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A B S T R A C T

Gain-of-function mutations in voltage-gated sodium channels (NaV1.7, NaV1.8, and NaV1.9) are known causes of
inherited pain disorders. Identification and functional assessment of new NaV1.7 mutations could help elucidate
the phenotypic spectrum of NaV1.7 channelopathies. We identified a novel NaV1.7 mutation (E44Q in exon 2) that
substitutes a glutamic acid residue for glutamine in the cytoplasmic N-terminus of NaV1.7 in a patient with
paroxysmal pain attacks during childhood and his family who experienced similar pain episodes. To study the
sodium channel's function, we performed electrophysiological recordings. Voltage-clamp recordings revealed that
the mutation increased the amplitude of the non-inactivating component of the sodium current, which might
facilitate channel opening. These data demonstrate that E44Q is a gain-of-function mutation in NaV1.7, which is
consistent with our patient's pain phenotype.
1. Introduction

Voltage-gated sodium channels are essential for triggering electrical
signaling in nerves, muscles, and endocrine cells [1]. Voltage-gated so-
dium channels consist of an α subunit and β subunits. An α subunit of 260
kDa forms a pore, which can be coupled to β subunits of 30–40 kDa. In
humans and other mammals, α subunits are encoded by 10 genes, nine of
which (NaV1.1–1.9) are voltage-gated. NaV1.7, NaV1.8, and NaV1.9
(encoded by SCN9A, SCN10A, and SCN11A, respectively) are strongly
expressed in sensory neurons [2].

Genetic and genomic sequencing and electrophysiological recordings
have revealed a relationship between human pain disorders and voltage-
gated sodium channel mutations in SCN9A, SCN10A, and SCN11A [3, 4,
5, 6]. We previously identified SCN11A mutations in patients with fa-
milial episodic limb pain (FEP) [7]. Patients with FEP have episodic
paroxysmal limb pain that is induced by cold, rainy weather during
childhood and may decrease during adolescence [8]. In SCN9A,
loss-of-function mutations result in congenital insensitivity to pain.
Heterozygous mutations in SCN9A cause inherited erythromelalgia
ahashi).
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(IEM) and paroxysmal extreme pain disorder (PEPD). IEM results in a
paroxysmal burning sensation and erythema in the arms and legs [9, 10],
and PEPD is associated with severe pain in the proximal regions of the
body [11, 12]. Electrophysiological experiments have revealed that
IEM-linked SCN9A mutations produce a hyperpolarizing shift in
voltage-dependent activation, increase the ramp current, and cause slow
deactivation leading to dorsal root ganglion (DRG) neuron hyperexcit-
ability [13, 14, 15, 16, 17]. Conversely, PEPD-linked SCN9A mutations
shift voltage-dependent steady-state fast inactivation towards depolari-
zation, sometimes producing a persistent current, leading to increased
DRG neuron excitability [18, 19].

Here, we report a novel mutation in the N-terminus of NaV1.7 (E44Q)
in a patient with childhood paroxysmal knee pain that disappeared
during adulthood. The disease resembled SCN11A-linked FEP more
rather than other SCN9A-related pain disorders. Using voltage-clamp
techniques, we showed that this gain-of-function mutation increased
the non-inactivating component of sodium currents induced by a ramp-
pulse protocol, leading to the pain phenotype experienced by the
proband.
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2. Material and methods

2.1. Patients and genomic DNA isolation

Blood samples were obtained from the proband and his relatives, and
genomic DNA was isolated from the white blood cells using the QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany).
2.2. Exon screening and SCN9A mutation analysis

Whole-exome sequencing of the proband was performed. The target
exonic regions and flanking intronic regions were captured by the
SureSelect Human All Exon V4þUTR Kit (Agilent Technologies, Santa
Clara, CA, USA), and sequenced on the Illumina HiSeq 2000 platform
(Illumina Inc., San Diego, CA, USA). Sequence data were mapped to the
hg19 genomic location (University of California Santa Cruz Genome
Browser hg19; http://hgdownload.cse.ucsc.edu/goldenPath/hg19/chr
omosomes/) with Burrows-Wheeler Aligner software (version 0.6.2; htt
p://bio-bwa.sourceforge.net/index.shtml). Small insertions/deletions
and single-nucleotide variants were found using the Genome Analysis
Toolkit software (version 1.6–13; https://www.broadinstitute.org/gatk/
). To identify candidate variants, the data were filtered using a previously
described method [8]. The mutations were confirmed using Sanger
sequencing. The primers are listed in Table 1.
2.3. Cell culture and transfection

