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ABSTRACT 24 

Atrial fibrillation (AF) is unexpectedly prevalent in Brugada syndrome (BrS), yet the 25 

mechanisms linking SCN5A loss-of-function to atrial instability remain elusive. Here, we 26 

combined patient-specific induced pluripotent stem cell-derived atrial cardiomyocytes with 27 

label-free high-density microelectrode array (HD-MEA) mapping. We show that SCN5A 28 

haploinsufficiency creates an arrhythmogenic substrate driven by the concomitant loss of 29 

excitability and heterogeneous Cx40 remodeling. This specific architecture renders mutant 30 

atrial syncytia highly susceptible to sustained, high-frequency spontaneous micro-reentry, a 31 

reentry-in-a-chip phenotype not recapitulated by pharmacological sodium-channel blockade in 32 

controls. Notably, genotype-negative BrS lines lacked spontaneous instability, exhibiting only 33 

inducible arrhythmia. Pharmacological profiling demonstrated that rhythm-control agents 34 

terminated reentry, whereas rate-control agents solely slowed rotation. This study defines the 35 

first human in vitro model of spontaneous atrial reentry, distinguishing primary mutation-36 

driven defects from secondary clinical remodeling and providing a precision platform for anti-37 

arrhythmic drug discovery. 38 

 39 

TEASER 40 

High-density mapping in patient-derived heart cells reveals how sodium channel deficiency 41 

and gap junction remodeling drive spontaneous atrial reentry. 42 

 43 
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INTRODUCTION 56 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and a major cause of 57 

stroke, heart failure, and cardiovascular morbidity worldwide (1). AF is unexpectedly prevalent 58 

in patients with Brugada syndrome (BrS), despite BrS being classically viewed as a ventricular 59 

conduction disorder. Continuous rhythm monitoring has revealed a substantial burden of atrial 60 

tachyarrhythmias even in young BrS patients, indicating compromised atrial conduction 61 

reserve (2-4). Loss-of-function mutations in SCN5A, encoding the cardiac sodium channel 62 

NaV1.5, represent the most common genetic cause of BrS (5). However, a human experimental 63 

model that mechanistically links this SCN5A dysfunction to atrial conduction defects, reentry 64 

formation, and antiarrhythmic drug response has been lacking. While slowing of atrial 65 

conduction is a known consequence of sodium channel deficiency (6), it remains unclear 66 

whether reduced excitability alone is sufficient to sustain complex reentrant circuits (the 67 

functional hallmark of AF) in the human atrium, or if additional structural remodeling is 68 

required to establish a reentry-permissive substrate. 69 

Unraveling these mechanisms requires a human experimental model capable of recapitulating 70 

both the genetic complexity and the macroscopic propagation dynamics of the fibrillating 71 

atrium. In our previous study using induced pluripotent stem cell-derived ventricular 72 

cardiomyocytes (iPSC-CM) carrying the same heterozygous SCN5A p.S1812X truncation, we 73 

demonstrated a marked reduction of INa and disrupted connexin 43 (Cx43) membrane 74 

localization, confirming the strong functional and structural impact of this variant (7). However, 75 

direct human evidence linking this chronic NaV1.5 deficiency to specific atrial conduction 76 

defects and reentry formation has not been established. Current research platforms have been 77 

hindered by technical limitations. Animal models often fail to replicate human atrial 78 

electrophysiology, while human iPSC-atrial-CMs (iPSC-aCMs) have largely been restricted to 79 

single-cell phenotyping, small-scale clusters, or models reliant on optical mapping (8-12). 80 

Recent advances using conditionally immortalized atrial myocytes have generated 2D sheets 81 

capable of supporting reentry (13). However, characterizing these arrhythmias typically relies 82 

on optical voltage mapping. This approach, while powerful, is inherently limited by 83 

phototoxicity and dye instability, preventing the observation of sustained arrhythmia dynamics 84 

over clinically relevant timescales (14). Furthermore, conventional microelectrode arrays 85 

(MEAs) are constrained by a limited active recording area, often failing to encompass the full 86 

trajectory of reentrant circuits or track meandering rotors across the macroscopic syncytium. 87 

To bridge this gap, we developed a label-free, high-density microelectrode array (HD-MEA) 88 

platform capable of continuous, long-term mapping of excitation propagation across large-89 
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scale human atrial monolayers (15). By integrating 512 microelectrodes with a spatial 90 

resolution sufficient to resolve wavefront curvature and local block (15), this system overcomes 91 

the blind spots of conventional MEAs and the temporal limits of optical mapping. This 92 

technology allows us to capture the initiation, maintenance, and termination of stable reentrant 93 

circuits in a strictly controlled human in vitro environment. 94 

In this study, we combined this HD-MEA platform with patient-specific iPSC-aCMs derived 95 

from the same SCN5A p.S1812X carriers and, crucially, a genotype-negative BrS patient (BrS3) 96 

as a clinical comparator to distinguish mutation-specific effects from general disease 97 

background. We demonstrate that SCN5A haploinsufficiency creates an arrhythmogenic 98 

substrate driven by the concomitant loss of INa density and heterogeneous Cx40 gap-junctional 99 

remodeling. This specific combination renders the atrial syncytium highly susceptible to both 100 

spontaneous and pacing-induced sustained micro-reentry (> 30 s) spinning at clinically relevant 101 

frequencies (~6 Hz), a severe phenotype notably absent in genotype-negative and healthy 102 

control lines. Furthermore, by subjecting these reentry-in-a-chip models to clinically used 103 

antiarrhythmic agents, we validate the platform as a mechanism-based assay for distinguishing 104 

rhythm-control from rate-control strategies, paving the way for precision pharmacology in 105 

Brugada-associated AF. 106 

 107 

RESULTS  108 

Clinical relevance. Previously, we established patient-specific iPSC lines from one male BrS 109 

patient (BrS1) and his biological sister (BrS2), and their ventricular phenotypes were 110 

characterized in our earlier study (7). Both patients were treated with an implantable 111 

cardioverter-defibrillator. Genetic screening for possible mutations in several cardiac-specific 112 

genes revealed the heterozygous SCN5A point mutation C > A at position c.5435 in both 113 

patients (16). 114 

In this study, we also included another BrS patient BrS3 (initially named iBrS2 in our previous 115 

publication Veerman et al. 2016) without any novel or rare variants in genetic screening of the 116 

coding region of SCN5A (17). Furthermore, the BrS3 patient was negative for such variants in 117 

all other BrS-associated genes. However, the BrS3 patient was an elderly male with a history 118 

of syncope who presented with episodes of paroxysmal atrial fibrillation (17). In the patient’s 119 

family, sudden cardiac death was reported in several members (17). 120 

Three cell lines derived from 3 independent healthy individuals were used as Ctrl cell lines 121 

(18). None of the individuals were ever diagnosed with cardiovascular disease. All the detailed 122 

information about the patients and healthy donors is listed in Table S1. 123 
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 124 

NaV1.5/Cx40 remodeling in BrS1/2-aCMs 125 

Using our previously established atrial differentiation method (19), we successfully 126 

differentiated iPSCs into atrial CMs with high purity. Briefly, iPSCs were first treated with 127 

CHIR and IWP2 to modulate canonical WNT signaling, followed by treatment with 1 μM 128 

retinoic acid at days 3-6 for atrial subtype specification (Fig. 1A). Flow cytometry detected 129 

94.6% Ctrl-CMs, 94.2% BrS1-aCMs, 96.5% BrS2-aCMs, and 96.8% BrS3-aCMs positive for 130 

cTnT (Fig. 1B and C). Immunofluorescence staining for MLC2V and MLC2A revealed that 131 

RA-treated cultures (iPSC-aCMs) showed prominent expression of MLC2A (Fig. 1D). 132 

