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Abstract
Purpose Several studies have indicated a potential role for SCN10A/NaV1.8 in modulating cardiac electrophysiology and arrhyth-
mia susceptibility. However, by which mechanism SCN10A/NaV1.8 impacts on cardiac electrical function is still a matter of debate.
To address this, we here investigated the functional relevance of NaV1.8 in atrial and ventricular cardiomyocytes (CMs), focusing on
the contribution of NaV1.8 to the peak and late sodium current (INa) under normal conditions in different species.
Methods The effects of the NaV1.8 blocker A-803467 were investigated through patch-clamp analysis in freshly isolated rabbit
left ventricular CMs, human left atrial CMs and human-induced pluripotent stem cell-derived CMs (hiPSC-CMs).
Results A-803467 treatment caused a slight shortening of the action potential duration (APD) in rabbit CMs and hiPSC-CMs,
while it had no effect on APD in human atrial cells. Resting membrane potential, action potential (AP) amplitude, and AP
upstroke velocity were unaffected by A-803467 application. Similarly, INa density was unchanged after exposure to A-803467
and NaV1.8-based late INa was undetectable in all cell types analysed. Finally, low to absent expression levels of SCN10Awere
observed in human atrial tissue, rabbit ventricular tissue and hiPSC-CMs.
Conclusion We here demonstrate the absence of functional NaV1.8 channels in non-diseased atrial and ventricular CMs. Hence,
the association of SCN10Avariants with cardiac electrophysiology observed in, e.g. genomewide association studies, is likely the
result of indirect effects on SCN5A expression and/or NaV1.8 activity in cell types other than CMs.
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Introduction

Sodium channels play a central role in the initiation and prop-
agation of the action potential (AP) in excitable cells,

including cardiomyocytes (CMs) and neurons. Cardiac sodi-
um channel (NaV1.5) loss of function is a critical mediator of
cardiac conduction slowing, predisposing to ventricular ar-
rhythmias and sudden cardiac death (SCD), both in acquired
pathologies (ischemia, hypertrophy, heart failure) and
inherited cardiac disorders caused by mutations in SCN5A,
the gene encoding NaV1.5 [1, 2]. On the other hand, impaired
NaV1.5 inactivation may induce a small inward sodium cur-
rent (INa), the so-called late INa, that persists during the plateau
and repolarization phase of the AP. Enhanced late INa can
prolong AP duration (APD) and increase intracellular calcium
(Ca2+) via altered Na+/Ca2+ exchanger activity, thus promot-
ing arrhythmias [3].While NaV1.5 is the main sodium channel
isoform expressed in cardiac tissue, other sodium channel iso-
forms are also present in the heart, including NaV1.1/SCN1A,
NaV1.2/SCN2A, NaV1.3/SCN3A and NaV1.6/SCN8A [4].
These isoforms are typically referred to as “neuronal” sodium
channel isoforms due to their abundant expression and well-
established function in neurons.While NaV1.5 is blocked only
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by micromolar concentrations of tetrodotoxin (TTX) [i.e.
TTX-resistant], most neuronal isoforms are more TTX-
sensitive and inhibited by nanomolar concentrations [4]. An
exception is NaV1.8, encoded by the SCN10A gene. This iso-
form is mainly expressed in dorsal root ganglia, plays a role in
pain perception [5] and is inhibited only by micromolar TTX
concentrations, similar to NaV1.5 [4].

Several genome-wide association studies (GWAS) have
suggested a role for SCN10A/NaV1.8 in modulating cardiac
conduction parameters, such as PR and QRS interval [6–10].
SCN10A variants have also been associated with atrial fibril-
lation (AF) [11–13] and with Brugada syndrome [14–16], an
inherited cardiac disease characterized by cardiac conduction
slowing and increased risk for SCD. However, if and bywhich
mechanism SCN10A/NaV1.8 impacts on cardiac electrical
function is still a matter of debate. Inhibition of NaV1.8 by
the blocker A-803467 has been reported to decrease late INa
and shorten APD in mouse and rabbit cardiomyocytes [17],
whereas we previously described the absence of functional
NaV1.8 in murine cardiomyocytes [18]. Moreover, conflicting
results have been reported in studies of mice deficient for
Scn10a, with either similar or decreased APD observed in
Scn10a−/− cardiomyocytes as compared to wild-type
cardiomyocytes [17, 19]. We and others have shown that
NaV1.8 is specifically expressed in murine, canine and human
cardiac neurons [18, 20, 21], suggesting a function of the
SCN10A gene product for cardiac conduction via modulation
of AP firing in intracardiac neurons [18, 21, 22]. Additionally,
the SCN10A variant rs6801957 has been shown to modulate
SCN5A expression in cardiac tissue thereby potentially
impacting on conduction [23]. Overall, the role of SCN10A/
NaV1.8 in the heart and the mechanisms by which this gene
and/or its gene product affects cardiac function remain only
partially explained. In particular, electrophysiological studies
in non-diseased human cardiomyocytes aimed at defining the
physiological role of NaV1.8 in the human heart are limited.
To address these issues, we here investigated the functional
relevance of NaV1.8 in atrial and ventricular cardiomyocytes,
focusing on the contribution of NaV1.8 to the peak and late INa
under normal conditions in different species.

Methods

Isolation of Rabbit Left Ventricular Cardiomyocytes

Three–four-month-old male New Zealand White rabbits
(Charles River Laboratories) were anaesthetized with 20 mg
xylazine and 100 mg ketamine (intramuscularly) and heparin-
ized with a bolus of 1000 IU heparin (intravenously).
Subsequently, the animals were sacrificed, the thorax was
opened and the heart was rapidly excised and connected to a
Langendorff system. Left ventricular (LV) cardiomyocytes

were isolated as previously described [24] (see Data
Supplement).

