
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Diversity and complexity of cardiac sodium channel (dys)function
Relevance for arrhythmias in inherited and acquired diseases
Rivaud, M.

Publication date
2018
Document Version
Other version
License
Other

Link to publication

Citation for published version (APA):
Rivaud, M. (2018). Diversity and complexity of cardiac sodium channel (dys)function:
Relevance for arrhythmias in inherited and acquired diseases. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/diversity-and-complexity-of-cardiac-sodium-channel-dysfunction(f85b2bdc-4f35-455a-a71f-ee560db3aaa3).html


  

Chapter 3 

 

 

Enhanced late sodium current underlies pro-arrhythmic 

intracellular sodium and calcium dysregulation in murine 

sodium channelopathy 

 

 

 

Mathilde R. Rivaud*, Antonius Baartscheer*, Arie O. Verkerk, Leander 

Beekman, Sridharan Rajamani, Luiz Belardinelli, Connie R. Bezzina, 

Carol Ann Remme 

* these authors contributed equally 

 

 

 

 

 

 

 

International Journal of Cardiology, 2018, in press 



Chapter 3 

46 

Abstract 

Background: Long QT syndrome mutations in the SCN5A gene are associated with 

an enhanced late sodium current (INa,L) which may lead to pro-arrhythmic action 

potential prolongation and intracellular calcium dysregulation. We here 

investigated the dynamic relation between INa,L, intracellular sodium ([Na
+
]i) and 

calcium ([Ca
2+

]i) homeostasis and pro-arrhythmic events in the setting of a SCN5A 

mutation.. 

 

Methods and results: Wild-type (WT) and Scn5a
1798insD/+

 (MUT) mice (age 3-5 

months) carrying the murine homolog of the SCN5A-1795insD mutation on two 

distinct genetic backgrounds (FVB/N and 129P2) were studied. [Na
+
]i, [Ca

2+
]i and 

Ca
2+

 transient amplitude were significantly increased in 129P2-MUT myocytes as 

compared to WT, but not in FVB/N-MUT. Accordingly, INa,L was significantly 

more enhanced in 129P2-MUT than in FVB/N-MUT myocytes, consistent with a 

dose-dependent correlation. Quantitative RT-PCR analysis revealed intrinsic 

differences in mRNA expression levels of the sodium/potassium pump, the 

sodium/hydrogen exchanger, and sodium-calcium exchanger between the two 

mouse strains. The rate of increase in [Na
+
]i, [Ca

2+
]i and Ca

2+
 transient amplitude 

following the application of the Na
+
/K

+
-ATPase inhibitor ouabain was significantly 

greater in 129P2-MUT than in 129P2-WT myocytes and was normalized by the 

INa,L inhibitor ranolazine. Furthermore, ranolazine decreased the incidence of pro-

arrhythmic calcium after-transients elicited in 129P2-MUT myocytes. 

 

Conclusions: In this study we established a causal link between the magnitude of 

INa,L, extent of Na
+
 and Ca

2+
 dysregulation, and incidence of pro-arrhythmic events 

in murine Scn5a
1798insD/+

 myocytes. Furthermore, our findings provide mechanistic 

insight into the anti-arrhythmic potential of pharmacological inhibition of INa,L in 

patients with LQT3 syndrome. 
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Introduction 

Gain-of-function mutations in SCN5A, the gene encoding the alpha subunit of the 

cardiac sodium channel, cause increased late sodium current (INa,L) which prolongs 

the action potential (AP). This is thought to underlie arrhythmic events in LQT3 

patients.
1
 In addition to AP prolongation, enhanced INa,L may also increase 

intracellular sodium ([Na
+
]i) concentration, and consequently cytosolic calcium 

([Ca
2+

]i) levels due to a decrease of forward and increase of reverse mode of the 

sodium-calcium exchanger.
2–5

 Increased [Ca
2+

]i may in turn trigger calcium-

dependent pro-arrhythmic events and furthermore activate calcium-dependent 

signaling pathways within the cardiomyocyte, including pro-hypertrophic 

pathways.
4,6

 In this respect, we have previously shown that attenuation of the 

increase in [Na
+
]i normally seen in failing hearts can prevent and regress 

development of heart failure.
7,8

 Understanding sodium and calcium dysregulation 

secondary to increased INa,L is clinically relevant when considering anti-arrhythmic 

therapeutic options aimed at preventing both direct pro-arrhythmic effects and 

possible long term cardiomyopathic remodeling. Previous studies have 

demonstrated increased sarcoplasmic reticulum Ca
2+ 

load in addition to 

spontaneous diastolic Ca
2+ 

transients in isolated cardiomyocytes from mice 

carrying the LQT3 mutation Scn5a-deltaKPQ.
9,10

 However, a detailed investigation 

of the dynamic relation between INa,L, [Na
+
]i and [Ca

2+
]i homeostasis and pro-

arrhythmic events in the setting of a SCN5A mutation has yet to be performed. 

