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Inherited erythromelalgia (IEM), an autosomal dominant disorder characterized by severe burning pain in response to mild
warmth, has been shown to be caused by gain-of-function mutations of sodium channel Na,1.7 which is preferentially
expressed within dorsal root ganglion (DRG) and sympathetic ganglion neurons. Almost all physiologically characterized
cases of IEM have been associated with onset in early childhood. Here, we report the voltage-clamp and current-clamp analysis
of a new Na,1.7 mutation, Q10R, in a patient with clinical onset of erythromelalgia in the second decade. We show that the
mutation in this patient hyperpolarizes activation by only —5.3 mV, a smaller shift than seen with early-onset erythromelalgia
mutations, but similar to that of 1136V, another mutation that is linked to delayed-onset IEM. Using current-clamp, we show
that the expression of Q10R induces hyperexcitability in DRG neurons, but produces an increase in excitability that is smaller
than the change produced by 1848T, an early-onset erythromelalgia mutation. Our analysis suggests a genotype—phenotype
relationship at three levels (clinical, cellular and molecular/ion channel), with mutations that produce smaller effects on sodium
channel activation being associated with a smaller degree of DRG neuron excitability and later onset of clinical signs.
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Introduction

Inherited erythromelalgia (IEM, also termed erythermalgia), an
autosomal dominant disorder characterized by severe burning
pain and erythema of the extremities triggered by warmth, has
been linked to gain-of-function mutations in SCN9A, the gene
encoding Na,1.7 (Dib-Hajj et al., 2007; Drenth and Waxman,
2007), a voltage-gated sodium channel that is preferentially
expressed in dorsal root ganglion (DRG) neurons, particularly
nociceptors, and sympathetic ganglion neurons (Black et al.,
1996; Sangameswaran et al., 1997; Toledo-Aral et al., 1997;
Djouhri et al., 2003). Na,1.7 produces rapidly activating and inac-
tivating tetrodotoxin-sensitive currents that recover slowly from
fast-inactivation (Cummins et al., 1998). As a result of its slow
closed-state inactivation, Na,1.7 is able to respond to slow, small
depolarizations close to resting membrane potential, thus amplify-
ing sub-threshold stimuli (Cummins et al., 1998) so as to set the
gain on nociceptors (Waxman, 2006). Gain-of-function mutations
of Na,1.7 might thus be expected to contribute to nociceptor
hyperexcitability, thereby producing pain in patients with
erythromelalgia.

Thus far, nine mutations of Na,1.7 linked to IEM have been
characterized by electrophysiological analysis (Cummins et al.,
2004; Dib-Hajj et al., 2005; Choi et al., 2006; Han et al., 2006;
Harty et al., 2006; Lampert et al., 2006; Sheets et al., 2007; Cheng
et al., 2008). Erythromelalgia mutations studied to date produce a
hyperpolarizing shift in activation, slow deactivation and in most
cases enhance the response in Na,1.7 channels to slow ramp-like
stimuli. Each of these changes has been predicted to increase the
excitability of DRG neurons in which Na,1.7 mutant channels are
expressed, with computer simulations suggesting that the shift
in activation has the largest effect (Sheets et al., 2007).

Of the erythromelalgia mutations that have been characterized
electrophysiologically thus far, almost all have been linked to
families with onset in early childhood (infancy to 6 years of age)
(Cummins et al., 2004; Dib-Hajj et al., 2005; Choi et al., 2006;
Han et al., 2006; Harty et al., 2006; Lampert et al., 2006; Sheets
et al., 2007). A single mutation, 1136V, linked to a family with
later age of onset, with pain appearing first in the feet in the
second decade of life (Lee et al., 2007), has been characterized
electrophysiologically by voltage-clamp (Cheng et al., 2008),
and has been shown to alter the function of Na,1.7 channels
via a shifting of the voltage-dependence of activation by
—5.7mV, a smaller shift than for other IEM mutations that have
been characterized (-7.6 to —13.8mV). Here, we report a new
mutation in Na,1.7, Q10R, from a patient with erythromelalgia
with onset during the second decade of life, and examine its effect
on function at the cellular (DRG neuron firing pattern) as well as
ion channel (Na,1.7) level. Using voltage-clamp methods, we
show that this mutation slows deactivation and hyperpolarizes
the voltage-dependence of activation of the Na,1.7 channel, but
to a smaller degree than mutations linked to early-onset erythro-
melalgia. We also show that splice variant switching does not
result in a larger effect of the Q10R mutation in adult isoforms
of Na,1.7. To study the effect of the Q10R mutation on firing of
DRG neurons, we used current-clamp recording, and show that
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this mutation produces DRG neuron hyperexcitabilty. We also
demonstrate, however, that the increase in DRG neuron excitabil-
ity produced by the Q10R mutation from a patient with relatively
late disease onset is less pronounced than the hyperexcitabilty
produced by 1848T, an early-onset erythromelalgia mutation.
Taken together, these results provide evidence for a genotype—
phenotype relationship at the clinical, cellular and molecular levels.

