory nerve conduction velocities, 
although with a normal amplitude of com-
pound action potentials (that is, the sum of 
multiple action potentials in different nerve 
fibres that occur almost simultaneously). 
A sural nerve biopsy from one of the affected 
individuals showed that there was no axonal 
loss, and MRI did not reveal structural 
abnormalities in the brain. These findings 
were interpreted as suggesting that the pain 
insensitivity was not related to faulty sensory 
neuron wiring, gross abnormality of brain 
structure or intellectual disability.

Using whole-exome sequencing on 
this individual and her unaffected parents, 
Leipold et al.7 described a de novo mutation 

Figure 3 | Schematic diagram of the NaV1.9 channel and locations of 
substitutions identified in individuals with pain disorders.  The voltage-
gated sodium channel Na

V
1.9, like other Na

V
 channels, is composed of 

24 transmembrane segments that are organized into four homologous 
domains (DI–DIV) and cytoplasmic amino and carboxyl termini. The fourth 
transmembrane segment of each domain (S4; green segments) is an 
amphiphatic α‑helix voltage sensor of the channel and has positively 
charged lysine or arginine residues that line one face of the helix. This 
configuration enables the exchange of ion pair partners following mem-
brane depolarization, which facilitates the movement of these residues 
‘outwards’ in the plane of the membrane. The pale red lines represent 
N‑linked sugar moieties. Filled circles (numbered 1–11) represent amino-
acid substitutions in Na

V
1.9 from individuals with pain disorders; pale 

yellow circles denote mutations that have not been tested in functional 
assays. Mutations 1 (R225C) and 7 (A808G) were each identified in 
Chinese families with familial episodic pain8. Mutations 2 (I381T), 
3 (K419N), 4 (A582T), 5 (A681D), 6 (G699R), 9 (A842P), 10 (L1158P) and 
11 (F1689L) were identified in individuals with painful peripheral neuropa-
thy (predominantly with small-fibre neuropathy) who had no mutations in 
the genes encoding the two other peripheral sodium channels Na

V
1.7 and 

Na
V
1.8 (REFS 6,9). The mutation L811P (mutation 8; black) was identified 

in two individuals with a complex syndrome involving an inability to expe-
rience pain and self-mutilation7. Thus, unlike mutations 1, 2, 6, 7 and 10 (all 
blue), which were associated with a gain of function and a painful pheno-
type, mutation 8 was associated with a painless phenotype despite the 
gain of channel function.
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of SCN11A (L811P in DII–S6), and found 
the same mutation in the other (unrelated) 
individual who had a similar clinical pres-
entation. The mutation, which was studied 
using voltage clamp in the ND7/23 rodent 
neuronal cell line, hyperpolarizes the volt-
age dependence of human NaV1.9 channel 
activation by −28 mV, increases NaV1.9 cur-
rent density at resting membrane potential 
voltages by threefold and slows NaV1.9 deac-
tivation — all of which are pro-excitatory 
effects. The authors did not study the effects 
of the human L811P mutant NaV1.9 on the 
excitability of DRG neurons; however, they 
created a knock‑in mouse that carried the 
corresponding mutation in Scn11a. Although 
activation of the NaV1.9 current in DRG neu-
rons from this transgenic mouse was shifted 
by −26 mV, thus mimicking the hyperpolar-
izing shift of the voltage dependence of the 
human mutant channel in the ND7/23 cell 
line, the analogous mouse mutation also 
caused an unexpected comparable hyperpo-
larizing shift in inactivation (−29 mV), thus 
rendering most of the channels unavailable 
to open at normal resting membrane poten-
tial. Interestingly, only 11% of mice that were 
heterozygous for the knock‑in mutant mouse 
allele showed severe self-induced tissue 
lesions. Leipold et al.7 reported that, although 
the heterozygous transgenic mice displayed 
no sensory axonal loss, there was impaired 

transmission of noxious stimuli to the dorsal 
horn of the spinal cord. This impaired trans-
mission was reflected by a reduced frequency 
of miniature excitatory postsynaptic currents 
recorded in acute spinal cord slices from het-
erozygous knock‑in mice, which the authors 
interpreted as suggesting impairment of 
neurotransmitter release at the dorsal horn.