We have previously generated and characterized two mouse models of 

distinct genetic backgrounds (FVB/N and 129P2), both carrying the mouse 

homolog (Scn5a
1798insD/+

) of the human SCN5A-1795insD mutation. At the level of 

cardiomyocytes, the mutation leads to an increase in INa,L and decrease in peak 

INa.
11–13

 Clinically, this is associated with an overlap syndrome comprising features 

of LQT3, Brugada syndrome, and cardiac conduction disease, with significant 

variability in disease severity among mutation carriers.
14

 We here employed these 

Scn5a
1798insD/+

 murine models to investigate: i) whether the Scn5a
1798insD/+

 mutation 

is associated with [Na
+
]i and [Ca

2+
]i dysregulation; ii) the impact of genetic 

background on the magnitude of INa,L and [Na
+
]i and [Ca

2+
]i  dysregulation; iii) the 

causal and dynamic relation between INa,L and [Na
+
]i and [Ca

2+
]i dysregulation, and 

iv) the therapeutic potential of inhibiting INa,L to prevent calcium-dependent pro-

arrhythmic events. 
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Methods 

Generation of Scn5a
1798insD/+

 mice 

Heterozygous Scn5a-1798insD (Scn5a
1798insD/+

) mice were generated utilizing 

Cre/loxP-mediated gene targeting as previously described.
12

 Gene targeting was 

carried out in E14IB10 embryonic stem cells (derived from 129P2/OlaHsd). 

Scn5a
1798insD/+

 embryonic stem cells were injected into C57BL/6J blastocysts to 

generate chimeras. Male chimeras were crossed with 129P2/OlaHsd females to 

give F1 129P2-Scn5a
1798insD/+

 heterozygous offspring; this line was maintained by 

backcrossing 129P2-Scn5a
1798insD/+

 mice with 129P2/OlaHsd mice that were 

purchased from Harlan. 129P2-Scn5a
1798insD/+

 mice were outcrossed with wild-type 

FVB/N mice (purchased from Charles River Laboratories) for ≥ 10 generations, 

establishing a second line on the FVB/N background. Mice were genotyped as 

described previously.
12

 All experiments were performed on adult (3 to 5 months 

old) FVB/N-Scn5a
1798insD/+ 

or 129P2-Scn5a
1798insD/+ 

mice with their wild-type 

littermates as control, and were in accordance with governmental and institutional 

guidelines for animal use in research. 

 

Cardiomyocyte isolation  

Left ventricular cardiomyocytes were isolated as described previously.
15

 In short, 

hearts were perfused for 5 minutes in a Langendorff system with a HEPES 

buffered solution (37 ºC) containing (in mmol/l): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 

MgCl2, 5.5 glucose, 5 HEPES; pH 7.4 (NaOH). This was followed by 8 minutes of 

perfusion with the same solution in which the calcium concentration was lowered 

to 10 µmol/l and 10 minutes of perfusion with this low calcium concentration to 

which Liberase Blendzyme type 4 (Roche; 0.05 mg/ml) and trypsin (Boehringer, 1 

µl/ml of 2.5% solution) were added. Digested tissue was gently triturated in low 

calcium enzyme solution and isolated cells were washed twice with low calcium 

solution and twice in HEPES solution with 1.8 mmol/l calcium, both supplemented 

with bovine serum albumin (BSA, 10 mg/ml). 

 

Intracellular calcium and sodium measurements 

[Na
+
]i and [Ca

2+
]i concentrations were measured in HEPES solution (see above) 

without albumin in isolated myocytes (1-8 Hz field stimulation) using  the 

fluorescent probes SBFI or  Indo-1, respectively, as described previously.
16

 

Calcium after-transients were elicited in myocytes stimulated at 6 Hz followed by a 

10 s period of 8 Hz pacing after which stimulation was stopped and spontaneous 

activity was recorded for 10 seconds in the absence and presence of 100 nmol/l 

noradrenaline.
17

 The activity of the Na
+
/K

+
-pump and Na

+
/H

+
-exchanger was 

inhibited with by 100 μmol/l ouabain (Sigma 03125-1G) and 10 μmol/l cariporide 

(compound provided by Sanofi-Aventis) respectively. INa,L was inhibited by 10 
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μmol/l ranolazine (compound provided by Gilead Sciences). For every 

experimental condition, fluorescence measurements were obtained in 3 to 5 

myocytes per heart. 