Consistent with our previous study in ventricular cardiomyocytes (7), we applied an antibody 133 

that detects truncated proteins of NaV1.5 to study whether the p.S1812X mutation affected the 134 

cellular localization of NaV1.5 in BrS-aCMs (Fig. 1E). Control cells exhibited the expected 135 

continuous membrane-associated NaV1.5 pattern, with only minimal cytosolic signal. In 136 

contrast, both BrS1 and BrS2 cultures showed a markedly disrupted pattern characterized by 137 

intermittent membrane labeling, coarse clustering, and increased intracellular signal, consistent 138 

with impaired trafficking and surface expression of truncated NaV1.5 (20, 21). BrS3-aCMs, in 139 

line with their genotype-negative status, displayed a preserved membrane-localized Nav1.5 140 

distribution similar to controls and lacked the fragmented pattern observed in BrS1/2. 141 

In contrast to our previous study in ventricular cardiomyocytes, we examined connexin 40 142 

(Cx40) rather than Cx43, consistent with the established finding that Cx40 represents the 143 

predominant connexin isoform in atrial cardiomyocytes (22). While Ctrl-aCMs showed robust 144 

and continuous Cx40 labeling along intercellular borders, BrS1 and BrS2 cultures frequently 145 

displayed fragmented, punctate, and misaligned Cx40 signal (Fig. 1F). Together, these findings 146 

indicate that both sodium-channel and gap-junction architecture are altered in SCN5A-mutant 147 

BrS-aCMs. 148 

Western blotting confirmed reduced NaV1.5 protein abundance in mutation-positive BrS-aCMs 149 

(Fig. 1G and H). When normalized to NaK ATPase, NaV1.5 levels were significantly decreased 150 

in BrS2 (p = 0.0094, t-test) and showed a strong downward trend in BrS1 (p = 0.0708) 151 

compared with Ctrl, whereas the genotype-negative BrS3 line exhibited NaV1.5 abundance 152 

comparable to that of Ctrl. Total Cx40 protein levels exhibited substantial inter-line variability 153 

without a consistent group-wise difference, although immunostaining revealed a more 154 

fragmented and discontinuous junctional pattern in BrS1/2-aCMs relative to Ctrl (Fig. 1I). 155 

BrS1/2-aCMs recapitulate sodium channel loss-of-function 156 
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Previously, we revealed 50% more INa reduction in 3-month-cultured BrS ventricular CMs 157 

derived from iPS cells carrying the heterozygous SCN5A mutation p.S1812X, compared to Ctrl 158 

ventricular CMs (7). To test whether the SCN5A p.S1812X mutation has an effect on iPSC-159 

aCMs, we performed the automated patch-clamp recording under 50 mM [Na+]O and found 160 

similar results (7). Compared to Ctrl-aCMs (-190.1 ± 15.1 pA/pF), the peak INa density was 161 

significantly reduced in BrS1-aCMs (-101.6 ± 8.5 pA/pF, p < 0.0001) and BrS2-aCMs (-77.5 162 

± 8.0 pA/pF, p < 0.0001) under -30 mV stimulation (Fig. 2 A-C). In contrast, BrS3-aCMs had 163 

a Ctrl-comparable INa density at -30 mV (-213.7 ± 16.4 pA/pF). As observed for steady-state 164 

activation in ventricular BrS-CMs (7), BrS1/2-aCMs also showed a rightward shift in the 165 

curves, whereas BrS3-aCMs did not (Fig. 2D). However, the SCN5Ap.S1812X mutation did not 166 

affect the steady-state inactivation curves of atrial CMs (Fig. 2D), similar to observed in our 167 

ventricular CMs study (7). To determine whether the INa recorded in aCMs remains sensitive 168 

to the sodium channel blocker tetrodotoxin (TTX), we applied 2.5 µM TTX to Ctrl-aCMs to 169 

block INa. INa density at -25 mV was significantly reduced by 41% from -152.6 ± 20.4 pA/pF 170 

to -89.7 ± 13.2 (Fig. 2E and F). 171 

The deficient INa in BrS1/2-aCMs prompted us to examine the action potential (AP) since INa 172 

is responsible for the upstroke velocity (Vmax) in AP depolarization phase 0 (Fig. 2G-I).  173 

Compared with the minute-long stable APs observed in Ctrl-CMs (97.5%), arrhythmic APs, 174 

including delayed afterdepolarizations (DADs) and DAD-triggered activities, were exhibited 175 

in 34.3% of BrS1-aCMs and 33.3% of BrS2-aCMs (Fig. 2G and H). In contrast, BrS3-aCMs, 176 

which harbor no SCN5A mutation, maintained rhythmic beating at a rate of 97.5%. INa 177 

deficiency indeed resulted in a significant decrease in the Vmax of BrS1-aCMs (7.5 ± 0.5 V/s, 178 

p = 0.02) and BrS2-aCMs (7.3 ± 0.4 V/s, p = 0.02) compared to Ctrl-aCMs (23.9 ± 4.9 V/s, 179 

Fig. 2I). In contrast, BrS3-aCMs had a Ctrl-comparable Vmax (22.8 ± 5.6 V/s, Fig. 2I). 180 

Additionally, there were no significant differences in resting membrane potential (RMP) or AP 181 

amplitude (APA) between Ctrl-aCMs and any of the BrS lines (BrS1/2/3-aCMs) (Fig. 2I).  182 

Manual recording of APs at 35°C showed similarly spontaneous beating frequencies (average 183 

of approximately 2 Hz) among Ctrl-aCMs, BrS1-aCMs, BrS2-aCMs, and BrS3-aCMs (Fig. 184 

2I). Under 2 Hz pacing, the APD90 among Ctrl-aCMs (194.1 ± 8.4 ms), BrS1-aCMs (200.7 ± 185 

10.1 ms), BrS2-aCMs (198.5 ± 7.7 ms), and BrS3-aCMs (196.6 ± 11.3 ms) were comparable 186 

(Fig. 2I). The spontaneous beating rate (~2 Hz) and APD90 (~200 ms) confirmed a robust atrial 187 

electrophysiological phenotype. 188 

 189 

Conduction slowing in BrS1/2-aCM cultures 190 
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To visualize the conduction propagation, we applied our developed HD-MEA platform and 191 

scripted a vector-based CV analysis module in our field potential recording software, where 192 

the arrow indicates the direction of signal propagation and the length indicates the value of the 193 

CV (Fig. 3A-F). Using the same criteria (threshold, vector scale, and arrow size) for vector 194 

plotting, we can easily observe a dramatic difference between Ctrl-aCM and BrS1/2-aCM 195 

cultures (Fig. 3A and D), where the predominant direction of propagation is anisotropic in Ctrl-196 

aCMs but is isotropic in BrS1/2-aCMs. To dynamically view the beat-to-beat CV changes, we 197 

improved our software to plot all beats using box and whisker plots (Fig. 3C and F). In order 198 

to reasonably quantify the CV of a culture, we calculated the median value of each beat to 199 

represent the CV of that beat, and averaged all stable medians to represent the CV value of the 200 

culture. We found that the CVs of BrS1-aCM (18.1 ± 1.0 cm/s, p < 0.0001) and BrS2-aCM 201 

(13.3 ± 1.1 cm/s, p < 0.0001) cultures were significantly slower than that of Ctrl-aCM cultures 202 

(30.0 ± 1.3 cm/s, Fig. 3C, F and J). In contrast, BrS3-aCMs had a Ctrl-comparable CV (28.7 ± 203 

1.8 cm/s). Frame-by-frame dissection of normalized voltage and phase maps revealed a spread 204 

of sodium spikes across the electrode distribution area of 95.3 mm2 (Fig. 3G-I), spending 30-205 

