
Research Article

A SCN10A SNP biases human
pain sensitivity
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Abstract

Background: Nav1.8 sodium channels, encoded by SCN10A, are preferentially expressed in nociceptive neurons and play an

important role in human pain. Although rare gain-of-function variants in SCN10A have been identified in individuals with

painful peripheral neuropathies, whether more common variants in SCN10A can have an effect at the channel level and at the

dorsal root ganglion, neuronal level leading to a pain disorder or an altered normal pain threshold has not been determined.

Results: Candidate single nucleotide polymorphism association approach together with experimental pain testing in human

subjects was used to explore possible common SCN10A missense variants that might affect human pain sensitivity. We

demonstrated an association between rs6795970 (G>A; p.Ala1073Val) and higher thresholds for mechanical pain in a

discovery cohort (496 subjects) and confirmed it in a larger replication cohort (1005 female subjects). Functional assess-

ments showed that although the minor allele shifts channel activation by �4.3 mV, a proexcitatory attribute, it accelerates

inactivation, an antiexcitatory attribute, with the net effect being reduced repetitive firing of dorsal root ganglion neurons,

consistent with lower mechanical pain sensitivity.

Conclusions: At the association and mechanistic levels, the SCN10A single nucleotide polymorphism rs6795970 biases

human pain sensitivity.
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Background

The Nav1.8 sodium channel, encoded by SCN10A, is
preferentially expressed in dorsal root ganglion (DRG)
and trigeminal ganglion neurons, most of which are noci-
ceptive, and is also present along peripheral axon and
free nerve terminals in skin and cornea.1–4 The biophys-
ical properties of Nav1.8, its critical role in repetitive
firing, and its presence in free nerve endings, suggest
that Nav1.8 can significantly influence nociceptor excit-
ability, thus contributing to pain.5–8 Indeed, relatively
rare gain-of-function variants in SCN10A have been
identified in individuals with painful peripheral neuropa-
thies.9–11 However, whether more common variants in
SCN10A can have an effect at the channel level and at
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the DRG, neuronal level leading to a pain disorder or an
altered normal pain threshold have not been determined.

Interestingly, several genome-wide association studies
in diverse ethnic populations have identified associations
of single nucleotide polymorphisms (SNPs) in SCN10A
with cardiac conduction.12–21 The SNP rs6795970 (nucleo-
tide level: NM_006514.2: c.3218G>A)whoseminor allele
causes a nonsynonymous substitution (NP_006505.2:
p.Ala1073Val) and rs12632942 (c.3218A>G, p.Leu 1092
Pro)21–24 are the most frequently reported SCN10A SNPs
that correlate with cardiac conduction.12–21 Although the
role of these substitutions in cardiac conduction are not
well understood,13,21–26 these findings provided a good can-
didate strategy for exploring the common SCN10A variant
that may affect human pain sensitivity.

Using a targeted SNP approach together with
experimental pain testing in human subjects, we explored
the possible associations between human pain sensitivity
and the previously described common SCN10A SNPs,
rs6795970 and rs12632942, and additional nonsynonymous
SNPs with a minor allele frequency5 5% (dbSNP data-
base, http://www.ncbi.nlm.nih.gov/snp/). Electrophysiolo-
gical recordings in DRG neurons were used to test whether
the rs6795970, the SNP that is associated with experimental
pain in our study, may alter channel properties and firing
properties of DRG neurons. The combination of genotype
screeningandexperimental pain testing inhumansand func-
tional testing in DRG neurons demonstrates, at the associ-
ation and mechanistic levels, that the SCN10A SNP may
bias human pain sensitivity.

Methods

Association study

Subjects. Subjects were enrolled in our study over the
period from August 2013 to December 2014 to explore

associations between pain-related genes and human pain
sensitivity in a general population. The cohort in the
current study was expanded from our previous study.27

The study protocol was approved by the Institutional
Ethics Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and
Technology. Written informed consent was obtained
from all participants prior to the initiation of the study.

In the current study, we included a total of 496 healthy
male and female undergraduates of Han Chinese ethnic
origin atHuazhongUniversity of Science and Technology
for our discovery cohort; demographic data are presented
in Table 1. Because of pressure pain threshold asymmetry
of left and right handers,28 all enrolled subjects were right-
hand dominant. Exclusion criteria included use of any
analgesic medication within the four weeks prior to the
study, alcohol or drug abuse, pregnancy or lactation, or
presence of dermatitis or damaged, red, or swollen skin at
the selected testing locations.

Establishing a positive replication of genotype-
phenotype correlation requires a more stringent and
powerful cohort than the original cohort,29 and population
stratification can be a major confounder of data in associ-
ation studies.30 It was necessary to control for sex in the
replication study because we detected significant differ-
ences in experimental pain sensitivity between males and
females in our discovery study (Table 1). In addition,
enrollment of subjects undergoing gynecological surgery
in one specific hospital ward could also make recruitment
easier and ensured a consistent research environment for
the study subjects, and our research group has recently
focused on female pain perception.27,31,32 Therefore, a
total of 1005 Han Chinese women who were scheduled
for elective gynecological surgery were included in the rep-
lication cohort.

Female subjects in the replication sample were
included based on set inclusion and exclusion criteria.

Table 1. Comparison of characteristics between male and female undergraduates in discovery study and patient subjects in replication

study.

Male undergraduates

(n¼ 187)

Female undergraduates

(n¼ 309)

Female patient subjects

(n¼ 1005) ANOVA P

Age (year) 22.8� 2.3 22.5� 2.2 38.5� 10.9*y P< 0.001

BMI (kg/m2) 21.8� 2.5 19.8� 1.9* 22.3� 3.4y P< 0.001

D-PPT (kg/cm2) 3.86� 1.39 2.87� 1.00* 2.34� 0.97*y P< 0.001

D-PTO (kg/cm2) 8.11� 2.69 5.33� 1.88* 4.65� 1.66*y P< 0.001

S-PPT (kg/cm2) 17.2� 5.3 13.1� 3.7* 10.3� 4.3*y P< 0.001

S-PTO (kg/cm2) 39.2� 13.9 26.1� 9.5* 18.9� 8.3*y P< 0.001

QPT (kg/cm2) 54� 16 44� 14* 26� 12*y P< 0.001

WLT (s) 6.6� 3.3 6.2� 3.2 Null P¼ 0.187

ANOVA: analysis of variance; D-PPT: dull pressure pain threshold; D-PTO: dull pressure pain tolerance; S-PPT: sharp pressure pain threshold; S-PTO: sharp

pressure pain tolerance; QPT: quantizing pricking pain; WLT: withdrawal latency time. Compared to male undergraduates, *P< 0.001; compared to female

undergraduates, yP< 0.001.
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The inclusion criteria were as follows: Han Chinese,
right-hand dominant, and scheduling for gynecological
surgery. The exclusion criteria were as follows: incapable
of communicating, smoking, alcohol, drug abuse,
pregnancy or at menstrual period, use of any analgesic
medication over the previous four weeks, diabetes
mellitus, severe cardiovascular diseases, and kidney or
compromised hepatic function. On the day prior to the
operation, research staff screened patients on the gyne-
cological wards for inclusion/exclusion criteria, and
patients who were invited to enroll in our study received
information to minimize their anxiety related to the sur-
gery and to the experimental pain test. Then, the experi-
mental pain tests for all these subjects were performed
using a standard procedure as in the primary study.