 

Quantitative PCR Assay and analysis 

Total RNA was isolated from micro-dissected left ventricular tissue from wild-type 

and Scn5a
1798insD/+

 hearts of the FVB/N and 129P2 strains using Trizol (Ambion, 

Life Technologies). 250 µg of RNA was used as template for reverse transcription 

using the Reverse Transcriptase-SuperScript II kit (Invitrogen, Life technologies). 

Real time RT-PCR was carried out in a Light Cycler apparatus (Roche) using 

SYBR Green and appropriate primers. The data was analysed with the LinReg 

program.
18

 

Hprt-forward (reference) 5’_CTTTCCCTGGTTAAGCAGTACAG_3’ 

Hprt-reverse (reference) 5’_GTCAAGGGCATATCCAACAACAAAC_3’ 

Atp1a1-forward 5’_GGCAGCCCTTAGGATGTATCC_3’ 

Atp1a1-reverse 5’_GTAGGTTTCCTTCTCCACCCAG_3’ 

Atp1a2-forward 5’_CCTACTTTGTGATACTGGCAGAG_3’ 

Atp1a2-reverse 5’_CATGTGAACTCCACCACCTTCC_3’ 

Atp2a2-forward 5’_TCCATCTGCTTGTCCATGTCAC_3’ 

Atp2a2-reverse 5’_GGAGCAGGAAGATTTGGTGGC_3’ 

Casq2-forward 5’_GAGAAGACTTTCAAGATTGACCTG_3’ 

Casq2-reverse 5’_AAAGCACATCTTCAATCCAGTCTTC_3’ 

Pln-forward 5’_GCTAAGCTCCCATAAGACTTCATAC_3’ 

Pln-reverse 5’_CGAGCGAGTGAGGTATTGCAC_3’ 

Ryr2-forward 5’_GATGAAACAGAACACACAGGACAG_3’ 

Ryr2-reverse 5’_GGAAACAGTCCCCTGCTGG_3’ 

Slc8a1-forward 5’_CCAACAGCTGGAGAGAGCAG_3’ 

Slc8a1-reverse 5’_GTAATCAAAACAGGAGGGCAGC_3’ 

Slc9a1-forward 5’_CCGGCAGCTGGAGCAGAAG_3’ 

Slc9a1-reverse 5’_GAGGAGTTGAAGGGCAAGGTC_3 

 

Late sodium current measurements 

Data acquisition. Currents were recorded in the whole-cell configuration of the 

patch-clamp technique using patch pipettes (1-3 M, borosilicate glass). Signals 

for INa,L  were low-pass filtered with a cut-off frequency of 5 kHz and digitized at 

5-10 kHz (Axopatch 200B Amplifier, Molecular Devices). Series resistance was 

compensated by ≥75%. For voltage control, data acquisition, and analysis, custom-

made software was used.  

Late sodium current properties. INa,L was measured at 37ºC as 30 µM 

tetrodotoxin (TTX)-sensitive current during a descending voltage ramp protocol 

(Figure 1, inset E). The bath solution contained (in mmol/l) 130 NaCl, 10 CsCl, 1.8 

CaCl2, 1.2 MgCl2, 11.0 glucose, 5.0 HEPES, and 5 µM nifedipine; pH 7.4 (CsOH). 

The pipette solution contained (in mmol/l): 3.0 NaCl, 133 CsCl, 2.0 MgCl2, 2.0 

Na2ATP, 2.0 TEACl, 10 EGTA, 5.0 HEPES; pH 7.3 (CsOH). 
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Statistical analysis 

Data are presented as mean ± SEM. Differences between groups were analysed by 

unpaired Student’s t-test, nonparametric test, or paired or repeated measures 

ANOVA followed by LSD posthoc testing as appropriate. The level of statistical 

significance was set to p<0.05, unless otherwise mentioned. 
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Results 