Isolation of Human Left Atrial Cardiomyocytes

Human left atrial appendages (LAAs) were obtained from
patients in sinus rhythm (SR) without a history of AF under-
going cardiac surgery (coronary bypass grafting or valve sur-
gery) and included in the multicenter PREDICT AF study
[25]. Patient characteristics are reported in Supplemental
Table 1. Part of the LAA tissue was immediately frozen in
liquid nitrogen to be subsequently used for molecular analysis,
while the other part was transported to the laboratory on ice
and single cells were obtained by an enzymatic isolation mod-
ified from Dobrev et al. [26]. An expandedMethods section is
available in the Data Supplement.

Differentiation of hiPSCs into Cardiomyocytes

A human-induced pluripotent stem cell (hiPSC) control
line (iC113) previously generated and characterized [27]
was used to generate cardiomyocytes (hiPSC-CMs) by
adaptation of a previously described protocol [28].
hiPSC-CMs were used for electrophysiological analysis
and RT-PCR. An expanded Methods section is available
in the Data Supplement.

Electrophysiology

Data Acquisition and Analysis

Membrane currents [(INa, late INa and L-type calcium currents
(ICaL)] and APs were measured with the ruptured and perfo-
rated patch-clamp technique, respectively, using an Axopatch
200B amplifier (Molecular Devices, San Jose, CA, USA).
Voltage control, data acquisition and analysis of currents and
APs were performed with pClamp10.6/Clampfit (Molecular
Devices, San Jose, CA, USA) or a custom-made software.
Borosilicate glass patch pipettes (Harvard Apparatus,
Holliston, MA, USA) with a tip resistance of 2–2.5 MΩ were
used. Series resistance (Rs) and cell membrane capacitance
(Cm)were compensated for 80%. Peak INa, ICaL and APs were
filtered at 5 kHz. INa and APs were digitized at 40 kHz, while
ICaL was digitized at 20 kHz. Finally, late INa was filtered and
digitized at 2 kHz and 1 kHz, respectively.

Sodium Current Measurements

Peak INa and late INa were measured in single cells using a
pipette solution containing (in mM) 3.0 NaCl, 133 CsCl, 2.0
MgCl2, 2.0 Na2ATP, 2.0 TEACl, 10 EGTA, 5.0 HEPES;
pH 7.2 (CsOH). For late INa measurements, hiPSC-CMs, rab-
bit and human CMs were superfused with a bath solution
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containing (in mM) 130 NaCl, 10 CsCl, 1.8 CaCl2, 1.2
MgCl2, 11.0 glucose, 5.0 HEPES, 0.005 nifedipine; pH 7.4
(CsOH). For peak INa recordings, a similar bath solution was
used with the exception of a lower NaCl concentration for
proper voltage control. Hence, NaCl was replaced by CsCl
(for rabbit and human CMs, we used 7 mM NaCl and
133 mM CsCl; for hiPSC-CMs: 20 mM NaCl and 120 mM
CsCl). Peak INa was measured at room temperature in re-
sponse to depolarizing voltage steps from a holding potential
of − 120 mV (cycle length of 5 s). INa was defined as the
difference between peak and steady-state current (at
500 ms). Voltage dependence of activation and inactivation
curves was fitted with Boltzmann function (y = [1 + exp.{(V-
V1/2)/k}]

−1), where V1/2 is the half-maximal voltage of (in)
activation and k, the slope factor. Nav1.8-based late INa and
total late INa were measured at 36 °C, as A-803467 (100 nM)
and TTX (30 μM)-sensitive currents, respectively, using de-
scending ramp protocols (cycle length of 5 s) as depicted in
Fig. 2 and Supplemental Fig. 4. Current densities were calcu-
lated by dividing current amplitude by Cm. Cm was deter-
mined by dividing the decay time constant of the capacitive
transient in response to 5 mV hyperpolarizing steps from −
40 mV, by the Rs. Potentials for peak INa and late INa record-
ings were not corrected for the estimated change in liquid
junction potential. The NaV1.8 channel inhibitor A-803467
(Tocris Bioscience, Bristol, United Kingdom) was solubilized
in DMSO at a stock solution of 10 mM and diluted to the final
concentration of 100 nM before use. This dose was chosen
based on previous IC50 data and to ensure maximal inhibition
of Nav1.8-based current [29].

L-Type Calcium Current Measurements

ICaL was measured in isolated rabbit left ventricular CMs at
36 °C. An expanded Methods section is available in the Data
Supplement.

Action Potential Measurements

In single rabbit left ventricular CMs, human left atrial (LA)
CMs and hiPSC-CMs, APs were measured at 36 °C using a
modified Tyrode’s solution containing (in mM) 140 NaCl, 5.4
KCl, 1.8 CaCl2, 1.0 MgCl2, 5.5 glucose, 5 HEPES, pH 7.4
(NaOH). Pipettes were filled with (in mM) 125 K-gluconate,
20 KCl, 5 NaCl, 0.44 amphotericin-B, 10 HEPES, pH 7.2
(KOH). APs were elicited at 1 Hz by 3 ms, ≈ 1.2× threshold
current pulses through the patch pipette. Typically, hiPSC-
CMs have a small or even complete lack of the inward recti-
fying potassium current (IK1). Consequently, their resting
membrane potential (RMP) is depolarized and they are fre-
quently spontaneously active [30]. To overcome these condi-
tions, which limit the functional availability of INa, transient
outward potassium current and L-type Ca2+ current [31], we

injected an in silico IK1 with kinetics of Kir2.1 channels
through dynamic clamp [32]. Thus, cells became quiescent
with a RMP of around − 80 mV. We analysed RMP, AP am-
plitude (APA), maximal AP upstroke velocity (Vmax) and AP
duration (APD) at 50% and 90% repolarization (APD50 and
APD90, respectively). Data from 10 consecutive APs were
averaged and potentials were corrected for the calculated liq-
uid junction potential of 15 mV [33].