Human embryonic kidney 293T (HEK293T) cells were seeded on 9-
mm glass coverslips and cultured in humidified air and 5% CO2 at 37
�C. The culture medium was Dulbecco's modified Eagle's medium
(DMEM; Fuji Film Wako Pure Chemical Corporation, Osaka, Japan) with
10% heat-inactivated fetal bovine serum, 4 mmol/l L-glutamine, and 1%
penicillin/streptomycin. Plasmids expressing either wild-type (WT)
SCN9A or E44Q SCN9A were transiently transfected together with
SCN1B plus SCN2B into HEK293T cells using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA).
2.4. Electrophysiological recordings

Two days following successful transfection, we performed whole-cell
voltage-clamp recordings at 25 �C using appropriate emission filters,
ACT-2U control software (version 1.70; Nikon Instruments, Tokyo,
Japan), and the DS-5Mc DS Cooled Camera Head (Nikon Instruments)
mounted on a Nikon Eclipse TE2000-U Inverted Microscope (Nikon In-
struments). Microelectrodes were pulled from borosilicate glass (1.50
mm/1.10 mm, outer diameter/inner diameter; Warner Instruments,
Hamden, CT, USA). Electrodes were fabricated using a P-97 Flaming/
Brown type micropipette puller (Sutter Instrument, Novato, CA, USA)
and had resistances of 2–5 MΩ when filled with the pipette solution.
Standard whole-cell currents were filtered at 2 kHz, recorded at 10 or
100 kHz using an Axopatch 200B amplifier controlled by Clampex soft-
ware (Molecular Devices, San Jose, CA, USA), and digitized using Dig-
idata 1322A (Axon Instruments, Union City, CA, USA). The pipette
potential was adjusted to zero before seal formation. Capacity transients
were canceled, and the voltage errors were minimized with 80–90%
series resistance compensation. The bath solution contained (in mM): 40
NaCl, 3 KCl, 100 Tris-HCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose
(pH 7.4 with Tris base) at the activation measure; or 140 NaCl, 3 KCl, 1
CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose (pH 7.4 with NaOH) at the
Table 1. Primers used for amplification of the SCN9A gene.

Exon Forward Primer (5' > 3') Reverse Primer (5' > 3')

2 TCTTGGCAGGCAAATAGTTAA CAGAAGGAAGCCAACAGAAA

2

inactivation measure. The pipette solution contained (in mM): 140 CsF,
10 NaCl, 1 EGTA, and 10 HEPES (pH 7.3 with CsOH).

Whole-cell configuration was established, and after an equilibration
period of 5 min, the recordings began. To assess the current-voltage (I–V)
relationship, cells were held at �120 mV. Then, the voltage was sub-
jected to various test pulses ranging from �120 to þ40 mV in 5 mV in-
crements for 20 ms. The inter-sweep interval was 1 s. The maximal
amplitude of sodium inward currents was measured, normalized with the
cell capacitance, and plotted as a function of test voltage to generate the
I–V plot, including a regression line between þ10 andþ40 mV. Decaying
currents were fit with a single-exponential equation of the form as
follows:

I¼A * exp
�
�t
τ

�
þ Ic (1)

where A, t, τ, and Ic indicate the amplitude of the fit, time, time constant
of decay, and asymptotic minimum to which the currents decay,
respectively. The reversal potential of sodium current (Vrev) was deter-
mined by extrapolating the regression line to the transverse axis, and
peak sodium conductance (Gmax) was obtained from the slope of this line.
The activation curves were obtained by converting I to conductance (G)
at each voltage (V) using the equation

G¼ I = ðV �VrevÞ (2)

The activation curves were then fitted to the Boltzmann function as
shown below.

