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Abstract

The voltage-gated sodium channels play a key role in the generation and propagation of the 

cardiac action potential. Emerging data indicate that the Nav1.8 channel, encoded by the SCN10A 

gene, is a modulator of cardiac conduction and variation in the gene has been associated 

with arrhythmias such as atrial fibrillation (AF) and Brugada syndrome (BrS). The voltage 

gated sodium channels contain a calmodulin (CaM)-binding IQ domain involved in channel 

slow inactivation, we here investigated the role of CaM regulation of Nav1.8 channel function, 

and showed that CaM enhanced slow inactivation of the Nav1.8 channel and hyperpolarized 

steady-state inactivation curve of sodium currents. The effects of CaM on the channel gating 

were disrupted in the Nav1.8 channel truncated IQ domain. We studied Nav1.8 IQ domain 

mutations associated with AF and BrS, and found that a BrS-linked mutation (R1863Q) reduced 

the CaM-induced hyperpolarization shift, AF-linked mutations (R1869C and R1869G) disrupted 

CaM-induced enhanced inactivation, and effects of CaM on both development and recovery from 

slow inactivation were attenuated in all pathogenic mutations. Our findings indicate a role of CaM 

in the regulation of Nav1.8 channel function in cardiac arrhythmias.
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1. Introduction

An important property of voltage-gated sodium channels is inactivation which prevents 

reopening of the channel until complete recovery thereby preventing action potential 

firing [1]. The voltage gated sodium channels contain a calmodulin (CaM)-binding IQ 

*Corresponding author. Department of Medicine, University of Illinois at Chicago, Chicago, IL, 60612, USA., hong2004@uic.edu (L. 
Hong). **Corresponding author. Department of Medicine, University of Illinois at Chicago, Chicago, IL, 60612, USA., darbar@uic.edu 
(D. Darbar). 

Declaration of competing interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.bbrc.2020.08.010.

HHS Public Access
Author manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 April 23.

Published in final edited form as:
Biochem Biophys Res Commun. 2020 November 26; 533(1): 168–174. doi:10.1016/j.bbrc.2020.08.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.bbrc.2020.08.010


motif important for channel inactivation [2,3]. Studies have shown that disease-associated 

mutations in the sodium channel IQ domain gave rise to arrhythmias, epilepsy, and 

autism [4–8]. The Nav1.5-A1924T mutation, identified in patients with Brugada Syndrome, 

was shown to disrupt CaM binding and eliminate CaM-dependent slow inactivation, and 

alter Nav1.5 channel in a manner characteristic of the Brugada syndrome [2], a similar 

mechanism has been described in another IQ domain mutation (Nav1.5-R1919C) in patients 

with the Long QT Syndrome Type 3 (LQT3) [4]. In Nav1.2 channel, the Nav1.2-R1902C 

mutation linked with autism was shown to disrupt the interaction between Nav1.2 channel 

and CaM, producing gain-of-function shift in the kinetics of Nav1.2 channel activation and 

steady-state inactivation [9].

Recently, genetic research demonstrated that Nav1.8 channel, encoded by SCN10A gene, 

as a modulator of cardiac conduction [10]. Nav1.8 channel has been identified in 

cardiomyocytes and intracardiac neurons with a contribution to cardiac repolarization 

[11,12]. Studies have identified a number of Nav1.8 mutations linked with risk of atrial 

fibrillation (AF) and Brugada syndrome (BrS) [13–15]. The Nav1.8-R1863Q mutation was 

identified in a patient diagnosed with BrS [13], Nav1.8-R1869G mutation was associated 

with persistent AF [14], and Nav1.8-R1869C mutation was identified in an index case with 

both AF and BrS [15]. These mutations all are located in the highly conserved IQ domain, 

highlighting their possible roles in regulation interaction CaM and Nav1.8 channel.

