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Voltage-gated sodium channel Nav1.7 is a central player in human pain. Mutations in Nav1.7 produce several pain syndromes, including
inherited erythromelalgia (IEM), a disorder in which gain-of-function mutations render dorsal root ganglia (DRG) neurons hyperexcit-
able. Although patients with IEM suffer from episodes of intense burning pain triggered by warmth, the effects of increased temperature
on DRG neurons expressing mutant Nav1.7 channels have not been well documented. Here, using structural modeling, voltage-clamp,
current-clamp, and multielectrode array recordings, we have studied a newly identified Nav1.7 mutation, Ala1632Gly, from a multigen-
eration family with IEM. Structural modeling suggests that Ala1632 is a molecular hinge and that the Ala1632Gly mutation may affect
channel gating. Voltage-clamp recordings revealed that the Nav1.7-A1632G mutation hyperpolarizes activation and depolarizes fast-
inactivation, both gain-of-function attributes at the channel level. Whole-cell current-clamp recordings demonstrated increased spon-
taneous firing, lower current threshold, and enhanced evoked firing in rat DRG neurons expressing Nav1.7-A1632G mutant channels.
Multielectrode array recordings further revealed that intact rat DRG neurons expressing Nav1.7-A1632G mutant channels are more active
than those expressing Nav1.7 WT channels. We also showed that physiologically relevant thermal stimuli markedly increase the mean
firing frequencies and the number of active rat DRG neurons expressing Nav1.7-A1632G mutant channels, whereas the same thermal
stimuli only increase these parameters slightly in rat DRG neurons expressing Nav1.7 WT channels. The response of DRG neurons
expressing Nav1.7-A1632G mutant channels upon increase in temperature suggests a cellular basis for warmth-triggered pain in IEM.
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Introduction
The Nav1.7 channel, encoded by the gene SCN9A is a member of
the voltage-gated sodium channel family (Nav1.1-Nav1.9) that is

preferentially expressed in sensory neurons of dorsal root ganglia
(DRG) and sympathetic ganglia neurons (Dib-Hajj et al., 2013).
Nav1.7 is activated at relatively hyperpolarized potentials (below
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Significance Statement

Inherited erythromelalgia (IEM), a severe pain syndrome characterized by episodes of intense burning pain triggered by warmth,
is caused by mutations in sodium channel Nav1.7, which are preferentially expressed in sensory and sympathetic neurons. More
than 20 gain-of-function Nav1.7 mutations have been identified from IEM patients, but the question of how warmth triggers
episodes of pain in IEM has not been well addressed. Combining multielectrode array, voltage-clamp, and current-clamp record-
ings, we assessed a newly identified IEM mutation (Nav1.7-A1632G) from a multigeneration family. Our data demonstrate gain-
of-function attributes at the channel level and differential effects of physiologically relevant thermal stimuli on the excitability of
DRG neurons expressing mutant and WT Nav1.7 channels, suggesting a cellular mechanism for warmth-triggered pain episodes
in IEM patients.
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the threshold for action potential generation), and it amplifies
stimuli within this subthreshold domain, setting the gain in DRG
neurons (Cummins et al., 1998; Waxman, 2006). Nav1.7 has been
regarded as a central player in human pain signaling, as loss-of-
function Nav1.7 mutations cause congenital indifference to pain
(Cox et al., 2006), and gain-of-function Nav1.7 mutations pro-
duce several painful disorders, including inherited erythromelal-
gia (IEM) (Yang et al., 2004; Dib-Hajj et al., 2005), paroxysmal
extreme pain disorder (Fertleman et al., 2006), and small fiber
neuropathy (Faber et al., 2012).

IEM, sometimes called the “man-on-fire” syndrome, is char-
acterized by episodes of intense burning pain in the distal extrem-
ities, which are triggered by warmth. Thus far, IEM mutations of
Nav1.7 have been functionally assessed in several ways: (1)
voltage-clamp recording permits an evaluation of the effects of
the mutations on channel function (Cummins et al., 2004; Esta-
cion et al., 2013; Yang et al., 2013a); and (2) at a higher integrative
level, current-clamp recording and dynamic clamp permit an
assessment of the effects of the mutant channels on excitability of
neurons carrying the mutant channels (Dib-Hajj et al., 2005;
Rush et al., 2006; Han et al., 2012; Vasylyev et al., 2014). Current-
clamp and dynamic clamp assessment, however, involve patch-
clamp recording, which entails perfusion of the cells under study.
Although more than a dozen Nav1.7 IEM mutations have been
described in patients displaying the characteristic warmth-
evoked pain (Dib-Hajj et al., 2013), the question of how warmth
triggers episodes of pain in IEM has not been well addressed.
Multielectrode arrays (MEAs), on the other hand, provide a non-
invasive, high-throughput, extracellular recording approach, al-
lowing study of changes in excitability of a population of DRG
neurons with intact cell membranes, and permitting assessment
of the effect of changes in temperature on excitability (Spira and
Hai, 2013). Combining MEA with voltage- and current-clamp
recording, in the present study, we assessed a newly identified
Nav1.7 mutation (Ala1632Gly) from a multigeneration family
with IEM. Our data demonstrate pathogenic features of this mu-
tation and demonstrate differential effects of physiologically rel-
evant thermal stimuli on the excitability of DRG neurons
expressing mutant and WT Nav1.7 channels.

Materials and Methods
Exon screening. The proband was sequenced by GeneDx. Sequencing of
the proband’s 8 family members (7 affected; 1 unaffected, the father of
the proband) was performed at the Howard Hughes Medical Institute/
Keck Biotechnology Center at Yale University. Briefly, genomic DNA
was purified from venous blood of the proband and her family members.
Coding exons were amplified and compared with the reference Nav1.7
cDNA (Klugbauer et al., 1995) to identify sequence variation, as de-
scribed previously (Dib-Hajj et al., 2005). Sequences were analyzed using
BLAST (National Library of Medicine) and Lasergene (DNAStar).

Structural modeling. Structural modeling was performed as described
previously (Yang et al., 2012, 2013a). Briefly, sequence alignment was
achieved using ClustalW2 and manually refined (Yarov-Yarovoy et al.,
2012). Initial models of the four transmembrane domains of hNaV1.7
channel were created using GPCR-ITASSER (Roy et al., 2011; Zhang et

al., 2015) and aligned to bacterial sodium channel (Protein Data Bank ID
code 3RVY) (Payandeh et al., 2011) in a clockwise order viewed from the
extracellular side (Dudley et al., 2000; Li et al., 2001). Four domain com-
plex structural models were refined by Fragment-Guided Molecular Dy-
namics simulation (Zhang et al., 2011). Models were presented using
PyMol (Schrödinger). Multistate modeling was performed using meth-
ods described previously (Yang et al., 2013b; Huang et al., 2014a) based
on molecular dynamics simulations of NavAb (Amaral et al., 2012).
Modeling was performed with SWISS-MODEL and further energy-
minimized, analyzed, and visualized in Molecular Operating Environ-
ment (Chemical Computing Group). Ligand and receptor interaction
maps were generated using Molecular Operating Environment.