Materials and Methods

Patient

A blood sample was obtained at age 17 from the male proband who
began to experience excruciating pain, warmth and redness in both
feet and lower legs at the age of 14. Family consent was obtained
according to the institutional review board protocol and blood
samples were then obtained and analysed for mutations in SCN9A.

Exon screening

Genomic DNA was extracted from blood samples of all family
members. PCR amplification of the 26 exons of SCN9A was performed
and the amplicons were purified and sequenced as previously
described (Yang et al., 2004). Genomic sequences were compared
to reference Na,1.7 cDNA (Klugbauer et al., 1995) to identify
sequence variation.

Voltage-clamp analysis

The Q10R mutation was introduced into the neonatal short (NS)
splice variant of the tetrodotoxin-resistant version of human Na,1.7
cDNA (Herzog et al., 2003) using QuickChange XL site-directed
mutagenesis (Stratagene, La Jolla, CA, USA). Human embryonic
kidney cells (HEK 293) were transfected with the Q10R/NS mutant
channel construct using Satisfaction reagents (Stratagene). Transfected
HEK 293 cells, grown under standard culture conditions (5% CO,,
37°C) in Dulbeccos's modified Eagle's medium supplemented with
10% fetal bovine serum, were treated with G418 for several weeks
to derive stable cell lines that express the mutant channel. For com-
parison, Q10R was introduced into the adult/long (hNa,1.7x/AL)
variant (Raymond et al., 2004) by site-directed mutagenesis.
Na,1.7r/AL and Q10R/AL were transiently transfected into HEK
293, and sodium currents were measured 24h after transfection.
The presence of at least four B-subunits within DRG neurons
presented a very large number of combinational possibilities that
precluded an analysis of B-subunit effects. Unless otherwise noted,
all studies were carried out using the NS splice form of Na,1.7.
Whole-cell voltage-clamp recordings of HEK 293 cells expressing
either wild-type (WT) Na,1.7qx or Q10R mutant channels were
performed at room temperature (20-22°C) using an EPC-9 amplifier
(HEKA Electronics, Lambrecht/Pfalz, Germany). Fire-polished electro-
des (0.6-1.5MQ) were fabricated from 1.6 mm outer diameter boro-
silicate glass micropipettes (World Precision Instruments, Sarasota, FL,
USA). The pipette potential was adjusted to zero before seal forma-
tion, and liquid junction potential was not corrected. Capacity transi-
ents were cancelled and voltage errors were minimized with 80-90%
series resistance compensation. Currents were acquired with Pulse
Software (HEKA Electronics), 5min after establishing whole-cell
configuration, sampled at a rate of 50kHz, and filtered at 2.9 kHz.
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For current-voltage relationships, cells were held at —100mV and
stepped to a range of potentials (—80 to +60 mV in 5mV increments)
for 40ms. Peak inward currents (/) were plotted as a function of
depolarization potential to generate /-V curves. Activation curves
were obtained by converting | to conductance (G) at each voltage
(V) using the equation G=1/(V—V,,), where V., is the reversal
potential which was determined for each cell individually. Activation
curves were then fit with Boltzmann functions in the form of G = G.,/
{1+ expl(V1/2,act —V)/K1}, where Gpay is the maximal sodium conduc-
tance, V4,24t 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 (—150 to OmV in 10mV increments) and the remaining
non-inactivated channels were activated by a 40 ms step depolariza-
tion to —10mV. Steady-state slow inactivation was determined
with 30s prepulses ranging from —130 to 10mV followed by a
100ms hyperpolarization at —120mV to remove fast inactivation.
Remaining available channels were activated by a 20ms test pulse
to —10mV. Peak inward currents obtained from steady-state fast inac-
tivation and slow inactivation protocols were normalized to the max-
imal peak current (/max) and fit with Boltzman functions:

l/lmax = 1/{1 + eXP[(V - V’I/Z, inact)/k]}
for fast inactivation, and

//Imax = Rin + (1 - Rin)/{'I + eXP[(V - V1/2, inact)/k]}
for slow inactivation.

where V represents the inactivating prepulse potential, V41,2 inact
represents the midpoint of the inactivation curve and R, is the fraction
of channels that are resistant to inactivation.

Deactivation was estimated from current decay, using a
short (0.5ms) depolarizing pulse to —20mV followed by a 100ms
repolarizing pulse to potentials ranging from —100 to —40mV with
5mV increments. Deactivation kinetics were calculated by fitting the
decaying currents with a single exponential function. Ramp currents
were elicited with a slow depolarizing voltage ramp from —100 to
20mV at a rate of 0.2mV/ms. The absolute ramp current amplitude
was normalized to the maximal peak current obtained by /-V protocol.

The pipette solution contained (in mM): 140 CsF, 10 NaCl, 1 EGTA
and 10 HEPES, pH 7.30 (adjusted with CsOH). Osmolarity was
adjusted to 310mOsmol/l with dextrose. The extracellular bath
solution contained (in mM): 140 NacCl, 3 KCI, 1 MgCl,, 1 CaCl,, 10
dextrose, 10 HEPES, pH 7.4 (adjusted with NaOH) and the osmolarity
was adjusted to 315 mOsmol/I with dextrose. Tetrodotoxin (300 nM)
was added to the bath solution to block endogenous voltage-gated
sodium currents in HEK293 cells (Cummins et al., 1999), permitting
currents from WT Na,1.7z or Q10R to be recorded in isolation.