Previous studies have shown mutations in the Nav1.5 channel IQ domain perturbed CaM-

induced slow inactivation with a weakening of the Nav1.5-CaM interaction [2,4]. Although 

Nav1.8 contributes to regulation of cardiac function and shares high sequence homology 

with Nav1.5 channel, it remains to unclear if CaM modulation of Nav1.8 channel also plays 

a role in arrhythmogenesis. Here, we sought to examine the role of CaM regulation of 

Nav1.8 channel function and how CaM modulates Nav1.8 sodium channel gating, whether 

and how AF and BrS-linked mutations affect interaction between CaM and Nav1.8 channel.

2. Material and methods

Nav1.8 transfection and cell culture.

Details of cell culture and Nav1.8 transfections are available in the Supplementary material.

2.1. Electrophysiological measurements and analysis

Patch-clamp measurements were performed in a whole-cell configuration using an Axopatch 

200B amplifier controlled by pClamp 10 software through an Axon Digidata 1440A system 

(all from Molecular Devices, LLC, Sunnyvale, CA, USA).

To test steady-state inactivation, currents were elicited to −10 mV following prepulses 

ranging between −140 and 0 mV in 10 mV steps for 500 m s. Development and recovery 

of slow inactivation were assessed using a two-pulse voltage clamp protocol [16]. To 

investigate development of inactivation, the currents were assayed by varying the duration of 

a conditioning pulse P1 (5–2000 m s) to 10 mV followed by a return to −120 mV for 20 m s 

followed by a 100 m s test pulse P2 to −10 mV. The recovery of inactivation for the sodium 
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currents was assessed using protocol with a conditioning pulse duration of 1000 m s (P1) 

and a test pulse of 200 m s (P2) to −10 mV with varying rest intervals from 5 to 2000 ms 

at −120 mV. The current densities were calculated according to whole-cell current amplitude 

and capacitance values obtained from the amplifier following electronic subtraction of the 

capacitive transients [17]. Whole-cell currents were acquired at a sampling interval of 10 

kHz and filtered at 1 kHz. Pulse generation and data collection were done with Clampex 

10.1 [18]. All measurements were performed at 22 ± 3 °C.

Steady-state inactivation was fitted by the Boltzmann equation as described previously 

[19]: I /Imax = 1/ 1 + exp V − V 1/2 /k , where I /Imax is the relative conductance normalized by 

the maximal conductance, V 1/2 is half-maximal inactivation, V  is test pulse, and k is the 

Boltzmann coefficient. Dose-responses relations were determined by plotting the V 1/2 at 

each CaM concentration, and were fitted by the Hill equation as described previously [20]: 

%i = %i, max[B]ℎ/(EC50
ℎ + [B]ℎ), where %i, max is the maximal percentage of V 1/2 generated by B, 

which is CaM here, ℎ is the Hill coefficient and EC50 is the concentration of the CaM 

required for 50% V 1/2. Exponential functions of the form: y = y0 + A 1 − exp − t/τ  were 

fitted to development curves to determine time constant τdev , where y0 is the offset and A is 

amplitude. Exponential functions of the form: y = A1 1 − exp − t/τ1 + A2 1 − exp − t/τ2
were fitted to recovery curves to determine time constants (τrec, f, τrec, s , A1 and A2 are the 

fractions of fast and slow inactivating components, and τ1 and τ2 are their time constants 

τrec, f and τrec, s respectively.

2.2. Solutions and drugs

Nav1.8 currents in transiently transfected ND7/23 cells were recorded using an external 

solution that contained: 145 mM NaCl, 4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM 

HEPES, and 10 mM glucose, adjusted to pH 7.4 with NaOH. The intracellular solution 

contained 100 mM CsF, 10 mM NaF, 20 mM CsCl, 5 mM EGTA, 3.7 mM CaCl2, and 10 

mM HEPES, adjusted to pH 7.35 with CsOH [21]. The CaM and CaM inhibitory peptide 

290–309 (Enzo Life Sciences, Inc., Farmingdale, USA) were added to the pipette solution to 

final concentrations. Endogenous tetrodotoxin (TTX)-sensitive sodium currents in ND7/23 

cells were eliminated with 200 nM TTX as previously reported [14].