G =Gmax ¼ 1 = f1þ exp½ðV½�VÞ = k�g (3)

Gmax, V1/2, and k indicate the maximum conductance, midpoint of the
activation curve, and slope factor, respectively. The measurement of the
steady-state inactivation of sodium current was conducted both for fast
and slow inactivation [13]. For the fast inactivation, the peak amplitude
at�10mV test pulse with 40ms duration was documented after a 500ms
prepulse ranging from�120 to�10 mV with 5 mV increments. The peak
inward currents at the test pulse were normalized to the maximum cur-
rent amplitude and plotted against the prepulse membrane voltage to
construct the inactivation curve. The inactivation curve was then fitted to
the Boltzmann function as follows:

I = Imax ¼ 1 = f1þ exp½ðV �V½Þ = k�g (4)

where Imax, V1/2, and k indicate the maximum conductance, midpoint of
fast inactivation, and slope factor, respectively. To determine the steady-
state slow inactivation, 30-s prepulses were set up ranging from �120
mV to þ20 mV with 10 mV increments followed by a 100-ms hyperpo-
larization to �120 mV. Cells were then depolarized to a �10 mV test
pulse for 5 ms. Peak inward currents at the test pulse were normalized to
the maximum current amplitude and fitted to the Boltzmann function as
given below.

I = Imax ¼ 1 = f1þ exp½ðV �V½Þ = k�g (5)

Imax, V1/2, and k indicate the maximum conductance, midpoint of
slow inactivation, and slope factor, respectively. To evaluate the non-
inactivating component of the sodium current, the ramp voltage-clamp
pulses (dV/dt ¼ 0.2 mV/ms) with 600 ms duration were applied from
�100 to þ20 mV to the cell at a frequency of 0.05 Hz. The current
amplitude was normalized to the maximal peak inward current recorded
during the activation protocol. We excluded data for WT and E44Q with
peak currents of more than �1 nA to avoid insufficient voltage controls
during voltage-clamp experiments.
2.5. Data analysis

Electrophysiological data were analyzed using Igor Pro 6.36 (Wave-
Metrics, Portland, OR, USA), and the data are presented as mean �
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standard error. Statistical significance was determined by a two-sided
Student's t-test or Mann–Whitney U-test, as appropriate. Statistical sig-
nificance was calculated using SPSS Statistics 22.0.0 (SPSS Inc., Chicago,
IL, USA) and set at p < 0.05.

2.6. Ethics approval and consent to participate

The clinical and genetic studies were approved by the Institutional
Review Board and Ethics Committee of Akita University Graduate School
of Medicine, Japan (approval no. 960; approval date, 26 September
2012) and the Kyoto University School of Medicine, Japan (approval no.
G501; approval date, 2 August 2012). Written informed consent was
obtained from the patient and his relatives prior to their participation in
the study.

3. Results

3.1. Clinical description

A 53-year-old male patient had been experiencing episodes of
paroxysmal knee pain since the age of 4. He had no prior medical history.
The pain was dull and lasted for several hours to a few days, at a fre-
quency of 4 times per year. The episodes of pain were induced by fatigue
or by weather and seasonal changes, especially when the temperature
and atmospheric pressure dropped, and never occurred in summer or on
a hot day. Pain was relieved by warming.

Paroxysmal knee pain episodes started to decrease at the age of 12.
However, trigeminal neuralgia and occipital neuralgia arose in his 20s.
The pain lasted for a few hours to several days and improved with non-
steroidal anti-inflammatory drugs. His father had experienced similar
symptoms of knee pain in his childhood and had trigeminal neuralgia
from the age of 50 years (Figure 1A).