Real-Time Polymerase Chain Reactions

Total RNA was isolated from left atrial appendages of five
patients undergoing cardiac surgeries using TRIzol Reagent
(Invitrogen, Waltham, MA, USA) and from hiPSC-CMs ob-
tained from four independent differentiations using
NucleoSpin RNA (MACHEREY-NAGEL ref.: 740955.50,
Duren, Germany) following manufacture protocol. cDNA
was synthesized from total RNA by SuperScript™ II
Reverse Transcriptase (Invitrogen, Waltham, MA, USA).
Real-time PCR was performed on the platform of Light
Cycler 480 (Roche, Basel, Switzerland) using SYBR green I
master mix (Roche, Basel, Switzerland) and the sets of
primers reported in Supplemental Table 2. Gene expression
was determined according to linear regression analysis using
LinRegPCR software and normalized by the expression of
hypoxanthine phosphoribosyltransferase (HPRT).

RNA Sequencing Data Analysis

SCN5A and SCN10A expression in human right and left atria
[34], ventricular and atrial hiPSC-CMs [35] and rabbit left
ventricular tissuewere extrapolated from the RNA sequencing
(RNA-Seq) datasets GSE31999, GSE111007 and
GSE115605, respectively, which are publicly available online
https://www.ncbi.nlm.nih.gov/geo/. For the analyses, read
counts for SCN5A and SCN10A transcripts were normalized
to millions of total reads generated per sample and to SCN5A
(ENST00000413689.1) and SCN10A (ENST00000449082.2)
transcript size (i.e. Fragment Per Kilobase Million, FPKM).

Statistical Analysis

Values are shown as mean ± SEM. Paired Student’s t test,
unpaired Student’s t test, one-way repeated measures
ANOVA followed by Holm-Sidak test for post hoc analyses
and two-way repeated measures ANOVA were used when
appropriate. Mann-Whitney U test and one-way repeated
measures ANOVA on Ranks (Friedman test) followed by
Tukey test for post hoc analyses were used for data not
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normally distributed. The level of statistical significance was
set to p < 0.05.

Results

Effect of A-803467 on AP Properties in Atrial
and Ventricular Cardiomyocytes

We first assessed the effects of the NaV1.8 blocker A-803467
on AP properties. Figure 1a, c, e shows typical AP record-
ings obtained from rabbit left ventricular CMs, hiPSC-CMs
and human left atrial CMs under physiological conditions
(baseline), in the presence of 100 nM A-803467 and after
wash-out of the drug. On average, maximal upstroke veloc-
ity, AP amplitude and resting membrane potential were not
affected by A-803467 exposure (Fig. 1b, d, f, Supplemental
Table 3). In rabbit ventricular CMs, we observed a small, yet
significant, APD shortening induced by A-803467 treatment
(APD reduction of 4.8% for APD50 and of 3.5% for APD90,
Fig. 1b, Supplemental Table 3). However, as shown in detail
in Supplemental Fig. 1a and b, the observed APD reduction
was (partly) reversible upon wash-out only in a minority of
cells. In the majority of cases, either A-803467 did not affect
APD or the effect was non-reversible. Moreover, time-
matched control experiments in rabbit ventricular CMs
showed APD50 and APD90 shortening occurring over time
similar to that observed with A-803467 (Supplemental
Figs. 2 and 3). In human left atrial CMs, exposure to A-
803467 did not change APD (Fig. 1e, f, Supplemental
Fig. 1e, f and Supplemental Table 3), and in hiPSC-CMs,
only APD50 was significantly reduced but not APD90 (Fig.
1c, d, Supplemental Table 3). The effect of A-803467 was
reversible upon wash-out in the majority of hiPSC-CMs, but
the blocker did not affect APD in all cells (Supplemental Fig.
1c and d).

Absence of NaV1.8-Based Late INa
in Ventricular and Atrial Cardiomyocytes

We next investigated the effects of A-803467 on late INa in
rabbit left ventricular CMs, hiPSC-CMs and human left atrial
CMs using descending ramps after a 200 ms pre-pulse to
40 mV (see inset of Fig. 2a, c, e). The advantage of using a
ramp protocol instead of a single step protocol is that the
ramp protocol allows measurements of late INa across a dy-
namic voltage range simulating a plateau and repolarization
phase of an AP [36]. Figure 2 a, c, and e show typical exam-
ples of Nav1.8-based late INa recordings under basal condi-
tions (baseline, black line) and after 5 min wash-in of
100 nM A-803467 (red line). NaV1.8-dependent late INa,
measured as A-803467-sensitive current, was obtained by

subtraction of the current recorded in the presence of A-
803467 from the current recorded in the absence of the com-
pound. NaV1.8-dependent late INa was not detected in any of
the three cell types (Fig. 2b, d, f). In a subset of rabbit left
ventricular CMs, A-803467 perfusion was followed by
30 μM TTX application, and total late INa was measured as
TTX-sensitive current obtained by subtraction of the current
recorded in the presence of TTX from the current recorded
earlier in the absence of TTX (Supplemental Fig. 4). Average
total late INa was around − 0.2 pA/pF, while the A-803467
sensitive current was undetectable. Hence, these experiments
demonstrate that functional NaV1.8-based late INa is absent
under basal condi t ions in at r ia l and ventr icular
cardiomyocytes.

Absence of NaV1.8-Based Peak INa
in Ventricular and Atrial Cardiomyocytes

In addition to late INa, we also investigated the effects of A-
803467 on peak INa density and voltage dependency of acti-
vation and inactivation. Figure 3a, c, e shows typical peak INa
recordings obtained from rabbit left ventricular CMs, hiPSC-
CMs and human left atrial CMs under basal conditions
(baseline) and after 5 min wash-in of 100 nM A-803467.
Average peak INa densities were unchanged after exposure to
A-803467 in all cell types analysed (Fig. 3b, d, f,
Supplemental Table 4).