40 ms in Ctrl-aCM (Fig. 3G) and BrS3-aCM cultures (Fig. 3I), compared to a prolonged 70-80 206 

ms in BrS1/2-aCM cultures (Fig. 3H) for one spontaneous beating. Furthermore, spatial map 207 

of activation time confirmed the conduction slowing in BrS1/2-aCM cultures compared to Ctrl-208 

aCMs (Fig. 3B and E). We observed an overlay of sodium spikes for all detectable channels in 209 

Ctrl-aCM culture over a time frame of about 30 ms, with time as the x-axis, but sodium spikes 210 

are distributed over a longer time frame of about 70 ms in BrS1/2-aCM, which is again 211 

confirmed by the inserted spatial activation maps (fig. S1B and E). For field potential amplitude 212 

and slope quantification, we averaged all detectable sodium spikes for one beat, and averaged 213 

all mean values of all beats to represent one culture (fig. S1C and F). The data scatter of field 214 

potential amplitude and slope showed a similar pattern to CV, confirming the sodium current 215 

deficiency in BrS1/2-aCMs, but not in BrS3-aCMs (Fig. 3K and L). The beating frequencies 216 

were comparable among the four groups (Fig. 3M), consistent with the frequencies observed 217 

in manual patch-clamp recordings.  218 

BrS1/2-aCM cultures were vulnerable to pacing-induced reentrant arrhythmias 219 

To avoid the limitations of external commercial or homemade pacers such as imprecise 220 

positioning, variable distance, batch-to-batch inconsistency, and potential damage to the 221 

cultures (14), we integrated stimulation electrode paddles directly onto the four edges of the 222 

HD-MEA chip (Fig. 4A) (15). We positioned a larger grounding paddle near each stimulation 223 

electrode to conductively dissipate pacing-induced currents and eliminate stimulation artifacts 224 
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(Fig. 4A). We then designed a protocol with stepwise increasing pacing rates (4-6-8-10 Hz) to 225 

induce reentrant arrhythmias (Fig. 4B). Since the HD-MEA chip contains four stimulation 226 

paddles positioned at its corners, we designed a pacing regime to quantify the reentrant 227 

arrhythmias susceptibility in Ctrl- and BrS-aCMs (Fig. 4C). Prior to study pacing, all cultures 228 

were loaded into the HD-MEA system to record spontaneous beats for 1 min to assess 229 

spontaneous reentrant arrhythmias. To systematically provoke reentrant events, stimulation 230 

paddles were activated sequentially using a manual protocol to ensure precise control over the 231 

induction process. While this approach introduced variable intervals between pacing steps, it 232 

offered a decisive experimental advantage: the ability to instantly halt stimulation once a 233 

reentrant event was triggered. This strategy prevented the masking or termination of induced 234 

arrhythmias often caused by rigid automated protocols, thereby maximizing the capture rate of 235 

sustained reentry. 236 

All (100%) Ctrl-aCM cultures exhibited spontaneous pacemaker rhythm and 95.5% (21 out of 237 

22) were resistant to pacing-induced reentrant arrhythmias (Fig. 4D-E and G). Although we 238 

observed in 1 out of 22 Ctrl-CM cultures pacing-induced reentrant arrhythmia (Fig. 4E) after 239 

stimulation of paddle 2 (a reentry with less than 5 s) and 3 (a reentry with less than 1 s), we did 240 

not observe any sustained reentries in Ctrl-aCM cultures.  241 

In contrast, spontaneous reentrant arrhythmias were observed in 40.7% (11 out of 27) BrS1-242 

aCM and 26.5% (9 out of 34) BrS2-aCM cultures, but not in BrS3-aCMs (Fig. 4G). 243 

Additionally, a large number of pacing-induced reentrant arrhythmias occurred in 18.5% (5 of 244 

27) of BrS1-aCM cultures and 29.4% (10 of 34) of BrS2-aCM cultures (Fig. 4F-G) whereas 245 

pacing-induced reentrant arrhythmias exhibited in 10% (3 out of 30) BrS3-aCM cultures. 246 

Magnitude and phase maps clearly visualize the transition from linear pacemaker rhythm to a 247 

rotor-patterned reentrant arrhythmia by pacing in BrS-aCM cultures (Fig. 4F). Dynamic 248 

visualization of a representative sustained reentrant episode from a BrS-aCM culture is 249 

provided in Movies S1 (raw traces) and S2 (magnitude and phase maps), which depict the same 250 

reentrant episode.  251 

To systematically compare reentry susceptibility across cultures, we quantified the proportion 252 

of cultures exhibiting (i) any reentry, (ii) non-sustained reentry (< 5 s), and (iii) sustained 253 

reentry (> 30 s) (Fig. 4H). Clinically relevant sustained reentry (> 30 s), which reflects a robust 254 

and self-maintaining arrhythmogenic substrate, occurred predominantly in the BrS1/2 groups. 255 

All of cultures with reentrant arrhythmias in BrS1/2-aCM cultures showed as sustained reentry 256 

(> 30 s), highlighting their markedly increased reentry stability (Fig. 4H). In BrS3-aCM 257 

cultures, one case revealed non-sustained reentry and two cases with sustained reentry (Fig. 258 
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4H). The reentrant appearance rate in BrS3-aCM cultures is much lower than BrS1/2, but 259 

higher than Ctrl. However, the underlying mechanism for the AF susceptibility in non-SCN5A 260 

mutant BrS3-aCM cultures remains elusive. 261 

Moreover, Ctrl-aCM cultures exhibited highly synchronized pacemaker-like activity across the 262 

512-electrode array (fig. S2A-B). The field potential traces showed regular, rhythmic 263 

depolarizations with nearly uniform amplitude and timing, indicating homogeneous electrical 264 

coupling among neighbouring cells (fig. S2B). The 3D waterfall visualization further 265 

confirmed the synchronous propagation of field potentials, reflecting stable automaticity and 266 

coordinated activation in the control atrial syncytium (fig. S2C). In contrast, the reentry in BrS-267 

aCM cultures displayed markedly irregular and desynchronized field potential patterns with 268 

high frequency rotation (4-5 rotations per second, fig. S3). The overlay and 3D waterfall plots 269 

revealed asynchronous activation across the array, suggesting localized conduction block and 270 

fragmented wavefront propagation (fig. S3B and C). These electrophysiological features 271 

closely resemble reentrant arrhythmia dynamics in BrS. 272 

Furthermore, to quantitatively assess the dynamics of reentrant activity, the reentry frequency 273 

was analyzed across all cultures. When data from all reentry-positive cultures were pooled 274 

regardless of genotype (BrS1/2/3), the mean reentry frequency was approximately 5.8 ± 0.2 Hz 275 

(fig. S4A, n = 38). Nevertheless, as shown in the scatter plot in fig. S5B, no significant 276 

difference in reentry frequency was observed between spontaneous and pacing-induced 277 

reentries within BrS1/2/3-aCM cultures. Because only one out of 22 Ctrl-aCM cultures 278 

exhibited pacing-induced reentry (with a frequency of 9.4 Hz), statistical comparison between 279 

Ctrl and BrS was not meaningful.  280 

Acute sodium channel blockade fails to recapitulate the reentrant phenotype in Ctrl- and 281 

genotype-negative BrS3-aCM cultures 282 

To test our hypothesis that sodium current reduction alone is insufficient to cause the high 283 

reentry vulnerability observed in BrS1- and BrS2-aCM cultures, we applied 2.5 µM TTX to 284 

Ctrl- and BrS3-aCM cultures (Fig. 5A). In Ctrl-aCM cultures, TTX significantly slowed the 285 

CV from 30.4 ± 1.3 cm/s to 18.5 ± 1.1 cm/s (Fig. 5B-D). Concurrently, field potential amplitude, 286 

slope, and beating frequency were significantly reduced (Fig. 5D). We then examined whether 287 

this acute conduction slowing could promote arrhythmia. Under basal conditions, all 20 Ctrl-288 

aCM cultures exhibited stable pacemaker-like field potentials, and only one culture developed 289 

pacing-induced reentry (Fig. 5F). However, TTX exposure for 30 min, despite the marked 290 

reduction in excitability, did not induce any reentrant appearance in Ctrl cultures (Fig. 5E and 291 