2.3. Data and statistical analysis

All data are presented as the means ± S.E.M. Significance between means was determined 

by Student’s t-test or analysis of variance (ANOVA) as appropriate. Electrophysiological 

parameters (V1/2, time constants τdev, τrec, f, τrec, s) were determined from each individual cell 

and then used for comparison with either t-test or ANOVA. For each group cell, the data 

were collected from 3 to 4 independent transfections, 2–3 sodium currents were recorded 

in each independent culture. Paired t-test was used for comparison of parameters between 

groups with or without CaM. ANOVA was conducted for identifying statistically significant 

differences among multiple groups. P < 0.05 was considered to indicate a statistically 

significant difference.
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3. Results

3.1. Pathogenic mutations associated with AF and BrS in the Nav1.8 channel IQ domain

A number of Nav1.8 mutations within the IQ domain have recently been linked with cardiac 

arrhythmias. One clinical research reported an Nav1.8-R1863Q mutation in a patient with 

Brugada syndrome (BrS), the patient’s electrocardiography presented a significant coved-

type ST elevation with induced ventricular fibrillation [13]. The other mutation Nav1.8-

R1869C was identified in an index case with both atrial fibrillation (AF) and BrS. This 

mutation was found in two AF probands with BrS phenotypes [15]. Our group identified 

Nav1.8 mutation R1869G within the IQ domain that co-segregated with familial AF. The 

proband in the family presented with symptomatic AF, and this mutation was not presented 

in unaffected familiar members [14]. As three mutations are localized to the IQ domain 

of the Nav1.8 channel (Fig. 1), we investigated effects of CaM on Nav1.8 channel and the 

interaction between CaM and Nav1.8 IQ domain.

3.2. Effects of CaM on Nav1.8 channel

We studied whole-cell Nav1.8 currents and observed that CaM (10 μM) caused a 

hyperpolarizing shift (~17 mV) in the steady-state inactivation of the Nav1.8 channel (−72.0 

± 2.8 mV vs −55.2 ± 2.6 mV, n = 8 cells in each group) without significantly affecting its 

activation curve (−16.7 ± 2.9 mV vs −15.3 ± 3.2 mV, n = 6 in each group) (Fig. 2A–B and 

Table S2–S3). In addition, CaM decreased the time constant for development τdev  (554 ± 

17 m s vs 735 ± 33 m s, n = 8), and delay fast recovery time constant τrec,f (5.9 ± 0.3 m s 

vs 3.7 ± 0.4 m s, n = 8) and slow recovery time constant τrec,s (86.2 ± 8.7 m s vs 63.7 ± 6.7 

m s, n = 8), suggesting that it enhanced development and slowed recovery from inactivated 

states (Fig. 2C–D and Table S4). The addition of 290–309, a CaM inhibitory peptide, did 

not significantly affect inactivation of the channel; however, 290–309 plus CaM reduced the 

hyperpolarizing shift induced by CaM alone −60.3 ± 4.4 mV vs −72.0 ± 2.8 mV) (Fig. S1 

and Table S2). We further determined if the steady-state inactivation hyperpolarization shift 

was dose dependent. Raising intracellular CaM concentrations from 1 to 50 μM caused a 

leftward shift in availability. The membrane potential at which 50% of the channels were 

available to open V 1/2  was: −60.8 ± 3.9 mV, −65. 2 ± 3.1 mV, −72.0 ± 2.8 mV, −78.5 ± 

2.9 mV, −80.4 ± 3.4 mV for 1, 5, 10, 20, and 50 μM respectively (Fig. S2 and Table S2), 

a dose-response curve fitted to the V 1/2 data yielded an EC50 value with CaM of 9.2 μМ. 

Collectively, these results show that CaM significantly enhanced slow inactivation of the 

Nav1.8 channel and reduced channel availability.