Plasmid preparation and HEK293 cell transfection. TTX-resistant hu-
man NaV1.7 wild-type (WT) channel (hNav1.7r) was created based on
the hNav1.7 (mRNA: NM_002977.3; protein: NP_002968.1 of NCBI da-
tabase) as a pcDNA3mod-pEGFP-2A construct (Ryan and Drew, 1994;
Atkins et al., 2007; Luke et al., 2008), as we have described previously for
another channel, Nav1.9 (Huang et al., 2014b). Briefly, using Mega mu-
tagenesis protocol, a sequence encoding EGFP was cloned upstream of
the Nav1.7 ATG with a “stopGo” 33 amino acid 2A linker, such that the
GFP-2A adaptor and the Nav1.7 channel proteins are produced as inde-
pendent proteins from the same mRNA. The Ala1632GLy mutation was
created on the hNaV1.7r background using Quick Change XL Site-
Directed Mutagenesis Kit (Stratagene). Mutant or WT Nav1.7 channels
were transfected into HEK293 cells together with human �1 and �2
subunit (Lossin et al., 2002) using Lipofectamine reagent (Invitrogen).
HEK293 cells were maintained in 1:1 DMEM/F-12 supplemented with
10% FBS (Hyclone) in a humidified 5% CO2 incubator at 37°C. HEK293
cells were seeded onto poly-L-lysine-coated glass coverslips (BD Biosci-
ences) in a 24 well plate.

Voltage-clamp recording in HEK cells. Whole-cell voltage-clamp re-
cordings were obtained from HEK293 cells 24 –36 h after transfection
using an EPC-10 amplifier and the PatchMaster program (version 53;
HEKA Elektronik) at room temperature. The extracellular solution con-
tained the following (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 20
dextrose, and 10 HEPES, pH 7.3 with NaOH (320 mOsm adjusted with
dextrose). The pipette solution contained the following (in mM): 140
Cs-fluoride, 10 NaCl, 1 EGTA, 10 HEPES, 20 dextrose, pH 7.3 with
CsOH (310 mOsm adjusted with dextrose). Patch pipettes had a resis-
tance of 1–2 M� when filled with pipette solution. Series resistance and
prediction compensation (80%–90%) was applied to reduce voltage er-
rors. The recorded currents were digitized at a rate of 50 kHz after
passing through a low-pass Bessel filter setting of 10 kHz. Recording
was initiated after a 5 min equilibration period after achieving whole-
cell configuration.

Data were analyzed using Fitmaster (HEKA Elektronik) and Origin-
Pro (Microcal Software) software. To generate activation curves, cells
were held at �120 mV and stepped to potentials of �80 to 45 mV in 5 mV
increments for 100 ms. Peak inward currents were automatically ex-
tracted by Origin and fitted with a Boltzmann function (BoltzIV) to
determine the voltage at half-activation (V1/2), activation curve slope at
half-activation (Z), and reversal potential (ENa) for each recording.
Conductance was calculated as G � I/(Vm � ENa) and normalized by the
maximum conductance value and fit with Boltzmann equation. To
generate steady-state fast-inactivation curves, cells were stepped to inac-
tivating potentials from �130 to �20 mV for 500 ms followed by a 40 ms
step to 0 mV. Peak inward currents obtained from steady-state fast-
inactivation were normalized by maximum current amplitude and fitted
with a Boltzmann equation (Cummins et al., 2004; Dib-Hajj et al., 2005).
Steady-state slow-inactivation was assessed by prepulsing the cells with a
30 s stimulus at a range of voltages from �130 to 30 mV in 10 mV
increments, followed by a 100 ms step to �120 mV to remove fast-
inactivation and then a 50 ms depolarizing step to 0 mV to elicit a test
response, which reflects the remaining currents available for activation.
Peak inward currents obtained from steady-state slow-inactivation were
normalized by the maximum current amplitude and fit with a Boltzmann
equation (Huang et al., 2014a).

Isolation and transfection of primary sensory neurons. Animal studies
followed a protocol approved by the Veterans Administration Connect-
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icut Healthcare System Institutional Animal Care and Use Committee.
DRGs from 4- to 6-week-old female and male Sprague Dawley rats were
harvested and dissociated as described previously (Dib-Hajj et al., 2009;
Huang et al., 2014a, b). Briefly, DRG neurons were dissociated with a 20
min incubation in 1.5 mg/ml Collagenase A (Roche) and 0.6 mM EDTA,
followed by a 18 min incubation in 1.5 mg/ml Collagenase D (Roche), 0.6
mM EDTA, and 30 U/ml papain (Worthington Biochemical). DRGs were
then centrifuged and triturated in 0.5 ml of DRG media containing 1.5
mg/ml BSA (low endotoxin) and 1.5 mg/ml trypsin inhibitor (Sigma).
After trituration, 2 ml of DRG media was added to the cell suspension,
which was filtered with 70 �m nylon mesh cell strainer (BD Biosciences).
The mesh was washed twice with 2 ml of DRG media. The cells were then
transfected with WT or mutant human Nav1.7 constructs with the
stopGo 2A tag that provides green fluorescence (abbreviated as hNav1.7
hereafter) using a Nucleofector IIS (Lonza) and Amaxa Basic Neuron
SCN Nucleofector Kit (VSPI-1003). Briefly, the cell suspension was cen-
trifuged (100 � g for 3 min), and the cell pellet was resuspended in 20 �l
of Nucleofector solution, mixed with 2 �g of hNav1.7 WT or Ala1632Gly
construct, and transfected using Nucleofector IIS and protocol SCN-
BNP 6. Our established protocol reproducibly yielded a �40%-60%
transfection rate for WT and mutant channels (Dib-Hajj et al., 2009).
After transfection, cells were allowed to recover in calcium-free DMEM,
fed with DRG media supplemented with nerve growth factor (50 ng/ml)
and glial cell line-derived neurotrophic factor (50 ng/ml), and main-
tained at 37°C in a 95% air/5% CO2 (v/v) incubator for 40 –55 h before
current-clamp recording. Live/death assays of transfected neurons were
performed using a Nuclear-ID Blue/Red cell Viability Kit (Enzo Life
Sciences) according to manufacturer’s instruction.