Experimental pain measurements

In the current study, we applied dull pressure pain
measurement, sharp pressure pain measurement, and
quantizing pricking pain (QPT) measurement to assess
the subjects’ mechanical pain sensitivity as described
previously.33–35 Heat pain sensitivity was analyzed
through withdrawal latency time (WLT) for radiating
heat stimulus as reported previously.36 Experimental
pain measurements including dull, sharp, pricking, and
heat pain measurements were applied by four different
investigators, respectively, and for all subjects, each type
of measurement was tested on all occasions by the same
investigator. Testing for D-PPT (dull pressure pain
threshold), D-PTO (dull pressure pain tolerance),
S-PPT (sharp pressure pain threshold), S-PTO (sharp
pressure pain tolerance), and QPT were carried out by
female experimenters, thus minimizing the potential
effect of the sex of the experimenter on test results for
all the female subjects in both cohorts, which represent
87.5% of the total subjects enrolled in this study.
Standardized instruction and initial trial runs of mech-
anical and heat pain measurements were performed at
the outset of each testing session to familiarize the par-
ticipant with the testing procedure. Because the results of
the primary study showed that only mechanical pain sen-
sitivity was associated with SCN10A SNPs, mechanical
pain sensitivity was preferentially tested for the replica-
tion cohort.

In this study, a hand-held electronic mechanical
algometer was used to test mechanical pain sensitivity.
D-PPT and D-PTO were measured using a mechanical
algometer with a 1-cm2 probe, while S-PPT and S-PTO
were measured using a 0.1-cm2 probe. Finally, QPT was
measured using a mechanical algometer with a 0.01-cm2

probe. The investigator applied the algometer to each of
three locations on the right forearm in the following
sequential manner: (1) location 1 for D-PPT and D-
PTO (the lateral brachioradialis of the elbow joint); (2)

location 2 for S-PPT and S-PTO (the midpoint between
locations 1 and 3); and (3) location 3 for QPT (the mid-
point of the medial and lateral borders of the wrist).

A standardized procedure was used for all partici-
pants. Participants were asked to say ‘‘pain’’ when they
started to feel pain (D-PPT, S-PPT, or QPT) during the
stimulation; the stimulation was restarted after a brief
pause following this statement, and the participants
were asked to state ‘‘okay’’ when the pain became
intolerable (D-PTO or S-PTO). Each pain test was
repeated 5min later, and the average of the two meas-
urements was calculated. The order of the pain tests was
identical for all subjects.

WLT was measured using an Ugo Basile Biological
Apparatus (model 37370; Ugo Basile, Italy), with infra-
red radiance intensity set at 60. The participants
positioned their middle finger above the infrared gener-
ator. The investigator then activated both the infrared
source and a reaction time counter via a start key.
Participants were told to withdraw their finger when
they started to feel pain; at this point, the infrared
beam was automatically switched off, and the timer
stopped. The left and right middle fingers of each par-
ticipant were measured, and the average WLT of the two
measurements was calculated.

Genotyping

Heparin-treated blood was collected for all subjects from
the antecubital vein. Genomic DNA was extracted from
blood samples using the guanidinium isothiocyanate
method. Genotyping of SCN10A SNPs was performed
by Shanghai BioWing Applied Biotechnology Company
(http://www.biowing.com.cn/) using ligase detection
reactions (LDRs).37 The target DNA sequences were
amplified using a multiplex PCR method. After comple-
tion of the amplification, the ligation reaction for each
subject was carried out and LDR was performed using
40 cycles of 94�C for 30 s and 63�C for 4min. The fluor-
escent products of LDR were differentiated using an ABI
sequencer 377. In addition to the rs6795970 and
rs12632942, three SNPs, i.e. rs57326399 (c.2884A>G,
Ile962Val), rs7630989 (c.1525T>C, Ser509Pro),
rs74717885 (c.618 A>G, Ile206Met), were selected
based on their locations in exons, their predicted amino
acid substitutions, and a minor allele frequency5 5%. A
total of five SCN10A SNPs were screened in the discov-
ery study (Figure 1). Based on the results of the associ-
ation analysis in the discovery cohort, only rs6795970
and rs12632942 were screened in the replication study.

Statistical analysis

The sample was tested for each SNP to determine
whether the null hypothesis of the Hardy-Weinberg
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equilibrium (HWE) could be rejected by applying the
chi-square method. In both the discovery and replication
cohorts, demographic analysis, independent-sample t
test, and one-way analysis of variance (ANOVA) test
of quantitative traits were conducted using the SPSS
Statistics Version 17.0 statistical package (SPSS
Statistics, Inc., Chicago, IL). In order to reduce the inci-
dence of false negatives in our exploration of the possible
association of SCN10A SNPs with experimental pain
sensitivity in the discovery study, the post hoc least-sig-
nificant difference (LSD) test was used instead of correc-
tion for ANOVA repeated measure analysis for multiple
comparisons. We applied Bonferroni (BONF) correction
to control for the ANOVA test for replication study, and
the P values were further multiplied by 10, to correct for
the number of tested phenotypes (five) and screened
SNPs (two). Post hoc BONF correction test was used
for multiple comparisons in the replication study. All
analyses used the maximum number of cases available
for each experimental pain phenotype. A two-tailed
probability value of P< 0.05 was used as the criterion
for statistical significance.

Functional assessments of Nav1.8 variants

Plasmids. The pcDNA5-SCN10A (Nav1.8-Val1073) plas-
mid construct was purchased from Genionics. Using
Mega mutagenesis protocol, a sequence encoding
enhanced green fluorescent protein was cloned upstream
of the Nav1.8 ATG with a ‘‘stopGo’’ 33 amino acid 2A
linker, such that the GFP-2A adaptor and the Nav1.8
channel proteins were produced as independent proteins
from the same messenger RNA.38–40 Pilot experiments
confirmed the presence of GFP-2A and Nav1.8 channels

as independent proteins on Western blots and
demonstrated that the channel produces the expected
TTX-resistant slowly inactivating current. The nucleo-
tide substitution c.3218A>G which leads to the amino
acid substitution Val1073Ala was introduced into the
construct using QuikChange� II XL site-directed muta-
genesis (Stratagene). Each batch of the plasmids that
were used in this study were verified by Sanger sequen-
cing and confirmed to produce the Nav1.8 current in a
heterologous expression system before using it in the
experiments.