INa voltage dependence of activation and inactivation,
assessed as the half voltage of (in)activation (V1/2) and the
slope factor k, was not affected by A-803467 in rabbit CMs
and hiPSC-CMs (Fig. 4a–d, Supplemental Table 4). A-
803467 caused a small negative shift in V1/2 of activation
and inactivation (− 2.8 mV for both activation and inactiva-
tion curve) in human LA cardiomyocytes (V1/2 activation −
40.5 ± 1.1 mV vs − 43.3 ± 1.2 mV, p < 0.05, paired Student’s
t test; V1/2 inactivation − 90.6 ± 0.9 mV vs − 93.4 ± 1.0 mV,
p < 0.05, paired Student’s t test; Supplemental Table 4).
Although significant, the biological meaning of such a small
change is questionable. Moreover, in a subset of cells where
wash-out experiments were also performed, we were unable
to reverse these effects of A-803467, and a further negative
shift of V1/2 of (in)activation was observed upon wash-out of
the compound (Supplemental Fig. 5). These results suggest a
time-dependent shift of (in)activation, rather than a A-
803467-dependent effect on INa kinetics [37]. Taken togeth-
er, these findings demonstrate the absence of functional
Nav1.8-based peak INa in atr ial and ventricular
cardiomyocytes.

To explore a potential off-target effect of A-803467, we
also measured its effects on the L-type calcium current (ICaL)
in rabbit left ventricular CMs. Typical example of ICaL traces
recorded under basal conditions (baseline) and in the presence
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of A-803467 are shown in Supplemental Fig. 6a. Exposure to A-
803467 affected neither ICaL density (Supplemental Fig. 6b,

Supplemental Table 5) nor ICaL voltage dependence of activation
and inactivation (Supplemental Fig. 6c, Supplemental Table 5).

Fig. 1 Effect of A-803467 treatment on action potential (AP) properties
in ventricular and atrial cardiomyocytes. a, c, eExamples of APs recorded
at the stimulation frequency of 1 Hz in rabbit left ventricular (LV)
cardiomyocytes (CMs) (a), human-induced pluripotent stem cell-
derived CMs (hiPSC-CMs) (c) and human left atrial (LA) CMs (e) under
physiological conditions (baseline), after 5-min wash-in of 100 nM A-
803467 and after 5-min wash-out of the drug. b, d, fAverage data at 1 Hz
for maximal upstroke velocity (Vmax), AP amplitude (APA), resting

membrane potential (RMP), AP duration at 50% and 90% repolarization
(APD50 and APD90), before (baseline) and after wash-in and wash-out of
100 nM A-803467 in rabbit LV CMs, hiPSC-CMs and human LA CMs.
*p < 0.05 baseline vs A-803467, #p < 0.05 baseline vs wash-out; one-way
repeated measures ANOVA followed by Holm-Sidak test for post hoc
analyses or one-way repeated measures ANOVA on Ranks (Friedman
test) followed by Tukey test for post hoc analyses when data were not
normally distributed
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Low SCN10A mRNA Transcript Levels
in hiPSC-CMs and in Human Left Atrial
Appendages

We finally assessed the mRNA expression levels of SCN10A in
hiPSC-CMs and human LAAs using quantitative real-time
PCR (RT-PCR). In LAAs tissue, RT-PCR was performed on
the same samples used for AP and late INa measurements. As
expected, both hiPSC-CMs and LAAs tissue showed robust
expression of the cardiac sodium channel isoform SCN5A

(relative to the reference gene HPRT). In contrast, SCN10A
transcript levels were very low in both hiPSC-CMs and human
LAAs (Fig. 5). Similarly, low to almost absent expression of
SCN10A as compared to SCN5Awas observed in online RNA-
Seq datasets of rabbit left ventricular tissue (GSE115605) (Fig.
6a), atrial and ventricular hiPSC-CMs (GSE111007) (Fig. 6b, c)
[35] and human left and right atria (GSE31999) (Fig. 6d, e)
[34]. These observations are in line with our patch-clamp data
showing the absence of functional NaV1.8-based sodium chan-
nels under basal conditions in atrial and ventricular CMs.

Fig. 2 Absence of NaV1.8-based
late sodium current (INa) in
ventricular and atrial
cardiomyocytes. a, c, e
Representative Nav1.8-based late
INa traces recorded during a ramp
protocol (see insets) in rabbit left
ventricular (LV) cardiomyocytes
(CMs) (a), human-induced plu-
ripotent stem cell-derived CMs
(hiPSC-CMs) (c) and human left
atrial (LA) CMs (e) at baseline
and after 5-min application of
100 nM A-803467. A-803467
sensitive current was obtained by
subtraction of the current record-
ed in the presence of A-803467
from the current recorded earlier
in the absence of the compound.
b, d, f Average current-voltage (I-
V) relationships for NaV1.8-based
late INa measured as A-803467
sensitive current in rabbit LV
CMs (b), hiPSC-CMs (d) and
human LA CMs (f)
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Discussion

While several studies have previously implicated NaV1.8 in
modulating cardiac electrophysiology and arrhythmia suscep-
tibility, the underlying mechanism(s) are still a matter of de-
bate. To address this, we here investigated the functional rel-
evance of NaV1.8 in atrial and ventricular cardiomyocytes,

focusing on the contribution of NaV1.8 to the peak and late
INa under physiological conditions. Using detailed patch-
clamp analyses of atrial and ventricular myocytes from differ-
ent species, we observed a lack of effect of the NaV1.8 blocker
A-803467 on peak and late INa in cardiomyocytes. In line with
these observations, molecular investigation showed a virtual
absence of SCN10AmRNA in human atrial tissue and hiPSC-

Fig. 3 Nav1.8 does not contribute
to peak sodium current (INa) in
ventricular and atrial
cardiomyocytes. a, c, e
Representative peak INa traces
recorded from rabbit left
ventricular (LV) cardiomyocytes
(CMs) (a), human-induced plu-
ripotent stem cell-derived CMs
(hiPSC-CMs) (c) and human left
atrial (LA) CMs (e) under physi-
ological conditions (baseline) and
after 5-min wash-in of 100 nM
A-803467. b, d, f Average
current-voltage (I-V) relation-
ships at baseline and in the pres-
ence of 100 nM A-803467 in
rabbit LV CMs (b), hiPSC-CMs
(d) and human LA CMs (f).
Insets: voltage protocols.
Statistical test applied: two-way
repeated measures ANOVA

Cardiovasc Drugs Ther (2019) 33:649–660 655



CMs. Similarly, analysis of online RNA-Seq datasets of rabbit
ventricular tissue, ventricular and atrial hiPSC-CMs and hu-
man right and left atria revealed low to almost absent expres-
sion of SCN10A as compared to SCN5A. Hence, our results
demonstrate the absence of functional NaV1.8 channels in
non-diseased atrial and ventricular cardiomyocytes, which is
of particular relevance when extrapolating findings on
SCN10A mutations and (common) variants.

