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Introduction
Atrial fibrillation (AF), estimated to affect about 6% of Ameri-

cans who are 65 years of age and older, doubles the risk of death 

and accounts for 15%–20% of all strokes. It is the most frequent 

sustained arrhythmia observed in clinical practice. Treatments 

for AF are limited by the relatively low efficacy of pharmaceu-

ticals and radiofrequency ablation/surgery and the high rates of 

recurrence (1).

Predisposing contributors to AF are systemic and cardiac 

disorders, which may induce atrial enlargement, fibrosis, and 

electrical abnormalities (2). In 10%–20% of cases, however, AF 

is primarily an electrical disorder, not associated with under-

lying systemic and cardiac disorders (lone AF). There is also an 

important component of genetic susceptibility, shown by recent 

genome-wide association studies and identification of relatively 

rare mutants in K+ and Na+ channels and ryanodine receptors 

(3–5). Two conceptual mechanisms for AF have been proposed: 

(i) shortening of the atrial effective refractory period, thereby 

enabling reentry wavelets, and (ii) action potential duration 

(APD) prolongation, increasing the likelihood of early after- 

depolarizations. Focal electrical abnormalities within the myo-

cardial sleeves of pulmonary veins — due to increased automatic-

ity, early after-depolarizations, or delayed after-depolarizations 

— are the primary causes of paroxysmal AF in humans (3, 6).

The Na+ current underlies initiation of the cardiac AP and plays 

a prominent role in Na+ homeostasis by loading cardiomyocytes 

with Na+ ions (7). After opening briefly during the upstroke of the 

AP, individual Na+ channels usually inactivate and remain inacti-

vated until repolarization is completed. Na+ channel openings after 

phase 0 create a small late or persistent current that lasts through-

out the plateau phase of the cardiac AP. During the AP plateau, 

membrane resistance is high and even a modest increase of an 

inward current can cause AP prolongation. Na+ channel mutations 

— pathological conditions such as heart failure, hypoxia, inflam-

mation, oxidative stress, and pharmacological agents — can either 

delay or destabilize Na+ channel inactivation, thereby increasing 

persistent current (8). Many of these conditions are associated with 

an increased incidence of AF. In humans, a role for enhanced Na+ 

influx in the pathogenesis of AF has been speculated, based upon 

gain-of-function SCN5A genetic variants in lone AF patients (9), 

increased incidence of AF in LQT3 patients (10), and increased 

persistent Na+ current in patients with permanent AF (11).

In many diseases, the availability of a mouse model has led 

to important molecular insights, in part because of the ease of 

genetic engineering and the large number of preexisting geneti-

cally altered mice for cross-breeding. Studies of AF, in contrast, 

have been hindered by the lack of a mouse model that accurately 

recapitulates the spontaneous initiation and prolonged periods of 

AF observed in humans. Most studies use nonphysiological meth-

ods, including high-frequency burst pacing, to induce very short 

episodes in mice; these episodes typically last several seconds in 

mice, compared with hours, days, or longer for humans .

We generated transgenic (TG) mice with doxycycline-inducible 

and titratable cardiac-specific expression of FLAG epitope–tagged 
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relatively low protein expression of FLAG-F1759A-Na
V
1.5 in both 

atrial and ventricular cardiomyocytes in the absence of doxycy-

cline is likely due to a low basal level of rtTA protein binding to 

the Tet operator sequences in the absence of doxycycline, thereby 

driving transcription in some cells (15).

The F1759A substitution markedly diminishes use-dependent 

lidocaine block (16), enabling the differentiation of the electro-

physiological profiles of endogenous and mutant-TG Na+ channels 

in cardiomyocytes. We selected 3 mM as the optimal concentra-

tion of lidocaine based upon 96% ± 0.5% block in WT Na
V
1.5 and 

65.2% ± 1.6% block in heterologously expressed F1759A-Na
V
1.5. 

Greater than 5% of peak Na+ current remained after exposure to 3 

mM lidocaine in more than 60% of atrial and ventricular cardio-

myocytes isolated from F1759A-dTG mice (Figure 2, A, B, and D). 

This amount of residual lidocaine-resistant Na+ current was not 

observed in NTG or single TG mice that were either rtTA-positive or 

F1759A-positive. The F1759A mutation prevented complete inacti-

vation of Na
V
1.5, thereby increasing persistent Na+ current in ven-

tricular (Figure 2, A and E) and atrial (Figure 2, B and E) cardiomyo-

cytes isolated from F1759A-dTG mice, as was previously reported 

when this mutation was studied in heterologously expressing HEK 

cells (17). Moreover, the voltage at which Na
V
1.5 is open 50% of the 

time (V
50

) in F1759A-dTG ventricular cardiomyocytes was shifted 

in a hyperpolarizing direction by 3.3 mV (P < 0.05; n = 23 control;  

n = 13 dTG), and inactivation was shifted in the depolarizing direc-

tion by 1.9 mV (P = 0.07) leading to enhanced window current. 

The persistent Na+ current was both resistant to ranolazine (Sup-

plemental Figure 1A; supplemental material available online with 

this article; doi:10.1172/JCI84669DS1) and, after normalization 

to the amount of peak Na+ current, correlated with the amount of  

lidocaine-resistant current in atrial and ventricular cells (Supple-

mental Figure 1, B and C), implying that the persistent Na+ current 

was solely due to the TG F1759A-Na
V
1.5 channels and not due to 

posttranslational modifications of endogenous Na
V
1.5 channels.