Primary mouse DRG neuron isolation and transfection. Animal
studies were approved by Veterans Administration West
Haven medical center Animal Use Committees. DRG
neurons were isolated, as previously reported,41 from
homozygous Nav1.8-cre mice (four–eight weeks of age,
both male and female) that lack endogenous
Nav1.8.9,10,42 In compliance with the recent NIH guide-
lines and our own practice, we have used both male and
female mice as source for DRG neurons. DRG cultures
for voltage-clamp analysis were made from six mice each
(three male and three female) for the Ala1073 and the
Val1073 recordings; and for current-clamp analysis, we
used six mice (four female and two male) for the Ala1073
and seven mice (four female and three male) for the
Val1073 analysis. Briefly, DRGs were harvested, incu-
bated at 37�C for 20min in complete saline solution (in
mM: 137 NaCl, 5.3KCl, 1MgCl2, 25 sorbitol, 3 CaCl2,
and 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES), adjusted to pH 7.2 with NaOH) contain-
ing 0.5U/ml Liberase TM (Roche Diagnostics) and
0.6mM EDTA before 15min incubation at 37�C in com-
plete saline solution containing 0.5U/ml Liberase TL

Figure 1. Schematic of sodium channel polypeptide showing the locations of the corresponded amino acid residues encoded by the five

SCN10A SNPs.
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(Roche Diagnostics), 0.6mM EDTA, and 30U/ml
papain (Worthington). Tissue was then centrifuged and
triturated in 0.5ml of DRG media: Dulbecco’s Modified
Eagle Medium/F12 (1:1) with 100U/ml penicillin,
0.1mg/ml streptomycin (Invitrogen), and 10% fetal
bovine serum (Hyclone), containing 1.5mg/ml bovine
serum albumin (low endotoxin; Sigma), and 1.5mg/ml
trypsin inhibitor (Sigma). After trituration, Nav1.8-
Val1073 or Nav1.8-Ala1073 channel constructs were
transfected into DRG neurons in suspension using a
Nucleofector IIS electroporator (Lonza) and Amaxa
SCN Nucleofector reagents (VSPI-1003). After electro-
poration, 100 ml of calcium-free Dulbecco’s modified
Eagle medium (Invitrogen) was added, and cells were
incubated at 37�C for 5min in a 95% air/5% CO2

(vol/vol) incubator to allow neurons to recover. The
cell mixture was then diluted with DRG media contain-
ing 1.5mg/ml bovine serum albumin (low endotoxin;
Sigma) and 1.5mg/ml trypsin inhibitor (Sigma), seeded
onto poly-D-lysine/laminin-coated coverslips (BD
Bioscience), and incubated at 37�C to allow DRG neu-
rons to attach to the coverslips. After 40min, DRG
media was added into each well to a final volume of
1.0ml (for current-clamp recording culture, medium
was supplemented with 50 ng/ml mouse nerve growth
factor (mNGF) (Alomone Labs) and 50 ng/ml recombin-
ant human glial cell line-derived neurotrophic factor
(hGDNF) (PeproTech)) and the DRG neurons were
maintained at 37�C in a 95% air/5% (vol/vol) CO2 incu-
bator for 40�48 h before recording.

Electrophysiology

Voltage-clamp recording from transfected mouse DRG

neurons. Voltage-clamp recordings were performed with
an EPC-10 amplifier (HEKA) from small transfected
mouse DRG neurons (<25-mm diameter) with robust
green fluorescence and no apparent neurites at room
temperature (�22�C) 40–48 h after transfection as
described previously.9–11 Fire-polished electrodes (1–2
M�) were fabricated from 1.6mm outer diameter boro-
silicate glass micropipettes (World Precision
Instruments, Sarasota, FL). The pipette potential was
adjusted to zero before seal formation, and liquid junc-
tion potential was not corrected. Capacitive transients
were cancelled, and voltage errors were minimized with
80%–90% series resistance compensation; cells were
excluded from analysis if the predicted voltage error
exceeded 4mV. Currents were acquired with
PatchMaster software (HEKA Electronics), 5min after
establishing whole-cell configuration, sampled at a rate
of 50 kHz, and filtered at 2.9 kHz. The pipette solution
contained the following (in mM): 140 CsF, 10 NaCl, 1
EGTA, and 10 HEPES, pH 7.3 with CsOH (adjusted to
315 mOsmol/L with dextrose). The extracellular bath

solution contained the following (in mM): 70 NaCl, 70
choline chloride, 3 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 5
CsCl, 20 tetraethylammonium chloride (TEA�Cl), pH
7.32 with NaOH (327 mOsmol/L). TTX (0.5 mM),
CdCl2 (0.1 mM), and 4-aminopyridine (1 mM) were
added in the bath solution to block endogenous vol-
tage-gated sodium currents, calcium currents, and potas-
sium currents, respectively.

For current–voltage relationships, cells were held at�70
mVand stepped to a range of potentials (�70 toþ40mV in
5mV increments) for 100ms. Peak inward currents (I) were
plotted as a function of depolarization potential to gener-
ate I–V curves. Activation curves were obtained by con-
verting I to conductance (G) at each voltage (V) using the
equation G¼ I/(V�Vrev), where Vrev is the reversal poten-
tial which was determined for each cell individually.
Activation curves were then fit with Boltzmann functions
in the form ofG¼Gmax/{1þ exp[(V1/2,act�V)/k]}, where
Gmax is the maximal sodium conductance, V1/2,act is the
potential at which activation is half-maximal, V is the
test potential, and k is the slope factor.

Steady-state fast inactivation was achieved with a
series of 500 ms prepulses (�90 toþ 10 mV in 5 mV
increments) and the remaining noninactivated channels
were activated by a 40-ms step depolarization to 0 mV.
The protocol for slow inactivation consisted of a 30-s
step to potentials varying from �120 to 20 mV, followed
by a 30-ms step to �70 mV to remove fast inactivation,
and a 20-ms step to 0 mV to elicit a test response. Peak
inward currents obtained from steady-state fast inactiva-
tion and slow inactivation protocols were normalized by
the maximum current amplitude and fit with a
Boltzmann equation of the form I/Imax¼Aþ (1�A) /
{1þexp[(V�V1/2,inact)/k]}, where V represents the inac-
tivating prepulse potential and V1/2,inact represents the
midpoint of the inactivation.

Persistent currents were measured as mean amplitudes
of currents recorded between 90 and 95 ms after the onset
of depolarization and are presented as a percentage of the
maximal transient peak current. Ramp currents were eli-
cited with slow ramp depolarization over a 600-ms period
at 0.2 mV/ms. The amplitude of ramp current was pre-
sented as a percentage of the maximal peak current.

Recovery from fast inactivation was examined using a
two-pulse protocol with interpulse intervals varying from
1 to 1025 ms. Recovery rates were measured by normal-
izing peak current elicited by the test pulse (10-ms
depolarization to 0 mV) to that of the prepulse (100 ms
at 0 mV) after various recovery durations (1–1025 ms) at
different recovery potentials. Recovery time constants
were calculated using monoexponential fits of the recov-
ery fraction over recovery period.