The Scn5a
1798insD/+

 mutation leads to intracellular sodium and calcium 

dysregulation 

As previously described,
13

 adult (3-5 month-old) wild-type (WT) and 

Scn5a
1798insD/+

 (MUT) mice of both strains are viable and MUT mice present with 

conduction and repolarization abnormalities (in the absence of cardiac structural 

abnormalities), which are more severe in the 129P2 strain. We here first 

investigated intracellular sodium and calcium homeostasis in single myocytes 

isolated from adult WT and MUT mice of the FVB/N and 129P2 strains. In 

FVB/N-MUT, myocytes stimulated at 1 to 8 Hz showed similar [Na
+
]i compared to 

FVB/N-WT (p=0.185), a tendency towards higher diastolic [Ca
2+

]i (p=0.057) and 

significantly increased calcium transient amplitudes (p=0.039) as compared to 

FVB/N-WT (Figure 1A-D). All these parameters were higher in 129P2-WT 

compared to FVB/N-WT and FVB/N-MUT myocytes and further increased in 

129P2-MUT myocytes, especially at faster stimulation rates (Figure 1A-D). Thus, 

the Scn5a
1798insD/+

 mutation alters intracellular sodium and calcium homeostasis, 

with genetic background determining the magnitude of [Na
+
]i and [Ca

2+
]i 

dysregulation.  

 

Genetic background determines magnitude of INa,L and expression levels of 

sodium/calcium handling genes 

We have previously demonstrated an increased INa,L secondary to the 

Scn5a
1798insD/+

 mutation in the FVB/N strain.
12

 We here hypothesized that the 

larger mutation-induced increase in [Na
+
]i and [Ca

2+
]i observed in 129P2 mice is 

secondary to a larger INa,L in this strain. We therefore compared the magnitude of 

INa,L in isolated ventricular WT and MUT cardiomyocytes of both strains using a 

 

 

Figure 1. Strain-dependent intracellular sodium ([Na+]i) and calcium ([Ca2+]i) 

abnormalities secondary to the Scn5a1798insD/+ mutation correlates with magnitude of late 

sodium current.  
(A) Increased [Na+]i in left ventricular (LV) myocytes from 129P2-MUT as compared to 129P2-

WT, FVB/N-WT and FVB/N-MUT. (B) Representative examples of Ca2+ transients in LV 

myocytes. (C, D) Increased diastolic [Ca2+]i
  and Ca2+ transient amplitude in LV myocytes from 

129P2-MUT as compared to 129P2-WT, FVB/N-WT and FVB/N-MUT. (E) Representative 

example of INa,L measurements by ramp protocol. (F) Average current-voltage relationships for 

TTX-sensitive INa,L in LV cardiomyocytes from WT and MUT mice of the FVB/N and 129P2 

strains. (G) Increased average TTX-sensitive INa,L in MUT cardiomyocytes as compared to WT 

and larger TTX-sensitive INa,L in 129P2 cardiomyocytes as compared to FVB/N, measured at a 

holding potential of -40mV. #p<0,05 (as assessed by paired ANOVA and LSD posthoc testing). 

(H) Relationship between INa,L (at -40mV) and [Na+]i (at 6Hz) (I) Relationship between [Na+]i 

and [Ca2+]i at 6Hz. * p<0.05 129P2-WT vs 129P2-MUT, † p<0.05 129P2-MUT vs FVB/N-

MUT, ‡ p<0.05 129P2-WT vs FVB/N-WT, § p<0.05 FVB/N-MUT vs FVB/N-WT (as assessed 

by repeated measures ANOVA and LSD posthoc testing). 
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Figure 2. Strain specific expression of Na+ and Ca2+ handling genes. 
(A) No differences in mRNA expression levels (relative to the reference gene Hprt) of SERCA 

pump (Atp2a2), calsequestrin (Casq2), phospholamban (Pln) and ryanodine receptor (Ryr2) in 

LV tissue of FVB/N and 129P2 mice. (B) Differences in mRNA expression levels (relative to the 

reference gene Hprt) of Na+-K+ ATPase (Atp1a1 and Atp1a2), Na+-H+ exchanger (Slc9a1) and 

Na+-Ca2+ exchanger (Slc8a1) in LV tissue of 129P2 mice as compared to FVB/N mice. *p<0.05 

(as assessed by 2-way ANOVA and LSD posthoc testing). 

 

 

descending ramp protocol (Figure 1E). INa,L was significantly larger (approximately 

2-fold) in 129P2-MUT compared to FVB/N-MUT myocytes (Figure 1F-G), despite 

the fact that the magnitude of peak INa reduction due to the mutation was 

previously shown to be similar between MUT mice of both strains (~50% 

reduction in FVB/N-MUT and 129P2-MUT versus WT).
13

 A gradation was 

observed in the magnitude of INa,L across the 4 groups of mice, with FVB/N-WT 

having the smallest, and 129P2-MUT displaying the largest INa,L. Indeed, 

significant correlations between the magnitude of INa,L and [Na
+
]i (R

2
=0,95; Figure 

1H) and between [Na
+
]i and [Ca

2+
]i (R

2
=0,95; Figure 1I) were observed. 