F).  292 
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We further extended this validation to the genotype-negative BrS3. Although the donor 293 

presented with clinical AF, BrS3-aCMs exhibit normal INa density and lack the structural 294 

defects seen in SCN5A-mutant lines. Consistent with the results in Ctrl, no spontaneous or 295 

pacing-induced reentry was detected in a cohort of 18 BrS3-aCM cultures under basal 296 

conditions (Fig. 5G). Crucially, even after restricting INa availability with 2.5 µM TTX, all 18 297 

BrS3-aCM cultures remained resistant to reentry induction (Fig. 5G). These results strongly 298 

suggest that reduced excitability alone is insufficient to establish a sustained reentrant substrate 299 

in the absence of chronic structural remodeling. 300 

HD-MEA as a platform to test anti-AF drugs using BrS1/2-aCM cultures 301 

Given that all spontaneous and pacing-induced reentrant arrhythmias in BrS1/2-aCM cultures 302 

were sustained (> 30 s) (Fig. 4G and H), we applied different antiarrhythmic drugs to sustained 303 

reentrant cultures in the following studies. Vernakalant is an antiarrhythmic drug licensed for 304 

pharmacological cardioversion of recent-onset AF. Continuous field-potential recordings 305 

showed that reentry remained stable before drug administration, but its rotation frequency 306 

gradually reduced during exposure to 3 μM vernakalant and further during 10 μM treatment, 307 

ultimately leading to rhythm destabilization (Fig. 6A). After approximately 800 seconds of 308 

vernakalant exposure, the reentrant spiral wave abruptly transitioned into a pacemaker 309 

spontaneous rhythm (Fig. 6B). This drug-induced rhythm conversion closely parallels the 310 

clinical strategy of rhythm control, in which atrial fibrillation is terminated and normal 311 

organized beating is restored. Vernakalant converted reentry to pacemaker-like activity in a 312 

concentration-dependent manner with 33.3% at 10 µM (3 out of 9) and 44.4% (4 out of 9) at 313 

30 µM in BrS1/2-aCM cultures (Fig. 6C). Baseline rotation frequency (6.8 ± 0.5 Hz) was 314 

calculated from all cultures exhibiting reentry before treatment. After exposure to 30 µM 315 

vernakalant, rotation frequency was reduced to 4.4 ± 0.2 Hz in the cultures that continued to 316 

sustain reentry, whereas cultures that converted to pacemaker rhythm were excluded from the 317 

post-treatment analysis (Fig. 6D). These data indicate that acute perfusion of vernakalant led 318 

to a progressive slowing of spiral-wave rotation in BrS1- and BrS2-aCM cultures. 319 

Flecainide is an antiarrhythmic medication to treat paroxysmal supraventricular tachycardia, a 320 

potentially life-threatening irregular arrhythmia. In our study, flecainide converted reentry to 321 

pacemaker-like activity in 35.7% of BrS1/2-aCM cultures (5 out of 14 cultures). Baseline 322 

rotation frequency (5.6 ± 0.3 Hz) was calculated from all cultures exhibiting reentry before 323 

treatment. After exposure to 20 µM flecainide, the rotation frequency was reduced to 2.2 ± 0.1 324 

Hz in the cultures that continued to sustain reentry, whereas cultures that converted to 325 
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pacemaker rhythm were excluded from the post-treatment analysis (Fig. 6E-G). These data are 326 

comparable to those derived from vernakalant treatment. 327 

Propranolol is a medication of the beta-blocker class. It is used to treat high blood pressure and 328 

various types of arrhythmias. Different from vernakalant/flecainide, the rate-controlling class 329 

II antiarrhythmic agent propranolol reduced rotation frequency from 5.9 ± 0.3 Hz to 3.1 ± 0.2 330 

Hz after 10 µM propranolol treatment in BrS-aCM cultures, but failed to terminate reentry (Fig. 331 

6H-K).  332 

Although spontaneous reentry was absent in BrS3-aCMs, high-frequency pacing successfully 333 

induced sustained reentry (>30 s) in a small subset of cultures (2 out of 30). We utilized these 334 

two cases to test the efficacy of the atrial-selective antiarrhythmic vernakalant. In one culture, 335 

perfusion of 30 µM vernakalant successfully destabilized the reentrant circuit and restored 336 

sinus rhythm (fig. S5A). However, the second culture remained refractory, with sustained 337 

reentry persisting (fig. S5B). These data suggest that once a reentrant substrate is established, 338 

its pharmacological sensitivity is comparable across genotypes. 339 

 340 
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 341 
Fig. 1. Atrial cardiomyocyte differentiation and NaV1.5/Cx40 remodeling. (A) Scheme of the 342 

directed differentiation protocols. Retinoic acid (RA) was used to induce the atrial subtype 343 

differentiation. (B) Representative flow cytometry traces for one atrial differentiation. (C) Proportion 344 

of cTnT-positive aCMs (Ctrl: 15 independent differentiations of 3 cell lines; BrS1: 7 independent 345 

differentiations of 2 cell lines; BrS2: 9 independent differentiations of 2 cell lines; BrS3: 8 independent 346 

differentiations of 2 cell lines). (D) Double-immunostaining of myosin light chain 2, ventricular/atrial 347 

isoforms in atrial-iPSC-CMs. Cell nuclei are shown in blue (Hoechst 33342). Scale bar: 100 μm. (E) 348 
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Double-immunostaining of Ctrl1- and BrS1, 2, and 3-aCMs with antibodies against NaV1.5 and α-349 

actinin. Scale bar, 100 µm. (F) Double-immunostaining of Ctrl1- and BrS1, 2, and 3-aCMs with 350 

antibodies against Cx43 and α-actinin. Scale bar, 100 µm. (G) Representative Western blots showing 351 

NaV1.5, Cx40, and NaK ATPase expression in Ctrl and BrS iPSC-aCM cultures. (H) Quantification of 352 

NaV1.5 band intensity normalized to NaK ATPase (NaV1.5/NaK ATPase). (I) Quantification of Cx40 353 

band intensity normalized to NaK ATPase (Cx40/NaK ATPase). Predefined comparisons (Ctrl vs BrS1 354 

and Ctrl vs BrS2) were analyzed using a two-tailed unpaired t-test. Data are presented as mean ± SEM; 355 

each point represents one cell-line batch. **p < 0.01. 356 
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 357 
Fig. 2. Electrophysiological characterization of Ctrl-aCMs and BrS-CMs. (A) Automated patch-358 

clamp recordings of INa under low extracellular sodium concentration (50 mM [Na+]O) in representative 359 

Ctrl3 and BrS2 cells. (B) The I-V curve of INa (Ctrl: 64 cells from 7 independent differentiations of 3 360 

cell lines; BrS1: 54 cells from 6 independent differentiations of 2 cell lines; BrS2: 41 cells from 6 361 

independent differentiations of 2 cell lines; BrS3: 64 cells from 6 independent differentiations of 2 cell 362 

lines). The stimulation protocol is shown as an inset. (C) The scatter plot shows INa density at -30 mV. 363 

(D) The activation and inactivation curves of INa. I-V curves (E) and scatter plot (F) of INa in Ctrl-aCMs 364 
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before and after 2.5 µM TTX treatment (data come from 5 independent differentiations of 3 Ctrl cell 365 

lines). (G) Shown are representative traces of spontaneous APs for Ctrl1- and BrS2-aCM. (H) 366 

Percentage of Ctrl- and BrS-aCMs exhibiting spontaneous rhythmic or arrhythmic beating. (I) 367 