Current-clamp recording on transfected mouse DRG

neurons. Current-clamp recordings were obtained at
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room temperature (�22�C) using an EPC-10 amplifier
(HEKA) from small (<25-mm diameter) GFP-labeled
DRG neurons 40–48 h after transfection as described
previously.9–11 In order to reduce the observation bias
from experimental systems, current-clamp recordings
were performed in a blind way. Electrodes had a resist-
ance of 1–3 M� when filled with the pipette solution,
which contained the following (in mM): 140 KCl, 0.5
EGTA, 5 HEPES, and 3 Mg-ATP, pH 7.3 with KOH
(adjusted to 315 mosM with dextrose). The extracellular
solution contained the following (in mM): 140 NaCl, 3
KCl, 2 MgCl2, 2 CaCl2, and 10 HEPES, pH 7.3 with
NaOH (adjusted to 320 mosM with dextrose). Whole
cell configuration was obtained in voltage-clamp mode
before proceeding to the current-clamp recording mode.
Current threshold was determined by the first action
potential elicited by a series of 200-ms depolarizing cur-
rent injections that increased in 5-pA increments.
Voltage threshold was determined by assessing the
first-order derivative dV/dt of membrane potential.
Cells with stable resting membrane potentials more nega-
tive than �40 mV and overshooting action potentials
(>80 mV resting membrane potential to peak) were
used for additional data collection. Action potential fre-
quency was determined by quantifying the number of
action potentials elicited in response to depolarizing cur-
rent injections (500 ms). Membrane potential oscillations
were analyzed as previously described43,44 and a Fast
Fourier Transform (Origin Pro8.5, Origin Lab

Corporation) was used to obtain the frequency compo-
nents of the oscillations.

Data analysis

Voltage-clamp and current-clamp data were analyzed
using FitMaster (HEKA) and OriginPro8.5 (OriginLab
Corporation). All data were presented as means� SEM.
Statistical significance was examined using two-sample
Student t test,Scheirer-Ray-Hare test, or two-portion z test.

Results

Association of SCN10A SNPs with experimental pain
sensitivity: Discovery cohort

Success rates for genotyping the five different SCN10A
SNPs in the discovery cohort were: rs6795970, 99.8%
(495/496); rs12632942, 99.3% (493/496); rs74717885,
100% (496/496); rs7630989, 100% (496/496); and
rs57326399, 98.4% (488/496). Data analysis from this
discovery cohort showed significant association of
rs6795970 (Table 2) with the subjects’ mechanical pain
sensitivity. However, no significant difference was
observed for WLT among subjects carrying the different
rs6795970 alleles. The discovery cohort was divided into
three groups based upon the composition of the
rs6795970 alleles: 359 subjects were homozygous for
the major allele G/G (p.Ala1073), 125 subjects were

Table 2. Characteristics of subjects with different SCN10A rs6795970 alleles: primary study.

G/G (n¼ 359) G/A (n¼ 125) A/A (n¼ 11) Statistics

Sex (M /F) 134/225

(P1¼ 0.076)

46/79

(P2¼ 0.080)

7/4 x2
¼ 3.21; P¼ 0.201

Age (years) 22.6� 2.2

(P1¼ 0.586)

22.5� 2.1

(P2¼ 0.506)

23.0� 2.3 F¼ 0.25; P¼ 0.777

BMI (kg/m2) 20.5� 2.3

(P1¼ 0.369)

20.5� 2.6

(P2¼ 0.348)

21.2� 2.5 F¼ 0.44; P¼ 0.643

D-PPT (kg/cm2) 3.21� 1.27

(P1¼ 0.030)

3.25� 1.23

(P2¼ 0.044)

4.04� 1.01 F¼ 2.36; P¼ 0.095

D-PTO(kg/cm2) 6.33� 2.58

(P1¼ 0.029)

6.36� 2.54

(P2¼ 0.036)

8.05� 1.81 F¼ 2.41; P¼ 0.091

S-PPT (kg/cm2) 14.5� 4.4

(P1¼ 0.409)

14.8� 5.8

(P2¼ 0.547)

15.7� 5.5 F¼ 0.49; P¼ 0.614

S-PTO (kg/cm2) 30.9� 12.9

(P1¼ 0.061)

30.8� 13.3

(P2¼ 0.064)

38.4� 12.5 F¼ 1.80; P¼ 0.167

QPT (kg/cm2) 48� 16

(P1¼ 0.223)

46� 14

(P2¼ 0.102)

54� 19 F¼ 1.84; P¼ 0.160

WLT (s) 6.1� 3.0

(P1¼ 0.728)

6.8� 4.0

(P2¼ 0.288)

6.2� 2.2 F¼ 2.13; P¼ 0.119

BMI: body mass index; D-PPT: dull pressure pain threshold; D-PTO: dull pressure pain tolerance; S-PPT: sharp pressure pain threshold; S-PTO: sharp

pressure pain tolerance; QPT: quantizing pricking pain; WLT: withdrawal latency time; P1: significance of difference between G/G and A/A; P2: between G/A

and A/A.

The rows given in bold represents that significant difference (P< 0.05) between groups observed.
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heterozygous for alleles G/A, and 11subjects were homo-
zygous for the minor allele A/A (p.Val1073). The HWE
value of rs6795970 for the discovery cohort was
P¼ 0.975, indicating that this population conforms to
the genetic equilibrium stipulations. As shown in Table
2, the subjects who carried the minor homozygote allele
showed higher D-PPT and D-PTO (LSD P< 0.05) than
those who carried major homozygote or heterozygote
alleles. There was no significant difference in the pain
sensitivity of individuals carrying the major homozygote
versus heterozygote alleles (LSD P> 0.05).

Similar to the results from the analysis of rs6795970,
the discovery cohort showed a significant association of
rs12632942 with the subjects’ mechanical pain sensitivity
but not with WLT (Table 3). In the association analysis,
no significant difference of experimental pain sensitivity
was found in the different genotypes of rs74717885,
rs7630989, and rs57326399.

Association of minor allele of rs6795970 with
mechanical pain: Replication cohort

Based on the findings from the discovery cohort, we
investigated the association of rs6795970 and
rs12632942 with mechanical pain sensitivity in a larger
replication cohort (1005 subjects). Success rates for gen-
otyping rs6795970 and rs12632942 in the replication
cohort were 98.6% and 98.2%, respectively. Data ana-
lysis showed a significant association of the rs6795970

alleles with mechanical pain sensitivity as we had found
in the discovery cohort. In the replication cohort, 663
subjects were homozygous for the major allele G/G,
297 subjects were heterozygous G/A, and 31 subjects
were homozygous for the minor allele A/A. The HWE
value for the rs6795970 in this cohort was P¼ 0.746. The
data showed that rs6795970 was significantly associated
with three types of mechanical pain measures, as was
observed in the discovery cohort (Table 4). Figure 2
shows that the mean mechanical pain thresholds in car-
riers of the minor homozygote allele were higher than
those in carriers of the other genotypes, indicating that
minor allele of rs6795970 is associated with a decrease in
human mechanical pain sensitivity. The significance
values (after BONF correction) for the differences of S-
PPT (Figure 2(b)) between carriers of the minor homo-
zygote alleles and those with the two other genotypes in
the replication cohort reached (2.3–2.4)� 10�5, and the
ANOVA statistical test was significant at 3.1� 10�4. By
contrast, the difference of mechanical pain sensitivity
between different genotypes of rs12632942 failed to rep-
licate in all mechanical pain measures (Table 5).