In addition to INa,L magnitude, intrinsic differences in sodium and calcium 

homeostasis between the two mouse strains may contribute to the observed 

variability in sodium and calcium dysregulation. We previously reported no 

differences in Scn5a mRNA or NaV1.5 protein levels between the strains.
13

 We 

now also measured mRNA expression levels (using quantitative RT-PCR) of 

sodium and calcium pumps and exchangers in ventricular tissue from WT and 
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MUT mice of both strains. No significant differences were observed for the 

sarcolemmal genes encoding the sarcoplasmic/endoplasmic reticulum calcium 

ATPase (SERCA) pump (Atp2a2), calsequestrin (Casq2), phospholamban (Pln) 

and the ryanodine receptor (Ryr2) between the strains (Figure 2A). On the other 

hand, genes encoding two isoforms of the  subunit of the sodium/potassium pump 

(Na
+
/K

+
-ATPase), responsible for active extrusion of Na

+
 ions from the cell 

(Atp1a1 and Atp1a2)
19

, and the sodium-hydrogen exchanger, transporting Na
+ 

into 

the cell in exchange for H
+
 (Na

+
-H

+
 exchanger, gene Slc9a1),

20
 were significantly 

reduced in 129P2 as compared to FVB/N mice (Figure 2B). As well, 129P2 hearts 

displayed increased expression of the sodium-calcium exchanger (Na
+
-Ca

2+
 

exchanger, gene Slc8a1, Figure 2B), which transports 3 Na
+
 into the cell for 1 Ca

2+
 

out, but may function in the opposite direction during the plateau phase of the 

action potential when [Na
+
]i is increased.

2
 These findings suggest that the observed 

intracellular sodium and calcium overload in 129P2-MUT myocytes is likely due 

to the larger INa,L and may be modulated by differential expression of 

sodium/calcium handling genes intrinsic to this particular strain. 

 

INa,L inhibition by ranolazine normalizes [Na
+
]i and [Ca

2+
]i in 129P2-

Scn5a
1798insD/+ 

cardiomyocytes 

We next explored the relation between INa,L and [Na
+
]i and [Ca

2+
]i dysregulation in 

the mouse strain displaying significant alterations in [Na
+
]i and [Ca

2+
]i homeostasis 

(i.e. 129P2). To investigate this, we assessed the increase of [Na
+
]i, [Ca

2+
]i and 

calcium transient amplitudes in stimulated myocytes following inhibition of the 

Na
+
/K

+
-pump and Na

+
/H

+
-exchanger with ouabain and cariporide, respectively. 

The rate of increase of [Na
+
]i was significantly faster in 129P2-MUT myocytes 

compared to 129P2-WT myocytes, as indicated by a steeper slope (Figure 3A-B). 

This increased Na
+
-influx may subsequently increase Ca

2+
-influx through increased 

reverse mode and decreased forward mode of the Na
+
-Ca

2+
 exchanger. Indeed, the 

rate of increase in [Ca
2+

]i and calcium transient amplitude following ouabain-

cariporide exposure was significantly faster in 129P2-MUT myocytes as compared 

to 129P2-WT myocytes (Figure 3C-F). The INa,L blocker ranolazine (10 μmol/l) 

normalized both the rate of increase of [Na
+
]i, [Ca

2+
]i and calcium transient 

amplitude in 129P2-MUT myocytes to WT values (Figure 3A-F). In addition, 

ranolazine also restored steady-state [Na
+
]i, diastolic [Ca

2+
]i and calcium transient 

amplitude to WT values (Figure 3G-I). These data indicate a causal relationship 

between increased INa,L, enhanced sodium and calcium influx and consequent 

intracellular sodium and calcium dysregulation. 
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Figure 3. INa,L in Scn5a1798insD/+ leads to increased Na+ and Ca2+ influx and Ranolazine 

restores [Na+]i and [Ca2+]i levels in Scn5a1798insD/+ cardiomyocytes to wild-type levels.  
The increase in [Na+]i (A), diastolic [Ca2+]i

 (C) and Ca2+ transient amplitude (E) following 

inhibition of the Na+/K+-ATPase by 100 μmol/l ouabain and the Na+/H+-exchanger by 10 μmol/l 

cariporide, is significantly larger in 129P2-MUT as compared to WT, and is normalized by the 

INa.L blocker ranolazine. The slope of increase in [Na+]i (B), diastolic [Ca2+]i
 (D) and Ca2+ 

transient amplitude (F) following inhibition of the Na+/K+-ATPase by 100 μmol/l ouabain and 

the Na+/H+-exchanger by 10 μmol/l cariporide, is significantly increased in 129P2-MUT as 

compared to WT, and is normalized by ranolazine. *p<0.05 129P2-WT vs 129P2-MUT, †p<0.05 

129P2-MUT vs FVB/N-MUT (as assessed by repeated measures ANOVA and LSD posthoc 

testing).129P2-MUT myocytes displayed significantly increased [Na+]i (G), [Ca2+]i (H), and Ca2+ 

transient amplitude (I) as compared to WT, which was prevented by the INa,L blocker ranolazine 

(10 μmol/l; n=9 for every group). *p<0.05 (as assessed by paired ANOVA and LSD posthoc 

testing). 