Our findings are in contrast to the study of Yang et al. [17],
which suggested that NaV1.8 is a component of late INa in
non-diseased cardiomyocytes, and as such may modulate ar-
rhythmia susceptibility [17]. Yang et al. showed that in mouse
and rabbit ventricular cardiomyocytes, application of A-
803467 reduced late INa and shortened APD, without affecting
peak INa density [17]. In contrast, we did not detect any

NaV1.8-based late INa in our cardiomyocytes. This discrepan-
cy could be due to species differences (mouse vs human) and/
or to different experimental conditions such as different tem-
perature (room temperature [17] versus physiological temper-
ature used by us). Indeed, in a recent study, Poulet et al. [38]
reported a significant increase in late INa in human right atrial
cardiomyocytes from AF patients as compared to patients in
SR when experiments were conducted at room temperature.
However, at physiological temperature, the difference in late
INa amplitudes between SR and AF cells was less pronounced
and did not reach the level of statistical significance [38]. In
our study, A-803467 reduced APD90 by only 3.5% in rabbit
ventricular CMs, while in the study of Yang et al. [17], the
reduction was ~ 30%. Again, different experimental condi-
tions may underlie these discrepancies, for instance the use

Fig. 4 Effect of A-803467 treat-
ment on sodium current (INa)
voltage dependence of activation
and inactivation in ventricular and
atrial cardiomyocytes. Average
INa voltage dependence of activa-
tion (a, c, e) and inactivation (b,
d, f) in rabbit left ventricular (LV)
cardiomyocytes (CMs), human-
induced pluripotent stem cell-
derived CMs (hiPSC-CMs) and
human left atrial (LA) CMs under
basal conditions (baseline) and
after 5-min exposure to 100 nM
A-803467. Insets: voltage proto-
cols. Statistical test applied:
paired Student’s t test (see
Supplemental Table 4)
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of the perforated patch vs rupture patch, differences in record-
ing solutions and temperature. Moreover, in the study of Yang
et al., wash-out of A-803467 was not investigated, leaving the
possibility that part of the observed effect was a time-
dependent effect. Indeed, in time-matched AP recordings in
rabbit cardiomyocytes, we observed an APD reduction over
time similar to that observed with A-803467 suggesting that
the apparent APD shortening induced by A-803467 in this
species is a non-specific effect independent of the blocker. A
similar small APD reduction was also observed in mouse

ventricular CMs (but not in mouse atrial CMs) in our previous
study [18]. Finally, despite the absence of NaV1.8-based peak
and late INa, we still observed a small yet significant and
mostly reversible decrease in APD in hiPSC-CMs induced
by A-803467. This AP shortening could be due to a potential
off-target effect of A-803467. Although we observed no ef-
fects of A-803467 on ICaL in rabbit, we cannot completely rule
out effects of A-803467 on other ion channels, cautioning its
use in electrophysiological studies aimed at establishing the
functional relevance of NaV1.8 in, e.g. arrhythmogenesis.

A number of previous studies have suggested a role for
SCN10A/NaV1.8 in modulating cardiac conduction and
arrhythmogenesis. Perhaps the most compelling evidence on
a potential role for NaV1.8 came from studies in mice deficient
for Scn10a (Scn10a−/−). In ventricular CMs isolated from
Scn10a−/− mice, APs were shorter than those in wild-type
mice and A-803467 had no effect on peak or late INa, nor on
APD, thus supporting the idea of a contribution of NaV1.8 to
late INa [17]. However, in a follow-up study, the same authors
reported similar APD in wild-type and Scn10a−/− ventricular
cardiomyocytes at baseline conditions, and only under ex-
treme experimental conditions, e.g. after pre-treatment with
the late INa enhancer ATX II, a reduced late INa was observed
in knockout ventricular CMs [19]. Nevertheless, ATX-II ad-
ministration in anesthetized mice and Langendorff-perfused
hearts prolonged QTc and induced arrhythmias to the same
extent in wild-type and Scn10a−/− mice. Finally, no Scn10a
transcript was detected in either wild-type or Scn10a−/− ven-
tricular CMs and ECG parameters were similar in both wild-
type Scn10a−/− mice [19], further underlining the limited rel-
evance of NaV1.8 in cardiomyocytes under physiological
conditions.

Fig. 6 RNA sequencing (RNA-Seq) data analysis for SCN5A and
SCN10A expression levels in rabbit left ventricle, induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) and human atria.
SCN5A and SCN10A expression levels in rabbit left ventricle (LV) (a),
atrial and ventricular hiPSC-CMs (b, c) and human left (LA) and right
atria (RA) (d, e) were extrapolated from analysis of online RNA sequenc-
ing (RNA-Seq) raw datasets previously published [34, 35]. Read counts

for SCN5A and SCN10A transcripts were normalized to millions of total
reads generated per sample (six samples for rabbit left ventricular tissue
and four samples for hiPSC-CMs and human atria) and to SCN5A and
SCN10A transcript size (i.e. fragment per kilobase million, FPKM).
*p < 0.05; unpaired Student’s t test or Mann-Whitney U test when data
were not normally distributed