Current-clamp recordings. The pipette solution contained the follow-
ing (in mM): 140 KCl, 0.5 EGTA, 5 HEPES, 3 Mg-ATP, 10 dextrose, pH
7.30 with KOH (adjusted to 310 mOsm with sucrose), and the bath
solution contained the following (in mM): 140 NaCl, 3 KCl, 2 MgCl2, 2
CaCl2, 10 HEPES, 10 dextrose, pH 7.30 with NaOH (adjusted to 320
mOsm with sucrose). Whole-cell configuration was obtained in voltage-
clamp mode before proceeding to the current-clamp recording mode.
DRG neurons (20 –30 �m) with green fluorescence were selected for
recording. There was no significant difference in neuron diameter be-
tween WT and mutant neurons ( p � 0.661). Small DRG neurons with
stable (�10% variation) resting membrane potentials (RMPs) more neg-
ative than �40 mV and action potentials with overshoots �40 mV and
amplitudes �85 mV were included in analysis. Input resistance was de-
termined by the slope of a linear fit to hyperpolarizing responses to
current steps from �5 pA to �40 pA in �5 pA increments. Threshold
was determined by the first action potential elicited by a series of depo-
larizing current injections (200 ms) that increased in 5 pA increments.
Action potential frequency was determined by quantifying the number of
action potentials elicited in response to depolarizing current injections
(500 ms). Finally, the expression level of endogenous Nav1.8 channels
was examined by holding neurons at �50 mV (Cummins and Waxman,
1997). Neurons that expressed small Nav1.8 currents (�1 nA) or unable
to generate all-or-none action potentials in response to 200 ms current
stimulus were excluded from analysis (Huang et al., 2014a). Data were
analyzed using Fitmaster (HEKA Elektronik) and Origin (Microcal Soft-
ware) software. Current-clamp recordings to assess temperature sen-
sitivity of DRG neurons were performed at room temperature, 33 	
0.5°C and 40 	 0.5°C, and analyzed using custom-written routines in
MATLAB (The MathWorks).

MEA recording. DRG neurons from Sprague Dawley rats (4 – 6 weeks
old) were isolated and transfected as described above. Transfected
neurons were allowed to recover for 5 min at 37°C in 0.5 ml of
Ca 2
-free DMEM. The cell suspension was then diluted with DRG
media, and 30 – 60 �l volume of medium containing neurons was
seeded on 12 well MEA plates (Axion Biosystems) coated with poly-
D-lysine (50 �g/ml)/laminin (10 �g/ml). The cells were then incu-
bated at 37°C in 5% CO2 for 50 min. DRG media (1.5 ml per well),
supplemented with 50 ng/ml each of mouse NGF (Alomone Labs) and
GDNF (Peprotec), was added to the cells. Cells were maintained at
37°C in a 5% CO2 incubator.

Neurons were studied using an MEA system after 3 d in culture in their
normal culture medium. During recording, an ECmini unit provides
environmental control, maintaining carbon dioxide concentrations
around MEA cultures with a low flow of premixed gas to prevent exper-
imental variability. Action potential activity in these neurons was as-
sessed using a multiwell MEA system (Maestro, Axion Biosystems). A 12
well recording plate was used, consisting a total of 768 electrodes. Within
each well, 64 low-noise individual embedded microelectrodes with inte-
grated ground electrodes, capable of monitoring the firing of individual
neurons simultaneously, form a recording grid across a 2 � 2 mm area.
The diameter of the electrodes was 30 �m with 200 �m center-to-center
spacing between electrodes. For each experiment, three wells (with �192
available electrodes for recording) were used to assess neurons expressing
WT Nav1.7 channels or Nav1.7-A1632G mutant channels.

MEA is a population-based analysis; thus, we implemented an exper-
imental design to minimize potential confounding effects of transfection
and handling of DRG neurons transfected with either WT or the
Ala1632Gly mutant channels; seeding density, number of viable cells,
and transfection rate were comparable between groups. Multiple inde-
pendent transfections were used to generate the MEA data, minimizing
potential effects of variable transfection efficiency in any one transfection
experiment. To minimize variations in seeding density and number of
viable cells: (1) DRG tissue from several animals were pooled, and disso-
ciated neurons were equally divided into two groups for transfections
with WT and Ala1632Gly; (2) the transfection of WT and Ala1632Gly
constructs and the plating of the transfected neurons onto the MEA plate
were performed at the same time using the same procedure, ensuring
minimal variation for transfection efficiency and seeding procedure; and
(3) neurons transfected with either WT or Ala1632Gly constructs were
randomly placed in different wells distributed over the same MEA plate
(and blinded to the investigator) to further minimize the variations.

A spike detection criterion of �6 SDs above background signals was
used to separate monophasic or biphasic action potential spikes from
noise. Active electrodes were defined as �1 spike over a 200 s analysis
period. Firing frequencies were averaged among all active electrodes
from wells expressing either construct. MEA data were analyzed using
Axion Integrated Studio AxIS2.1 (Axion Biosystems) and NeuroExplorer
(Nex Technologies).

To assess the effects of temperature on DRG neurons expressing either
Nav1.7 WT or Nav1.7-A1632G mutant channels, we used the precise
temperature control within the MEA system, which enables continuous
recording of action potentials during a temperature ramp. DRG neurons
expressing either WT or Nav1.7-A1632G mutant channels were plated
on the same MEA plate for temperature manipulation and assessed by an
investigator blinded to the identities of the wells. The MEA plate was
ramped and maintained at 33°C, 37°C, 40°C, and 45°C for 7–10 min at
each temperature to allow analysis of firing of these neurons at temper-
ature steady state.

Data analysis. Unless otherwise noted, statistical significance was de-
termined using an independent t test. Two-proportion z test was used for
comparing populations of spontaneously firing neurons. Mann–Whit-
ney test was used for comparison of firing frequencies between neurons
expressing WT and Ala1632Gly hNav1.7 channels in response to stimuli
ranging from 25 pA to 500 pA. Repeated-measures two-way ANOVA
with Bonferroni corrections was used for comparison of temperature
sensitivity of firing frequencies between neurons expressing WT and
Ala1632Gly hNav1.7 channels. Pairwise Mann–Whitney test with FDR
corrections and two-way ANOVA were used for data collected during
MEA experiments. Results are presented as mean 	 SEM.

Results
Clinical description and molecular genetics
The female proband was first evaluated in rheumatology clinic at
age 14 for bilateral leg pain. She manifested activity- and heat-
associated neuropathic pain and color change of the distal ex-
tremities consistent with erythromelalgia. For �2 years, the
patient had experienced episodic burning, aching, activity-
related pain starting in the feet and radiating up both legs to the
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knees, exacerbated by warm temperature. The pain was accom-
panied by light red dorsal and plantar foot discoloration and a
sensation of warmth in the feet. There was also occasional aching
in the palms. Her symptoms resolved within 10 –15 min of stop-
ping activity and removal of socks and footwear. There was no
extremity numbness, tingling, or swelling, and no symptoms
elsewhere. The symptoms worsened in hot weather. Physical ex-
amination was notable for a normal general, neurologic, and
musculoskeletal examination, with the exception of mild acral
acrocyanosis in the toes. Gabapentin was not helpful. A trial of
amitriptyline was stopped due to side effects and failure to im-
prove. Bilateral topical lidocaine patches yielded partial pain re-
lief when applied to the feet.