Transfection of DRG neurons and
current-clamp electrophysiology

The protocol for the care and sacrifice of rats used in the study was
approved by the Veterans Administration Connecticut Healthcare
system IACUC. DRG tissue from 1- to 5-day old Sprague Dawley
rats were harvested and dissociated using a protocol (Dib-Hajj et al.,
2008) that was adapted from Rizzo et al. (1994). Sodium channel and
GFP constructs (channel:GFP ratio of 5: 1) were electroporated into
DRG neurons using Rat Neuron Nucleofector Solution (Amaxa,
Gaithersburg, MD, USA) with  WT Nay1.7g,Q10R, 1848T mutant
derivative as described previously (Dib-Hajj et al., 2005; Harty et al.,
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2006; Rush et al., 2006; Dib-Hajj et al., 2008). Transfected DRG
neurons were incubated at 37°C in Ca®*- and Mg>*- free culture
medium (DMEM plus 10% fetal calf serum) for 5min to increase
cell viability. The cell suspension was then diluted in culture medium
supplemented with nerve growth factor and glial cell line-derived
neurotrophic factor (50ng/ml), plated on 12mm circular coverslips
coated with laminin and poly-ornithine and incubated at 37°C in
5% CO,.

Small (<25 um) GFP-labelled DRG neurons were used for current-
clamp recording 18-36h after transfection. Previous studies have
shown that there are no significant differences in resting potential,
input resistance, action potential current threshold, action potential
amplitude or repetitive firing in small DRG neurons transfected with
WT Na,1.7 plus GFP, compared with GFP alone (Harty et al., 2006).
Electrodes had a resistance of 1-3 MQ 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 NacCl, 3 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, pH 7.3
with NaOH (adjusted to 320 mOsm with dextrose). Solution applica-
tion and signal acquisition were the same as for voltage-clamp record-
ing. Whole-cell configuration was obtained in voltage-clamp mode
before proceeding to the current-clamp recording mode. Cells with
stable (<10% variation) resting membrane potentials more negative
than —40mV were used for data collection. Threshold was determined
by the first action potential elicited by a series of depolarizing current
injections that increased in 5 pA increments.

Data analysis

Data were analysed using PulseFit 8.77 (HEKA Electronics) and Origin
8.0 (Microcal Software, Northampton, MA, USA), and presented
as means+SE. Except where noted, statistical significance was
determined by unpaired Student's t-tests. For multi-group statistical
analysis, we used one-way ANOVA followed by Tukey post hoc test
or Kruskal-Wallis followed by Dunn procedure depending on the
normal distribution of the data.

Results

Clinical description

This male Chinese patient was well until age 14 years when he
began to experience excruciating pain, warmth and redness of
both feet and lower legs. The pain could be provoked by exposure
to warmth and by exercise. The frequency and severity of the
pain progressed, and it became almost constant, interfering with
walking at the time of evaluation at the age of 17 years. The
patient's hands were not affected. The patient did not have
siblings, and there was no family history. Blood and urine profiles,
hepatic and renal functions were normal. The pain was not
responsive to aspirin or mexiletine.

Q10R mutation

Sequence analysis of SCN9A coding exons demonstrated an A
to G substitution (c.29A>G) in exon 1 in the proband. This
single nucleotide mutation causes the substitution of glutamine
10 with arginine (Q10R) in the cytoplasmic N-terminus of the
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Na,1.1 \M———EQTVLVPPGPDSFNE’FTR
Na, 1.2 M---AQSVLVPPGPDSFRFFTR
Na, 1.3 M---AQALLVPPGPESFRLFTR
Na, 1.4 MARPSLCTLARLGPECLRPFTR

Na, 1.5 M—--—--ANFLLPRGTSSFRRFTR
Na, 1.6 M-—--AARLLAPPGPDSFKPFTP
Na,1.7 M==——- AMLPPPGPQSFVHETK
Na,1.8 M----EFPIGSLETNNFRRFTP
Na, 1.9 M-DDRCYPVIFPDERNFRPETS
Na1.7g0r M-————- AMLPPPGPRSFVHFTK
Homo sapiens MAMLPPPGPQSFVHETK
Macacca mulatta M--LPPPGPQSFVHFTK
Equus caballus MAMLPPPGPQSFEFVYFTK
Bos taurus MAMLPPPGPQSFVFFTK
Canis familiares MATLPPPGPQSFVYFTK
Oryctolagus cuniculus MAMLPPPGPQSFVRFTK
Rattus norvegicus MAMLPPPGPQSFVHETK
Mus musculus MAMLPPPGPQSFVHFTK

Figure 1 Schematic of a voltage-gated sodium channel
a-subunit showing the location of the Q10R (bold) mutation
and the aligned N-terminus sequences for the Nav1 subfamily,
and Na,1.7 orthologues that have been reported to date in
the protein database, showing the conserved Q10 residue
(bold).

channel (Fig. 1). While Q10 is not conserved in other members of
the sodium channel family, it is conserved in the Na,1.7 ortholo-
gues that have been reported to date from different species
(Fig. 1). The c.29A>G mutation was absent from both parents,
and from 200 alleles from normal Chinese controls, indicating that
this mutation is unlikely to be a polymorphism.