Quantification of key AP metrics: Vmax, RMP, and APA, spontaneous beating frequency and APD90 368 

at 2 Hz pacing (Ctrl: 40 cells from 8 independent differentiations of 3 cell lines; BrS1: 35 cells from 6 369 

independent differentiations of 2 cell lines; BrS2: 33 cells from 6 independent differentiations of 2 cell 370 

lines; BrS3: 40 cells from 6 independent differentiations of 2 cell lines). Data are presented as mean ± 371 

SEM. Two-way ANOVA with Sidak’s post-test was used for INa analysis. Two-tailed paired Student’s 372 

t-test was used for TTX treatment analysis. One-way ANOVA with Tukey’s post-test was used for AP 373 

analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 374 
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 375 
Fig. 3. Spontaneous field potential characterization on HD-MEA. (A) Shown is CV vector map for 376 

one spontaneous beating Ctrl3-aCM culture on HD-MEA. The arrow indicates CV direction and length 377 
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indicates conduction speed. (B) Spatial map of activation time for one spontaneous beating Ctrl3-aCM 378 

culture on HD-MEA. (C) Box and whisker plot for CV beat-to-beat during one-minute recording of 379 

spontaneous beating in one Ctrl3-aCM culture. The median value of one beat was chosen to represent 380 

the CV of the beat. (D) Shown is CV vector map for one spontaneous beating BrS2-aCM culture on 381 

HD-MEA. (E) Spatial map of activation time for one spontaneous beating BrS2-aCM culture on HD-382 

MEA. (F) Box and whisker plot for CV beat-to-beat during one-minute recording of spontaneous 383 

beating BrS2-aCM culture. Normalized voltage and phase maps of representative beats in Ctrl3-aCM 384 

(G), BrS2-aCM (H) and BrS3-aCM (I) cultures were profiled frame by frame (in 10 ms increments). 385 

The metrics of HD-MEA measurements including CV (J), field potential amplitude (K), field potential 386 

slope (L), and beating frequency (M) in Ctrl-aCMs, BrS1/2/3-aCM cultures (Ctrl: 22 cultures from 11 387 

differentiations of 3 cell lines; BrS1: 16 cultures from 4 differentiations of 2 cell lines; BrS2: 19 cultures 388 

from 7 differentiations of 2 cell lines; BrS3: 30 cultures from 8 differentiations of 2 cell lines). Data are 389 

mean ± SEM. One-way ANOVA followed by Dunnett test was used for statistical analysis. 390 
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 391 
Fig. 4. Atrial reentrant arrhythmia characterization. (A) The layout of the HD-MEA chip shows 392 

the integrated stimulation paddles 1, 2, 3 and 4. Four corresponding paddles are distributed nearby to 393 
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receive the stimulation artifact charges. (B) Illustration of the stepwise pacing protocol (4, 6, 8, 10 Hz) 394 

used for reentry induction. (C) Scheme of the pacing regime, including paddle selection and brief breaks. 395 

(D) After pacing session applied in paddle 1, 2, 3 and 4, no reentry was induced in one Ctrl2-aCM 396 

culture. (E) Non-sustained reentries were induced by pacing in only one Ctrl2-aCMs culture. 397 

Enlargement of the highlighted non-sustained reentries (a 4 s reentry and one reentry < 1 s) from panel 398 

E. (F) In one culture of BrS2-aCMs, a sustained reentrant arrhythmia was induced by a pacing session 399 

at paddle 1. At the end of the trace BrS2-aCM, 10-s fragment was zoomed out to show the high-400 

frequency reentrant beating. Normalized magnitude and phase maps of representative 150 ms of the last 401 

beat recorded in cultures of BrS2-CM were analyzed frame-by-frame (in 10-ms increments) to indicate 402 

conversion of a linear pacemaker rhythm to a rotor-pattern reentrant arrhythmia by pacing. (G) 403 

Percentage of Ctrl- and BrS-aCMs with pacemaker rhythm, spontaneous reentrant arrhythmia and 404 

pacing induced reentrant arrhythmia (Ctrl: 22 cultures in total from 11 independent differentiations of 405 

3 cell lines; BrS1: 27 cultures in total from 5 independent differentiations of 2 cell lines; BrS2: 34 406 

cultures in total from 13 independent differentiations of 2 cell lines; BrS3: 30 cultures in total from 8 407 

independent differentiations of 2 cell lines). (H) Quantification of the proportion of cultures showing 408 

non-sustained reentry (< 5 s) and sustained reentry (> 30 s). Numbers above bars indicate the count of 409 

positive cultures relative to the total number of cultures (n/N) and the corresponding percentage. 410 
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 411 
Fig. 5. Assessment of the reentry vulnerability in Ctrl- and BrS3-aCMs cultures upon TTX 412 

application. (A) The workflow for TTX application in Ctrl- and BrS3-aCM cultures. Created in 413 

BioRender. Li, W. (2026) https://BioRender.com/87v80fp. CV vector maps in the Ctrl3-aCM culture 414 

before (B) and after (C) 2.5 µM TTX treatment for 30 min. Violin plots are used to represent the CV of 415 
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the corresponding beats before and after TTX treatment. (D) Quantifications of CV, field potential 416 

amplitude, field potential slope, and beating frequency in Ctrl-aCM cultures before and after TTX 417 

treatment (20 cultures from 9 differentiations of 3 cell lines). (E) Representative traces of spontaneous 418 

beating and pacing-induced activity in one Ctrl2-aCM culture before and after TTX treatment. (F) 419 

Counting of the spontaneous/pacing-induced reentry in basal and after TTX-treated conditions (20 420 

cultures from 9 differentiations of 3 cell lines). (G) Quantification of reentry vulnerability in BrS3-aCM 421 

cultures. In a total of 18 cultures (from 4 differentiations of 2 cell lines), no spontaneous or pacing-422 

induced reentry was observed under either basal conditions or following 2.5 µM TTX treatment. Two-423 

tailed paired Student’s t-test was used for TTX treatment analysis. ****p < 0.0001. 424 
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 425 
Fig. 6. Testing of antiarrhythmic drugs in BrS-aCM reentry models. (A) Randomly selected 426 

channel shows the original recording of reentry under vernakalant application. The yellow enlarged 427 

region of interest shows the conversion period from reentrant arrhythmia to pacemaker rhythm. (B) The 428 

instantaneous reentry/beating frequency trace corresponding to panel A. Vernakalant (30 µM) 429 

converted 44.4% reentrant arrhythmia to pacemaker rhythm (C), and reduced rotation frequency in BrS-430 

aCM cultures (D) (n = 9 from both BrS1- and BrS2-CM cultures). (E) Reentry/beating frequency trace 431 

shown the reentry converted to pacemaker rhythm by application of the rhythm-controlling class I 432 
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antiarrhythmic agent flecainide. In the red dashed rectangle, the CV vector map and activation map 433 

indicate the reentry pattern; in the green dashed rectangle, the CV vector map and activation map 434 

indicate the pacemaker pattern. Flecainide converted ~40% the reentrant arrhythmia to pacemaker 435 

rhythm (F), and reduced rotation frequency in BrS-aCM cultures (G) (n = 14 from both BrS1- and 436 

BrS2-CM cultures). (H) Reentry/beating frequency trace under treatment of the rate-controlling class 437 

II antiarrhythmic agent propranolol. In the red dashed rectangle, the CV vector map and activation map 438 

indicate the reentry pattern around 2000 s for the last beat. Propranolol did not convert the reentrant 439 

arrhythmia (I) but reduced rotation frequency in BrS-aCMs (J) (n = 6 from both BrS1- and BrS2-CM 440 

cultures). Data are presented as mean ± SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001 using student’s 441 

t-test. 442 

 443 

DISCUSSION 444 

In this study, we developed a human AF model of BrS using patient-specific iPSC-aCMs 445 

combined with label-free high-density electrophysiological mapping. This platform enabled 446 

direct visualization of how SCN5A loss-of-function reshapes atrial excitability and conduction 447 

to support stable reentry. Mutation-positive BrS atrial cardiomyocytes exhibited reduced 448 