Family history was notable for appearance of similar symp-
toms in multiple members of this family across three generations,
with the common feature of warmth-triggered pain attacks. The
pedigree of this family contains 22 members: 11 subjects (one
deceased) with IEM phenotype and 11 subjects without IEM phe-
notype (Fig. 1A). Family members with IEM phenotype have a
similar age of onset (�5–12 years old) compared with the pro-
band (�7 years old). We have previously reported a comparable
range of age of onset in affected members of the family with IEM
due to the Nav1.7-F1449V IEM mutation (McDonnell et al.,
2016). Genetic analysis of SCN9A, the gene that encodes Nav1.7,
from the proband showed a heterozygous (c. 4895C�G) muta-
tion. This mutation substitutes alanine (Ala) by glycine (Gly) at
position 1632 of the polypeptide (p. Ala1632Gly). Ala1632 is con-
served in all human sodium channels (Nav1.1-Nav1.8), except
for Nav1.9 where serine is present; Nav1.9 shows the lowest se-
quence conservation compared with other family members (Dib-
Hajj et al., 1998). This mutation was confirmed by Sanger
sequencing in every affected member of the family who con-
sented to genetic analysis, but was absent from the asymptomatic
father of the proband, suggesting high penetration of this muta-
tion (Fig. 1A).

Effect of Ala1632Gly on the local structure of the S4 –5 linker
in Nav1.7
Nav1.7 channel shares the hallmarks of the voltage-gated sodium
channel family, including the four homologous domains (I-IV)
linked by three intracellular loops (L1-L3), with each domain
comprised of six transmembrane helices (S1-S6) (Catterall et al.,
2005). The S1-S4 helices form the voltage-sensing domain,
whereas the S5 and S6 helices, together with a small pore loop
between S5 and S6, form the pore module (Fig. 1B). To visualize
Ala1632Gly in the folded channel, we constructed a Nav1.7 struc-
tural model (Yang et al., 2012, 2013a) (Fig. 1C) and observed that
Ala1632 is positioned at the turn between the S4-S5 linker and the
S5 helix of domain IV (Fig. 1C). Sequence alignment and our
structural modeling suggest that, for DIV, Ala1632 is likely the
“hinge” residue between S4-S5 linker and S5 helix (Fig. 1C). It has
been suggested that, during channel activation, the voltage-
sensing domain and S4-S5 linker move together as a modular
unit, transducing energy via a molecular hinge (e.g., Ala1632) to
mediate pore transition from the closed state to open state (Pay-
andeh et al., 2011). As glycine is a more flexible residue than
alanine due to its smaller side chain, the Ala1632Gly substitution
could thus impact the hinge movement.

To further explore how the Ala1632Gly mutation may affect
channel structure and gating, we constructed a multistate model
of Nav1.7 WT and Nav1.7-A1632G channels in their open and
closed states (Amaral et al., 2012; Yang et al., 2013b; Huang et al.,
2014a). The structural models of Nav1.7 WT and Nav1.7-

A1632G in the open state largely superimpose in this part of the
linker (Fig. 1D), whereas in the closed state, Gly1632 induces a
notable twist of the helix compared with Ala1632 (Fig. 1E). These
data suggest that the Ala1632Gly mutation causes a structural
change in a critical hinge region of the channel that participates in
gating.

Ala1632Gly confers gain-of-function attributes on the
Nav1.7 channel
To understand the biophysical changes that the Ala1632Gly mu-
tation confers on the Nav1.7 channel, we studied the voltage
dependence of activation, steady-state fast-inactivation, and
slow-inactivation in HEK cells expressing WT or Nav1.7-A1632G
channels. Representative traces of recorded current families from
cells expressing WT or Ala1632Gly are shown in Figure 2A, B.
Notably, Nav1.7-A1632G caused a significant hyperpolarizing
shift (�7 mV) in the V1/2 of activation compared with WT chan-
nel (Ala1632Gly: �27.17 	 1.41 mV, n � 8; WT: �20.68 	 1.71
mV, n � 8; p � 0.05, Student’s t test; Fig. 2C). Steady-state fast-
inactivation was assessed in response to a 500 ms depolarizing
potential. Ala1632Gly markedly shifted channel fast-inactivation
V1/2 by �9 mV in a depolarizing direction (Ala1632Gly:
�76.91 	 2.42, n � 5; WT: �86.32 	 3.04, n � 5, p � 0.05,
Student’s t test; Fig. 2D). The Ala1632Gly mutation did not sig-
nificantly affect the channel’s slow-inactivation V1/2

(Ala1632Gly: �72.01 	 3.81, n � 4; WT: �70.03 	 5.89, n � 5;
p � 0.79, Student’s t test). The hyperpolarizing shift of activation
and the depolarizing shift of fast-inactivation are both gain-of-
function attributes at the channel level, likely making the mutant
channel easier to open and harder to inactivate.

Current-clamp characterization of DRG neurons expressing
WT or Ala1632Gly
As one approach to assessing the potential impact on neuronal
excitability resulting from altered biophysical properties in the
hNav1.7-A1632G mutant channel, we performed current-clamp
experiments on DRG neurons expressing either WT or
Ala1632Gly at room temperature. After the formation of whole-
cell configuration, neurons were allowed to stay at their resting
membrane potential. We observed that 25% of DRG neurons
carrying hNav1.7-A1632G mutant channels (12 of 48) fired ac-
tion potentials spontaneously, whereas 7.9% of DRG neurons
expressing WT hNav1.7 channels (3 of 38) fired spontaneously
(p � 0.05, two-proportion z test), showing that the mutant chan-
nel tripled the population of small DRG neurons with spontane-
ous electrical activity. A representative recording trace (Fig. 3A)
illustrates 30 s of continuous spontaneous firing in a DRG neuron
expressing hNav1.7-A1632G channel with no external stimulus.
For neurons that required external stimuli to fire an all-or-none
action potential, we analyzed the following parameters and com-
pared them between neurons expressing WT and Ala1632Gly
channels: input resistance, current threshold, voltage threshold,
action potential amplitude, and action potential width at 0 mV.
No significant differences were found between WT (n � 35) and
Ala1632Gly (n � 36) for these parameters (Table 1). Notably,
there was a 35% statistically significant reduction in action po-
tential current threshold (the intensity of external stimulus,
which was required to initiate an all-or-none action potential) in
neurons expressing Ala1632Gly (WT, 158 	 20 pA; Ala1632Gly,
102 	 16 pA; p � 0.05) (Fig. 3B). Representative action potentials
recorded from small DRG neurons demonstrating the different
current threshold for neurons expressing WT and Ala1632Gly
hNav1.7 channels are shown in Figure 3C and Figure 3D, respec-
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tively. In Figure 3C, the neurons expressing WT channels did not
fire an action potential when the injected current was �195 pA,
which was defined as the threshold. In contrast, the neuron ex-
pressing Ala1632Gly mutant channels fired an action potential
upon reaching its threshold of 105 pA (Fig. 3D). Action potential
waveforms for WT and Ala1632Gly mutant channel-expressing
neurons do not appear to be different, as we found that two
primary parameters for the action potential waveforms (action
potential amplitude and action potential width) were similar

(Table 1). In addition, when the action potential waveforms for
WT and mutant channel-expressing neurons were superim-
posed, we found them to largely overlap (Fig. 3D, inset).