Functional assessments of Nav1.8-Ala1073 and
Nav1.8-Val1073 channels in DRG neurons

Our results imply that the p.Ala1073Val substitution in
Nav1.8, which corresponds to the minor ‘‘A’’ allele of
rs6795970, contributes to reduced mechanical pain

Table 3. Characteristics of subjects with different SCN10A rs12632942 alleles: primary study.

A/A (n¼ 166) A/G (n¼ 242) G/G (n¼ 85) Statistics

Sex (M /F) 70/96 86/156

(P1¼ 0.176)

30/55

(P2¼ 0.292)

x2
¼ 2.10; P¼ 0.350

Age (years) 22.6� 2.1 22.5� 2.3

(P1¼ 0.519)

23.1� 2.1

(P2¼ 0.113)

F¼ 2.42; P¼ 0.090

BMI (kg/m2) 20.8� 2.7 20.3� 2.2

(P1¼ 0.034)

20.6� 2.4

(P2¼ 0.493)

F¼ 2.29; P¼ 0.102

D-PPT (kg/cm2) 3.43� 1.35 3.18� 1.21

(P1¼ 0.042)

3.06� 1.06

(P2¼ 0.027)

F¼ 3.14; P¼ 0.044

D-PTO (kg/cm2) 6.97� 2.83 6.09� 2.34

(P1¼ 0.001)

6.04� 2.47

(P2¼ 0.006)

F¼ 6.90; P¼ 0.001

S-PPT (kg/cm2) 15.0� 5.5 14.2� 4.3

(P1¼ 0.086)

14.9� 4.7

(P2¼ 0.816)

F¼ 1.66; P¼ 0.191

S-PTO (kg/cm2) 32.7� 14.0 30.5� 12.6

(P1¼ 0.093)

29.0� 12.0

(P2¼ 0.031)

F¼ 2.66; P¼ 0.071

QPT (kg/cm2) 49� 18 47� 14

(P1¼ 0.355)

46� 14

(P2¼ 0.164)

F¼ 1.03; P¼ 0.358

WLT (s) 6.1� 3.3 6.5� 3.5

(P1¼ 0.927)

6.2� 2.7

(P2¼ 0.291)

F¼ 0.65; P¼ 0.523

BMI: body mass index; D-PPT: dull pressure pain threshold; D-PTO: dull pressure pain tolerance; S-PPT: sharp pressure pain threshold; S-PTO: sharp

pressure pain tolerance; QPT: quantizing pricking pain; WLT: withdrawal latency time; P1: significance of difference between A/G and A/A; P2: between G/G

and A/A. Hardy-Weinberg equilibrium (HWE) P¼ 0.842.

The rows given in bold represents that significant difference (P< 0.05) between groups observed.
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sensitivity. To directly examine the effects of this amino
acid substitution on the function of Nav1.8 channels and
on the excitability of DRG neurons, we transfected
either Nav1.8-Ala1073 or Nav1.8-Val1073 channels
into Nav1.8 knockout DRG neurons (which lack
endogenous Nav1.8) and performed voltage- and cur-
rent-clamp analyses.

Voltage-clamp analysis

We used voltage-clamp recordings to evaluate the effect
of the Ala or Val at position 1073 on the gating proper-
ties of Nav1.8. Figure 3 shows representative sodium

channel current traces recorded from DRG neurons
transfected with Nav1.8-Ala1073 (Figure 3(a)) and
Nav1.8-Val1073 channels (Figure 3(b)). The current
density of Nav1.8-Val1073 channels was not significantly
different from that of Nav1.8-Ala1073 channels (Nav1.8-
Ala1073: 277� 41 pA/pF, n¼ 28; Nav1.8-Val1073:
318� 50 pA/pF, n¼ 20, P> 0.05). Nav1.8-Val1073
channels display hyperpolarized activation compared
with Nav1.8-Ala1073 channels (Figure 3(c)). The V1/2

of activation for Nav1.8-Val1073 was �10.9� 1.5mV
(n¼ 20), which represents a 4.3mV hyperpolarizing
shift compared with the V1/2 of activation for
Nav1.8-Ala1073 (�6.6� 1.1mV, n¼ 28, P< 0.05)

Table 4. Characteristics of patients with different SCN10A rs6795970 alleles: replication study.

G/G (n¼ 663) G/A (n¼ 297) A/A (n¼ 31) Naive P value BONF P value

Age (years) 38.3� 11.0

(P1¼ 0.740)

38.7� 10.9

(P2¼ 1.000)

40.6� 11.2 P¼ 0.474 NA

BMI (kg/m2) 22.3� 3.4

(P1¼ 0.553)

22.1� 3.3

(P2¼ 0.337)

23.1� 3.4 P¼ 0.260 NA

D-PPT (kg/cm2) 2.32� 0.96

(P¼ 7.2� 10� 4)

2.29� 0.95

(P2¼ 5.1� 10� 4)

2.98� 1.29 P¼ 7.5� 10�4 P¼ 0.008

D-PTO (kg/cm2) 4.61� 1.68

(P1¼ 0.121)

4.65� 1.65

(P2¼ 0.074)

5.30� 1.38 P¼ 0.079 P¼ 0.79

S-PPT (kg/cm2) 10.2� 4.1

(P1¼ 2.4� 10� 5)

10.1� 4.5

(P2¼ 2.3� 10� 5)

13.7� 6.9 P¼ 3.1� 10� 5 P¼ 3.1� 10�4

S-PTO (kg/cm2) 18.8� 8.2

(P1¼ 0.009)

18.8� 8.4

(P2¼ 0.011)

23.3� 9.2 P¼ 0.011 P¼ 0.11

QPT (kg/cm2) 27� 12

(P1¼ 0.291)

26� 13

(P2¼ 0.114)

31� 11 P¼ 0.088 P¼ 0.88

BMI: body mass index; D-PPT: dull pressure pain threshold; D-PTO: dull pressure pain tolerance; S-PPT: sharp pressure pain threshold; S-PTO: sharp

pressure pain tolerance; QPT: quantizing pricking pain; NA: not applicable; BONF: Bonferroni; P1: Bonferroni significance of difference between G/G and

A/A; P2: between G/A and A/A.

The rows given in bold represents that significant difference (P< 0.05) between groups observed.