 

 

Sodium and calcium dysregulation in Scn5a
1798insD/+ 

myocytes has pro-arrhythmic 

consequences which is reduced by INa,L inhibition 

We then investigated if the observed sodium and calcium dysregulation in 

Scn5a
1798insD/+ 

myocytes resulted in an increased incidence of calcium after-

transients. These transients, if of high enough amplitude, may underlie 

arrhythmogenic delayed after-depolarizations capable of triggering an action 

potential (AP). Calcium after-transients were elicited by fast pacing at 8 Hz in 

presence and absence of β-adrenoceptor stimulation with 100 nmol/l noradrenaline. 

Calcium after-transients with a slow slope and low amplitude (likely not capable of 

triggering an AP, NT) and with a fast slope and high amplitude (likely AP 

triggering, T) were observed in 129P2-WT and 129P2-MUT myocytes (Figure 4A-

B). The number of AP triggering after-transients (in the presence of 100 nmol/l 

noradrenaline) was significantly increased in 129P2-MUT myocytes as compared 

to 129P2-WT (Figure 4C red bars). Ranolazine significantly reduced the incidence 

of AP triggering after-transients in 129P2-MUT (Figure 4C, black bars), indicating 

a contributing role of INa,L to these pro-arrhythmic events. 

 

Discussion 

Our results show a causal relation between enhanced INa,L and pro-arrhythmic 

increase in sodium and calcium concentrations in murine Scn5a
1798insD/+ 

cardiomyocytes. We show genetic background-dependent alterations in 

intracellular sodium and calcium homeostasis secondary to the same Scn5a 

mutation, with mice of the 129P2 strain being more affected than FVB/N mice. We 

demonstrate a gradation in INa,L magnitude between the strains, with the 129P2-

MUT displaying the largest increase, as well as differential expression of Na
+
 and 

Ca
2+

 handling genes between strains. Furthermore, our findings indicate a causal 

role for enhanced INa,L in intracellular sodium and calcium homeostatic 
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Figure 4. INa,L inhibition reduces the incidence of calcium-dependent after-transients in 

Scn5a1798insD/+ myocytes.  
Typical examples of spontaneous calcium after-transients following cessation of rapid pacing 

(RP: 8Hz) in 129P2-WT (A) and 129P2-MUT (B) myocytes, before and after the administration 

of INa,L blocker ranolazine (10 μmol/l) and/or noradrenaline (100 nmol/l). (C) Average number of 

non-triggering (NT) and triggering (T) after-transients in absence or presence of noradrenaline 

(100 nmol/l) and/or ranolazine (10 μmol/l) in 129P2-WT and MUT myocytes, showing increased 

number of triggered after-transients in 129P2-MUT myocytes prevented by the INa,L blocker 

ranolazine. * p<0.05 WT with noradrenaline vs MUT with noradrenaline, † p<0.05 NT vs. T in 

MUT with noradrenaline, ‡ p<0.05 MUT without ranolazine vs. MUT with ranolazine (as 

assessed by 4-way ANOVA and LSD posthoc testing).  

 

 

we provide mechanistic insight into pro-arrhythmic consequences of enhanced INa,L 

secondary to inherited sodium channelopathy and demonstrate a potential 

therapeutic benefit of inhibition of INa,L. 

 

INa,L mediates ionic dysregulation in Scn5a
1798insD/+ 

myocytes 

Using our well-established Scn5a
1798insD/+

 mouse models, we here provide 

unequivocal functional evidence for abnormal intracellular sodium and calcium 

homeostasis secondary to enhanced INa,L in the setting of inherited sodium 

channelopathy. Supportive of this hypothesis is the observation of a dose-

dependent relation between INa,L, [Na
+
]i, and [Ca

2+
]i in the two mouse strains. The 

magnitude of physiological INa,L in wild-type mice is small (~0,5% of peak INa
21

). 