We further investigated whether there might be differences in the
number of action potentials evoked by external stimuli between WT
and Ala1632Gly by injecting a series of graded currents ranging from
25 to 500 pA in 25 pA increments into small DRG neurons and
counting the total number of action potentials fired during the 500
ms stimulation period. As shown in Figure 4A–C, neurons express-

Figure 1. Ala1632Gly family pedigree and structural modeling of Ala1632Gly mutation in the Nav1.7 channel. A, Circles represent females. Squares represent males. Arrow indicates the proband.
Filled symbols represent subjects with IEM. 
, subjects tested positive for the Ala1632Gly mutation; �, subjects tested negative for the Ala1632Gly mutation. Slash indicates one deceased subject.
Age of onset (years) of consenting subjects: I.2: preteen; II.1: �10; II.3: �5; II.4: �10; II.5: �7; III.4: �7; III.5: not sure; III.9: �8. B, Schematic of Nav1.7 channel topology showing the Ala1632Gly
mutation. Nav1.7 consists of four homologous domains (DI–DIV), joined by three loops (L1–L3). Sequence alignment shows the alignment of Nav1.1-Nav1.9-containing Ala1632. The equivalent
residue is conserved in all human voltage-gated sodium channels, except for Nav1.9, in which the analogous residue is a serine (Ser1496). C, Cytosolic view of the structural model of Nav1.7 channel
transmembrane domains. Ala1632 is located in domain IV, at the hinge between S4 –S5 linker and the S5 helix. Red represents Ala1632. D, E, Nav1.7 domain III multi-state structural models. Blue
represents Nav1.7 WT model. Black represents Ala1632 residue. Yellow represents Nav1.7-A1632G model. Red represents Gly1632 residues. The models are superimposed. D, Nav1.7 WT and
Ala1632Gly models in open state. The region containing Ala1632 or Gly1632 is boxed and enlarged on the right side. E, Nav1.7 WT and Ala1632Gly models in closed state. The region containing
Ala1632 or Gly1632 is boxed and enlarged on the right side. The position and orientation of Gly1632 have a radial tuning compared with Ala1632.
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ing WT channels were more likely to generate only one action po-
tential when injected with currents of amplitudes twofold or
threefold of the current threshold. In contrast, neurons expressing
Ala1632Gly tended to fire multiple action potentials in response to
similar stimuli (Figs. 4D–F). Overall, neurons expressing hNav1.7-
A1632G mutant channel fired substantially more action potentials

than those expressing WT, and there was a statistically significant
difference at each stimulus intensity (Fig. 4G). Additionally, as RMP
is known to affect DRG neuron excitability (Harty et al., 2006), we
also assessed RMP of DRG neurons expressing WT or Ala1632Gly
mutant channels. The average RMP for neurons expressing Nav1.7-
A1632G was depolarized by 1.8 mV compared with WT; the differ-

Figure 2. Biophysical properties of Nav1.7-A1632G mutant channels. A, B, Representative current traces recorded from HEK293 cells expressing WT (A) and Ala1632Gly mutant (B) channels. C,
Voltage dependence of activation of WT and Ala1632Gly was plotted and fitted with a single Boltzmann equation. D, Voltage dependence of steady-state fast inactivation of WT and Ala1632Gly was
plotted and fitted with a single Boltzmann equation.

Figure 3. Ala1632Gly increases the number of spontaneously firing small DRG neurons and reduces current threshold for evoked firing. A, Representative recording of a spontaneously firing small
DRG neuron expressing Ala1632Gly. The trace is a record of activity over 30 s without current injection. Bar graph represents a 3.2-fold increase in the proportion of spontaneously firing DRG neurons
expressing Ala1632Gly (orange) compared with WT hNav1.7 channels (blue). B, Current threshold was significantly reduced in neurons expressing Ala1632Gly channels. C, Responses of a
current-clamped small DRG neuron transfected with WT hNav1.7 channels to a series of subthreshold (180 –190 pA) and suprathreshold depolarizing current steps (195 and 200 pA). Starting at a
subthreshold stimulus, the current amplitude was increased in 5 pA increments to stimulus strength above threshold. The current threshold was 195 pA for this neuron. D, The same threshold
protocol was applied to a small DRG neuron transfected with hNav1.7-A1632G channel. The current threshold was 105 pA for this neuron. Arrows indicate the current amplitude used to elicit the
labeled response. Inset, Superimposed action potential waveforms of WT (blue) and Ala1632Gly expressing neurons (orange). Error bars indicate SEM. *p � 0.05.

Table 1. Action potential characterization for WT and A1632G Nav1.7 channels in small DRG neurons

Nav1.7
Spontaneously
firing neurons

Resting membrane
potential (mV)

Input
resistance (M�)

Voltage
threshold (mV)

Current
threshold (pA)

Action potential
amplitude (mV)

Action potential
width at 0 mV (ms)

WT 3 of 38, 7.9% �52.0 	 0.82 641 	 71 �28.6 	 1.2 158 	 20 122 	 1.9 3.33 	 0.30
A1632G 12 of 48, 25%* �50.2 	 1.0 618 	 55 �31.6 	 1.3 102 	 16* 126 	 1.6 3.44 	 0.27
p value 0.0380 0.189 0.792 0.0953 0.0309 0.0941 0.782

*p � 0.05 A1632G versus WT channels.
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ence, however, did not reach statistical significance (WT, �52.0 	
0.82 mV; Ala1632Gly, �50.2 	 1.0 mV; p � 0.189, Student’s t test)
(Fig. 4H).

Thermal stimuli increase the spontaneous firing of DRG
neurons expressing hNav1.7-A1632G mutant channels
Warmth evokes intense burning pain in patients with IEM
(Drenth and Waxman, 2007). Although it has been suggested that
thermally triggered pain in IEM may be related to the altered
firing of DRG neurons expressing mutant Nav1.7 channels (Dib-
Hajj et al., 2013), the temperature sensitivity of firing properties
of DRG neurons expressing IEM mutations is not well studied.
To understand how warmth affects DRG neurons, we studied the
firing properties of DRG neurons at 33°C and 40°C in current-
clamp configuration. It has been suggested that 33°C represents
skin temperature and 40°C represents warmth (Vriens et al.,
2014). After the formation of whole-cell configuration, neurons
were allowed to remain at their RMP. When we increased the
temperature from room temperature to 33°C or 40°C, the per-
centage of spontaneously firing neurons expressing Nav1.7-
A1632G increased from 25% (room temperature) to 42% (33°C)
and 80% (40°C) (Fig. 5A,B). However, the percentage of spon-
taneously firing neurons expressing WT channel only in-

creases minimally (room temperature: 7.5%; 33°C: 9%; 40°C:
10%; Fig. 5 A, B). The percentage of spontaneously firing neu-
rons expressing Nav1.7-A1632G mutant channels was signifi-
cantly higher than those expressing Nav1.7 WT channels at
both 33°C ( p � 0.04) and 40°C ( p � 0.0008) temperature
(two-proportion z test).

To further understand the effect of increased temperature on
the firing of DRG neurons, we studied evoked firing of DRG
neurons expressing WT Nav1.7 or Nav1.7-A1632G mutant chan-
nels at a set holding membrane potential (�60 mV). This config-
uration eliminates the impact of variable RMP on firing
properties of these neurons. Our results show that DRG neurons
expressing Nav1.7-A1632G channels are significantly more excit-
able than those expressing WT Nav1.7 channels at 33°C and 40°C
(Fig. 5C; p � 0.0005, two-way repeated-measures ANOVA).