Fig. 5 SCN10A and SCN5A expression levels in human-induced plurip-
otent stem cell-derived cardiomyocytes (hiPSC-CMs) and human left
atrial tissue. SCN5A and SCN10A mRNA levels in hiPSC-CMs (a) and
in human left atrial appendages (LAAs) (b). Gene expression was nor-
malized to the reference gene HPRT
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Mutations or variants in SCN10A (associated with both
gain and loss of Nav1.8-based sodium channel function) have
been associated with inherited arrhythmia syndromes such as
Brugada syndrome [14–16], as well as increased AF suscep-
tibility [11–13]. However, functional relevance of these iden-
tified mutations and variants has only been assessed in heter-
ologous expression systems such as HEK-293 cells which
differ significantly from the cardiomyocyte environment [10,
12, 13, 15, 16]. Nonetheless, even if a mutation in SCN10A is
found to alter function of NaV1.8-based channels in expres-
sion systems, this does not automatically imply a functional
impact on the cardiomyocyte level. In fact, our current and
previous findings demonstrate very low expression levels of
SCN10A and the consequent absence of functional NaV1.8-
based current in atrial and ventricular CMs. We therefore pro-
pose that the potential electrophysiological and pro-
arrhythmic effects of SCN10Avariants/mutations do not occur
on the cardiomyocyte level, but instead are consequent to the
actions of SCN10A/NaV1.8 in other cell types such as intra-
cardiac neurons. Indeed, we and others have previously dem-
onstrated that NaV1.8 is specifically expressed and function-
ally relevant in murine, canine and human cardiac neurons
[18, 20, 21], suggesting a function of the SCN10A gene prod-
uct for cardiac conduction via regulation of action potential
firing in intracardiac neurons [18, 21, 22].

In recent years, various GWAS studies have suggested a
potential modulatory effect of SCN10A common genetic var-
iants on ECG parameters such as PR and QRS interval [6–10]
in addition to susceptibility to AF [11–13] and Brugada syn-
drome [14–16]. However, it was subsequently demonstrated
that the SCN10A variant rs6801957 (associated with QRS du-
ration [9]) is located within a cardiac enhancer region which
interacts with the promotor of SCN5A. As such, rs6801957
was shown to decrease SCN5A expression in the heart,
explaining the observed associations of this SCN10A variant
with cardiac conduction [23]. Based on these observations and
our current findings, it is therefore highly likely that the
SCN10A locus identified in various GWAS studies exerts its
modulatory effects indirectly through their impact on SCN5A
expression and/or neuronal activity, rather than through a di-
rect effect on cardiomyocyte electrophysiology.

While our findings indicate a lack of functional relevance
for NaV1.8 in CMs under physiological conditions, they do
not rule out a potential function during pathophysiological
situations. Recently, increased SCN10A/NaV1.8 expression
in human ventricular tissue isolated from heart failure and
hypertrophic patients as compared to non-failing and healthy
myocardium, has been demonstrated [39, 40]. NaV1.8 inhi-
bition with the specific blockers A-803467 and PF-
01247324 decreased late INa magnitude, abbreviated APD
and reduced cellular-spontaneous Ca2+−release and
proarrhythmic events in human failing and hypertrophic
CMs [39, 40]. Of note, in both these studies, no

electrophysiological experiments were performed in non-
failing and non-hypertrophic CMs, thus precluding compar-
ison of the effects of Nav1.8 inhibition in human non dis-
eased CMs under comparable experimental settings [39, 40].
A modulatory role for SCN10A/NaV1.8 has furthermore
been suggested in AF, with A-803467 administration
preventing AF recurrence in a fast-pacing canine model
[21]. Increased late INa has been observed in right atrial ap-
pendage cardiomyocytes from AF patients as compared to
individuals in SR [38, 41]. Whether alterations in SCN10A/
NaV1.8-based contribute to this increased late INa in the set-
ting of AF will require further investigation. Interestingly,
injection of A-803467 into canine cardiac ganglionated plexi
(GP) [22] and canine left stellate ganglion (LSG) [42] sup-
pressed vagal-mediated AF and ischemia-induced ventricu-
lar arrhythmia, respectively, most likely by inhibiting the
neuronal activity of GP and LSG. This further underlines
the potential functional involvement of SCN10A/NaV1.8 in
intracardiac neurons.

In conclusion, our study demonstrates the (functional) ab-
sence of SCN10A/NaV1.8-based channels in human and rabbit
atrial and ventricular CMs under basal, non-remodeled condi-
tions. We therefore propose that the association of SCN10A
variants with cardiac electrophysiology is likely the result of
indirect effects on SCN5A expression and/or NaV1.8 activity
in cell types other than CMs, including (intracardiac) neurons.

Acknowledgements The authors thank Jolien Neefs, and Robin
Wesselink for their assistance with clinical data collection and Rianne
Wolswinkel for technical support.

Funding This study was funded by two Innovational Research Incentives
Scheme Vidi grants from the Netherlands Organisation for Health
Research and Development (ZonMw 91714371 to C.A.R. and ZonMw
016.146.310. to J.R.G); a ZonMw Priority Medicines (PM-Rare) grant
(113303006 to C.A.R.); the Netherlands CardioVascular Research
Initiative CVON (Dutch Heart Foundation, Dutch Federation of
University Medical Centres, ZonMw, and the Royal Netherlands
Academy of Sciences) (PREDICT2 CVON2018-30 to C.A.R.).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethical Approval All applicable international, national and/or institu-
tional guidelines for the care and use of animals were followed. All
procedures performed in this study involving human participants were
in accordance with the ethical standards of the Amsterdam UMC,
Amsterdam, The Netherlands and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards. Left atrial
appendages were obtained from subjects undergoing cardiac surgery for
coronary or valvular disease, included in the multicenter PREDICT AF
study [25] (clinicaltrials.gov: NCT03130985).

Informed Consent Informed consent was obtained from all individual
participants included in the study.

658 Cardiovasc Drugs Ther (2019) 33:649–660

http://clinicaltrials.gov


Cardiovasc Drugs Ther (2019) 33:649–660 659

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Remme CA, Wilde AA. Targeting sodium channels in cardiac ar-
rhythmia. Curr Opin Pharmacol. 2014;15:53–60.

2. Bezzina CR, Remme CA. Dilated cardiomyopathy due to sodium
channel dysfunction: what is the connection? Circ Arrhythm
Electrophysiol. 2008;1:80–2.