Figure 2. Mean mechanical pain measurement values for the different genotypes of rs6795970 in replication study. (a) dull pressure pain

threshold (D-PPT) and dull pressure pain tolerance (D-PTO); (b) sharp pressure pain threshold (S-PPT) and sharp pressure pain tolerance

(S-PTO); (c) quantizing pricking pain (QPT). Compared to A/A, *Bonferroni significance of difference P< 0.05; **P< 0.01; ***P< 0.001.
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(Figure 3(c)). Figure 3(d) shows that there was no sig-
nificant difference for the V1/2 of fast inactivation
between Nav1.8-Val1073 channels (�33.7� 1.2mV,
n¼ 19) and Nav1.8-Ala1073 channels (�31.8� 0.9mV,
n¼ 27). The V1/2 of slow inactivation for Nav1.8-
Val1073 was �46.4� 1.9mV (n¼ 6), which was not sig-
nificant from that of Nav1.8-Ala1073 (�46.3� 2.9mV,
n¼ 6, P> 0.05) (Figure 3(e)).

The kinetics for open-state inactivation, which reflect
the transition from the open to the inactivated state,
were significantly faster for Nav1.8-Val1073 channel
compared to Nav1.8-Ala1073 channel from �15
toþ 15mV (Figure 3(f)). We also measured the response
to a slow ramp stimulus (�70 toþ 50mV over 600ms).
The ramp current for Nav1.8-Ala1073 channels
(19.7%� 1.8%, n¼ 8) was not significantly different
from that of Nav1.8-Val1073 channels (17.4%� 1.2%,
n¼ 7). Figure 3(g) compares the normalized amplitudes
of persistent current in DRG neurons expressing Nav1.8-
Ala1073 and Nav1.8-Val1073 channels. The peak
persistent current (13.5%� 0.7%, n¼ 20) for Nav1.8-
Val1073 channels was reduced compared to that for
Nav1.8-Ala1073 channels (15.5%� 1.0%, n¼ 28); how-
ever, this difference did not reach statistical significance.
The voltages at which the peak persistent currents occur
were �5mV (Nav1.8-Val1073) and 0mV (Nav1.8-
Ala1073), respectively, consistent with the hyperpolariz-
ing shift in V1/2 of activation of the Nav1.8-Val1073
channels (Figure 3(c)).

Recovery from fast inactivation of Nav1.8 channels
was investigated at two different physiologically relevant
recovery potentials, �50mV and �70mV. Compared
with Nav1.8-Ala1073 channels, Nav1.8-Val1073

channels tended to show slower recovery from fast-inac-
tivation at �50mV: the recovery time constants
were13.5� 1.6ms (Nav1.8-Val1073, n¼ 5) and
10.8� 1.0ms (Nav1.8-Ala1073, n¼ 10). The recovery
time constants at �70mV also tended to be slower for
Nav1.8-Val1073 channels (4.3� 0.5ms, n¼ 6) compared
to Nav1.8-Ala1073 channels (3.3� 0.3ms, n¼ 10).
Although Nav1.8-Val1073 channels displayed slower
recovery from inactivation compared to Nav1.8-
Ala1073 channels (Figure 3(h)), the difference did not
reach statistical significance (P> 0.05).

Current-clamp analysis

In order to compare the effects of the two channel
variants on the excitability of DRG neurons, we carried
out current-clamp analysis on DRG neurons transfected
with either Nav1.8-Ala1073 or Nav1.8-Val1073 chan-
nels. The resting membrane potential of DRG neurons
expressing the Nav1.8-Val1073 channels
(�57.8� 1.3mV, n¼ 33) was comparable to that DRG
neurons expressing Nav1.8-Ala1073 channels
(�57.6� 1.1mV, n¼ 29, P> 0.05). The input resistance
of DRG neurons expressing Nav1.8-Val1073 channels
(363� 35 M�, n¼ 33) was also comparable to that of
DRG neurons expressing Nav1.8-Ala1073 channels
(364� 46 M�, n¼ 29, P> 0.05). Current thresholds for
generation of the first all-or-none action potential were
not significantly different between the group of DRG
neurons expressing Nav1.8-Val1073 channels (115� 11
pA, n¼ 33) and the group of DRG neurons expressing
Nav1.8-Ala1073 channels (120� 17 pA, n¼ 29,
P> 0.05). We also compared the voltage threshold

Table 5. Characteristics of patients with different SCN10A rs12632942 alleles in replication study.

A/A (n¼ 421) A/G (n¼ 428) G/G (n¼ 138) Naive P value BONF P value

Age (years) 38.2� 11.0 38.6� 10.9

(P1¼ 1.000)

38.7� 11.0

(P2¼ 1.000)

P¼ 0.850 NA

BMI (kg/m2) 22.3� 3.5 22.4� 3.3

(P1¼ 1.000)

22.1� 3.4

(P2¼ 1.000)

P¼ 0.706 NA

D-PPT (kg/cm2) 2.37� 1.03 2.28� 0.91

(P1¼ 0.444)

2.41� 0.97

(P2¼ 1.000)

P¼ 0.235 P¼ 1.000

D-PTO (kg/cm2) 4.55� 1.58 4.71� 1.69

(P1¼ 0.440)

4.76� 1.85

(P2¼ 1.000)

P¼ 0.282 P¼ 1.000

S-PPT (kg/cm2) 10.4� 4.6 9.9� 4.0

(P1¼ 0.147)

10.8� 4.3

(P2¼ 0.418)

P¼ 0.129 P¼ 1.000

S-PTO (kg/cm2) 18.4� 7.9 19.4� 8.8

(P1¼ 0.221)

19.2� 8.0

(P2¼ 0.975)

P¼ 0.188 P¼ 1.000

QPT (kg/cm2) 26� 12 26� 13

(P1¼ 1.000)

28� 13

(P2¼ 0.152)

P¼ 0.137 P¼ 1.000

BMI: body mass index; D-PPT: dull pressure pain threshold; D-PTO: dull pressure pain tolerance; S-PPT: sharp pressure pain threshold; S-PTO: sharp

pressure pain tolerance; QPT: quantizing pricking pain; NA: not applicable; BONF: Bonferroni; P1: Bonferroni significance of difference between A/G and A/

A; P2: between G/G and A/A. Hardy-Weinberg equilibrium (HWE) P¼ 0.084.
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Figure 3. Voltage-clamp analysis of Nav1.8-Ala1073 and Nav1.8-Val1073 channels. (a and b) Representative Nav1.8 current family traces

recorded from mouse Nav1.8-knockout DRG neurons transfected with Nav1.8-Ala1073 (a) or Nav1.8-Val1073 (b) channels. Cells were

held at �70 mV and stepped to a range of potentials (�70 to þ40 mV in 5-mV increments) for 100 ms. (c) Comparison of voltage-

dependent activation between Nav1.8-Ala1073 and Nav1.8-Val1073 channels. Activation of Nav1.8-Val1073 channels is hyperpolarized by

4.3 mV compared with Nav1.8-Ala1073 channels. (d) Fast inactivation of Nav1.8-Val1073 channels is not significantly different from that of