The Na+ current that persists throughout the AP plateau 

causes an increase of [Na+]
i
, which can be exchanged for extracel-

lular Ca2+ through the Na+-Ca2+ exchanger (NCX). We monitored 

intracellular Ca2+ cycling using Fura-2. Ventricular cardiomyo-

cytes were paced at 1 Hz. Imaging of Ca2+ transients of ventricular 

cardiomyocytes demonstrated that F1759A-dTG cardiomyocytes 

have significantly greater amplitude of Ca2+ transients than the 

control mice (Figure 2F).

Increased Na+ influx is sufficient to cause atrial and ventricular 

cardiomyopathy. Elevated [Na+]
i
, caused by increased persistent 

Na+ current, is a hallmark of both animal models and human heart 

failure (18–20). In humans, some gain-of-function SCN5A muta-

tions are associated with familial dilated cardiomyopathy. It is not 

known, however, whether increased persistent Na+ current is suffi-

cient to cause a cardiomyopathy. We found that the atria and ven-

tricles of F1759A-dTG mice progressively enlarged over several 

months after birth (Figure 3, A–E). We serially performed transt-

horacic echocardiograms of F1759A-dTG and littermate control 

mice. At 20–30 days of age, the left ventricular (LV) ejection frac-

tion was reduced nonsignificantly by 14% compared with controls. 

Over the ensuing approximately 2 months, the LV ejection fraction 

(LVEF) modestly decreased, with a 27% and 35% relative reduction 

at 41–50 days and 51–80 days, respectively (Figure 3C). The reduc-

human Na
V
1.5 with a mutation (F1759A) in the local anesthetic bind-

ing site (12), which causes window current and persistent Na+ cur-

rent. We found that 2 founder lines with doxycycline-independent  

low expression of the mutant Na+ channels had the phenotype of 

atrial enlargement; cardiomyopathy; frequent, relatively long epi-

sodes of spontaneous AF; and nonsustained polymorphic ventric-

ular tachycardia (VT), observed as early as 5 weeks of age. These 

mice phenocopied gain-of-function human SCN5A mutations that 

have been implicated in dilated cardiomyopathy and hypertrophy, 

and arrhythmias such as long QT syndrome, torsade de pointes, 

and AF (13). The spontaneous nature and prolonged periods of 

the atrial arrhythmias enabled the exploration of mechanisms by 

which dysfunctional Na+ channel inactivation causes cardiomy-

opathy and arrhythmias. A new therapeutic approach for AF was 

identified by pharmacologically targeting the downstream effects 

of enhanced Na+ entry.

Results
Expression of F1759A-Na

V
1.5 in atria and ventricles. A modi-

fied α-myosin heavy chain (α-MHC) promoter was used as the 

responder (14), and after these mice were crossed with α-MHC 

reverse tetracycline-controlled transactivator protein (rtTA) 

mice (15), double TG (dTG) mice with doxycycline-regulated 

cardiac-specific expression of FLAG-F1759A-Na
V
1.5 were cre-

ated (Figure 1A). Four lines of FLAG-F1759A-Na
V
1.5 were  

initially established, but 2 distinct founder lines of mice were of 

particular interest to us because offspring with both the F1759A 

and rtTA transgenes developed a cardiomyopathy and sponta-

neous prolonged periods of AF in the absence of doxycycline 

treatment. Littermate mice with single transgenes, either rtTA- 

positive or F1759A-positive, were indistinguishable from each 

other and from non-TG (NTG) mice, in terms of the lack of a 

cardiac phenotype and F1759A transgene expression, and were 

therefore used interchangeably as the littermate control group. 

Thus, random insertion of the Nav1.5 gene could not be the cause 

of the phenotypes, including AF, because the F1759A-Na
V
1.5 

mice without rtTA failed to demonstrate any phenotype.

Expression of the FLAG-F1759A-Na
V
1.5 channels in the atria 

and ventricles assessed using an anti-FLAG antibody was depen-

dent upon cardiac-specific coexpression of rtTA and did not 

require doxycycline administration (Figure 1, B–E). Naturally, 

doxycycline further increased expression, but this was unneces-

sary for our studies, as a unique cardiac phenotype of a cardiomy-

opathy and spontaneous prolonged episodes of AF was apparent 

in the dTG mice in the absence of doxycycline but never in the 

single TG or NTG mice. Despite an approximate 2-fold increase 

in the amount of total (TG human + native) Na
V
1.5 transcript in 

the dTG compared with NTG or single TG littermate mice (Figure 

1B), the combined expression of native and TG Na
V
1.5 protein was 

nearly equivalent, assessed semiquantitatively with an anti-Na
V
1.5 

antibody that recognizes both mouse and human Na
V
1.5 (Figure 1,  

D and E), and quantitatively using cellular electrophysiology. 

The mean peak Na
V
1.5 current in isolated atrial and ventricular 

cells, determined with 5 mM Na+ rather than physiologic Na+ in 

the extracellular solution to mitigate voltage clamp errors, was 

not significantly different in F1759A-dTG mice compared with 

control littermates (Figure 2, A and B, insets, and Figure 2C). The 
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tially because elevation of [Na+]
i
 

accelerates mitochondrial Ca2+ 

efflux and promotes reactive 

oxygen species (ROS) formation 

and oxidative stress (22, 23).

Spontaneous AF in F1759A-

dTG mice. Extensive electro-

cardiographic analyses were 

performed to explore both the 

frequency and mechanisms of 

atrial and ventricular arrhyth-

mias (Figure 4). A prolonged 

QT interval was observed in 

F1759A-dTG mice (Figure 

4, A–D), consistent with the 

increased persistent Na+ cur-

rent leading to lengthening of 

the APD. The QT interval, in 

contrast, was normal in both 

single TG littermate genotypes 

(rtTA or F1759A) and NTG 

mice. A markedly increased 

frequency of premature ven-

tricular complexes (PVCs) and 

nonsustained polymorphic VT 

was observed in F1759A-dTG  

mice by surface limb lead 

ECG and in nonanesthetized 

F1759A-dTG mice using 

telemetry (Figure 4G, upper tracing). Ventricular arrhythmias 

were never observed in the single TG or NTG mice.