In contrast, INa,L represents ~7% of peak INa in 129P2-Scn5a
1798insD/+

 

cardiomyocytes. The impact of increased INa,L in 129P2-Scn5a
1798insD/+

 may be 

significant because INa,L remains active throughout the entire action potential, 

leading to substantial influx of Na
+
. Indeed, following ouabain, a cardiac glycoside 

which inhibits plasma membrane Na
+
/K

+
-ATPase and prevents active transport of 

Na
+
 out of the cell, 129P2-Scn5a

1798insD/+
 myocytes displayed a higher rate of Na

+
 

influx as compared to wild-type. In addition, steady-state [Na
+
]i levels were 

significantly increased secondary to the mutation. An increased [Na
+
]i  results in 

less forward mode and more reversed mode of the Na
+
/Ca

2+
-exchanger. The 

consequent decrease in Ca
2+

-efflux leads to an increase of [Ca
2+

]i until the Ca
2+

-

efflux of the exchanger equals the influx of Ca
2+

, ultimately leading to a new 

steady-state situation with increased [Na
+
]i  and [Ca

2+
]i. Accordingly, influx of Ca

2+
 

following ouabain was faster in 129P2-Scn5a
1798insD/+

 cardiomyocytes, and steady-

state diastolic [Ca
2+

]i and
 
calcium

 
transient amplitude were significantly increased. 

These alterations in [Na
+
]i and [Ca

2+
]i and their faster influx following ouabain 

were prevented by ranolazine confirming the role of INa,L in mediating these ionic 

derangements in the setting of the mutation. Consistent with the above, Kornyeyv 

et al. previously showed that pharmacological INa,L enhancement with Anemonia 
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sulcata toxin II (ATX-II) in rabbit cardiomyocytes led to increased [Na
+
]i and 

[Ca
2+

]i.
5
 

 

Impact of genetic background on magnitude of INa,L and ionic dysregulation 

Our observations in the two separate mouse strains provide evidence for a 

modulatory role of genetic background at the cellular level, affecting both the 

magnitude of INa,L and [Na
+
]i and [Ca

2+
]i homeostasis. Interestingly, significant 

differences in [Na
+
]i, [Ca

2+
]i and calcium transients already exist between wild-type 

cardiomyocytes of both strains. While the greater levels of INa,L observed in wild-

type 129P2 myocytes is likely to contribute to these ionic differences, other strain-

dependent (genetic) differences in ionic homeostasis may also be relevant. No 

differences in ventricular expression of the genes encoding the SERCA pump, 

phospholamban, calsequestrin and ryanodine receptor were observed between 

129P2 and FVB/N mice. However, 129P2 mice showed lower ventricular mRNA 

expression of subunits of the Na
+
/K

+
-ATPase pump (Atp1a1 and Atp1a2) and the 

Na
+
-H

+
 exchanger (Slc9a1) and a higher expression of the Na

+
-Ca

2+
 exchanger 

(Slc8a1) as compared to FVB/N. While a lower Na
+
-H

+
 exchanger activity would 

result in a decrease of [Na
+
]i and [Ca

2+
]i

22
, the decreased Na

+
/K

+
-ATPase pump 

expression in 129P2 mice may contribute to the elevated levels of [Na
+
]i in this 

strain. Indeed, a decreased Na
+
/K

+
-ATPase pump expression/activity should 

exacerbate the rise in [Na
+
]i.

23
 The functional consequences of the increased Slc8a1 

expression in 129P2 mice are more difficult to predict because Na
+
-Ca

2+
 exchanger 

activity and forward or reverse mode depends on both [Na
+
]i and [Ca

2+
]i (see 

above). Although the strain-dependent differences in expression levels of these 

exchangers were similar in wild-type and Scn5a
1798insD/+

 mice, they may be of 

distinct functional relevance for ionic homeostasis in the setting of the mutation 

and hence may have contributed to the more severe ionic dysregulation in 129P2 

mice. More importantly, INa,L was significantly larger in wild-type cardiomyocytes 

from 129P2 as compared to FVB/N mice, and highest in 129P2-Scn5a
1798insD/+

 

myocytes. Several functional and genetic factors may be relevant here. We have 

previously demonstrated significant differences between these strains in expression 

levels of beta subunits which have been associated with enhanced INa,L.
13,24,25

 

While speculative, genetic differences in expression of these accessory subunits 

could contribute to the intrinsic strain-dependent variability in INa,L magnitude, in 

addition to other (as yet unknown) differences in Nav1.5 interacting proteins and 

regulatory pathways. Independent of the underlying cause, the differences in INa,L 

magnitude between strains may explain, at least in part, our previous results 

demonstrating a more pronounced AP prolongation in Scn5a
1798insD/+

 myocytes 

from 129P2 versus FVB/N.
13

 Moreover, these observations are in line with the 

variability in disease expressivity and severity observed within the SCN5A-
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1795insD family pedigree.
14

 Similar to the Scn5a
1798insD/+ 

mouse model, genetic 

variation within the large SCN5A-1795insD family would be expected to contribute 

to divergent ion homeostasis and subsequent pro-arrhythmic phenotypes.
26

 Hence, 

further elucidation of these genetic modifiers, both protective and detrimental, is 

essential for improving risk stratification and patient management. 