Voltage-clamp characterization:
hyperpolarized activation and slower
deactivation

Figure 2A shows representative Na,1.7 sodium currents recorded
using whole-cell patch-clamp from cells expressing WT/NS variant
(hNa,1.7/NS) channels (Raymond et al., 2004), and Fig. 2B from
cells expressing Q10R/NS mutant channels. Peak current densities
of the two cell lines were: Na,1.7x =423 +28 pA/pF (n=43),
and Q10R=587+29 pA/pF (n=48). To examine the voltage
dependence of activation, cells were held at —100mV and
stepped to a range of potentials (=80 to +60mV in 5mV incre-
ments) for 40ms. As shown in Fig. 2C and D, Q10R channels
exhibit a hyperpolarized current-voltage and conductance-voltage
curve compared to WT channels. When fitted with Boltzmann
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plots, the midpoint of activation was significantly more negative
for Q10R channels (—30.04+0.4 mV, n=48) than for WT channels
(=24.7+0.5mV, P<0.001; n=43), a shift of —=5.3mV in the
hyperpolarizing direction.

Kinetics of activation, which reflect the transition from the
closed to open state, were investigated by measuring the
time-to-peak of the transient current. The rate of activation for
Q10R was significantly faster (P<0.05) than WT at potentials
ranging from —40 to +10mV (Fig. 2E). Kinetics of deactivation,
which reflect the transition from the open to the closed state,
were estimated from measurements of current decay at potentials
from —120 to —40mV after briefly activating the channels
(at —20mV for 0.5ms). As shown in Fig. 2F, the rates of current
decay of Q10R mutant channels were significantly slower
(P<0.05) than those of WT channels across all deactivation
potentials tested. While inactivation could make a substantive
contribution to the kinetics of current decay in the —70 to
—40mV voltage range, current decay was slower over the entire
voltage range studied, suggesting that like other IEM mutations,
the Q10R mutation produces a significantly slower deactivation
of sodium channels.

Steady-state fast-inactivation was achieved with a series of
500-ms prepulses (—150 to OmV in 10mV increments) and the
remaining non-inactivated channels were activated by a 40ms
step depolarization to —10mV. When fitted with Boltzmann
plots, the midpoint of fast-inactivation was not significantly differ-
ent for WT (—=81.6+0.8mV, n=22) and Q10R (—-82.6+0.6mV,
n=21) channels (Fig. 3A).

Steady-state slow-inactivation was determined with 30s
prepulses ranging from —130 to 10mV followed by a 100 ms
hyperpolarization at —120mV to remove fast inactivation.
Remaining available channels were activated by a 20ms test
pulse to —10mV. The Q10R mutation enhanced steady-state
slow-inactivation and shifted the midpoint by —4.8mV (P<0.01)
from —59.5+1.0mV (n=18) for WT to —64.3+1.0mV (n=15)
for Q10R (Fig. 3B). The offset for the slow-inactivation of Q10R
mutant channels (18+1%, n=15; P<0.01) was significantly
reduced, compared to that of WT channels (22 £1%, n=18).

Recovery from fast-inactivation, investigated using pairs of
pulses with an incrementally increasing recovery time at four
different recovery potentials (—100, —90, —80 and —70mV),
was fitted with an exponential function. Q10R mutation did not
change the repriming kinetics at any of these four potentials (data
not shown). The development of closed-state inactivation was
similar for WT and Q10R mutant channels at the three different
potentials tested (—80, —70 and —60mV) (data not shown).
Ramp currents, elicited with slow depolarizations from —100 to
20mV over 600ms, did not display different normalized ampli-
tudes for Q10R channels (0.26 +£0.02%, n=15) and WT channels
(0.27+£0.03%, n=15).

Splice variant switching does not
enhance Na,1.7/Q10R gain-of-function

Four Na,1.7 splicing isoforms have been detected within DRG
neurons (Raymond et al., 2004), carrying variants of exon 5
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Figure 2 The Q10R mutation alters voltage-dependent activation of Na,1.7 channels. Representative currents produced by cells
expressing WT (A) or mutant Q10R channels (B), elicited using a range of depolarizations (—80 to 60mV) from a holding potential
of —100mV. (C) Normalized /-V curves for Na,1.7z (n=43) and Q10R mutant (n=48) channels. (D) Comparison of voltage-
dependent activation of Na,1.7z and Q10R mutant channels. A hyperpolarizing shift (—5.3 mV) of activation was observed in Q10R
mutant channels. (E) As a measure of activation kinetics, time-to-peak is shown for step depolarizations, with the mutation Q10R
opening faster than Na,1.7g at potentials ranging from —40 to 10mV, *P<0.05, Q10R versus WT. (F) Q10R (n=19) deactivates
significantly slower than Na,1.7g (n=13). Cells were held at —100 mV and tail currents were generated by a brief 0.5 ms depolarization
to —20mV followed by a series of repolarizations ranging from —100 to —40mV, *P<0.05, Q10R versus WT.

that have been termed ‘neonatal’ (N) and ‘adult’ (A), and loop 1
variants that have been termed ‘short’ (S) and ‘long’ (L). To
determine whether a switch in splice variant expression might
result in a larger effect of the Q10R mutation, we expressed
transiently the mutation in the adult-long (AL) form of hNa,1.7
and used whole-cell patch-clamp recording to measure the
effects of the mutation.