3.2. Genetic analysis

Whole-exome analysis revealed no mutations in the coding regions of
SCN10A and SCN11A after applying the selection criteria. A G to C
substitution (c.130G > C) in exon 2 was found in the proband and his
3

father, but not in his mother, by sequence analysis of SCN9A (Figure 1B).
This single-nucleotide mutation caused the substitution of a glutamic
acid residue with glutamine (E44Q) in the cytoplasmic N-terminus of
NaV1.7 (Figure 1B). Glutamic acid 44 is not conserved across all other
members of the sodium channel family but is conserved across all NaV1.7
orthologs from the different species known to date (Figure 1C). Ac-
cording to data from the 1000 Genomes Project database, this mutation is
not found in the Japanese or any other population. This mutation has also
not been detected in another Japanese variant database, the Human
Genetic Variation Database. No rare or novel variant (allele frequency
<0.05) was detected in NaV1.8 or NaV1.9.
3.3. Voltage-clamp characterization

To assess the effects of the E44Q mutation on the channel's gating
properties, we recorded sodium currents from HEK293T cells transiently
transfected with WT or NaV1.7 harboring the E44Q mutation. Since half-
maximal activation and half-maximal inactivation potentials were shif-
ted to more negative potentials upon establishing the whole-cell
configuration, the experiment was performed 5 min after establishing
the whole-cell configuration. Figure 2A shows representative whole-cell
current densities of WT (a) and E44Q (b) channels elicited with a series of
depolarizing test pulses from a holding potential of �120 mV Figure 2B
shows the peak current density-voltage relationship curves, and
Figure 2C represents the inactivation time constants. Inactivation time
constants were not significantly different between WT (n ¼ 9) and E44Q
(n ¼ 8).

Voltage-dependent activation curves were obtained from the Boltz-
mann fits of normalized conductance (Figure 3A). The E44Q mutation
did not affect the midpoint of activation (WT: V1/2 ¼ �24.6 � 6.3 mV, k
¼ 5.0� 1.1, n¼ 9; E44Q: V1/2 ¼�25.3� 6.5 mV, k¼ 4.9� 0.9, n¼ 8; p
¼ 0.847). Next, we assessed the effects of the E44Q mutation on the
inactivation properties. Figure 3B shows fast-inactivation curves ac-
quired from the Boltzmann fits to the normalized conductance. The
voltage dependence of steady-state fast inactivation was shifted in the
depolarizing direction by the E44Q mutation; however, it was not
significantly different. The midpoint of fast inactivation (V1/2, measured
with 500 ms prepulses) was �83.4 � 6.8 mV for WT (n ¼ 9) and –79.4 �
Figure 1. (A) Family pedigree repre-
senting the proband and his parents.
Squares denote males, and circles
denote females. The arrow indicates the
proband. Filled symbols denote clini-
cally affected individuals. (B) Sanger
sequencing analysis of the SCN9A gene.
The proband was heterozygous for the
missense mutation c.130G > C
(p.E44Q). The same mutation was pre-
sent in his father but not his mother. (C)
Sequence alignment of the N-terminus
of voltage-gated sodium channels. The
schematic of the topology of the sodium
channel demonstrates the location of the
E44Q mutation (black circle).



Figure 2. (A) Representative traces from the α
subunit of wild-type (WT) and E44Q co-expressed
with β1 and β2 subunits in HEK293T cells. (B)
Normalized peak current-voltage relationship
curves for WT (black circles; n ¼ 9) and E44Q
(red circles; n ¼ 8). Im is the peak inward current
and Vm is the activation potential. (C) Voltage
dependence of fast inactivation time constants for
WT (black circles; n ¼ 9) and E44Q (red circles; n
¼ 8). Time constants were calculated from single
exponential fits of current decay. The horizontal
axis represents activation potentials, and the
vertical axis represents time constants.