3.3. CaM modulates Nav1.8 channel gating through the IQ domain

Like other voltage gated sodium channels, Nav1.8 channel contains a CaM-binding IQ 

domain important for channel inactivation. To evaluate functional effects of Nav1.8 channel 

IQ domain on the CaM binding, we generated two truncated constructs (S1835stop and 

G1893stop) and a mutation IQ/AA (substitution of two conserved residues isoleucine 

and glutamine with double alanine). The IQ/AA mutation channel has been reported to 

disrupt CaM binding to the IQ domain of sodium channels [22]. The truncated S1835stop 

channel does not contain IQ domain, and G1893stop channel contained an intact IQ domain 
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(Fig. 3A). We found that CaM-mediated regulation of Nav1.8 channel was abrogated in 

IQ/AA mutation and S1835stop channels (Fig. 3 and Table S2–S3). The CaM-induced 

hyperpolarizing shift ΔV 1/2  in the IQ/AA mutation and S1835stop channel were 3.3 ± 0.5 

mV and 0.3 ± 1.0 mV, compared with WT channel 16.9 ± 0.7 mV. In contrast, truncated 

G1893stop channel containing the intact IQ domain restored the hyperpolarizing shift in 

channel inactivation evoked by CaM (ΔV 1/2 is 12.8 ± 0.6 mV), compared with IQ/AA (ΔV 1/2

is 3.3 ± 0.5 mV) and S1835stop (ΔV 1/2 is 0.3 ± 1.0 mV) (Fig. 3G and Table S3). These results 

support CaM regulation of Nav1.8 channel function by binding to the IQ domain.

3.4. The AF and BrS-linked Nav1.8 mutations affect CaM interacting with Nav1.8 channel

As a number of AF- and BrS-associated Nav1.8 mutations are located in the IQ domain of 

the channel (Fig. 1) [13–15], we assessed their role in regulating the interaction between 

CaM and the channel. We observed that CaM produced a hyperpolarizing shift in the V 1/2 of 

steady-state inactivation in the R1863Q mutation (−66.8 ± 2.2 mV vs −59.4 ± 2.2 mV, n = 

8) (Fig. 4A–C, J and Table S2); however, the extent of V 1/2 shift generated by CaM (ΔV 1/2) 

in R1863Q was markedly decreased compared with WT channel (ΔV 1/2 is 7.4 ± 0.3 mV vs 

16.9 ± 0.7 mV) (Fig. 4K and Table S3). Moreover, the addition of CaM to the R1869C and 

R1869G mutations failed to hyperpolarize the channels (−49.2 ± 3.4 mV vs −46.1 ± 2.1 

mV and −61.4 ± 2.7 mV vs −60.1 ± 3.3 mV, respectively) (Fig. 4D–J and Table S2), and 

no significant CaM-induced shifts (ΔV 1/2 are 3.1 ± 1.3 mV and 0.9 ± 0.7 mV, respectively) 

were observed in the two mutations (Fig. 4K and Table S3). The three mutations altered time 

constants for development τdev, or for fast recovery τrec,f compared with WT Nav1.8 channel 

to different extents (Figs. S3–S4 and Table S4–S5). The alterations of time constants τdev

or τrec,f induced by CaM (Δτdev or Δτrec,f) were all significantly attenuated in three mutations 

(Fig. S3E, Fig. S4E and Table S5), suggesting that Nav1.8 IQ domain mutations perturb the 

interaction between CaM and the channel, and weaken CaM regulation of channel function.

4. Discussion

We determined the role of CaM in modulating Nav1.8 channel gating, and showed that CaM 

regulated Nav1.8 channel availability and enhanced steady-state inactivation by interacting 

with the IQ domain. AF and BrS-associated mutations within the IQ domain destabilized the 

CaM-induced binding and abrogated the hyperpolarization shift.