Interpretations of NaV1.9 mutation studies.  
The mechanistic basis for the loss of sen-
sitivity to pain in the patients with the 
L811P‑mutant NaV1.9 channels is puzzling 
when considered alongside the three other 
studies of gain‑of‑function mutations in 
NaV1.9 that lead to pain disorders. Leipold 
et al.7 observed a depolarization of approxi-
mately 6.7 mV in the resting membrane 
potential of DRG neurons from a transgenic 
knock‑in mouse that expressed the analogous 
mouse Scn11a mutation, and suggested that 
this depolarization enhances the inactiva-
tion of most NaV channels at resting potential 
in these neurons, thereby impairing signal 
transmission at the first synapse of the noci
ceptive pathway, in the dorsal horn. However, 
whether a depolarization of 6–7 mV can, in 
itself, produce insensitivity to pain is debat-
able, as previous studies (for example, see 
REFS 3,48–50) have shown that 5–6-mV depo-
larizations of the resting potential in DRG 
neurons that expressed mutant NaV1.7 or 

NaV1.8 caused hyperexcitability that was asso-
ciated with severe pain. Indeed, as discussed 
above, Huang et al.6 described mutations in 
SCN11A in patients with painful peripheral 
neuropathy that produce an approximately 
6 mV depolarization of the resting membrane 
potential and make these DRG neurons 
hyperexcitable. Moreover, mimicking a 5 mV 
depolarization in resting potential by direct 
injection of current into rat DRG neurons (in 
the absence of mutant channels) produces 
hyperexcitability6,30. An increase in the excit-
ability of small-diameter DRG neurons, 
which include nociceptors, when their rest-
ing potential is depolarized by 5–6 mV is 
not unexpected, as the vast majority of such 
neurons contain NaV1.8. Compared with the 
other NaV channels, NaV1.8 is less sensitive 
to inactivation by depolarizations of up to 
20–30 mV from the resting membrane poten-
tial1. By contrast, depolarization of the resting 
membrane potential of rat superior cervical 
ganglion neurons that lack NaV1.8 renders 
these neurons hypoexcitable49,50, with excit-
ability rescued by the expression of NaV1.8 
(REF. 50). The hypoexcitability of DRG neu-
rons from the L811P knock‑in mouse and 
the lack of pain in people with the L811P 
SCN11A mutation reported by Leipold 
et al.7 could therefore be explained by an 
absence of NaV1.8 in the neurons that they 
studied, a possibility that the authors did 

Table 1 | Functionally characterized SCN11A mutations in human pain syndromes

Syndrome Mutation 
(location*)

Experiment notes Effects on channel properties Effects on 
DRG neurons

Refs

Familial 
episodic pain

R225C (DI–S4) Mutant human Na
V
1.9 

expressed in rodent DRG 
neurons

•	Trend towards increased current density
•	Although there was a nominal increase in current 

density, the change was not statistically significant

↑ Excitability 8

A808G (DII–S6) Mutant human Na
V
1.9 

expressed in rodent DRG 
neurons

•	Trend towards increased current density
•	Although there was a nominal increase in current 

density, the change was not statistically significant

↑ Excitability 8

Painful 
peripheral 
neuropathy

I381T (DI–S6) Mutant human Na
V
1.9 

expressed in rodent DRG 
neurons

•	Hyperpolarized activation (−6.9 mV)
•	Depolarized inactivation (13.3 mV)
•	Slower deactivation

↑ Excitability 6

L1158P (DIII–S4) Mutant human Na
V
1.9 

expressed in rodent DRG 
neurons

•	Hyperpolarized activation (−6.7 mV)
•	Slower deactivation

↑ Excitability 6

G699R (DIII–S4–S5) Mutant human Na
V
1.9 

expressed in rodent SCG 
neurons

•	Hyperpolarized activation (−10.1 mV)
•	Depolarized inactivation (6.3 mV)
•	Slower deactivation

↑ Excitability 9

Inability to 
experience 
pain, with 
self-mutilation

L811P (DII–S6) Human mutant Na
V
1.9 

expressed in a rodent 
neuronal cell line for 
voltage-clamp recordings

•	Hyperpolarized activation (−28 mV)
•	No change in inactivation
•	Increased current density (by more than twofold)
•	Slower deactivation
•	Slower inactivation