In the 2 independent lines of F1759A-dTG mice, sponta-

neous AF — which was identified in anesthetized mice during 

a 3-minute recording period of a surface limb lead ECG (Figure 

4E) — was found as early as 5–6 weeks of age and by 10 weeks of 

age in greater than 80% of F1759A-dTG mice (Figure 4F). AF was 

present in many mice for the entire 3-minute recording period of 

a surface limb lead ECG (Figure 4E, upper tracing), but in others, 

the AF was paroxysmal (Figure 4E, lower tracing). AF was never 

observed in NTG and single TG mice at any time point (Figure 

4F). Since slowing of the heart rate under anesthesia could pro-

voke atrial arrhythmias, especially due to the inverse relationship 

of heart rate and persistent Na+ current, we implanted subcutane-

ous ECG telemeters. Spontaneous AF in nonanesthetized mice 

(Figure 4G, lower tracing) was detected in all 11 F1759A-dTG mice 

with implantable ECG telemeters, indicating a high penetrance. 

The average AF burden was 37% ± 10% during a 20-hour period 

(Figure 4H) and the longest continuous episode of AF was 1 hour, 

52 minutes. Spontaneous AF was never observed in NTG or sin-

gle TG littermates implanted with ECG telemeters (n = 10). These 

findings are in marked contrast to the vast majority of previously 

reported mouse models of AF, including the ΔKPQ Na+ channel 

knock-in mice, in which atrial arrhythmias could only be elicited 

by very aggressive pacing and were not sustained for longer than 

several seconds (24–26). Our results imply that increased persis-

tent Na+ current is sufficient to alter the substrate and serve as a 

triggering factor for the initiation and perpetuation of AF.

tion in LVEF is likely multifactorial, probably due to both intrinsic 

contractility defects and secondarily due to a tachycardia-induced 

cardiomyopathy and/or the difficulty in assessing LV function in 

the setting of both AF and ventricular arrhythmias (see below). 

Atrial remodeling was detectable by echocardiography at very 

early stages after birth. The left atrial size was increased by 48% 

compared with controls at 20–30 days after birth, which persisted 

through at least 3 months of age (Figure 3D). Histopathological 

studies at 3–4 months of age demonstrated atrial hypertrophy; an 

increase of right and left atrial areas by 52% and 54%, respectively 

(Figure 3, A and E); increased fibrosis (Figure 3F); and myocyte 

disarray (Figure 3, E and F) in the F1759A-dTG mice.

Transmission electron microscopy (TEM) images from mice at 

6 and 12 weeks old also demonstrated atrial and ventricular struc-

tural remodeling in the F1759A-dTG mice (Figure 3G). At 6 weeks 

of age, mild disarray of the myofibrils was noted with increased col-

lagen deposition in the atria, which progressed with glycogen depo-

sition at 12 weeks of age. These changes mimic the findings observed 

in large animal models of AF and patients with AF. In the ventricle 

at both 6 and 12 weeks of age, the diameter of T-tubules (Figure 

3G, red arrows) was increased by 2.5-fold (Supplemental Figure 2), 

which has been observed in other animal models of heart failure 

(21). By 12 weeks of age, atrial and ventricular cardiomyocytes from 

the F1759A-dTG mice demonstrated mitochondrial injury, with 

circular and swollen mitochondria and ruptured outer membranes 

(Figure 3G). These findings establish that increased persistent Na+ 

current is sufficient to cause progressive structural changes in the 

atria and ventricles in vivo, including mitochondrial injury, poten-

Figure 1. Cardiac-specific, FLAG-tagged F1759A-Na
V
1.5–expressing TG mice. (A) Schematic of the binary transgene 

system. αMHC-rtTA is the standard cardiac-specific, reverse tetracycline–controlled transactivator system. The 

αMHC
MOD

 construct is a modified αMHC promoter containing the tet-operon (tet-O) for regulated expression of 

FLAG-tagged, lidocaine-resistant Na
V
1.5 (FLAG-lido-NaV). (B) Quantification of mouse Scn5a and human SCN5A 

transcripts in ventricle and atrium of F1759A-dTG mice using qPCR. Results are presented as fold difference for 

each gene against actin by use of 2–ΔΔCT method, followed by normalization to expression of either mouse Scn5a 

or mouse Scn5a and human SCN5A determined in NTG mice. n = 3 NTG and n = 4 F1759A-dTG mice in each group. 

(C) Immunostaining of F1759A-dTG mice cardiomyocytes with or without anti-FLAG antibody and FITC-conjugated 

secondary antibody. Images were obtained with confocal at ×40 magnification. (D and E) Anti-FLAG, anti-Na
V
1.5, 

and anti-tubulin antibody immunoblots of cardiac homogenates showing FLAG epitope–tagged Na
V
1.5 expression 

in ventricle (D) and atrium (E) of single TG and dTG mice in the absence of doxycycline-impregnated food.
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There is growing interest in the substrates that sustain AF 

after it has been triggered. Despite years of studies, there is still 

no agreement as to the fundamental mechanisms that sustain 

AF. One theory is that the electrophysiological substrate for AF in 

many patients includes rotational circuits or focal triggers. Rotors 

are spiral waves with patterns of circular reentry for one or more 

cycles around a phase singularity (27). The core occupies regions 

of myocardium that are capable of sustaining the highest possible 

frequency of reentrant activity. The spiral waves, radiating at high 

velocity, generate disorganized activity caused by conduction 

block between the regions encompassed by the principal rotor and 

regions with longer refractory periods. We hypothesized that the 

regional heterogeneity in APD would serve as substrate to enable 

rotor formation and generate the secondary disorganized activity.