Nav1.8-Ala1073 channels. (e) Slow inactivation of Nav1.8-Val1073 channels is not significantly different from that of Nav1.8-Ala1073

channels. (f) Nav1.8-Val1073 channels display faster inactivation kinetics compared with Nav1.8-Ala1073 channels, *P< 0.05. (g)

Comparison of persistent current between Nav1.8-Ala1073 channels and Nav1.8-Val1073 channels. (h) Comparison of recovery from fast

inactivation between Nav1.8-Ala1073 and Nav1.8-Val1073 channels at �70 mV and �50 mV. Nav1.8-Val1073 channels tend to recovery

more slowly from inactivation than Nav1.8-Ala1073 channels at both �70 mV and �50 mV.
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between DRG neurons expressing Nav1.8-Ala1073
channels and DRG neurons expressing Nav1.8-Val1073
channels and found no significant difference (Nav1.8-
Ala1073: �31.4� 1.0 mV, n¼ 29; Nav1.8-Val1073:
�29.6� 1.1mV, n¼ 33, P> 0.05). There was no signifi-
cant difference for either action potential amplitude
(Nav1.8-Ala1073: 113.0� 1.5mV, n¼ 29; Nav1.8-
Val1073: 114.5� 1.6mV, n¼ 33, P> 0.05) or half-
width of action potentials (Nav1.8-Ala1073:
10.6� 1.7ms, n¼ 29; Nav1.8-Val1073: 10.5� 0.8ms,
n¼ 33, P> 0.05) between the two groups of DRG
neurons.

The effect of Nav1.8-Ala1073 and Nav1.8-Val1073
channels on the repetitive firing properties of DRG neu-
rons was assessed by applying a series of 500-ms current
injections to the two groups of DRG neurons.
Figure 4(a) shows the responses of representative DRG
neurons expressing either Nav1.8-Ala1073 or Nav1.8-
Val1073 channels to 500-ms current steps at 1X, 2X,
and 3X current threshold. In contrast to the neuron
expressing Nav1.8-Ala1073 channels, the neuron
expressing Nav1.8-Val1073 channels generated fewer
action potentials in response to the current injections at
a range of different stimuli. Figure 4(b) displays a com-
parison of the average number of action potentials
between these two groups of DRG neurons evoked by
500-ms current steps at a spectrum of stimulus strengths.
DRG neurons transfected with Nav1.8-Val1073 channels
fired at a significantly lower frequency than DRG neu-
rons transfected with Nav1.8-Ala1073 (P< 0.05,
Scheirer-Ray-Hare test).

In addition, we observed that among both groups of
DRG neurons, a subpopulation of neurons fired
spontaneously. The proportion of spontaneously firing
neurons for the group of DRG neurons expressing
Nav1.8-Val1073 channels (14 out 47 cells, 29.8%) was
lower than that of the group of DRG neurons expressing
Nav1.8-Ala1073 channels (19 out 48 cells, 39.6%),
although this difference did not reach statistical signifi-
cance (P> 0.05, two-portion z test). We also analyzed
the membrane potential oscillation at the resting mem-
brane potential between two groups of DRG neurons.
For cells which did not display spontaneous firing, no
obvious oscillations were observed in cells expressing
Nav1.8-Ala1073 channels or Nav1.8-Val1073 channels.
For spontaneously firing cells, a few cells from each
group displayed comparable oscillations with low fre-
quency (3� 8Hz), but there is no significant difference
between the two groups: Nav1.8-Val1073 channels, 3
out 14 cells, 21.4%; Nav1.8-Ala1073 channels, 3 out 19
cells, 15.8% (P> 0.05, two-portion z test). For evoked
firing, the variability of the cellular responses to the
stimulations precludes quantitative assessment of differ-
ences in oscillation properties between the two groups of
neurons.

Discussion

It has been recently demonstrated that mutations in
Nav1.8 sodium channels contribute to pain in a small
percentage of cases of human peripheral neuropathy.9–11

Here, we assessed the association of two common vari-
ants in SCN10A with pain in a discovery cohort and a
relatively homogeneous replication population of female
subjects of Chinese Han descent. We demonstrated that
carriers of the minor allele at position 1073 (rs6795970,
G>A; p.Ala1073Val) manifest reduced mechanical pain
sensitivity. Using voltage-clamp recordings in DRG neu-
rons, we demonstrated that the Nav1.8-Val1073 shifts
the voltage-dependence of activation 4.3 mV in a hyper-
polarizing direction and displays faster inactivation kin-
etics. Using current-clamp in DRG neurons, we showed
that DRG neurons expressing Nav1.8-Val1073 channels
produce fewer evoked action potentials in response to
prolonged depolarized stimuli compared to those
expressing the Nav1.8-Ala1073 channels. The results of
this candidate SNP association study and of functional
testing in DRG neurons support a role for the SCN10A
rs6795970 SNP in biasing human pain sensitivity.

Our results showed significant association with pres-
sure pain threshold and pressure pain tolerance for both
SCN10A nonsynonymous SNPs, rs6795970 and
rs12632942, in the original cohort, but only the
rs6795970 SNP showed significant association with
reduced mechanical pain sensitivity in our replication
cohort. In the current study, the original cohort was
comprised of 309 female and 187 male university stu-
dents (ratio of females to males: 1.65:1), while the
second cohort was comprised exclusively of 1005
females. Therefore, the replication cohort was more
homogenous and powerful than the discovery cohort.
All mechanical pain measurement values in the replica-
tion cohort were lower than those in the discovery
cohort, possibly due to differences in demographic char-
acteristics especially age, sex, health status, and different
test environment (Table 1).45–47 Thus, the replication
population could be considered independent from the
primary study population. These considerations
strengthen our conclusion that rs6795970 is associated
with reduced mechanical pain sensitivity, while the pos-
sible contribution of rs12632942 to pain needs further
investigation.

Several human Nav1.8 mutations have been identified
in patients with painful peripheral neuropathy and have
met criteria for potential pathogenicity by predictive
algorithms and functional testing in DRG neurons, link-
ing this channel to pain.9–11 Although identification of
these mutations may explain rare pain syndromes, a
search for common variants in the general population
which associate with pain sensitivity has not been previ-
ously reported. Data presented in this study show that a
common polymorphism in the SCN10A gene is
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associated with mechanical pain sensitivity. Individuals
carrying the homozygous minor allele (A/A) of
rs6795970 in the replication cohort of 1005 female sub-
jects showed an association with S-PPT which reached
statistical significant after BONF correction when com-
pared to carriers of the homozygous major alleles (G/G;
P¼ 2.4� 10�5) or heterozygous alleles (A/G;

P¼ 2.3� 10�5); a significant difference in D-PPTs was
also found between carriers of the A/A genotype and
carriers of the homozygous major allele G/G
(5.1� 10�4) or the heterozygous A/G alleles
(7.2� 10�4). Together, our data support a role for
Nav1.8 in regulating mechanical pain perception in
humans.