Figure 3. (A) Voltage dependence of activation
for wild-type (WT) (black circles; n ¼ 9) and
E44Q (red circles; n ¼ 8) NaV1.7. Vm represents
the activating pulse potential and G/Gmax is the
sodium conductance normalized to the maximal
sodium conductance. Activation curves were
derived by fitting Boltzmann functions to the data
shown in Figure 2 (B) Steady-state fast inactiva-
tion for WT (black squares, n ¼ 9) and E44Q (red
squares, n ¼ 10). Vm represents the inactivating
prepulse potential, and I/Imax represents the peak
inward current normalized to the maximal peak
current. (C) Steady-state slow inactivation for WT
(black squares, n ¼ 8) and E44Q (red squares, n ¼
8). Vm reflects the inactivating prepulse poten-
tial, and I/Imax represents the peak inward cur-
rent normalized to the maximal peak current.
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7.9 mV for E44Q (n ¼ 10) (p ¼ 0.253). The slope of the steady-state fast-
inactivation relationship was 4.3 � 0.9 for WT and 5.4 � 1.7 for E44Q;
this difference was not statistically significant (p ¼ 0.121). Figure 3C
shows the slow-inactivation curve acquired from the Boltzmann fits to
the normalized conductance. The midpoint of steady-state slow inacti-
vation (V1/2 measured with 30 s prepulses) was almost similar between
WT (�64.1 � 8.9 mV) and E44Q (�65.1 � 14.4 mV) (p ¼ 0.529). The
slope of the steady-state slow-inactivation relationship was not signifi-
cantly different (8.7� 2.0 for WT and 9.3� 3.2 for E44Q; p¼ 1.000). We
then examined the non-inactivating component of the sodium current in
WT and E44Q by slow ramp depolarizations (0.2 mV/ms from �100 to
20 mV over 600 ms). It was shown that the amplitude of the current
elicited by slow ramp depolarizations for E44Q was significantly larger
than that for WT (Figure 4A). We measured the peak amplitude of the
inward current elicited by the slow ramp-pulse (Figure 4Ba) and square
pulse protocols (Figure 4Bb) and the percentage of the peak ramp current
(Figure 4Bc), derived by dividing the former value by the latter value (see
Material and Methods). The data varied from cell to cell, and no signif-
icant difference was found in the peak inward current amplitudes
4

between WT and E44Q. In contrast, the percentage of peak current eli-
cited by slow ramp depolarizations was significantly larger for E44Q
(�3.25 � 1.88%, n ¼ 10) than for WT (�1.44 � 1.09%, n ¼ 10) (p ¼
0.029; Figure 4Bc). We also measured the voltage showing the peak ramp
current (Figure 4Bd). It varied from cell to cell, both for WT and E44Q-
mutated channels. It ranged from �50.0 to �21.0 mV (�32.4 � 12.7
mV, n ¼ 10) for WT and from �47.0 to �8.0 mV (�27.1 � 13.1 mV, n ¼
10) for E44Q-mutated channels, and these were not significantly
different.

4. Discussion

In this study, we described a novel E44Qmutation in the SCN9A gene
in a family with paroxysmal pain. Electrophysiologically, the E44Q dis-
played an increase in the non-inactivating component of the sodium
current induced by a ramp-pulse protocol.

Considering the structural and functional characteristics of NaV1.7,
most IEM-linked mutations are in (1) the S4, which acts as a voltage
sensor; (2) the linker between transmembrane segments S4 and S5 that