The voltage-gated sodium channels play crucial roles in the generation and propagation 

of the action potential. The family of sodium channels has nine members named Nav1.1 

through Nav1.9, and Nav1.5 is the predominant subtype sodium channel initiating cardiac 

action potential duration (APD) [23]. Increasing evidence suggests that another sodium 

channel Nav1.8 influences cardiac conduction and plays an important role in the heart 

[10]. The cellular localization of Nav1.8 within the heart is highly variable across cardiac 

chambers with enhanced expression in the conduction system, intracardiac neurons, and 

atrial cardiac tissue [11,12,23]. Nav1.8 expressions were observed in human cardiac nerve 

fibres and cardiomyocytes isolated from the atrial appendage [24], and in intracardiac 

neurons in mouse [12]. Previous study has shown that CaM associated with Nav1.8 

in the dorsal root ganglion (DRG) neurons regulating frequency-dependent inhibition of 

Hong et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nav1.8 channel, supporting CaM is a functional partner of Nav1.8 sodium [25]. Here we 

demonstrated CaM modulates Nav1.8 function through its interaction with the IQ domain 

and showed CaM-mediated regulation was abrogated either in a mutation disrupting CaM 

binding or in a truncated channel without the IQ domain (Fig. 3).

All voltage-gated sodium channels contain a CaM-binding IQ domain important for channel 

inactivation [26]. It not only helps prevent reopening of the channel until recovery but 

also regulates the frequency of action potential firing and reduces the breakdown of ionic 

gradients and cell death [1]. Many regulatory partners and intracellular proteins affect 

sodium channel inactivation, and the significance of CaM and its interaction with the sodium 

channel IQ domain is highlighted because disease-associated mutations in the domain give 

rise to arrhythmias, epilepsy, and autism by interfering with the CaM-induced interaction 

[4–8].

A Nav1.5 BrS mutation (Nav1.5-A1924T) in the IQ domain inhibited CaM-induced slow 

inactivation with a predicted weakening of the Nav1.5-CaM interaction [2]. A similar 

mechanism has been described in patients with the Long QT Syndrome Type 3 and 

BrS-causing Nav1.5-R1919C mutation [4]. It should be noted that the Nav1.5-R1919C 

corresponds to the Nav1.8-R1869C (Fig. 1). We showed that the Nav1.8-R1869C mutation 

associated with AF and BrS abrogated the effects of CaM on the channel, and CaM failed 

to hyperpolarize inactivation of the channel. In addition, a second AF-linked mutation at 

the same position R1869 (Nav1.8-R1869G) generated a more severe phenotype with almost 

complete disruption of CaM-induced enhancement of inactivation (Fig. 4). Like Nav1.8-

R1869, Nav1.8-R1863 is a highly conserved arginine in the IQ domain across the sodium 

channel family (Fig. 1), and these conserved positive residues have been proposed to couple 

with negative residues of CaM to form charge-charge interaction stabilizing CaM binding to 

the IQ domain [4,9]. We showed that Nav1.8-R1863Q exhibited a reduced hyperpolarization 

shift mediated by CaM (Fig. 4K), which might be caused by the uncoupling of this charge-

charge interaction, and this equivalent position mutation in Nav1.2 (R1918H) was identified 

in a patient with febrile seizures and epilepsy [7].

Under physiological condition, CaM binding enhances slow inactivation of the cardiac 

sodium channel [1]. Perturbation of this gating process caused by cardiac sodium channel 

mutations generally reduce the channel availability [2]. As the cardiac sodium channel 

availability is crucial for the normal electrical activity of cardiomyocytes, gating defects can 

give rise to abnormal APD and increased susceptibility to arrhythmias. Previous studies have 

demonstrated that Nav1.8 directly regulates cardiac conduction. In the current study, the 

mutations associated with BrS and AF destabilized the interaction of CaM with the channel 

IQ domain, attenuating CaM-mediated slow inactivation, and potentially limit the propensity 

for transient changes in intracellular CaM to trigger cardiac arrhythmias.