3. Remme CA, Wilde AA. Late sodium current inhibition in acquired
and inherited ventricular (dys)function and arrhythmias.
Cardiovasc Drugs Ther. 2013;27:91–101.

4. Zimmer T, Haufe V, Blechschmidt S. Voltage-gated sodium chan-
nels in the mammalian heart. Glob Cardiol Sci Pract. 2014;2014:
449–63.

5. Akopian AN, Souslova V, England S, Okuse K, Ogata N, Ure J,
et al. The tetrodotoxin-resistant sodium channel SNS has a special-
ized function in pain pathways. Nat Neurosci. 1999;2:541–8.

6. Chambers JC, Zhao J, Terracciano CM, Bezzina CR, Zhang W,
Kaba R, et al. Genetic variation in SCN10A influences cardiac
conduction. Nat Genet. 2010;42:149–52.

7. Holm H, Gudbjartsson DF, Arnar DO, Thorleifsson G,
Thorgeirsson G, Stefansdottir H, et al. Several common variants
modulate heart rate, PR interval and QRS duration. Nat Genet.
2010;42:117–22.

8. Pfeufer A, van Noord C, Marciante KD, Arking DE, Larson MG,
Smith AV, et al. Genome-wide association study of PR interval. Nat
Genet. 2010;42:153–9.

9. Sotoodehnia N, Isaacs A, de Bakker PI, Dorr M, Newton-Cheh C,
Nolte IM, et al. Common variants in 22 loci are associated with
QRS duration and cardiac ventricular conduction. Nat Genet.
2010;42:1068–76.

10. Macri V, Brody JA, Arking DE, Hucker WJ, Yin X, Lin H, et al.
Common Coding Variants in SCN10A Are Associated With the
Nav1.8 Late Current and Cardiac Conduction. Circ Genom Precis
Med. 2018;11:e001663.

11. Delaney JT, Muhammad R, Shi Y, Schildcrout JS, Blair M, Short L,
et al. Common SCN10A variants modulate PR interval and heart
rate response during atrial fibrillation. Europace. 2014;16:485–90.

12. Jabbari J, Olesen MS, Yuan L, Nielsen JB, Liang B, Macri V, et al.
Common and rare variants in SCN10A modulate the risk of atrial
fibrillation. Circ Cardiovasc Genet. 2015;8:64–73.

13. Savio-Galimberti E, Weeke P, Muhammad R, Blair M, Ansari S,
Short L, et al. SCN10A/Nav1.8modulation of peak and late sodium
currents in patients with early onset atrial fibrillation. Cardiovasc
Res. 2014;104:355–63.

14. Bezzina CR, Barc J, Mizusawa Y, Remme CA, Gourraud JB,
Simonet F, et al. Common variants at SCN5A-SCN10A and
HEY2 are associated with Brugada syndrome, a rare disease with
high risk of sudden cardiac death. Nat Genet. 2013;45:1044–9.

15. Hu D, Barajas-Martinez H, Pfeiffer R, Dezi F, Pfeiffer J, Buch T,
et al. Mutations in SCN10A are responsible for a large fraction of
cases of Brugada syndrome. J Am Coll Cardiol. 2014;64:66–79.

16. Behr ER, Savio-Galimberti E, Barc J, Holst AG, Petropoulou E,
Prins BP, et al. Role of common and rare variants in SCN10A:
results from the Brugada syndrome QRS locus gene discovery col-
laborative study. Cardiovasc Res. 2015;106:520–9.

17. Yang T, Atack TC, Stroud DM, Zhang W, Hall L, Roden DM.
Blocking Scn10a channels in heart reduces late sodium current
and is antiarrhythmic. Circ Res. 2012;111:322–32.

18. Verkerk AO, Remme CA, Schumacher CA, Scicluna BP,
Wolswinkel R, de Jonge B, et al. Functional Nav1.8 channels in
intracardiac neurons: the link between SCN10A and cardiac elec-
trophysiology. Circ Res. 2012;111:333–43.

19. Stroud DM, Yang T, Bersell K, Kryshtal DO, Nagao S, Shaffer C,
et al. Contrasting Nav1.8 Activity in Scn10a−/− Ventricular
Myocytes and the Intact Heart. J Am Heart Assoc. 2016;5:
e002946. https://doi.org/10.1161/JAHA.115.002946.

20. Facer P, Punjabi PP, Abrari A, Kaba RA, Severs NJ, Chambers J,
et al. Localisation of SCN10A gene product Na(v)1.8 and novel
pain-related ion channels in human heart. Int Heart J. 2011;52:
146–52.

21. Chen X, Yu L, Shi S, Jiang H, Huang C, Desai M et al. Neuronal
Nav1.8 Channels as a Novel Therapeutic Target of Acute Atrial
Fibrillation Prevention. J Am Heart Assoc. 2016;5: e004050.
https://doi.org/10.1161/JAHA.116.004050.

22. Qi B, Wei Y, Chen S, Zhou G, Li H, Xu J, et al. Nav1.8 channels in
ganglionated plexi modulate atrial fibrillation inducibility.
Cardiovasc Res. 2014;102:480–6.

23. van den Boogaard M, Smemo S, Burnicka-Turek O, Arnolds DE,
van deWerken HJ, Klous P, et al. A common genetic variant within
SCN10A modulates cardiac SCN5A expression. J Clin Invest.
2014;124:1844–52.

24. Veldkamp MW, Geuzebroek GSC, Baartscheer A, Verkerk AO,
Schumacher CA, Suarez GG, et al. Neurokinin-3 receptor activa-
tion selectively prolongs atrial refractoriness by inhibition of a
background K(+) channel. Nat Commun. 2018;9:4357.

25. van den Berg NWE, Neefs J, Berger WR, Boersma LVA, van
Boven WJ, van Putte BP, et al. PREventive left atrial appenDage
resection for the predICtion of fuTure atrial fibrillation: design of
the PREDICTAF study. J Cardiovasc Med (Hagerstown). 2019;20:
752–61.