We utilized phase mapping to quantify rotor dynamics includ-

ing phase singularity points. During both sustained and paroxysmal 

AF ex vivo, single and, at times, multiple simultaneous rotors of (+) 

or (–) chirality with rates up to approximately 53 Hz were recorded 

in the right atria (Figure 5, E–G, and Supplemental Video 1) and left 

atria (Figure 5, H–J, and Supplemental Video 2). Rotors were identi-

fied if the phase singularity persisted for long enough for the phase 

pattern to cycle at least 2 times around the phase singularity. We 

also observed, in one heart, a concurrent rotor in the right atrium 

and a focal repetitive wave in the left atrium, which may represent 

either focal-triggered activity or a spiral wave/rotor in which the 

Surface optical voltage mapping of AF. To elucidate the elec-

trophysiological mechanisms responsible for AF, we performed 

epicardial surface optical voltage mapping of the anterior sur-

face of 12 explanted Langendorff-perfused hearts of F1759A-

dTG mice and 10 hearts of single TG and NTG littermate control 

hearts. Prior to euthanasia, AF was confirmed by surface limb 

lead ECG in all F1759A-dTG mice. Spontaneous AF, sustained for 

the duration of the ex vivo experiments in 75% and paroxysmal 

in 25%, was demonstrated using a pseudo-ECG in all explanted 

Langendorff-perfused F1759A-dTG hearts. In contrast to most 

small and large animal studies, pacing, drugs, or alterations of 

the electrolyte composition of the perfusion solution were not 

required for induction or perpetuation of AF ex vivo. Spontane-

ous AF was never detected in any of the 10 explanted littermate 

control hearts. In the paroxysmal AF group, spontaneous AF was 

rarely interrupted by brief bursts of sinus rhythm, enabling us to 

compare the APD of F1759A-dTG mice to littermate controls. The 

APD
80

 of the F1759A-dTG mice was prolonged 4-fold in the right 

atrium and 2.5-fold in the left atrium (Figure 5, A and B). Increased 

heterogeneity of the APD was apparent in both the right and left 

atria (Figure 5, C and D), likely caused by the variable expression 

of the F1759A Na+ channels in atrial cardiomyocytes, as observed 

in the cellular electrophysiological studies (Figure 2). Conduction 

velocity was not different in the NTG and F1759A-dTG mice (Sup-

plemental Figure 3).

Figure 2. F1759A-Na
V
1.5 increases persistent Na+ current in atria and ventricles. (A and B) Exem plar whole cell Na+ current (I

Na
) traces of ventricular (A) 

and atrial (B) cardiomyocytes isolated from control (CONT, single TG and NTG) and F1759A-dTG mice. Persistent I
Na

 was evaluated with a 190-ms depo-

larization from a holding potential of –110 to –30 mV in the absence (black) and presence (green) of 20 μM TTX; 5 mM Na+ was used in the intracellular 

solution, and 100 mM Na+ was used in the extracellular solution. Insets: For the assessment of peak I
Na

 and the fraction of lidocaine-resistant current, 

whole cell current traces were recorded with 5 mM Na+ in both extracellular and intracellular solutions, in the absence (black) and presence (red) of 3 

mM lidocaine. (C) Bar graph of peak I
Na

 density recorded with 5 mM external Na+. Data are presented as mean ± SEM. (D) Graph of fraction of peak I
Na

 

resistant to 3 mM lidocaine. ***P < 0.001, ****P < 0.0001; t test. (E) Graph of persistent I
Na

. Red dashed line is maximal persistent I
Na

 in cardiomyo-

cytes isolated from CONT mice. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001; t test. (F) Representative traces of Ca2+ transients. Bar 

graph of Ca2+ transients of littermate control (CONT) and F1759A-dTG mice. Data are presented as mean ± SEM. *P < 0.05; t test. n = 34, single TG and 

NTG ventricular cardiomyocytes; n = 107, F1759A-dTG cardiomyocytes.
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the right atrium had a DF of 10–53 Hz (n = 8) and rotors in the left 

atrium had a DF of 23–40 Hz (n = 7). When rotors were simulta-

neously present in the right and left atria, they had different DF, 

implying that they were independent. The regularity index (RI), 

defined as the repetitiveness over time of the morphology of the 

detected activation waves (28), was used to quantify rotor cyclic-

ity. The RI strongly correlated with DF (Supplemental Figure 5), 

implying that the most stable rotors were also the most regular 

rotors, which has been observed in patients with persistent AF 

(29). In 20% of F1759A-dTG hearts with AF, however, rotational 

circuits were not observed, although the optical mapping was lim-

ited to a single surface.

NCX inhibition reduces frequency of atrial and ventricular 

arrhythmias. The relatively low efficacy of pharmaceuticals and 

phase singularity was not imaged, possibly because of the limits of 

surface epicardial mapping (Supplemental Video 3). In the hearts of 

sustained and paroxysmal AF, the rotors often showed meandering 

(Supplemental Figure 4 and Supplemental Videos 1–3), which has 

clinical implications for therapies since an ablative strategy with 

a wide area that encloses the area of migration of the rotor may 

have better success than a more limited focus. The area around the 

rotating axes of the wave front exhibited progressive phase changes 

(Figure 5, F and I), and a region close to the core of the rotor, elec-

trogram 6, displayed bidirectionality, consistent with a spiral wave.

To determine the dominant frequency (DF), spectral and frac-

tionation analyses of optical and electric signals were performed 

on their power spectra by fast Fourier transformation. The area 

of highest DF colocalized with the region of the rotor. Rotors in 

Figure 3. Increased persistent Na+ cur-

rent is sufficient to initiate structural 

changes in the atria and ventricles. 