Figure 4A and B shows representative sodium currents recorded
from cells expressing the WT Na,1.7x/AL channel and cells
expressing the Q10R/AL mutants. The peak current densities of
the two constructs were: WT/AL channel (343+46 pA/pF;
n=29), and Q10R/AL channel (593 +54 pA/pF; n=30). Similar

to the NS version of Na,1.7, the midpoint of activation of
Q10R/AL (Fig. 4C, D) was significantly shifted by —5.1mV in a
hyperpolarizing direction (-27.8+0.7mV, n=30; P<0.001)
compared to WT/AL channels (—=22.7 £0.6mV, n=29).

The rate of activation for Q10R/AL channels was significantly
faster (P<0.05) than WT/AL at potentials ranging from —40 to
40mV (Fig. 4E), but the shift was not larger than in the NS
background. Similarly, the Q10R/AL mutant channels are
characterized by a significantly slower deactivation of sodium
currents compared to WT/AL (Fig. 4F), but the shift in the rate
of current decay was not different from that in the NS
background.
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Figure 3 The Q10R mutation does not alter steady-state fast inactivation, but alters steady-state slow inactivation of Na,1.7 channels.
(A) Steady-state fast inactivation was examined using a series of 500 ms prepulses from —150 to OmV followed by 40 ms test

pulses at —10mV. The midpoints of fast-inactivation for Na,1.7g channels (n=22) and Q10R mutant channels (n=21) were similar.
(B) Steady-state slow-inactivation was assessed using a 20 ms pulse to —10mV after a 30s prepulse to potentials ranging from —130
to 10mV followed by a 100 ms pulse to —120mV to remove fast inactivation. The mutation Q10R (n=15) shifts steady-state slow

inactivation of Nay1.7g (n=18) by —4.8 mV.

As in the NS background, the midpoint of fast-inactivation was
not different for WT/AL (—82.1+0.9mV, n=16) and Q10R/AL
(—82.7+£1.2mV, n=15) channels (Fig. 5A). Q10R/AL displayed
enhanced steady-state slow-inactivation and significantly shifted
the midpoint by —-53mV (P<0.01) from —61.0+1.1mV
(n=11) for WT/AL to —-663+1.1mV (n=9) for Q10R/AL
(Fig. 5B), a shift that was similar to the shift in the NS background.
The offset for the slow-inactivation of the Q10R/AL mutant
channels (12+1%, n=9) was significantly reduced (P<0.05)
compared to that of WT/AL (16 £2%, n=11).

Recovery from inactivation in the AL background showed similar
rates at —100, —90, —80 and —70mV, as in the NS background
(data not shown). The development of closed-state inactiva-
tion was also similar between WT/AL and Q10R/AL mutant
channels (data not shown). The normalized amplitudes of
ramp currents, elicited with slow depolarizations from —100 to
20mV over 600ms, were not different for Q10R/AL channels
(0.22+£0.04%, n=10) and WT/AL channels (0.24+0.03%,
n=10), similar to the NS background.

Taken together, these results show that the effects of the Q10R
mutation are not larger in the AL, compared to those seen in
the NS splicing isoform of Na,1.7.

Current-clamp recording: Q10R makes
DRG neurons hyperexcitable, but to

a smaller degree than early-onset
erythromelalgia mutation 1848T

To assess the effect of the Q10R mutation on excitability, we
expressed WT and Q10R channels in small (<25 um) DRG neurons
and performed current-clamp recordings. Because the shift in
activation and ramp response produced by Q10R is smaller than
those produced by early-onset IEM mutations, we predicted that
Q10R would produce DRG neuron hyperexcitability, but to a

lesser degree than that produced by early-onset IEM mutations.
To test this hypothesis, we studied the 1848T IEM mutation, linked
to a sporadic case with early-onset of clinical symptoms at the age
of 5 years old (Yang et al., 2004), which has been shown to
produce a 13.8mV hyperpolarizing shift in activation (Cummins
et al., 2004).