Spontaneous firing is increased in intact DRG neurons
expressing hNav1.7-A1632G
Whole-cell current-clamp study requires rupturing the cell
membrane and dialyzing the cells’ intracellular contents with pi-
pette solution. To determine whether the Ala1632Gly mutation
can change the excitability of intact nondialyzed DRG neurons,
we assessed the firing of DRG neurons using MEA, a noninvasive,

Figure 4. The Ala1632Gly mutation increases evoked firing frequency in small DRG neurons. Responses of a small DRG neuron expressing WT (A–C) or Ala1632Gly (D–F ) hNav1.7 channels to 500
ms depolarizing current steps that are onefold (A, D), twofold (B, E), and threefold (C, F ) of its threshold, respectively. G, Summary of firing frequency in response to graded inputs. Error bars indicate
SEM. *p � 0.05. H, Resting membrane potential of neurons expressing Ala1632Gly displays a mild depolarization of 1.8 mV compared with neurons expressing WT, but this depolarization does not
reach statistical significance ( p � 0.189).
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high-throughput, extracellular recording approach (Spira and
Hai, 2013), which allows assessment of the firing behavior of the
same neuron at multiple temperatures. For each experiment,
neurons expressing either WT Nav1.7 or Nav1.7-A1632G mutant
channels, all derived from the same preparation of neurons, were
plated in three wells (with �192 available electrodes for record-
ing) on the same MEA recording plate, which was assessed by a
blinded investigator. The number of active electrodes (defined as
electrode displaying at least 1 spike per 200 s) and mean firing
frequency of active electrodes were analyzed at 37°C.

We have reported that DRG neurons transfected with WT or
mutant Nav1.7 channels remain viable for several weeks after
transfection (Persson et al., 2013; Estacion et al., 2015). Nonethe-
less, to rule out a possibility that Ala1632Gly mutation may have
an effect on cell viability, we performed a cell viability assay for
the neurons expressing WT or mutant channel after 3 d in cul-
ture, the time point when we performed MEA recordings. While
transfection by electroporation causes cell death due to the elec-
troporation procedure itself, we observed that the majority of
neurons transfected with WT (82.9 	 1.2%, n � 9 randomly
selected fields from four independent experiments) were viable,
and a comparable percentage of neurons transfected with the
Ala1632Gly mutant were viable (84.1 	 2.1%, n � 9 randomly
selected fields from four independent experiments; p � 0.41
compared with WT, Student’s t test). We also applied KCl to elicit
firing of a population of DRG neurons (Shields et al., 2012; Esta-
cion et al., 2015); In experiments where we studied the response
of the DRG neurons to KCl (20 mM) with MEA, we found that the
numbers of KCl-responsive DRG neurons/electrode were com-
parable between WT (36.5 	 6.7, n � 8 wells) and Ala1632Gly
(38.5 	 4.4, n � 6 wells, p � 0.79, Student’s t test), suggesting that
recordable neurons on electrodes are comparable between the
two conditions.

As shown in Figure 6, DRG neurons expressing WT Nav1.7
(Fig. 6A) and Nav1.7-A1632G mutant channels (Fig. 6B) both
produced clearly identifiable spikes, which exhibited a reproduc-
ible waveform in the MEA recordings in the absence of stimula-

tion. Representative raw traces of a 10 s epoch show that DRG
neurons expressing Nav1.7-A1632G mutant channels fired at a
higher level than those expressing WT Nav1.7 channel (Fig.
6C,D). Importantly, at the population level, well-wide analysis
demonstrated more active electrodes in wells containing DRG
neurons expressing Nav1.7-A1632G mutant channels compared
with those expressing WT Nav1.7 channel. Among the active
electrodes, higher firing frequencies were recorded from DRG
neurons expressing Nav1.7-A1632G mutant channels. A repre-
sentative well-wide raster plot of DRG neurons expressing WT
Nav1.7 had 6 active electrodes over a 200 s period with the three
highest firing frequencies at 0.65, 0.21, and 0.03 Hz (Fig. 6E). In
contrast, a representative well-wide raster plot of DRG neurons
expressing Nav1.7-A1632G mutant channels had 10 active elec-
trodes over a 200 s period with the three highest firing frequencies
at 1.67, 1.62, and 0.98 Hz (Fig. 6F). On average, wells containing
DRG neurons expressing WT Nav1.7 channel had 8 	 1 active
electrodes with a mean firing frequency of 0.04 	 0.02 Hz (4
independent experiments from a total of 8 rats), and wells with
DRG neurons expressing Nav1.7-A1632G mutant channels had
24 	 2 active electrodes with mean firing frequency of 0.18 	 0.04
Hz (4 independent experiments with a total of 8 rats; p � 0.01 for
numbers of active electrodes, two-way ANOVA with Bonferroni
corrections; and p � 0.05 for mean firing frequency compared
with WT, pairwise Mann–Whitney test with FDR corrections).

Thermal stimuli evoke firing in DRG neurons expressing
hNav1.7-A1632G mutant channels
MEA recording is capable of accurately monitoring neuronal fir-
ing under a wide temperature range. To assess the effect of ther-
mal stimuli on the firing of DRG neurons expressing Nav1.7-
A1632G mutant channels, neuronal firing from the cultures
described above was studied at four different temperatures (33°C,
37°C, 40°C, and 45°C). It is suggested that 33°C represents skin
temperature, 37°C represents core body temperature, and 40°C/
45°C represent different levels of warmth/hot (Vriens et al.,
2014). DRG neurons expressing WT Nav1.7 channels or Nav1.7-

Figure 5. Increased temperature enhances firing of DRG neurons expressing hNav1.7-A1632G mutant channels. Current-clamp recordings of DRG neurons at different temperatures. A, B,
Percentages of spontaneously firing DRG neurons expressing Ala1632Gly (A, left panel) or WT (A, right panel) at 33°C, and Ala1632Gly (B, left panel) or WT (B, right panel) at 40°C. C, Responses of
DRG neurons to depolarizing current steps at a set holding membrane potential (Vm) � �60 mV at 33°C (C, left panel), and 40°C (C, right panel). *p � 0.05 (repeated-measures two-way ANOVA
with Bonferroni corrections; n � 8 –10).
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A1632G mutant channels were plated in separate wells on the
same MEA plate and assessed by a blinded investigator.