26. Dobrev D, Wettwer E, Himmel HM, Kortner A, Kuhlisch E,
Schuler S, et al. G-protein beta(3)-subunit 825T allele is associated
with enhanced human atrial inward rectifier potassium currents.
Circulation. 2000;102:692–7.

27. Dudek J, Cheng IF, Balleininger M, Vaz FM, Streckfuss-Bomeke
K, Hubscher D, et al. Cardiolipin deficiency affects respiratory
chain function and organization in an induced pluripotent stem cell
model of Barth syndrome. Stem Cell Res. 2013;11:806–19.

28. Dambrot C, Braam SR, Tertoolen LG, Birket M, Atsma DE,
Mummery CL. Serum supplemented culture mediummasks hyper-
trophic phenotypes in human pluripotent stem cell derived
cardiomyocytes. J Cell Mol Med. 2014;18:1509–18.

29. Jarvis MF, Honore P, Shieh CC, Chapman M, Joshi S, Zhang XF,
et al. A-803467, a potent and selective Nav1.8 sodium channel
blocker, attenuates neuropathic and inflammatory pain in the rat.
Proc Natl Acad Sci U S A. 2007;104:8520–5.

30. Casini S, Verkerk AO, Remme CA. Human iPSC-derived
Cardiomyocytes for investigation of disease mechanisms and ther-
apeutic strategies in inherited arrhythmia syndromes: strengths and
limitations. Cardiovasc Drugs Ther. 2017;31:325–44.

31. Verkerk AO, Veerman CC, Zegers JG, Mengarelli I, Bezzina CR,
Wilders R. Patch-Clamp Recording from Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes: Improving
Action Potential Characteristics through Dynamic Clamp. Int J

https://doi.org/10.1161/JAHA.115.002946
https://doi.org/10.1161/JAHA.116.004050
https://doi.org/10.3390/ijms18091873
https://doi.org/10.3390/ijms18091873


660 Cardiovasc Drugs Ther (2019) 33:649–660

Mol Sci. 2017, 18(9), E1873. https://doi.org/10.3390/
ijms18091873.

32. Meijer van Putten RM, Mengarelli I, Guan K, Zegers JG, van
Ginneken AC, Verkerk AO, et al. Ion channelopathies in human
induced pluripotent stem cell derived cardiomyocytes: a dynamic
clamp study with virtual IK1. Front Physiol. 2015;6:7.

33. Barry PH, Lynch JW. Liquid junction potentials and small cell
effects in patch-clamp analysis. J Membr Biol. 1991;121:101–17.

34. Hsu J, Hanna P, VanWagoner DR, Barnard J, Serre D, Chung MK,
et al. Whole genome expression differences in human left and right
atria ascertained by RNA sequencing. Circ Cardiovasc Genet.
2012;5:327–35.

35. Cyganek L, Tiburcy M, Sekeres K, Gerstenberg K, Bohnenberger
H, Lenz C et al. Deep phenotyping of human induced pluripotent
stem cell-derived atrial and ventricular cardiomyocytes. JCI Insight.
2018;3(12):e99941. https://doi.org/10.1172/jci.insight.99941.

36. Portero V, Casini S, Hoekstra M, Verkerk AO, Mengarelli I,
Belardinelli L, et al. Anti-arrhythmic potential of the late sodium
current inhibitor GS-458967 in murine Scn5a-1798insD+/− and
human SCN5A-1795insD+/− iPSC-derived cardiomyocytes.
Cardiovasc Res. 2017;113:829–38.

37. Maltsev VA, Undrovinas AI. Cytoskeleton modulates coupling be-
tween availability and activation of cardiac sodium channel. Am J
Phys. 1997;273:H1832–40.

38. Poulet C, Wettwer E, Grunnet M, Jespersen T, Fabritz L, Matschke
K, et al. Late sodium current in human atrial Cardiomyocytes from
patients in sinus rhythm and atrial fibrillation. PLoS One. 2015;10:
e0131432.

39. Dybkova N, Ahmad S, Pabel S, Tirilomis P, Hartmann N, Fischer
TH, et al. Differential regulation of sodium channels as a novel
proarrhythmic mechanism in the human failing heart. Cardiovasc
Res. 2018;114:1728–37.

40. Ahmad S, Tirilomis P, Pabel S, Dybkova N, Hartmann N, Molina
CE, et al. The functional consequences of sodium channel NaV
1.8 in human left ventricular hypertrophy. ESC Heart Fail.
2019;6:154–63.

41. Sossalla S, Kallmeyer B, Wagner S, Mazur M, Maurer U, Toischer
K, et al. Altered Na(+) currents in atrial fibrillation effects of
ranolazine on arrhythmias and contractility in human atrial myocar-
dium. J Am Coll Cardiol. 2010;55:2330–42.

42. Yu L, Wang M, Hu D, Huang B, Zhou L, Zhou X, et al. Blocking
the Nav1.8 channel in the left stellate ganglion suppresses ventric-
ular arrhythmia induced by acute ischemia in a canine model. Sci
Rep. 2017;7:534.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.1172/jci.insight.99941

	Absence of Functional Nav1.8 Channels in Non-diseased Atrial and Ventricular Cardiomyocytes
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Isolation of Rabbit Left Ventricular Cardiomyocytes
	Isolation of Human Left Atrial Cardiomyocytes
	Differentiation of hiPSCs into Cardiomyocytes
	Electrophysiology
	Data Acquisition and Analysis
	Sodium Current Measurements
	L-Type Calcium Current Measurements
	Action Potential Measurements


	Real-Time Polymerase Chain Reactions
	RNA Sequencing Data Analysis
	Statistical Analysis
	Results
	Effect of A-803467 on AP Properties in Atrial and Ventricular Cardiomyocytes

	Absence of NaV1.8-Based Late INa in Ventricular and Atrial Cardiomyocytes
	Absence of NaV1.8-Based Peak INa in Ventricular and Atrial Cardiomyocytes
	Low SCN10A mRNA Transcript Levels in hiPSC-CMs and in Human Left Atrial Appendages
	Discussion
	References