Figure 4. (A) Representative ramp current traces
of wild-type (WT) (black line) and E44Q (red
line) elicited by slow ramp depolarizations. Cells
were held at �100 mV and stimulated with a
depolarizing voltage ramp that increased to 20
mV within 600 ms. (B) The peak ramp current
(a), peak inward current (b), percentage of peak
current derived by dividing the former value by
the later value (c), and voltage reflecting the peak
ramp current (d) for WT (black; n ¼ 10) and
E44Q (red; n ¼ 10) during slow ramp de-
polarizations. Peak inward current recorded
during the ramp current was normalized to the
peak inward current recorded during the activa-
tion protocol. Percent of peak ramp current
recorded from E44Q (3.25 � 1.88%) was signif-
icantly larger than that recorded from WT (1.44
� 1.09%).
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connects the voltage sensor to the channel pore; and (3) the pore-lining
segments of S5 and S6 [2]. Most PEPD-linked mutations are located in
the highly conserved inactivation peptide in L3 and the S4–S5 linkers in
DIII and DIV [18]. The E44Q mutation, identified in this study, is located
in the N-terminus of NaV1.7. This location differs from those of the
mutations that cause pain disorders, such as IEM and PEPD. Patch clamp
experiments revealed that both the activation and inactivation properties
were similar between WT and E44Q, while the non-inactivating
component measured by a ramp-pulse protocol was significantly
increased in the E44Q. An increase in the non-inactivating component
usually accompanies a hyperpolarizing shift in the activation. However,
this was not the case in this study (Figure 3). In addition, the voltages
reflecting the peak ramp current of the non-inactivating component
varied from cell to cell, both in E44Q and WT channels, and were not
statistically significant. Thus, the increase in the peak amplitude of the
non-inactivating component cannot be explained simply by a possible
change in the activation and inactivation gatingmechanisms. We have no
clear explanation as to why the non-inactivating component was
increased, while the activation and inactivation kinetics remained un-
changed. In a patient with inherited erythromelalgia with Q10R muta-
tion in the N-terminus of NaV1.7, it has been reported that the mutation
caused a hyperpolarizing shift in channel activation [3, 20]. The func-
tional influence of the N-terminus mutation in sodium channel gating
conductance has also been reported for other sodium channels [21, 22].
In fact, KIF5B [21] and annexin II light chain (p11) [22] have been shown
to interact with the N-terminus of NaV1.8 and promote the translocation
of voltage-gated sodium channels to the plasma membrane [23, 24].
Although there are no such reports for NaV1.7, similar regulators may be
present, and the interaction between these regulators and the mutants
may result in an unexpected effect on channel expression and gating.
Thus, it is possible that the newly identified E44Q mutation in the
N-terminus of NaV1.7 also affects the voltage-dependent kinetics of the
sodium current. NaV1.7 sodium channels play a critical role in deter-
mining the excitability threshold of nociceptors and also have an effect
on the neurotransmitter release from the central terminals [25]. Thus, we
speculate that the increase in ramp current in response to small slow
depolarization might amplify small subthreshold stimuli, thus leading to
5

enhanced excitability in the nociceptor terminals. Further investigation is
necessary to confirm this.

In this study, patch clamp recordings were conducted at 25 �C. In
clinical practice, patients with E44Q experience episodes of paroxysmal
pain that are often induced when the temperature drops, and the pain is
relieved by warming. Thus, it may be possible that the NaV1.7 mutation is
activated or facilitated by cold temperatures. It should be noted, how-
ever, that the temperature inside the body is maintained constant in
homeothermic animals even if the temperature of the environment
changes, and it is possible that the effects of environmental temperature
on the voltage-gated Na channel itself are considerably low. Neverthe-
less, it will be important to assess the effect of temperature on the gating
and conductance of the NaV1.7 channel and its mutation in future
studies.

Our patient experienced paroxysmal extremity pain in childhood and
trigeminal neuralgia in adulthood, both of which were triggered by cold
stimuli. The extremity pain was induced by cold and relieved by
warming. It disappeared temporarily during adolescence. These char-
acteristics were more similar to FEP in patients with an SCN11A mu-
tation than IEM in patients with an SCN9A mutation, the latter being
characterized by burning pain induced by warmth and relieved by
cooling [7, 8, 10]. Therefore, screening for SCN9A mutations should be
performed even if pain episodes resemble SCN11A-related FEP. In
addition, trigeminal neuralgia is often triggered by gentle touching of
the face and talking [26]. There are few reports of trigeminal neuralgia
being triggered by low temperatures [27]. Since Aδ and C fibers, which
express NaV1.7, are activated by noxious cold stimuli [28], cold sensa-
tion and the E44Q mutation might have a synergistic effect in trigeminal
neuralgia.

In conclusion, we report a novel E44Qmutation in the SCN9A gene in
a family with paroxysmal pain. Early symptoms were similar to those of
SCN11A-related FEP. Electrophysiological analyses indicated that E44Q
is a gain-of-function NaV1.7 mutation, which is consistent with the pain
phenotype of the proband. A genetic analysis of SCN9A and SCN10A, as
well as of SCN11A, is necessary for patients with familial pain disorders,
even if the symptoms are similar to those of FEP associated with the
SCN11A mutation.
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