(A) Photographs of littermate control 

(CONT) and F1759A-dTG hearts at 4 

weeks and 3.5 months after birth. (B) 

H&E-stained cross section of ventricle. 

Scale bars: 1 mm. (C and D) Graphs of 

ejection fraction and LAD (in mm) of 

littermate control and F1759A-dTG 

mice, assessed by echocardiography 

at ages shown. Data are presented as 

mean ± SEM. n ≥ 5 mice per age group 

per genotype.  *P < 0.05, **P < 0.01, 

***P < 0.001, ***P < 0.0001. (E) H&E 

stain of right and left atria showing 

bi-atrial enlargement in F1759A-dTG 

mice. Scale bars: 1 mm. Bar graph of 

left atrial and right atrial area of litter-

mate control and F1759A-dTG mice at 

3–4 months of age. Data are presented 

as mean ± SEM. *P < 0.05; t test. n = 5 

for each group. (F) Masson’s trichrome 

stain of atria of littermate control and 

F1759A-dTG mice. Scale bars: 50 μm. 

Bar graph quantifying atrial fibrosis. 

Data are presented as mean ± SEM. 

*P < 0.05; t test. n ≥ 5 for each group. 

(G) Representative 2-dimensional TEM 

images (n = 2 for dTG and littermate 

control) showing left to right, gross 

morphology of atrial and ventricular 

samples at 6 weeks (first row) and 

12 weeks (second and third rows) in 

littermate control mice compared 

with dTG mice. At 6 weeks, dTG mice 

show signs of myofibril disarray with 

loss of congruous parallel myofibrils in 

the atrium. By 12 weeks of age, atrial 

and ventricular cardiomyocytes from 

the F1759A-dTG mice demonstrated 

mitochondrial injury, with circular and 

swollen mitochondria and ruptured 

outer membranes. In the ventricle, the 

red arrows point to T-tubule cross sec-

tions, which are larger in the dTG mice 

compared with littermate control. 

Scale bars: 500 nm.
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radiofrequency ablation/surgery and high rates of recurrence have 

plagued clinical treatment of AF. The F1759A-dTG mice have the 

potential to offer a means to test novel therapeutic approaches, 

either using pharmacological tools or genetically altered mice. 

The mechanism for the increased persistent Na+ current in AF 

patients (11) is not known. It may be due to increased Na
V
1.1 

expression or due to increased CaMKII phosphorylation or oxi-

dative stress, both of which are known to increase persistent Na+ 

current (30–33). A large clinical trial (MERLIN-TIMI 36) showed 

that ranolazine, an inhibitor of persistent current, may reduce 

the frequency of paroxysmal AF in patients with acute coronary 

syndrome (34). F1759A-Na+ channels are resistant to therapeutic 

blood levels of ranolazine (Supplemental Figure 1A).

Prior studies have demonstrated that a relatively specific 

inhibitor of the NCX, SEA-0400, suppressed dofetilide-induced 

torsade de pointes in anesthetized dogs (35) and in Langendorff- 

perfused rabbit hearts with drug- and hypokalemia-induced mod-

els of LQT2 and LQT3 (36), possibly by reducing [Ca2+]
i
 (Figure 

6A). The efficacy of NCX inhibitors in AF, however, is unknown. 

We determined the fraction of time in AF vs. sinus rhythm during 

a 20-hour period before and after a single 0.4 mg/kg i.p. injection 

of SEA-0400 by manually scanning the entire ECG record. We 

found that SEA-0400 markedly reduced the fraction of AF over 

the 20-hour period in 4 of 5 mice (Figure 6, B–D). The mean reduc-

tion in AF burden during the 20-hour recording period for the 4 

responding mice was 69% and was 59% for all 5 mice (Figure 6D). 

The single i.p. injection of SEA-0400 also markedly reduced the 

frequency of PVCs by 76% (Figure 6E), without affecting the QT 

interval (Figure 6F). Thus, a single injection of SEA0400 mark-

edly reduced AF and ventricular ectopy in vivo without length-

ening the QT interval, which frequently limits administration of 

many antiarrhythmic drugs, including ranolazine.

Discussion
Our data show that gain-of-function Na+ channel perturbations 

are sufficient to cause structural and functional changes within 

the atrium and ventricles of mice. This is consistent with emerging 

observations that persistent Na+ current plays an important role in 

progression of heart failure (31). Both gain-of-function and loss-of-

function Na+ channel dysfunctions are associated with familial 

dilated cardiomyopathy, and persistent Na+ current is associated 

with acquired diastolic and systolic dysfunction and electrical 

instability. For instance, an R222Q SCN5A gain-of-function vari-

ant, which left-shifted the steady state parameters of activation 

and inactivation, caused reversible ventricular ectopy and a dilated 

cardiomyopathy, which were substantially reversed with amiodar-

one or flecainide (37). The F1759A-dTG mice mimic many of these 

structural and functional abnormalities, including cardiac enlarge-

ment and ventricular dysfunction, and our studies reveal, at least 

in part, the downstream mechanisms by which gain-of-function 

SCN5A mutants cause a dilated cardiomyopathy and substrates for 

both atrial and ventricular arrhythmogenesis. Inhibiting reverse 

Figure 4. Prolonged QT interval and spontaneous AF in F1759A-dTG mice. (A) Representative limb-lead surface electrocardiograms of isoflurane- 

anesthetized littermate control and F1759A-dTG mice. The QT interval is marked by brackets. (B) Bar graph of R-R, PR, and QT intervals from isoflu-

rane-anesthetized littermate control mouse and F1759A-dTG mouse. Data are presented as mean ± SEM. ****P < 0.0001; t test. (C) Representative 

telemetry recordings of nonanesthetized littermate control and F1759A-dTG mice. (D) Graph comparing R-R, PR, and QT intervals of nonanesthetized 

littermate control and F1759A-dTG mice from telemetric ECG recordings. ****P < 0.0001; t test. (E) Representative surface electrograms of isoflur-

ane-anesthetized F1759A-dTG mice showing AF. In the lower trace, paroxysmal AF was recorded, with P waves at the right side of the recording. (F) Bar 

graph showing incidence of AF at range of days after birth. Surface electrograms of isoflurane-anesthetized mice were recorded for 3 minutes. AF was 

considered present if the duration of AF persisted for >10 ventricular complexes. CONT (single TG + NTG): n = 27, 2–40 days; n = 8, 41–60 days; n = 5, 