We found that the mean firing frequencies and the number of
active electrodes within MEA wells containing DRG neurons ex-
pressing Nav1.7-A1632G mutant channels displayed a clear
temperature-dependent response. In the representative heat-
map plot, the number of colored circles, each representing an
active electrode, clearly increased when the temperature was
raised from 33°C to 45°C (Fig. 6G–J). Firing frequencies, which
were represented by colors as a heatmap, also displayed a remark-
able increase in response to elevated temperature (Fig. 6G–J). In
contrast, the number of active electrodes and mean firing fre-

quencies only slightly increased with elevated temperature for
DRG neurons expressing WT Nav1.7 channels (Fig. 6K–N),
which is consistent with our current-clamp data. Figure 6O, P
summarizes data from 4 independent experiments with neurons
from a total of 8 rats. On average, for DRG neurons expressing
WT Nav1.7 channels, the numbers of active electrodes per 3 wells
were 9 	 1 (33°C), 8 	 1 (37°C), 8 	 2 (40°C), and 10 	 2 (45°C),
whereas the mean firing rates were 0.05 	 0.04, 0.04 	 0.02,
0.06 	 0.03, and 0.07 	 0.03 Hz, respectively. For DRG neurons
expressing Nav1.7-A1632G mutant channels at these tempera-
tures, the numbers of active electrodes were 20 	 3 (33°C; p �
0.01 compared with WT, two-way ANOVA with Bonferroni cor-

Figure 6. MEA recording of spontaneous firing of DRG neurons expressing WT or Ala1632Gly mutant channels. A, B, Representative spike waveforms recorded using MEA from DRG neurons
expressing WT Nav1.7 channels (A) and Nav1.7-A1632G mutant channels (B). Black line indicates the averaged waveform from 8 individual spikes. Dark cyan lines indicate each individual spike. C,
D, Raw traces from a single electrode recording DRG neurons expressing WT Nav1.7 channels (C) and Nav1.7-A1632G mutant channels (D). DRG neurons expressing Nav1.7-A1632G mutant channels
produce more spikes compared with those expressing WT Nav1.7 in the same recording period. E, F, Well-wide (64 electrodes) raster plot of MEA recordings of DRG neurons expressing WT (E) and
hNav1.7-A1632G (F ) at 37°C. Each horizontal plot represents recording from one electrode. More electrodes recorded spikes, and at higher frequencies from DRG neurons expressing Nav1.7-A1632G
mutant channels. G–N, Heat maps of representative MEA recordings from DRG neurons expressing WT or hNav1.7-A1632G mutant channel. The firing frequency of each active electrode is
color-coded: White/red represents high firing frequency. Blue/black represents low firing frequency. Each circle represents an active electrode within an 8 � 8 electrode array. For DRG neurons
expressing Nav1.7-A1732G mutant channels (G–J ), three active electrodes were evident at 33°C (G), four at 37°C (H ), five at 40°C (I ), and six at 45°C (J ). Neurons expressing hNav1.7-A1632G
mutant channel fired at a relatively high firing frequency. For DRG neurons expressing WT channels (K–N ), three active electrodes were evident at 33°C (K ), 37°C (L), and 40°C (M ). Four active
electrodes were seen at 45°C (N ). These neurons fired at a relatively low frequency. O, Average firing frequencies of neurons expressing Nav1.7-A1632G and WT channel at the four temperatures
(33°C, 37°C, 40°C, and 45°C). Forty active electrodes recorded firing from DRG neurons expressing WT channels (pooled from a total of 8 rats), whereas 162 active electrodes recorded firing from DRG
neurons expressing Ala1632Gly mutant channels (pooled from a total of 8 rats). *p � 0.05 (pairwise Mann–Whitney test with FDR corrections). **p � 0.01 (pairwise Mann–Whitney test with FDR
corrections). P, Average numbers of active electrodes from 3 wells containing DRG neurons expressing Nav1.7-A1632G and WT channels at the four temperatures. *p � 0.05 (repeated-measures
two-way ANOVA with Bonferroni corrections). **p � 0.01 (repeated-measures two-way ANOVA with Bonferroni corrections). ***p � 0.01 (repeated-measures two-way ANOVA with Bonferroni
corrections).
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rections), 24 	 2 (37°C; p � 0.01), 33 	 3 (40°C; p � 0.001), and
40 	 6 (45°C; p � 0.001), whereas the mean firing frequencies
were 0.14 	 0.02 Hz (33°C; p � 0.05 compared with WT, pairwise
Mann–Whitney test with FDR corrections), 0.18 	 0.04 Hz
(37°C; p � 0.05), 0.35 	 0.06 Hz (40°C; p � 0.05), and 0.65 	
0.09 Hz (45°C; p � 0.01) (Fig. 6O,P). Together, our data demon-
strate a clear increase in the number of neurons firing action
potentials and in mean firing frequencies in response to an in-
crease in temperature from 33°C to 45°C in DRG neurons ex-
pressing mutant but not WT Nav1.7 channel, suggesting a
cellular basis of warmth-triggered pain in IEM.

Discussion
Using MEA as well as current- and voltage-clamp recordings, we
have studied a newly identified Nav1.7 mutation, Ala1632Gly,
from a multigenerational family with IEM. We found by voltage
clamp that the Ala1632Gly mutation enhances channel activation
and impairs fast-inactivation, and observed by current-clamp
that it renders DRG neuron hyperexcitable, as manifested by a
higher number of spontaneously firing neurons, lower current
threshold, and enhanced evoked firing. Using noninvasive, extra-
cellular MEA recordings, we studied the spontaneous firing of
intact nonperfused DRG neurons and found that MEA distin-
guishes DRG neurons expressing Nav1.7-A1632G mutant chan-
nels from those expressing WT Nav1.7 channels. Our results also
reveal a previously undocumented effect of Nav1.7 mutant chan-
nels on excitability of DRG neurons and demonstrate a higher
number of active DRG neurons expressing Nav1.7-A1632G mu-
tant channels, which displayed higher average firing frequencies,
in response to increased temperature.

The Ala1632 residue appears to be a hot spot for disease-causing
Nav1.7 mutations. We have previously reported the Ala1632Glu
mutation from a patient with a mixed clinical phenotype that in-
cludes characteristics of both IEM and another distinct pain syn-
drome, paroxysmal extreme pain disorder (PEPD) (Estacion et al.,
2008). More recently, the Ala1632Thr mutation was reported from
two patients with IEM (Eberhardt et al., 2014). Here, we describe the
Ala1632Gly, from a much larger multigeneration family. As our
structural model suggests that the Ala1632 residue is likely to be a
critical “hinge” between the S4-S5 linker and S5 helix of DIV, it is
reasonable to suggest that mutations of this residue have a strong
impact on channel function. We found that the Ala1632Glu muta-
tion hyperpolarizes channel activation (suggested as a molecular ba-
sis for IEM disease phenotype) and depolarizes fast-inactivation
(suggested as a molecular basis for PEPD disease phenotype) (Esta-
cion et al., 2008). Interestingly, the Ala1632Thr mutation of IEM
does not change channel activation but depolarizes channel fast-
inactivation, suggesting that depolarized fast-inactivation alone may
not necessarily correlate with PEPD phenotype, and that it can also
be linked to IEM (Eberhardt et al., 2014). In the current study, we
found that the Ala1632Gly mutation hyperpolarizes channel activa-
tion and depolarizes fast-inactivation in a family in which affected
members display an IEM disease phenotype. Together, these data
indicate that multiple substitutions of residue 1632 can cause pain
syndromes. How a particular change in channel biophysical proper-
ties may correlate with different pain phenotypes needs further in-
vestigation.