NaV1.5 abundance, disrupted membrane targeting, and fragmented Cx40 that translated into 449 

slowed, heterogeneous propagation and a markedly lowered threshold for sustained reentry 450 

formation. In contrast, the genotype-negative BrS line failed to develop a comparable substrate, 451 

underscoring the mutation-specific nature of the phenotype. Moreover, class I like rhythm-452 

control agents reliably decelerated or extinguished rotor dynamics, directly linking sodium-453 

channel deficiency to the functional reversibility of the arrhythmogenic substrate. These 454 

findings provide mechanistic insight into BrS-associated AF and highlight the utility of HD-455 

MEA based human models for resolving micro-reentrant drivers. 456 

Mutation-positive BrS1/2-aCMs displayed both functional and structural hallmarks of reduced 457 

excitability and enhanced arrhythmia vulnerability. Patch-clamp recordings demonstrated a 458 

pronounced reduction in action-potential Vmax, consistent with diminished INa availability and 459 

a right-shifted steady-state activation curve in SCN5A loss-of-function cells. BrS1/2-aCMs also 460 

showed a significantly higher incidence of spontaneous arrhythmic beating compared with 461 

Ctrl-aCMs, reflecting an increased burden of ectopic triggers capable of initiating wavebreaks 462 

in a vulnerable substrate (23). Resting membrane potential and APD were largely preserved, 463 

ruling out global electrophysiological immaturity and indicating that the instability arises 464 

specifically from NaV1.5-dependent excitability deficits rather than broad changes in AP 465 

morphology (24). 466 
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At the structural level, BrS1/2-aCMs exhibited clear evidence of sodium channel and gap 467 

junction remodeling. NaV1.5 abundance was reduced and its membrane localization was 468 

disrupted, indicating impaired surface availability of the channel. Although total Cx40 protein 469 

levels were not uniformly decreased, Cx40 junctional organization appeared fragmented, 470 

suggesting impaired gap-junction continuity. These combined alterations are expected to slow 471 

impulse propagation, reduce source-sink balance, and increase spatial heterogeneity—classic 472 

determinants of a reentry permissive substrate (23-27). 473 

These molecular and cellular changes were directly reflected in multicellular activation patterns 474 

on the HD-MEA platform. In pacemaker-beating conditions, the CV vector mapping signatures 475 

aligned closely with the structural remodeling observed in BrS1/2-aCMs, including disrupted 476 

NaV1.5 membrane localization and fragmented Cx40 labeling. These findings indicate that the 477 

molecular defects translate into a slower, more heterogeneous, and wavebreak-prone 478 

conduction substrate. Furthermore, BrS1/2-aCM monolayers exhibited a markedly higher 479 

appearance of both spontaneous and pacing-induced reentry. Importantly, the reentry observed 480 

in BrS1/2 cultures was fully sustained, with stable rotational activity persisting for hundreds of 481 

seconds rather than short-lived or stimulus-dependent spirals. Such long-duration reentry 482 

visualization is rarely achieved in human iPSC-derived atrial models and strongly indicates the 483 

presence of a robust, mutation-driven reentrant substrate (9-12).  484 

Control cultures further emphasized this specificity. All Ctrl-aCM monolayers displayed 485 

stable, synchronous pacemaker activity, and only one exhibited two brief, pacing-induced, non-486 

sustained reentry episodes, confirming that the stimulation protocol was not excessively 487 

aggressive. Whereas control cultures activated homogeneously across the 512-electrode array, 488 

BrS1/2-aCM monolayers displayed fragmented, irregular activation fields, consistent with a 489 

destabilized atrial conduction network. Together, these findings indicate that the NaV1.5-490 

p.S1812X mutation destabilizes atrial excitation by concurrently lowering excitability and 491 

impairing electrical coupling, thereby lowering the threshold for reentry initiation and enabling 492 

arrhythmia-like dynamics even under baseline conditions. 493 

A notable aspect of our study is the inclusion of a genotype-negative BrS3 patient, who 494 

presented with a clinical Brugada phenotype and AF but lacked pathogenic variants in SCN5A 495 

or other recognized BrS-associated genes (17). In our model, BrS3-aCMs showed preserved 496 

NaV1.5 abundance and normal INa density comparable to controls. However, unlike the healthy 497 

controls which were fully resistant to sustained arrhythmia, the BrS3 phenotype was not 498 

entirely quiescent; pacing-induced sustained reentry in a small subset of cultures (2 of 30). 499 

Crucially, BrS3-aCMs never exhibited the spontaneous reentry that characterized the SCN5A-500 
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mutant BrS1/2 lines. This indicates that while the BrS3 background can sustain reentry upon 501 

provocation, it lacks the severe conduction defects required for spontaneous initiation observed 502 

in SCN5A loss-of-function models. Interestingly, the pharmacological response of these 503 

pacing-induced rotors in BrS3-aCMs was variable, with vernakalant terminating the 504 

arrhythmia in one case while failing in the other. This partial efficacy aligns with our findings 505 

in BrS1/2-aCMs and highlights the complexity of the arrhythmogenic substrate in Brugada 506 

syndrome, where reentrant drivers, once formed, may display heterogeneous responses to 507 

sodium-channel blockade. The absence of spontaneous vulnerability in BrS3 underscores the 508 

well-known complexity of BrS, in which up to two-thirds of clinically diagnosed cases remain 509 

genetically unresolved (28). The paroxysmal AF in such genotype-negative patients may arise 510 

from variants in less common susceptibility genes, polygenic architectures, or extrinsic 511 

modulators (such as fibrosis, autonomic tone, or structural aging) that are not fully recapitulated 512 

in isolated iPSC-derived atrial syncytia (29, 30). Thus, BrS3 serves as a vital clinical 513 

comparator, strengthening the causal link between SCN5A truncation and the severe, 514 

spontaneously reentrant phenotype characterized in BrS1/2-aCM models. 515 

The activation frequency of reentrant excitation is a key determinant of arrhythmia dynamics 516 

and translational relevance (31). When quantified across all reentry-positive BrS1/2/3-aCM 517 

cultures, the mean reentry frequency was approximately 6 Hz, even in the majority of BrS1/2-518 

aCM cultures carrying the NaV1.5 p.S1812X truncation, which causes approximately a 50% 519 

reduction of peak sodium current and consequent conduction slowing. This frequency range is 520 

substantially higher than the ~3 Hz reentrant activity reported in early human embryonic stem 521 

cell-derived atrial tissue (32) and closely matches the 6–8 Hz activation frequencies recorded 522 

in atrial fibrillation patients (13, 31). Our observed rotational activity mirrors high-frequency 523 

driver regions identified in human atrial fibrillation mapping studies, suggesting that our 524 

platform captures clinically relevant reentry dynamics. 525 

One of the clearest insights from our study is the distinction between chronic, mutation-driven 526 

sodium-channel loss and acute pharmacological block. Partial INa inhibition with TTX in Ctrl-527 

aCMs uniformly slowed conduction, and decreased FPA and slope, but never produced 528 

spontaneous or pacing-induced reentry, indicating that reduced sodium current alone is 529 

insufficient to generate a reentrant substrate. This conclusion is further reinforced by our 530 

findings in the genotype-negative BrS3-aCMs. Despite the clinical history of AF in the donor, 531 

these cells lack the specific SCN5A-driven structural remodeling. Consequently, even when 532 

their conduction was acutely compromised by TTX, they remained resilient to arrhythmia 533 

induction. In contrast, BrS1/2-aCMs exhibit chronic, spatially heterogeneous NaV1.5 loss 534 
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together with disrupted membrane targeting and Cx40 remodeling, producing nonuniform 535 

excitability and impaired coupling. This patchy conduction reserve creates localized slow-536 

conduction zones and favors unidirectional block, enabling rotor formation and maintenance. 537 