The resting membrane potential (—63.4+0.8mV, n=46) of
DRG neurons expressing WT channels was similar to that of
DRG neurons expressing Q10R (=62.2 +£1.2mV, n=33), whereas
1848T mutant channels depolarized resting membrane potential of
DRG neurons by 4.4mV (-59.0+1.9mV, n=27; P<0.05, one
way ANOVA followed by Tukey post hoc test). Early studies have
shown that the membrane depolarization produced by some I[EM
mutations is only a partial contributor to increased DRG neuron
excitability, with other factors such as the shift in Na,1.7 activation
and slower deactivation also contributing (Harty et al., 2006;
Sheets et al., 2007). Moreover, previous studies have shown
that IEM mutations produce hyperexcitability in DRG neurons at
resting potentials close to —60mV, where tetrodotoxin-sensitive
sodium channels (including Na,1.7) are partially inactivated, due
to the presence of Na,1.8 channels (which are relatively resistant
to inactivation by depolarization) in these cells (Rush et al., 2006).
Consistent with this schema, though Q10R mutant channels have
no effects on the resting membrane potential, expression of Q10R
channels significantly decreased the current threshold for action
potential firing. Transfection with 1848T mutant channels also
resulted in a significantly lower current threshold for action poten-
tial firing. Fig. 6A shows traces from a representative DRG neuron
expressing WT channels. Although the cell responded to 180 pA
sub-threshold current injections with small, graded membrane
potential depolarizations, all-or-none action potentials required
stimuli of 190 pA (current threshold for this neuron). Figure 6B
shows traces from a representative DRG neuron expressing Q10R
channels. For this neuron, a lower 130 pA threshold current injec-
tion could produce an overshooting action potential, and further
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Figure 4 The Q10R mutation within the AL background does not introduce a larger alteration in the voltage-dependent activation of
Na,1.7 channels. Representative currents produced by cells expressing the Na,1.7g/AL variant of the WT (A) or the mutant Q10R/AL
channels (B), elicited using a range of depolarizations (—80 to 60 mV) from a holding potential of —100 mV. (C) Normalized /-V curves
for Na,1.7g/AL (n=29) and Q10R/AL mutant (n=30) channels. (D) Comparison of voltage-dependent activation of Na,1.7g/AL and
Q10R/AL mutant channels. A hyperpolarizing shift (—5.1 mV) of activation was observed in Q10R/AL mutant channels. (E) Activation
kinetics, time to peak is shown for step depolarizations, with the mutation Q10R/AL opening faster than Na,1.7g/AL at potentials

ranging from —40 to 40 mV. *P<0.05. (F) Q10R/AL (n=10) deactivates significantly slower than Nay1.7g/AL (n=10). Cells were held
at —100mV and tail currents were generated by a brief 0.5 ms depolarization to —20 mV followed by a series of repolarizations ranging

from —100 to —40mV. *P<0.05.

increased current injection resulted in all-or-none action potentials
of similar amplitude. Typical traces from a DRG neuron expressing
1848T mutant channels are shown in Fig. 6C, where 90 pA current
injections could produce an action potential. As illustrated in
Fig. 6D, current threshold was significantly reduced (P<0.05,
Kruskal-Wallis test followed by Dunn procedure) for DRG neurons
expressing Q10R (122 +£13pA, n=33) and [848T (92 +14pA,
n=27), compared with WT (188 + 13 pA, n=46); neurons expres-
sing 1848T showed a trend towards a threshold that was lower
than for neurons expressing Q10R, but this was not statistically
significant.

As reported by Renganathan et al. (2001), ~50% of native
small DRG neurons fire repetitively in response to prolonged
suprathreshold current stimuli. In the present study, 54%
(25 out of 46) of DRG neurons expressing WT channels fired
repetitively in response to suprathreshold current injections. A
slightly higher percentage, 64% (21 out of 33), of DRG neurons
expressing Q10R mutant channels fired, repetitively. In contrast,
93% (25 out of 27) of DRG neurons expressing 1848T mutant
channels fired repetitively.

The frequency of firing across a broad range of current
injections (25-500 pA) tended to be different for DRG neurons
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Figure 5 The Q10R/AL mutation does not alter steady-state fast-inactivation, but alters steady-state slow-inactivation of Na,1.7
channels. (A) Steady-state fast-inactivation was examined using a series of 500 ms prepulses from —150 to OmV followed by 40 ms test
pulses at —10mV. The midpoints of fast-inactivation for Na,1.7g/AL channels (n=16) and Q10R/AL mutant channels (n=15) were
similar. (B) Steady-state slow-inactivation was assessed using a 20ms pulse to —10mV after a 30s prepulse to potentials ranging
from —130 to 10mV followed by a 100 ms pulse to —120mV to remove fast inactivation. The mutation Q10R/AL (n=9) shifts
steady-state slow-inactivation of Na,1.7g/AL (n=11) by —5.2mV.
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Figure 6 Both Q10R and 1848T mutations decrease action potential threshold in small DRG neurons. (A) Representative traces from
a cell expressing Na,1.7 WT channels, showing subthreshold response to 180 pA current injection and subsequent action potentials
evoked by injections of 190 pA (current threshold for this neuron) and 220 pA. (B) Representative traces from a cell expressing Q10R
channels, showing a lower current threshold (130 pA for this cell) for action potential generation. (C) Representative traces from

a DRG neuron expressing 1848T channels, showing a significantly lower current threshold (90 pA for this cell) for action potential
generation. (D) Compared with cells expressing Na,1.7 WT channels (n=46), current threshold for action potential generation
decrease significantly in those expressing Q10R channels (n=33) and 1848T channels (n=27). *P<0.05.
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Figure 7 Q10R and 1848T mutations increase firing frequency in small DRG neuron, but to different degrees. (A) Response of cells
expressing WT, Q10R and 1848T channels, respectively, to 1s depolarizing current steps that are 1X, 2X and 3X (top, middle and
bottom traces, respectively) the current threshold for action potential generation. (B) Comparison of mean fire frequency among cells
expressing WT, Q10R and 1848T channels across the range of current injections from 25 to 500 pA. *P<0.05, Q10R versus WT;