61–80 days. F1759A-dTG: n = 26, 21–40 days; n = 23, 41–60 days; n = 17, 61–80 days; n = 18, 81–100; n = 9, >100 days. Each age group consisted of a distinct 

set of mice. (G) Representative telemetry recordings of nonanesthetized F1759A-dTG mice showing VT (upper tracing) and AF (lower tracing). (H) Graph 

showing percent of AF during 20-hour recording in control and F1759A-dTG mice. n = 3 mice, CONT; n = 8, F1759A-dTG (5 were male and 3 were female).
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Figure 5. Optically recorded atrial APs and voltage maps of AF. (A and B) Optically recorded APs from right atrium (RA) and left atrium (LA) of control 

and F1759A-dTG mice in sinus rhythm (A). Bar graphs showing right and left atrial APD
80

 of control mice (n = 10 mice) and F1759A-dTG mice (n = 3 mice) 

(B). Data are presented as mean ± SEM. **** P < 0.0001; t test. The mean atrial rate in sinus rhythm: NTG mice, 338 + 9.5 beats per minute; F1759A-dTG 

mice, 314 + 9.8 beats per minute. (C and D) Representative APD regional maps and all point histograms of control (CONT) and F1759A-dTG mice showing 

increased APD
80

 dispersion in the RA and LA of F1759A-dTG mice. Color legend of APD
80

 (ms) is shown to the right of each optical map. (E–J) Optical 

voltage map of AF in Langendorff-perfused F1759A-dTG explanted heart. (E and H) Phase maps of concurrent but independent rotors in the RA and LA. 

(F and I) Optical APs (electrograms 1–5) around the rotor demonstrate progressive circular reentry around the phase singularity (electrogram 6). (G and J) 

Progressive phase map of the RA (G) and LA (J) every 10 ms of the phase movie. Red, depolarization; blue, repolarization.
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alternans can cause unidirectional conduction block, which can 

be the basis for initiating and perpetuating rotors (27).

The presence of spontaneous and prolonged episodes of atrial 

arrhythmias in this mouse model differs from prior studies using 

other mouse models of defective Na+ channel inactivation. For 

instance, the ΔKPQ heterozygous knock-in mice were not reported 

to have spontaneous or prolonged episodes of AF (41, 42), and the 

frequency of extrastimuli-induced atrial arrhythmias was not differ-

ent compared with control mice, although a very aggressive proto-

col of repetitive, intermittent high-rate burst stimulation resulting 

in short-long-short sequences provoked atrial tachyarrhythmias in 

approximately two-thirds of ΔKPQ mice (43). Left atrial diameter 

(LAD) was mildly increased by 10% in ΔKPQ mice >5 months old. 

In other studies, TG mice lines expressing the WT Na
V
1.5 or the 

LQT3-mutant N1325S did not develop atrial arrhythmias (44, 45).

Patients with lone AF and permanent AF have increased per-

sistent Na+ current, and patients with LQT3 syndrome have an 

increased incidence of AF (9–11), demonstrating the relevance 

of this animal model to humans. Although mice have a different 

cardiac ion channel profile compared with humans, with a mark-

edly higher basal heart rate, the importance of Na
V
1.5 and its com-

plete inactivation is conserved between species. The F1759A-dTG 

mice demonstrate the structural and electrophysiological changes 

that are known to be associated with AF in humans and are thus a 

unique model to explore the molecular mechanisms responsible 

for the most common arrhythmia in humans. Taken together, the 

enhanced Na+ influx, via incomplete Na
V
1.5 inactivation, and APD 

prolongation with dispersion; the resultant downstream maladap-

mode Na+-Ca2+ exchange acutely reduced the burden of both spon-

taneous atrial and ventricular arrhythmias, identifying a potentially 

new pharmacological approach for treatment of AF in humans.

It is likely that the primary effects of incomplete Na
V
1.5 inac-

tivation on cardiomyocyte electrophysiology, namely prolonga-

tion and dispersion of the APD, and the secondary downstream 

effects on chamber enlargement, fibrosis, and mitochondrial 

injury/ROS synergistically cause the unique phenotype of spon-

taneous and prolonged episodes of AF in mice, mimicking human 

disease. In the vast majority of previously reported mouse mod-

els of AF, atrial arrhythmias could only be elicited by very aggres-

sive burst pacing, suggesting that while there may be a substrate 

for atrial arrhythmia, this can be well tolerated and undetected 

in the absence of a triggering factor (25). AF is defined in these 

studies by a duration of at least 1 second, and most previously 

reported mouse models demonstrated these relatively short 

episodes of AF (25). Conversely, the presence of a triggering 

factor but absence of structural changes also preclude the per-

petuation of sustained atrial arrhythmia. Uniquely, the F1759A-

dTG mice show spontaneous and relatively prolonged episodes 

of AF in vivo and ex vivo, implying that both the substrate and 

triggering factors induced by the dysfunctional Na+ channels are 

intrinsic to the heart. Moreover, the electrophysiological mecha-

nisms — namely rotors, waves, and wavelets — were frequently 

observed in isolated hearts from these mice, similar to the find-

ings in patients with AF and the classic large animal models of 

AF (38–40). Tissue heterogeneities in excitability, repolariza-

tion, conduction velocity, or even dynamic properties such as AP 

Figure 6. Inhibition of NCX attenuates atrial and ventricular arrhythmogenesis in F1759A-dTG mice. (A) Schematic depicting proposed mechanisms 