We have studied the biophysical properties of the naturally oc-
curring variants of the Ala1632 residues (Ala1632Glu, A1632Ser,
and Ala1632Gly), and Eberhardt et al. (2014) have studied those of
Ala1632Thr (naturally occurring) and Ala1632Asp, Ala1632Lys, and
Ala1632Val variants. Interestingly, activation and fast-inactivation
of Nav1.7-Ala1632Ser, Nav1.7-Ala1632Lys, and Nav1.7-Ala1632Val

are similar to those of WT channel, whereas Nav1.7-Ala1632Asp
displays a significant shift of activation and fast-inactivation compa-
rable with the changes documented for the Nav1.7-Ala1632Glu. To-
gether with data from Eberhardt et al. (2014), our current results
argue that the effects of Ala1632Glu, Ala1632Asp, and Ala1632Gly
on channel activation and fast-inactivation are probably achieved by
different molecular pathways, which destabilize both the closed state
and the inactivated state of the channel. By contrast, the sole effect of
Ala1632Thr on fast-inactivation argues for another molecular path-
way that destabilizes the inactivated state of the channel, sparing the
closed state.

The size of the side-chain at the 1632 position does not appear
to be the critical determinant for the mutant phenotype because
Gly1632 produces robust effects on both activation and fast-
inactivation, whereas Val1632 and Lys1632 do not alter these
properties despite bulkier side-chains and the introduction a pos-
itive charge in the case of Lys1632. Additionally, a Nav1.7-
Ser1632 channel, containing the residue present in the Nav1.9
channels, did not alter gating properties of Nav1.7 (Estacion et
al., unpublished data), whereas Ala1632Thr shifted the inactiva-
tion but not activation curve. In contrast, Ala1632Gly,
Ala1632Glu, and Ala1632Asp alter both activation and inactiva-
tion. A glutamic or aspartic acid residue at the hinge between the
S4-S5 linker and S5 may engage in novel interactions or cause
electrostatic repulsion due to the introduction of a negative
charge, causing the mutant phenotype. By contrast, a glycine
residue at position 1632, with its small side-chain, is more likely
to cause a similar mutant phenotype by introducing flexibility to
this hinge. Thus, the effect on channel activation and inactivation
produced by Ala1632Gly and Ala1632Glu might be achieved by
distinct mechanisms.

We previously demonstrated that Nav1.7-F1449V mutant chan-
nels cause hyperexcitability of DRG neurons without significantly
altering RMP (Dib-Hajj et al., 2005), whereas some other Nav1.7
mutations depolarize RMP (Harty et al., 2006; Dib-Hajj et al., 2013).
We have also shown that depolarizing resting potential of neurons
by 5–10 mV contributes 25%–50% of the reduction in current
threshold associated with Nav channel mutations (Harty et al., 2006;
Huang et al., 2014b). In the current study, we found that the
Ala1632Gly mutation depolarizes the membrane potential by �2
mV. As an �2 mV depolarization might play a role in DRG neuron
hyperexcitability, to further understand the contribution of other
properties of Nav1.7-A1632G mutant channels, we studied the
evoked firing of DRG neurons at elevated temperatures in current-
clamp experiments where we held the neurons at a set membrane
potential (�60 mV), which eliminates the impact of variable RMP.
In this setting, we found that DRG neurons expressing Nav1.7-
A1632Gly mutant channels are still significantly more excitable than
those expressing WT Nav1.7.

Multiwell MEA recording provides the opportunity to assess the
firing of multiple intact neurons simultaneously within their normal
culture condition without rupturing their membrane or dialyzing
the recorded neurons (Wainger et al., 2014; Cesca et al., 2015). This
approach, compared with manual whole-cell current-clamp, sub-
stantially increases throughput. The assay uses extracellular record-
ing, and temperature ramps can be readily applied during the
recording, so that the effects of thermal stimuli on the firing of intact
neurons can be studied. On the other hand, current-clamp, while
dialyzing the cells, can measure RMP, current threshold, and evoked
firing of individual neurons (Yang et al., 2012; Huang et al., 2013;
Han et al., 2015). The two approaches thus complement each other.
In this study, the two techniques have provided information about
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different aspects of the effect of mutant Nav1.7 channels on DRG
neurons.

Temperature effects on wild-type neurons have been studied
previously. Although increased temperature may trigger activa-
tion of temperature-sensing transient receptor potential (TRP)
channels (Vriens et al., 2014), which produce generator poten-
tials that are amplified by Nav1.7 to evoke action potential firing,
temperature also has marked effects on many potassium chan-
nels, leading to a reduction of input resistance of DRG neurons,
adding a factor that inhibits action potential firing. For example,
currents generated by TREK2 and TRAAK potassium channels,
which are expressed in DRG neurons, increase �20-fold upon an
increase in temperature from 24°C to 42°C (Kang et al., 2005).
Studies on mouse superficial dorsal horn neurons found that
raising temperature from 22°C to 32°C not only reduces input
resistance but also increases the percentage of neurons that do
not fire action potentials from �2% to �13% (Graham et al.,
2008). Therefore, temperature effect on wild-type DRG neurons
is likely to be the consequence of the combined impact of tem-
perature on TRP channels, potassium channels, and Nav chan-
nels among others. A subgroup of temperature-sensing neurons
could display significant increase in firing frequency upon tem-
perature raise. However, within the overall DRG neuron popula-
tion, neurons that do not respond to temperature may mask the
responses of temperature-sensing neurons.

We found that, upon thermal stimulation, both the number of
active DRG neurons expressing Nav1.7-A1632G mutant channel
and their mean firing frequencies increased considerably. It is
generally regarded that temperature-sensing in DRG neurons is
achieved via a variety of TRP channels (Clapham, 2003; Julius,
2013). Different DRG neurons may have different subsets and
expression levels of TRP channels, thereby transducing thermal
stimuli of different strengths to produce generator potentials
(Vriens et al., 2014). Nav1.7, on the other hand, is suggested to set
the gain on DRG neurons by boosting subthreshold stimuli (e.g.,
generator potentials produced by TRP channels) and assisting
in action potentials initiation (Cummins et al., 1998; Waxman,
2006; Rush et al., 2007). We suggest that, in the presence of gain-
of-function IEM mutations that reduce action potential thresh-
old and increase firing frequency of DRG neurons, warmth may
activate a larger-than-normal set of DRG neurons (including
pain-sensing neurons) and cause them to fire at higher-than-
normal frequencies, consistent with a role in producing thermal
hyperalgesia. This notion is supported by our observation that,
even at the physiological temperature of 37°C and non-noxious
40°C temperature, there are significantly more active DRG neu-
rons and higher mean firing frequency in neurons expressing
Nav1.7-A1632G mutant channels. Although future work will be
needed to delineate the precise contributions of potassium,
sodium, and TRP conductances to the temperature responses
of DRG neurons, the possible engagement of pain-sensing
neurons, and high-frequency firing of these neurons, by sub-
noxious (mildly warm) thermal stimuli in the presence of
Nav1.7 mutant channels provides evidence for a cellular
mechanism within peripheral sensory neurons for warmth-
triggered pain episodes in IEM.
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