**P <0.05, 1848T versus Q10R.

transfected with WT versus Q10R versus 1848T channels. The
responses of three representative cells which expressed WT,
Q10R or 1848T channels, respectively, to 1s depolarizing current
steps at 1X, 2X and 3X current threshold are shown in Fig. 7A.
Cells expressing WT channels (n=46) usually generate only one or
two spikes in response to current injections at 2X or 3X the current
threshold, while cells expressing Q10R (n=33) and 1848T (n=27)
mutant channels displayed firing frequencies higher than those of

cells expressing WT channels. Figure 7B shows the firing frequen-
cies of cells expressing WT, Q10R and 1848T channels and
illustrates the trend of cells expressing 1848T to fire at higher
frequencies than cells expressing Q10R which, in turn, fired at
higher frequencies than cells expressing WT channels. Our analysis
has also shown no evidence that after-hyperpolarizations were
significantly different in DRG neurons expressing WT or mutant
channels.
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Discussion

IEM, an autosomal dominant disorder in which patients experience
severe burning pain in the distal extremities in response to mild
warmth or exercise, has been directly linked to gain-of-function
mutations of sodium channel Na,1.7. Almost all physiologically-
characterized cases of IEM have been associated with onset at
young ages, usually before the age of 6 years (Dib-Hajj et al.,
2007; Drenth and Waxman, 2007). Only one family with later
onset, with pain appearing first in the feet at ages ranging
from 9 to 22 years, with onset at ages >17 years in five of
seven family members and relatively slow progression (8 to
10 years) to involvement of the hands (Lee et al., 2007) has
been characterized using voltage-clamp recordings (Cheng et al.,
2008). Cheng et al. (2008) showed that the Na,1.7 mutation
in this second decade onset family, 1136V, hyperpolarizes the vol-
tage-dependence of activation of the channel, but to a smaller
degree (—5.7mV) than for the early-onset erythromelalgia muta-
tions that have been studied to date (—7.6 to —13.8 mV). Here we
report a new Na,1.7 mutation, Q10R, in a patient with clinical
onset of erythromelalgia at 14 years of age. We show that the
Q10R mutation hyperpolarizes activation of the channel by only
—5.3mV, and does not produce a significant increase in the ramp
response. Using current-clamp to study the effect of the Q10R
mutation on DRG neuron firing and to compare its effect with that
of 1848T, an early-onset erythromelalgia mutation which shifts
activation voltage-dependence more dramatically, we show that
expression of Q10R induces hyperexcitability in these cells, but
produces an increase in excitability that is smaller than the
change produced by an early-onset erythromelalgia mutation
1848T.

The Q10R mutation substitutes glutamine by arginine within
the N-terminus of the Na,1.7 channel, in contrast to most other
Na,1.7 erythromelalgia mutations studied to date, which have
been localized to the S4 voltage sensor, the linker joining
segments S4 and S5, or pore-lining segments S5 and S6 within
domains | and Il of the channel (Dib-Hajj et al., 2007). However,
similar to Q10R, the 1136V mutation (Lee et al., 2007), which is
located within DI-S1, substitutes a residue within a part of the
channel which has not been shown to have a substantial effect
on channel kinetics or gating. Both of these mutations (Q10R and
1136V) display a smaller shift in V4,, of activation, compared to
the other IEM mutations, share a later onset of symptoms and
are clinically characterized by delayed involvement of the hands.
While the number of cases of late-onset IEM is small, this obser-
vation may point to a genotype—phenotype relationship, with
mutations causing smaller effects on channel activation being
associated with later onset, and less severity, of pain.

While a role of the N-terminus in regulating surface expression
of a sodium channel isoform has been established for the sensory
neuron-specific channel Na,1.8 (Okuse et al., 2002), the role
of the N-terminus in channel gating is only now becoming under-
stood. Several mutations within the N-terminus of Na,1.1 and
Na,1.5 have been linked to epilepsy (Lossin, 2009) and cardiac
disorders (Tester et al., 2005), respectively, but the functional
effects of these mutations on these channels have not been
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investigated in expression systems. A missense mutation in the
N-terminus of Na,1.2 associated with epilepsy has been found
to slow inactivation, a change that may prolong residence of the
mutant channel in the open state so as to produce neuronal
hyperexcitability (Sugawara et al., 2001). The 1141V mutation in
Na,1.4 associated with myotonia shifts the activation voltage-
dependence —12.9mV in a hyperpolarization direction, thereby
increasing window current (Petitprez et al., 2008). Recently, it
has been shown that substituting the N-terminus and trans-
membrane segments 1-3 of Na,1.2 for those of Na,1.6 conferred
activation properties of Na,1.2 on the chimera channel (Lee and
Goldin, 2008). Since the chimera carried transmembrane segments
in addition to the N-terminus, however, it is not possible to
attribute the effect on activation to a particular sequence. Thus,
the present study adds to the evidence for a specific role of the
N-terminus of sodium channels in regulating activation properties
of a sodium channel.