In summary, we showed that CaM interaction with the IQ domain of the Nav1.8 channel 

plays an important role in controlling channel availability. Destabilization of the interaction 

between CaM and Nav1.8 channel by pathologic mutations may be proarrhythmic and give 

rise to the electrophysiologic substrates underlying cardiac arrhythmias.
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Fig. 1. Nav1.8 mutations in the IQ domain associated with Brugada syndrome (BrS) and atrial 
fibrillation (AF).
(A) A schematic representation showing the structure of the Nav1.8 channel. Pathogenic 

mutations are highlighted in yellow, the N- and C-terminus of the channel are shown with 

the IQ domain in black. (B) Alignment of voltage-gated sodium channel family IQ domain.
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Fig. 2. Effects of CaM on steady-state inactivation of the Nav1.8 channel.
(A) Two pulse protocol is used to measure steady-state inactivation, exemplar wild-type 

(WT) Nav1.8 sodium currents without (left panel, black traces) and with CaM (10 μM; 

right panel, blue traces). Currents were elicited to −10 mV following prepulses ranging 

between −140 and 0 mV in 5 mV steps for 500 m s. (B) Steady-state activation and 

inactivation curves of Nav1.8 sodium currents in the presence or absence of CaM. Curves 

are Boltzmann fits of the data points. (n = 8 cells; data are presented as the means ± SEM). 

(C) Development of inactivation for Nav1.8 sodium currents in the presence or absence of 

CaM was assessed by varying the duration of a conditioning pulse P1 (5–2000 m s) to −10 

mV followed by a return to −120 mV for 20 m s followed by a 100 m s test pulse P2 to 

−10 mV. (D) Recovery of inactivation for Nav1.8 sodium currents in the presence or absence 

of CaM was assessed using insert protocol with a first pulse duration of 1000 m s (P1) and 

a second pulse of 200 m s (P2) to 10 mV with varying rest intervals from 5 to 2000 ms at 

−120 mV. Curves in (C) and (D) are exponential function fits of the data points, n = 8 cells 

in each group. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the Web version of this article.)
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Fig. 3. CaM modulated Nav1.8 channel gating through the IQ domain.
(A) Schematic representation of wild-type (WT) Nav1.8, IQ mutation (IQ/AA), and C-

terminus truncations (S1835stop and G1893stop) of the Nav1.8 channel. (B-E) Steady-state 

inactivation curves of WT Nav1.8 (B) and mutated Nav1.8 channels IQ/AA (C), S1835stop 

(D) and G1893stop (E) in the absence (black trace) and presence of CaM (blue trace; n = 6–7 

cells in each group). Curves are Boltzmann fits of the data points. (F) Summary of V 1/2 of 

steady-state inactivation for WT and mutated Nav1.8 channels in the presence or absence of 

CaM. V 1/2 s are assessed by Boltzmann fits from (B-E). (*P < 0.05; ns, not significant). (G) 
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Shifts of V 1/2 ΔV 1/2) of inactivation produced by CaM in WT and mutated Nav1.8 channels. 

ΔV 1/2 are assessed from (F) (*P < 0.05). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The AF and BrS-linked mutations affect CaM regulation of steady-state inactivation of 
Nav1.8 channel.
(A-I) Two pulse protocol is used to measure steady-state inactivation, exemplar R1863Q 

(A), R1863Q + CaM (B), R1869C (D), R1869C + CaM (E), R1869G (G), and R1869G + 

CaM (H). (C) Steady-state inactivation of R1863Q and R1863Q + CaM. (F) Steady-state 

inactivation of R1869C and R1869C + CaM. (I) Steady-state inactivation of R1869G and 

R1869G + CaM. The dashed lines represent WT Nav1.8 (black dash curve) and WT Nav1.8 

+ CaM (blue dash curve) in the panel (C), (F), and (I). n = 7–9 cells in each group. Curves 

are Boltzmann fits of the data points. (J) Summary of V 1/2 of steady-state inactivation for 

Nav1.8 mutations in the presence or absence of CaM. (*P < 0.05; ns, not significant). (K) 
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Shifts of V 1/2 of inactivation(ΔV 1/2) generated by CaM in WT and mutated Nav1.8 channels. 

ΔV 1/2 are assessed from (J) (*P < 0.05). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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