of arrhythmogenesis in F1759A-dTG mice. (B) Diary plot of fraction of AF/hour during a 20-hour period for 5 male F1759A-dTG mice. Burden of AF was 

determined by manually reviewing the entire 20-hour period. (C) Diary plot of fraction of AF/hour for same 5 male F1759A-dTG mice during a 20-hour 

period after i.p. injection of SEA-0400. (D) Graph (left) summarizing fraction of AF during 20-hour period before (white bars) and after (blue bars) single 

i.p. injection of SEA-0400 for each mouse. Percent change is shown above each data pair. Graph (right) showing fraction AF/hour before and after SEA 

injection for the 5 F1759A-dTG mice. Data are presented as mean ± SEM. *P < 0.05; t test. (E) Quantification of number of PVC normalized to pre-SEA. 

Data are presented as mean ± SEM. *P < 0.05; t test. (F) Bar graph showing QT interval before and after SEA-0400.
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surface ECG was obtained documenting AF in all F1759A-dTG mice. 

Experiments were performed at room temperature. Membrane currents 

from noncontracting rod-shaped cells with clear striations were mea-

sured by the whole-cell patch-clamp method using a MultiClamp 700B 

amplifier (Axon Instruments). The pipette resistance was 0.4–1.0 MΩ in 

order to minimize voltage clamp error. The liquid junction potential was 

corrected, and series resistance was compensated up to 60%. The leak 

current was subtracted using a P/4 protocol. The intracellular (pipette) 

solution contained (in mM): 5 NaCl, 15 CsCl, 115 CsF, 10 HEPES, and 

10 BAPTA (pH 7.4) titrated with CsOH. For persistent Na+ current deter-

minations, the bath solution contained (in mM): 100 NaCl, 45 TEA-Cl, 

10 HEPES, 1 MgCl
2
, 1 CaCl

2
, and 5 glucose (pH 7.4) titrated with CsOH. 

The bath solution was then changed to reduce Na+ concentration to min-

imize Na+ current. It contained (in mM): 5 NaCl, 140 TEA-Cl, 10 HEPES, 

1 MgCl
2
, 1 CaCl

2
, and 5 glucose (pH 7.4) titrated with CsOH. Lidocaine 

(3 mM) was superfused to determine the lidocaine-resistant current. 

Persistent current was evaluated by 190-ms depolarization from –100 to 

–30 mV in the absence and presence of 20 μM tetrodotoxin (TTX, Tocris 

Bioscience) (50). Digital subtraction of the time-averaged responses in 

the absence and presence of TTX yielded a small TTX-sensitive persis-

tent Na+ current. The mean value of the last 10 ms of the 190-ms pulse 

was normalized to the peak Na+ current recorded using 5 mM Na+ in both 

intracellular and extracellular solutions.

Ca2+ transients. Myocytes were loaded with Fura-2/AM (Invit-

rogen), and intracellular Ca2+ transients were recorded with a dual-

excitation fluorescence photomultiplier system (IonOptix). In brief, 

cells were bathed in extracellular solution containing (in mM): 135 

NaCl, 5.4 KCl, 1.8 CaCl
2
, 1 MgCl

2
, 10 glucose, 10 HEPES (pH 7.4). 

Myocytes were stimulated to contract at 1 Hz. For Ca2+ transient peak 

measurements, autofluorescence and background emissions were 

first subtracted and the peak was measured as the difference from the 

baseline using IonWizard software (IonOptix) (51).

Echocardiography. Transthoracic echocardiography was per-

formed on anesthetized mice using a VisualSonics Vevo 2100 

high-resolution imaging system with a 30-mHz imaging transducer. 

LAD was measured at end-systole in parasternal long axis view, and 

LV diastolic dimension (LVEDD) was measured at end-diastole in 

parasternal short axis views and modified 4-chamber views. LVEF 

was measured in parasternal, modified 4-chamber and short axis 

views using Simpson’s biplane formula.

Histology. Excised hearts were placed in 10% formalin and cut in 

coronal sections. Every other slice (10 μm) was stained with hema-

toxylin-eosin and Masson Trichrome staining for fibrosis. Each slide 

was reviewed and photographed under light microscopy ×20 to ×400. 

Fibrosis was evaluated as a ratio of total blue pixels/total myocardial 

area in Masson’s trichrome stained slices, using cellSens imaging soft-

ware (Olympus). Two pathologists, who were blinded to the identity 

of the genotypes, independently reviewed the quantitative analyses.

TEM. The hearts were fixed with 2.5% glutaraldehyde in 0.1 M 

Sorenson’s buffer (pH 7.2) and then postfixed with 1% OsO
4
 in Soren-

son’s buffer for 1 hour. After dehydration, the hearts were embed-

ded in Lx-112 (Ladd Research Industries). Thin sections (60 nm) 

were cut on a PT-XL ultramicrotome (Boeckeler Instruments). The 

sections were stained with uranyl acetate and lead citrate and exam-

ined under a JEOL JEM-1200 EXII electron microscope. Images 

were captured with an ORCA-HR digital camera (Hamamatsu) and 

recorded with an AMT Image Capture Engine.

tive effects including increased intracellular [Ca2+], via increased 

Ca2+ entry and reverse mode Na+-Ca2+ exchange; and the structural 

changes within the atrium are likely responsible and sufficient for 

uniquely triggering and perpetuating AF.