↓ Excitability 7

L811P (DII–S6) DRG neurons from a 
knock‑in mouse expressing 
the analogous Scn11a 
mutation

•	Hyperpolarized activation (−26 mV)
•	Hyperpolarized inactivation (−29 mV)
•	Reduced current density
•	Slower deactivation

↓ Excitability 7

DRG, dorsal root ganglion; SCG, superior cervical ganglion. *Expressed using domain (D) and transmembrane segment (S).
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not investigate. This explanation, however, 
is inconsistent with the finding that NaV1.8 
is expressed in >90% of small-diameter 
wild-type mouse DRG neurons51.

The discrepancy between the DRG 
neuron hypoexcitability that was reported 
by Leipold et al.7 and the DRG neuron 
hyperexcitability observed in other studies 
of mutant NaV channels6,30,50 might be attrib-
utable to differences in recording methods 
or in the cells that were assessed. As noted 
above, several different research groups 
have encountered a degree of instability in 
NaV1.9 currents that may introduce vari-
ability in the published data, depending on 
the protocols and methods used to study 
this channel. Moreover, transfected DRG 
neurons are typically studied a few days after 
transfection, whereas Leipold et al.7 recorded 
from DRG neurons from a mouse that had 
been producing the mutant NaV1.9 since its 
embryonic stages. Mutant channels in the 
knock‑in mouse would have been expressed 
since embryonic stages and could therefore 
have induced, for example, compensatory 
changes that could not be studied using 
acute expression of the mutant channel in 
transfected DRG neurons.

It is well established that small-diameter 
axons are especially sensitive to changes 
in sodium channel activity, as a result of 
their short length constant and high input 
impedance52,53. Stys et al.54 have demon-
strated that sustained Na+ influx through 
sodium channels can injure small-diameter 
central axons. Persson et al.55 have shown, 
using an in vitro assay, that the expression 
of some gain‑of‑function NaV mutations 
can impair the integrity of the axons of 
DRG neurons by reducing their length, 
and that sodium channel blockade can 
protect against this effect. We have sug-
gested that it is possible that the sustained 
hyperexcitability of NaV1.8‑expressing DRG 
neurons — owing to the −28 mV shift in 
activation produced by the L811P SCN11A 
mutation, as discussed above — leads to 
slow, cumulative and selective injury or 
even loss of some small-diameter DRG 
neurons in humans that was not detect-
able in the 5‑month-old mouse model 
studied by Leipold et al.7, thus leaving 
intact a population of hypoexcitable DRG 
neurons that express little or no NaV1.8. 
This explanation, however, is inconsistent 
with the normal density of small-diameter 

and large-diameter axons in the sural 
nerve from the index patient reported by 
Leipold et al.7.

An alternative explanation for the discrep-
ancy between the observed hypoexcitability 
and hyperexcitability mediated by mutant 
channels is that the hyperactive mutant 
NaV1.9 channels might produce a frequency-
related reduction of excitability, as has been 
demonstrated in other neuronal systems56. 
In this case, such an effect could possibly be 
attributable to ATP depletion resulting from 
low-level but persistent Na+ influx through 
the mutant channels, but without causing 
neuronal loss. This explanation will only be 
valid if NaV1.9 has a much wider distribu-
tion in the human DRG than in the rodent 
DRG, where the channel is expressed in only 
around 50% of small-diameter neurons12 
(FIG. 1). Thus, the mechanistic link between 
the L811P‑mutant NaV1.9 channels and the 
inability to experience pain remains elusive.