Thus, arrhythmogenicity in BrS reflects the combined effects of sodium-channel insufficiency 538 

and chronic structural-functional remodeling, rather than the absolute magnitude of INa 539 

reduction. 540 

Both vernakalant and flecainide, two representative class I antiarrhythmic agents, effectively 541 

suppressed reentrant activity in BrS1/2-aCM cultures, consistent with their established rhythm-542 

control efficacy in atrial fibrillation (33-35). Vernakalant’s predominant mechanism in the 543 

fibrillating atrium is believed to be rate-dependent inhibition of cardiac sodium channels, 544 

complemented by additional blockade of atrial-selective K⁺ currents (36). These combined 545 

actions prolong refractoriness while avoiding excessive conduction slowing (36). In our human 546 

BrS atrial model, both vernakalant and flecainide destabilized spiral-wave reentry and 547 

promoted drug-induced rhythm conversion, closely paralleling the clinical principle of rhythm-548 

control therapy (37).  549 

In contrast, the application of propranolol yielded a distinct outcome. Although often classified 550 

solely as a Class II beta-blocker, propranolol is well known as a sodium channel blocker. In 551 

our model, propranolol significantly reduced the rotor frequency (~50% reduction), confirming 552 

its functional block of sodium channels and consequent conduction slowing. However, unlike 553 

vernakalant, it failed to terminate the reentry. This differential response highlights a critical 554 

biophysical principle: depressing conduction velocity (CV) without sufficiently prolonging the 555 

effective refractory period (ERP) decreases the excitation wavelength (wavelength = CV × 556 

ERP), potentially allowing the reentrant circuit to fit more easily within the tissue substrate 557 

rather than extinguishing it. Thus, our platform successfully distinguishes the mechanistic 558 

efficacy of true rhythm-control agents from non-terminating blockade. Together, our 559 

genetically defined reentry assay may serve as a foundation for precision electrophysiology, 560 

enabling patient- or variant-specific testing of antiarrhythmic compounds (37). 561 

In conclusion, we define a human, label-free atrial reentry model that connects SCN5A-562 

dependent excitability loss to conduction failure and reentry, and we demonstrate reentry-state 563 

pharmacology that distinguishes termination from rate control. By integrating human genetics, 564 

stem-cell atrial biology, and high-density electrophysiology, this framework opens a path 565 

toward precision electrophysiology and mechanism-based anti-AF drug discovery for Brugada 566 

syndrome and beyond. 567 

  568 
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 569 
 570 

MATERIALS AND METHODS 571 

 572 

Directed differentiation of iPSCs into atrial cardiomyocyte 573 

The study was approved by the Ethics Committee of University Medical Center Göttingen 574 

(approval number: 21/1/11 and 10/9/15) and Technical University of Dresden (approval 575 

number: EK 422092019) and carried out in accordance with the approved guidelines. We used 576 

three independent human iPSC lines as Ctrls, which were previously reprogrammed from 577 

somatic cells of three healthy individuals. The cell lines iWTD2.1 (UMGi001-A clone 1),  578 

iBM76.3 (UMGi005-A clone 3) and iBrS2-Am2/Am3 (referred to as BrS3 in this study) were 579 

generated from dermal fibroblasts, mesenchymal stem cells, and fibroblasts respectively, using 580 

STEMCCA lentivirus (19, 38). Another cell line, isWT7.22 (UMGi020-B clone 22) was 581 

generated from dermal fibroblasts using the integration-free CytoTune-iPS 2.0 Sendai 582 

Reprogramming Kit (39). Bone marrow derived mesenchymal stem cells and peripheral blood 583 

mononuclear cells were cultured and reprogrammed into iPSCs using the STEMCCA lentivirus 584 

(BrS1-iPSCs) or Sendai kit (BrS2-iPSCs), as described previously (7). Two cell lines were 585 

used to represent BrS1, as well as BrS2 and BrS3 to minimize the cell line-to-line variabilities 586 

(table S1). 587 

All Ctrl- and BrS-iPSCs were maintained on Geltrex (Thermo Fisher Scientific) coated 6-well 588 

plates in Essential 8 medium (Thermo Fisher Scientific) for directed differentiations. 589 

Generally, when the iPSCs confluence reached 90% on 12-well plates, the differentiations were 590 

initiated with cardio differentiation medium composed of RPMI 1640 with Glutamax and 591 

HEPES (Thermo Fisher Scientific), 0.5 mg/ml human recombinant albumin, and 0.2 mg/ml L-592 

ascorbic acid 2-phosphate and treated with 4 µM CHIR99021 (Merck Millipore). After 48 h, 593 

CHIR99021 was removed and the cells were treated with 5 µM IWP2 (Merck Millipore). At 594 

day 4, IWP2 was removed by medium change to cardio differentiation medium. For atrial 595 

subtype differentiation, 1 µM retinoic acid (Sigma-Aldrich) was supplemented at days 3-6 596 

during differentiation. First beating atrial CMs appeared at day 8, and the medium was changed 597 

to RPMI/B27 medium (RPMI 1640 with Glutamax, HEPES, and 2% B27, Thermo Fisher 598 

Scientific). According to the culture regime (Fig. 1A), the differentiated atrial CMs were 599 

cultured under RPMI/B27 medium and maturation medium for further analysis. 600 

 601 
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Automated patch clamp analysis 602 

At the end of the culture regime (day 40), iPSC-aCMs were dissociated into single cells in 603 

suspension for automated patch-clamp INa recording as described in our previous 604 

publications(40, 41). Briefly, iPSC-aCM cultures were treated with 20 U/mL papain (Sigma-605 

Aldrich) dissolved in 1.1 mM EDTA-buffered B27 medium containing 2.5 µM blebbistatin. 606 

After gentle pipetting, cell suspensions were centrifuged at 50g for 1 min, then resuspended in 607 

2.5 µM blebbistatin-buffered B27/RPMI medium at 4 ℃ for 1 hour. 608 

Automated patch-clamp INa recording was performed at room temperature using Patchliner 609 

Quattro (Nanion technologies GmbH) with low resistance NPC-16 chips (Nanion technologies 610 

GmbH). The pipette and extracellular solutions are listed in table S2. The dissociated iPSC-611 

aCMs were loaded into Patchliner and depolarised from a holding potential of -100 mV using 612 

voltage steps from -80 to +70 mV for 20 ms in 5 mV steps. The sweep interval was 2 s. Currents 613 

were sampled at 25 kHz and low-pass-filtered at 2.9 kHz. INa density was calculated as current 614 

normalized to membrane capacitance. For the conductance (G/Gmax) calculation, a custom-615 

built-in formula and add-in module in Excel were used. The same fit functions were used for 616 

analyzing the kinetics of INa. Steady-state activation and inactivation curves were fitted with a 617 

standard Boltzmann function: Y = 1/[1 + exp((V1/2 – V)/k∞)], where V1/2 is the half-maximal 618 

voltage of steady-state (in)activation and k∞ is the slope factor of the voltage dependence of 619 

(in)activation. 620 

 621 

Manual patch clamp analysis 622 

On day 32, iPSC-aCMs were trypsinized and plated onto Ø5 mm coverslips in cardiac digestion 623 

medium (80% RPMI/B27 + 20% FBS) supplemented with 1 µM TZV. On the second day after 624 

digestion, the medium was changed from cardiac digestion medium to maturation medium and 625 

recovered for 7 days. At day 40, manual patch clamp technique was used for AP recordings 626 

with the EPC10 amplifier (HEKA Elektronik) using the Patchmaster software (HEKA 627 