Because the hyperpolarizing shift in activation produced by
Q10R is smaller than those produced by early-onset erythrome-
lalgia mutations and Q10R did not enhance the ramp response,
we predicted that Q10R would produce DRG neuron hyperexcita-
blility, but to a smaller degree than the early-onset mutations. Our
current-clamp observations indicate that is indeed the case. The
available data comparing this mutation, another IEM mutation
linked to onset of pain in the second decade (Cheng et al.,
2008) and mutations linked to early-onset pain thus suggest
that there may be a correlation between the magnitude of the
shift in voltage-dependence of activation, and the degree of
hyperexcitability produced by the mutation. The only other
second decade onset erythromelalgia mutation that has been
studied shows a relatively small hyperpolarizing shift in activation
(—=5.7mV) but increased ramp currents by 3-fold (Cheng et al.,
2008). Supporting a relationship between the size of the activation
shift and degree of hyperexcitability, computer simulations of the
effect of Na,1.7 mutant channels in DRG neurons demonstrate
that the hyperpolarizing shift in channel activation plays a
dominant role in producing neuronal hyperexcitability (Sheets
et al., 2007).

Na,1.7 is known to be present in four isoforms within DRG
neurons, including isoforms that carry variants of exon 5 that
have been termed ‘neonatal’ and ‘adult’, and of loop 1 which
have been termed ‘short’ and ‘long’ (Raymond et al., 2004).
Although the temporal sequence (if any) of a switch from the
neonatal to the adult isoforms in humans is not known, we
compared the effects of the Q10R mutation on neonatal and
adult isoforms of hNa,1.7, to examine the possibility that the
mutation has a larger effect on the adult isoform. Our results do
not support this hypothesis. Notably, the hyperpolarizing shift
in activation produced by the mutation was slightly smaller
(=5.1mV) in the adult background than the shift in the neonatal
background (—=5.3 mV). Although it is not clear whether this shift
is due to difference in the voltage-dependence of activation in the
adult versus neonatal background, it should be noted that a study
that compared splice variants of Na,1.7 within a transient expres-
sion system (Chatelier et al., 2008) did not observe a difference in
activation. These results suggest that the absence of symptoms in
the first decade can not be explained by the predominance of
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a neonatal Na,1.7 splicing isoform, e.g. Na,1.7/NS, because the
Q10R/NS and Q10R/AL show a similar enhancement of channel
activation compared to WT isoforms. Thus, our results do not
provide evidence that adult onset of pain is due to a preferential
effect of the mutation within the adult splice variant of Na,1.7.

The sequence of events starting with Na,1.7 mutations and
resulting in pain with variable age of onset of symptoms in IEM
patients is complex and, for some mutations, might depend upon
molecular modifiers of the channel. Previous studies have
shown that the effect of a given mutation can be influenced by
a variant allele of a modifier locus. For example, the severity of
Na,1.2-related epilepsy is regulated by mutations in the potassium
channel K,7.2 (Kearney et al., 2006). However, the modifier locus
does not have to carry a mutation, since the co-expression of the
target and modifier genes within the same cell can yield a different
outcome than expression of the target gene alone. Neurons
co-expressing IEM mutant L858H Na,1.7 channels together with
Na,1.8 become hyperexcitable, while neurons that lack Na,1.8
become hypoexcitable (Rush et al., 2006). Thus, it is possible
that the age of onset of IEM for some Na,1.7 mutations may
be linked to co-expression with different modifier genes.

Alternatively, the present results suggest that variable age of
onset of IEM symptoms may depend on intrinsic properties of
mutant Na,1.7 channels. Age of onset of spinocerebellar ataxia
type 6 (SCA®) is inversely proportional to the length of the CAG
repeats of Ca,2.1 (SCA6) (Zoghbi and Orr, 2000; Michalik and
Van Broeckhoven, 2003). In this instance, pathogenesis is related
to the age-dependent accumulation of the mutant Ca,2.1 protein
rather than changes in the current density or gating properties of
the channel (Watase et al., 2008). In contrast, the mutant Na,1.7
channel that we report here in a patient with late-onset IEM
displays different biophysical properties and effects on DRG
neuron hyperexcitability compared to Na,1.7 mutations in patients
with early-onset IEM (Dib-Hajj et al., 2007). By linking the
magnitude of these changes in function at the ion channel and
DRG neuron levels to age of pain onset, we propose a genotype—
phenotype correlation at the clinical, cellular and molecular levels
within IEM which may explain the early- versus late-onset of
symptoms.
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