Prospects and challenges
Despite exciting progress, there are major 
gaps in our knowledge of NaV1.9 — particu-
larly of the molecular mechanisms involved 
in the gating of NaV1.9 channels. NaV1.9 

Figure 4 | Voltage-clamp and current-clamp analyses of NaV1.9 I381T 
mutant channels.  a | The effect of the I381T mutation on the gating prop-
erties of the voltage-gated sodium channel Na

V
1.9 was studied in 

Na
V
1.9‑null mouse dorsal root ganglion (DRG) neurons that were trans-

fected with wild-type or mutant channel constructs. The curves for the volt-
age dependence of activation (solid line) and steady-state, fast inactivation 
(dashed line) for wild-type Na

V
1.9 (red) and I381T channels (blue) show that 

the mutation hyperpolarizes activation (thus making the channel easier to 
open) and depolarizes inactivation (thus increasing the availability of the 
channel) of the mutant Na

V
1.9, markedly increasing the window current 

(shaded area) around the physiological range of the resting potential of 
DRG neurons. b | The effects of the I381T Na

v
1.9 channels on the firing 

properties of primary afferents were studied in rat DRG neurons trans-
fected with wild-type or mutant channel constructs. The average total 

number of action potentials (APs) elicited by injection of a depolarizing 
stimulus for 500 ms was higher in DRG neurons that expressed the 
I381T‑mutant channels than in DRG neurons that expressed wild-type 
Na

V
1.9 channels. c | Representative recording of spontaneous firing in a 

DRG neuron expressing I381T mutant channels. A trace was recorded for 
30 s without current injection. The bar graph shows that the proportion of 
I381T‑Na

V
1.9‑expressing DRG neurons that fire spontaneously (blue) is 

increased by over fivefold (difference shown in white) compared with the 
proportion of wild-type-Na

V
1.9‑expressing DRG neurons that spontane-

ously fire (red); proportion values are shown on the right-hand side. Thus, in 
contrast to the I381T‑mutant-expressing neuron (from which the recording 
was taken), wild-type-Na

V
1.9‑expressing DRG neurons are much less likely 

to fire spontaneously. Adapted with permission from REF. 6, Oxford 
University Press. 
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is the least conserved member of the Nav 
family, even among its mammalian ortho-
logues10,11, making it difficult to extrapolate 
information from structural and functional 
studies on other sodium channels. Species-
specific sequence divergence may have 
contributed to the marked difference in 
channel inactivation profiles between the 
human mutant channel that was expressed 
in ND7/23 cells and the mutant mouse 
channel that was studied in the knock‑in 
mouse DRG neurons by Leipold et al.7. 
Thus, in future studies of NaV1.9 mutations, 
it will be important to study the effect of 
the mutation in the genes encoding human 
channels in the DRG neuron background. 
Such studies do not lend themselves to 
high-throughput assays, which could be 
useful in, for example, the development of 
drugs that target the channel. The differ-
entiation of sensory neurons from human 
induced pluripotent stem cells57,58 or directly 
from human fibroblasts59,60 represents a 
promising approach for more representa-
tive high-throughput assays, especially if 
this approach is coupled with the successful 
implementation of genome editing, using 
technologies such as CRISPR (clustered 
regularly interspaced short palindromic 
repeats)61.

As is the case for other NaV channels, it 
is currently difficult to assess the effects of 
most of the intronic mutations in SCN11A, 
because there is a lack of functional assays 
that are able to determine the effect of 
single-nucleotide substitutions, inser-
tions or deletions in the large introns of 
the NaV-encoding genes. It is possible that 
gain‑of‑function mutations that increase the 
persistent NaV1.9 current can lead to axonal 
loss, as is commonly observed in painful 
small-fibre neuropathy. This suggestion 
is based, at least in part, on the persistent 
influx of Na+, which can reverse the local 
membrane gradient of Na+ and Ca2+, leading 
to a reversal of sodium–calcium exchanger 
activity and subsequent Ca2+-influx-induced 
axonal injury54,55; however, this possibility 
would need to be tested in further studies. 
Another fundamental question that is com-
mon to all associations between peripheral 
NaV mutations and late-onset pain disorders 
concerns the molecular and cellular bases 
for the time required for the development of 
symptoms. It is likely that genetic, epigenetic 
and environmental factors, either individu-
ally or combined, may be required to trans-
late alterations in the biophysical properties 
of channels into cellular deficits and eventual 
clinical symptoms, which can take decades 
to develop.