Methods
General experimental approaches. All experimental procedures and 

analyses were performed in a blinded fashion. No data points, sam-

ples, or mice were excluded from the study.

Mouse model. The F1759A line was generated by fusing human heart 

sodium channel α-subunit cDNA (hH1) (46, 47) to clone 26 vectors con-

taining the modified murine α-MHC, tetracycline-inducible promoter 

(responder line) (14, 48). SCN5A was engineered to be lidocaine resis-

tant by introducing an Ala-substitution at position F1759, and a 3X FLAG 

epitope was ligated in frame to the N-terminus. The F1759A TG-positive 

mice in a B6CBA/F2 hybrid background were bred with cardiac-specific 

rtTA mice in a FVB/N background (obtained via Mutant Mouse Regional 

Resource Center) (15) to generate F1759A-dTG mice and single TG 

(rtTA-positive or F1759A-positive) littermate controls.

Telemetry and ECG analysis. Telemetry devices (model ETA-F10; 

Data Sciences International) were implanted in 4- to 11-month-old 

mice. Recordings were started 1 week after implantation. PR, RR, QRS, 

and QT intervals were measured manually using Ponemah 3 software 

(Data Sciences International). Three blinded, independent reviewers 

assessed the burden of atrial and ventricular arrhythmias. Subcutane-

ous 4-lead electrocardiograms of isoflurane-anesthetized mice were 

performed using EMKA ECG and recorded using Iox. AF was defined as 

absence of P waves and irregular R-R intervals for >1 second. SEA-0400 

(ChemScene), dissolved in DMSO, was administered via i.p. injection.

Quantitative PCR (qPCR). PCR was performed using Applied 

Biosystems StepOne Plus RT-PCR system and inventoried follow-

ing inventoried primers/mouse actin B, Mm01205647_g1; mouse 

Na
V
1.5, Mm01342518_m1; and human (TG) Na

V
1.5., Hs00165693_m1 

(Applied Biosystems). A custom set of primers was created by Applied 

Biosystems to detect the combined expression of mouse Scn5a and 

human SCN5A. PCR was performed, in duplicate, for 40 cycles with 

automated detection of crossing threshold. Results were presented as 

fold-difference for each gene against actin using 2–ΔΔCT and then nor-

malized to NTG mice.

Immunoblots and immunofluorescence. Cardiomyocytes were 

homogenized in a 1% Triton X-100 buffer containing (in mM): 50 

Tris-HCl (pH7.4), 150 NaCl, 10 EDTA, 10 EGTA, and protease inhibi-

tors. The lysates were incubated on ice for 30 minutes and centrifuged 

at 20,800 g at 4°C for 10 minutes. Supernatants were collected. Pro-

teins were size-fractionated on SDS-PAGE, transferred to nitrocellu-

lose membranes, and probed with anti-FLAG (catalog A8592, Sigma- 

Aldrich), anti-Na
V
1.5 (catalog ASC-005, Alomone) and anti-tubulin (cat-

alog sc-12462-R, Santa Cruz Biotechnology Inc.) antibodies. Detection 

and quantification was performed with a CCD camera (Carestream) 

and ImageQuant software (GE Healthcare), respectively. For immuno-

fluorescence, isolated cardiomyocytes were fixed for 15 minutes in 4% 

paraformaldehyde. Indirect immunofluorescence was performed using 

a 1:200 rabbit anti-FLAG antibody (Sigma-Aldrich) and 1:200 FITC- 

labeled goat anti-rabbit antibody (Sigma-Aldrich). Images were 

acquired using a confocal microscope.

Cellular electrophysiology. Cardiomyocytes were isolated as described 

previously (49) from mice at least 8 weeks of age. Prior to euthanasia, 
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Epicardial optical voltage mapping of Langendorff-perfused hearts. 

High-resolution optical mapping experiments were performed on 

4- to 12-month-old F1759A-dTG and littermate control mice. Hearts 

were isolated and perfused by the Langendorff method with temper-

ature-controlled (37°C) oxygenated Krebs-Henseleit buffer (pH 7.4). 

One AgCl wire was attached to the metal aortic cannula, and another 

AgCl wire was positioned near the surface of the heart to record a  

pseudo-ECG. Cardiac contraction was inhibited with 5 μM blebbi-

statin. The right and left atria were splayed using tungsten pins. The 

heart was then stained with the voltage-sensitive dye Di4ANEPPS 

(8 μl of 2 mM stock solution dissolved in DMSO) and illuminated via 

epifluorescence. Fluorescence was acquired through a 715 nm pass fil-

ter using a CMOS camera (MICAM Ultima, SciMedia) with 1 × 1 cm 

field of view. One- to 2-second recordings were captured at 1,000 Hz. 

All optical signals were processed with custom MATLAB software 

downloaded from I. Efimov’s laboratory website (Washington Univer-

sity, St Louis, Missouri, USA) as previously described (52, 53). DF was 

evaluated for each pixel as the frequency band with maximal power 

on a periodogram calculated with a fast Fourier transform. RI was 

defined as the ratio of the power within a 1-Hz band centered on the 

DF and the total power spectrum from 0–100 Hz (52).

Statistics. Results are presented as mean ± SEM. For comparisons 

between 2 groups, unpaired 2-tailed Student’s t test was used. Differ-

ences were considered statistically significant at P < 0.05. All statisti-

cal analyses were performed with Prism 6.0.

Study approval. The Institutional Animal Care and Use Commit-

tee at Columbia University approved all animal experiments.
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