Figure 4. Compared with Nav1.8-Ala1073 channels, Nav1.8-Val1073 channels decrease firing frequency in small DRG neurons. (a)

Response of cells expressing Nav1.8-Ala1073 and Nav1.8-Val1073 channels, respectively, to 500-ms depolarizing current steps that are 1X,

2X, and 3X (left, middle, and right traces, respectively) the current threshold for action potential generation. (b) Comparison of mean fire

frequencies among cells expressing Nav1.8-Ala1073 and Nav1.8-Val1073 channels across the range of current injections from 50 to 500 pA,

*P< 0.05, indicating statistical significance between two groups of neurons.
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Previously, rs6795970 was associated with slower car-
diac conduction,12–21 but the direct functions of the
Ala1073Val substitution on cardiac myocyte was
unclear. Two previous studies explored effects of
Ala1073Val by studying the gating properties of
Nav1.8 in heterologous cell line expression systems.22,23

In these studies, Nav1.8 channels were expressed in
ND7/23 cells22 or Neuro-2A cells.23 By contrast, we con-
ducted our functional assessments of Nav1.8/
Ala1073Val in DRG neurons where this channel is nor-
mally expressed.1 It is well established that different
expression cell backgrounds may contribute to discord-
ant results among the three studies. For example, both
Behr et al.22 and Jabbari et al.23 reported reduced current
density for Val1073 compared to Ala1073 channels,
while we did not detect a difference in the current density
between the two channels in DRG neurons. For the
steady-state fast inactivation, Behr et al.22 reported
large hyperpolarization (�21.8 mV) for Val1073 channel
compared with Ala1073 channel, but both Jabbari
et al.23 and our data did not show significant difference
between the two channels. Behr et al.22 reported that the
inactivation kinetics of Val1073 channel were slower
than those of Ala1073 channel, which is at variance
with Jabbari et al.23 and our data. We present here the
only functional assessment of Nav1.8/Ala1073Val at the
cellular level, demonstrating a small but significant dif-
ference in evoked firing of DRG neurons. The relatively
small size effect on DRG neuron firing is consistent with
the pain phenotype, in particular with the reduced pain
threshold of evoked pain in individuals, but without a
pathological pain phenotype.

There are limitations to this study. Because we did not
apply psychological tests in the replication sample, we
cannot rule out a contribution of anxiety and/or depres-
sion to the outcome measures of experimental pain. It is
worth noting that our current clamp data cannot com-
pletely reflect changes in pressure pain observed in
human subjects carrying the different Nav1.8 alleles. In
current clamp analysis, DRG neurons expressing
Nav1.8-Val1073 channels produced fewer evoked
action potentials in response to prolonged depolarized
stimuli whereas it did not cause a significant effect on
current threshold, compared to those expressing the
Nav1.8-Ala1073 channels. Human subjects carrying the
different alleles, however, manifested significant differ-
ences in both pressure pain threshold and pressure pain
tolerance. The underlying mechanism for this discrep-
ancy is not yet fully understood, and may reflect a limi-
tation of extrapolating data from isolated neuronal cell
bodies in culture to explain responses in human subjects.

In our voltage-clamp analysis, we observed that
Val1073 accelerates the inactivation of Nav1.8 sodium
channels, a loss-of-function attribute which may render
DRG neuron hypoexcitable. However, Nav1.8-Val1073

also shifts the voltage dependence of activation 4.3 mV
in a hyperpolarizing direction, a gain-of-function attri-
bute which increases the excitability of DRG neurons.
Although many sodium channel mutations which
showed gain-of-function changes in voltage dependence
of activation have been correlated with increased excit-
ability of DRG neurons, Estacion et al.48 reported that
the sodium channel Nav1.7 variant Arg1150Trp which
hyperpolarized voltage-dependent activation reduced the
excitability of DRG neurons. More recently, Huang
et al.49 showed that expression of the Nav1.7 mutation
Arg1279Pro which demonstrated mixed changes of bio-
physical properties of sodium channel Nav1.7, including
depolarized voltage-dependent activation, increases the
excitability of DRG neurons. Thus, a gain-of-function
alteration of voltage-dependence of activation does not
necessarily lead to increased excitability of DRG neurons
if other properties are also changed. The net effect of a
mutation with mixed biophysical properties must be
empirically determined, as we have done in this study.

The Nav1.8 rs6795970SNP results in a coding change
of Ala1073 by Val, which lies in the L2, intracellular loop
between transmembrane domains II and III of the chan-
nel and the major effects of the Ala1073Val substitution
are on gating properties of the Nav1.8 channel.
Although the contribution of L2 to the gating mechan-
isms of the channel are not well understood, gain-
of-function mutations in this region of Nav1.7, another
peripheral sodium channel which plays a major role in
regulating pain,50 have been linked to painful small fiber
neuropathy (Met932Leu/Val991Leu),51 and paroxysmal
extreme pain disorder (Arg996Cys),52 and predispose
carriers to neuropathic pain (Arg1150Trp).53 The
Ala1073Val substitution in Nav1.8 is functionally analo-
gous to the Arg1150Trp substitution in Nav1.7 in that
these two changes bias the pain phenotype rather than
cause pathological pain as do the Nav1.7 mutations
Arg996Cys and Met932Leu/Val991Leu.

Our previous results9–11 and data presented in this
study support a role for SCN10A in regulating human
pain sensitivity and in clinical pain conditions. Gain-of-
function mutations in SCN10A produce pain in patients
with peripheral neuropathy, and we now show that the
SNP rs6795970 is associated with pain sensitivity in the
general population. Lower pain sensitivity in our previous
study, which included members of both discovery and
replication cohorts, has also been associated with the
SCN9A intronic SNP rs16851778,27 for which there is
no clear functional effect at this time. However, a limita-
tion to our interpretation of the current results in the
association study is that both discovery and replication
cohorts were limited to a Chinese population. The minor
homozygote frequency of rs6795970 A/A differs greatly in
different racial groups, e.g., the frequency of A/A in the
current population is 3.1%, while 1000G database (http://
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www.1000genomes.org/) showed that it is 12.4 and 17.1 in
American and European populations. Therefore, the
association between rs6795970 and human pain sensitiv-
ity in other ethnic populations remains to be tested.

In summary, the D-PPT and S-PPT in subjects homo-
zygous for the minor allele rs6795970 were 30% higher
than in subjects with the other genotypes, with a highly
significant BONF P-value reaching 2.3� 10�5. A contri-
bution of rs6795970 in regulating excitability of DRG
neurons was supported by our electrophysiology ana-
lysis. Taken together, our results support a role for
Nav1.8 not only in pathological pain conditions but
also in modulating human pain sensitivity in the general
population. Demonstration of a role of this common
variant in biasing pain sensitivity may facilitate the
deep insight of the mechanism of interindividual differ-
ences in pain sensitivity and support targeting of this
channel for treatment of pain.
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