The human studies that have been dis-
cussed in this article clearly support further 
investigation of NaV1.9 in human pain dis-
orders. First, although a SCN11A mutation 
frequency of approximately 4% in painful 
peripheral neuropathy was detected in the 
study by Huang et al.6, not all of these muta-
tions were functionally tested, and thus the 
clinical importance of some of the result-
ing substitutions is not yet clear. Studies on 
larger cohorts of patients with pain disorders 
of idiopathic origin are needed to build a 
complete picture of NaV1.9‑related pain 
pathology. Second, whereas the data that 
link gain‑of‑function SCN11A mutations to 
pain6,8,9 indicate that NaV1.9 inhibitors might 
be appropriate for pain treatment, the study 
describing the gain‑of‑function SCN11A 
mutation that is linked to an inability to 
experience pain suggests that it might also be 
appropriate to investigate channel openers. 
For this reason, it is important to confirm 
the findings reported by Leipold et al.7 and 
to establish a mechanistic explanation for 
the paradoxical findings of a gain of function 
at the channel level and a loss of function at 
the cellular level. Finally, individuals with 
mutant-NaV1.9‑associated familial episodic 
pain were reported to respond to treatment 
with NSAIDs. Such a therapeutic response 
to these anti-inflammatory agents — if con-
firmed — would be consistent with data from 
animal studies that support a role for NaV1.9 
in inflammatory pain16,27,28. By contrast, 
individuals with mutant-NaV1.9‑associated 
painful peripheral neuropathy typically do 
not respond to NSAID treatment, suggesting 
that different molecular signal-transduction 
cascades, and perhaps different neural cir-
cuitry, mediate pain in these individuals. This 
possibility might be studied in the future 
through the development and assessment 
of induced pluripotent stem cell lines from 
these patients, through post-mortem exami-
nation of patient DRG neurons and through 
functional brain imaging.

On the basis of the biological plausibil-
ity of NaV1.9 as an electrogenic threshold 
channel in DRG neurons and myenteric 
neurons17,28,29,33, and the genetic, genomic and 
functional evidence that has recently been 
published6–8, NaV1.9 can now be considered 
a validated human therapeutic target. The 
identification and functional characterization 
of variants of NaV1.9 from patients with rare 
pain disorders and common painful periph-
eral neuropathies provide compelling impe-
tus for studies that will hopefully lead to the 
development of novel therapeutics for pain. 
The recent development of small-molecule, 
isoform-specific inhibitors62 and a blocking 

antibody63 that target other sodium chan-
nel subtypes provides evidence that similar 
strategies could be adopted to target NaV1.9. 
In this respect, the high divergence of the 
primary sequence of NaV1.9 from that of the 
other NaV channels may be advantageous. 
Moreover, the preferential distribution of 
NaV1.9 within nociceptor neurons, rather 
than in the majority of other peripheral and 
central tissues, suggests that an isoform-
specific agent that targets this channel might 
have a favourable therapeutic profile, with 
minimal cognitive and/or cardiac adverse 
side effects. Nonetheless, the demonstra-
tion of NaV1.9 currents in vasopressin- and 
oxytocin-producing magnocellular neuro
secretory neurons in the hypothalamus64 
argues for vigilance in evaluating the possible 
side effects — including hypothalamic effects 
— of modulators of this channel.

The role of primary afferents in chronic 
pain has been under intensive investigation 
for decades (reviewed in REFS 65,66). The 
application of next-generation sequencing 
approaches will expedite the discovery of 
additional mutations in SCN11A, as well as 
in the genes encoding NaV1.7 and NaV1.8 
(the two other peripheral NaV channels), that 
are associated with human pain disorders. 
The development of novel small-molecule 
inhibitors or other therapeutic approaches, 
including gene therapy and biologics that 
target these channels, hold promise for 
more effective pain treatments that have 
minimal adverse effects. The genetic and 
genomic data that link SCN11A mutations 
to pain disorders in humans support the 
prediction that NaV channels that are pref-
erentially expressed in the periphery have 
important and non-redundant roles in the 
electrogenesis of sensory neurons, and show 
that the dysfunction of these channels can 
have severe consequences at the organismal 
level. The newly found associations between 
SCN11A mutations and human pain disor-
ders will undoubtedly reinvigorate research 
efforts that aim to better understand the 
basic principles of how NaV1.9 channels gate 
and regulate sensory neuron electrogenesis.
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