 

Pro-arrhythmic consequences of calcium dysregulation in Scn5a
1798insD/+ 

cardiomyocytes 

In 129P2-Scn5a
1798insD/+

 myocytes, we observed an increase in incidence of pause-

dependent spontaneous calcium releases or leaks from the sarcoplasmic reticulum 

(SR) (observed as after-transients) following rapid pacing. Similarly, the increase 

in diastolic [Ca
2+

]i in mutant cells was more pronounced at higher pacing 

frequencies. Calcium after-transients were frequently observed in the presence of 

noradrenaline, which is known to further increase [Ca
2+

]i as a result of increased 

calcium entry through L-type Ca
2+

 channels
27,28

 and activation of the SERCA 

pump resulting in an increase of the SR calcium content. In this respect it is known 

that the open probability of the ryanodine channels is increased by both cytosolic 

calcium and SR-calcium.
17

 Hence, intracellular calcium overload sets the stage for 

spontaneous calcium leaks from the SR. The latter are capable of generating 

calcium-dependent depolarizations large enough to trigger action potentials known 

to be pro-arrhythmic.
9
 Thus, apart from AP prolongation, intracellular calcium 

dysregulation secondary to enhanced INa,L may be an important contributing factor 

underlying the pro-arrhythmic phenotype in LQT3. 

 

Blocking INa,L: anti-arrhythmic therapy for LQT3 patients? 

The enhanced influx of sodium and consequent calcium dysregulation and pro-

arrhythmic after-transients in 129P2-Scn5a
1798insD/+

 cardiomyocytes were reduced 

by the INa,L blocker ranolazine. Similarly, Lindegger et al.
10

 showed that ranolazine 

decreased abnormal Ca
2+

 content in the sarcoplasmic reticulum and spontaneous 

diastolic SR Ca
2+

 release in cardiomyocytes of mice carrying the Scn5a-KPQ 

mutation. These observations not only provide mechanistic proof of the causal 

involvement of enhanced INa,L, but also further strengthen the anti-arrhythmic 

potential of inhibition of INa,L in LQT3.
29

 Nevertheless, clinical studies are limited 

and have so far focused primarily on the effects of INa,L inhibition on cardiac 

repolarization and arrhythmia burden.
29

 Administration of ranolazine to SCN5A-

D1790G and SCN5A-KPQ patients significantly shortened repolarization times 

(QTc).
30,31

 Another study reported beneficial effects of chronic ranolazine (in 

combination with beta-blockers) on premature ventricular beats but not on QTc 

interval in a patient carrying the SCN5A-N1325S mutation.
32

 Because ranolazine 

may have off-target effects, including potential inhibition of the repolarizing 
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potassium current, IKr
33

, more selective INa,L inhibitors have been developed and 

investigated for their anti-arrhythmic potential in LQT3.
34

 Eleclazine, a potent INa,L 

inhibitor, significantly shortened QTc in LQT3 patients.
29,35,36

 INa,L inhibition may 

be beneficial in LQT3 patients not only by improving repolarization
30,31,34

 but also 

by preventing (long-term) detrimental effects of intracellular sodium and calcium 

dysregulation. Hence, future studies should be aimed at investigating the long-term 

effects of INa,L inhibition on repolarization, ionic homeostasis, and cardiac 

remodeling, in order to establish its potential applicability as (adjuvant) treatment 

in LQT3 patients.  

 

Conclusions 

Our findings show that genetically-determined magnitude of INa,L enhancement 

regulates the degree of intracellular sodium and calcium dysregulation in 

Scn5a
1798insD+ 

myocytes. Furthermore, a causal relationship was established 

between INa,L, sodium and calcium homeostasis and pro-arrhythmic events in 

Scn5a
1798insD+ 

myocytes. We propose that enhanced INa,L promotes cardiac 

arrhythmias through direct effects on AP duration and calcium-dependent delayed 

after-depolarizations. Our findings therefore provide additional mechanistic insight 

into the anti-arrhythmic actions of  INa,L inhibition in patients with LQT3. 
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