Elektronik) as previously described(42). The pipette and extracellular solutions used for AP 628 

recordings are listed in table S2.  629 

Spontaneous APs (without current injection) and paced APs were recorded under current-630 

clamp mode in Tyrode’s solution at 35 ℃. To assess AP duration (APD), a negative current 631 

was injected into the CMs to maintain the RMP at approximately -80 mV prior to application 632 

of 2 Hz pacing stimulation. Signals were filtered with 2.9 and 10 kHz Bessel filters. At least 5 633 

consecutive stable spontaneous APs and paced APs were averaged to determine RMP, Vmax, 634 

APA and AP duration (APD) at 90% repolarization (APD90) using LabChart 8 software 635 
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(ADInstruments). During the one-minute recording period, spontaneous AP traces without 636 

delayed afterdepolarization/early afterdepolarization (DAD/EAD) or DAD-/EAD-triggered 637 

activity or irregular beating were defined as rhythmic beating cells. 638 

 639 

High-density multi-electrode array 640 

According to the study protocol (Fig. 1A), iPSC-aCMs were cultured in RPMI/B27 medium in 641 

6-well plates until day 30, dissociated with trypsin/EDTA, and resuspended in 2.5 µM 642 

blebbistatin buffered cardiac digestion medium. The digested cells were further filtered with a 643 

40-µm strainer to remove large clusters and seeded onto the Geltrex-coated HD-MEA electrode 644 

distribution area (17 μg/cm2) at a density of 1.5 million per chip. On the second day after 645 

digestion, the cardiac digestion medium was replaced with RPMI/B27 medium containing 2.5 646 

µM blebbistatin. Starting from day 33, the culture medium was switched from RPMI/B27 to 647 

maturation medium with two-day medium changes to promote the maturation of iPSC-aCMs. 648 

On day 40, the HD-MEA containing iPSC-aCM cultures were loaded to HD-MEA in a cell 649 

culture incubator under standard cell culture conditions of 95% relative humidity, 37°C, and 650 

5% CO2. Recordings were performed at a 4000 Hz sampling rate (up to 50 kHz) using a highly 651 

integrated HD-MEA amplifier (Sciospec Scientific Instruments GmbH) and a self-developed 652 

program called Field Potential Recording and Analyzing Tool (FiPRAT) (15). iPSC-CM 653 

cultures were allowed to stabilize for 5 min before 1 min of spontaneous FP recordings were 654 

performed. For pacing and reentry induction of iPSC-aCMs, a sophisticated design of four 655 

integrated pacing electrodes (4.5 mm2) was placed at four corners of the HD-MEA electrodes 656 

distribution area, and four independent stimulation modules were integrated into a 512-channel 657 

DAQ-system and FiPART software (15).  658 

For HD-MEA data analysis, FiPART automatically processes field potential amplitudes and 659 

slopes to represent the culture by averaging over all 512 detectable electrodes during the 660 

recording time. Conduction velocity was first calculated based on the vector and a box plot was 661 

made to find the median value, and then the median values of all beats in the 1-minute recording 662 

were further averaged to represent the CV of the culture (Fig. 3A-F). Normalized amplitude 663 

and phase maps (for each time point) were processed by Hilbert transformation and further 664 

integrated into FiPART software as an analysis module as described previously in detail(15). 665 

Normalized field potential amplitude maps (for each time point) were integrated into the 666 

FiPART software as an analysis module. Spatial maps of activation time, representing the 667 

propagation of field potential spikes from the starting point to the end point of the electrode 668 

distribution area, were also integrated into the FiPART software.  669 
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For visualization, field potential traces from all electrodes were imported into OriginPro 670 

(OriginLab). Overlay plots were generated by superimposing all 512 traces on shared x–y axes, 671 

with color assignment indicating individual electrodes. Three-dimensional waterfall plots were 672 

constructed using the Waterfall function in OriginPro, with Z-axis representing individual 673 

electrodes. All displayed recordings represent 1-s segments of continuous data without 674 

additional filtering beyond acquisition parameters. 675 

 676 

Western blot 677 

On day 40, iPSC-CMs were scraped off, pelleted and snap-frozen in liquid nitrogen and stored 678 

at -80°C. Cell pellets were lysed via homogenization in RIPA buffer (150 mM NaCl, 50 mM 679 

Tris, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF, and 1 680 

mM PMSF) supplemented with proteases (cOmplete mini, EDTA-free, Roche) and 681 

phosphatases (PhosSTOP, Roche) inhibitors and incubated for 30 min at 4°C with gentle 682 

rotation. Lysate was centrifuged at 20,000 × g for 20 min at 4°C and the protein concentration 683 

was determined by the BCA protein assay kit (Pierce) following the manufacturer’s 684 

instructions. Proteins were subjected to SDS-PAGE and transferred to nitrocellulose 685 

membranes. Membranes were blocked with 5% non-fat milk in TBS-T at RT for 1h.  686 

Afterwards, the membranes were incubated at 4 °C overnight with primary antibodies against: 687 

Connexin 40 (Thermo Fisher Scientific, 36-4900), NaV1.5 (SCN5A) (1978-2016) (Alomone 688 

Labs, ASC-013), and NaK ATPase (Cell signaling technology, 3010). After TBS-T washes, 689 

membranes were incubated with anti-rabbit secondary antibody (Sigma-Aldrich, A0545) at RT 690 

for 1 h. Proteins were visualized by chemiluminescence using the SuperSignal™ West Dura 691 

Extended Duration Substrate (Thermo Fisher Scientific) or West Femto maximum sensitivity 692 

substrate (Thermo Fisher Scientific) with the Amersham ImageQuant800 (Cytiva). Images 693 

were analyzed using ImageQuant™ TL 10.2 software. 694 

 695 

Flow cytometry 696 

iPSC-aCMs were dissociated with trypsin/EDTA and fixed with 4% paraformaldehyde (PFA) 697 

for 20 min at room temperature and further stored in 1% BSA buffered DPBS at 4 °C. Prior to 698 

staining, iPSC-aCMs were pretreated with 0.1% Triton-X (in 1% BSA buffered DPBS 699 

solution) for 10 min at room temperature. cTnT was detected using directly coupled cTnT-APC 700 

(Miltenyi Biotec, 130-120-543). Negative controls were performed using only secondary 701 

antibodies or isotype controls (for samples detected with the directly coupled primary 702 
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antibodies). Afterwards, cells were resuspended in 1% BSA buffered DPBS and analyzed on a 703 

FACSymphony A3 (BD) flow cytometry. For all samples, 10,000 events were recorded. 704 

 705 

Immunofluorescence staining 706 

For immunofluorescence staining, iPSC-aCMs were dissociated and replated onto Geltrex-707 

coated Ø25 mm glass coverslips at day 30 at a density of 2 × 10⁵ cells per well of a 6-well 708 

plate. Cells at day 40 were fixed with methanol–acetone (7:3, v/v) for 20 min at −20 °C. Fixed 709 

cells were washed 3 times for 5 min with PBS, followed by blocking in 1% BSA (bovine serum 710 

albumin) for at least 2 h at 4 °C. 711 

Primary antibody incubation was performed overnight at 4 °C in PBS containing 1% BSA 712 

using the following antibodies: anti-MLC2a (mouse IgG2B, Synaptic Systems, 311-011, 713 

1:500), anti-MLC2v (rabbit IgG, Protein tech, 10906-1-AP, 1:200), anti-NaV1.5 (rabbit 714 

polyclonal, Alomone Labs, ASC-013, 1:200), anti-Cx40 (rabbit-IgG, Invitrogen, 36-4900, 715 

1:100), and anti-α-actinin (mouse IgG1, Sigma-Aldrich, A7811, 1:1000). After washing in 716 

PBS, samples were incubated with Alexa Fluor–conjugated secondary antibodies (anti-mouse 717 

Alexa Fluor 546, 1:1000, Invitrogen; anti-rabbit Alexa Fluor 488, 1:1000, Invitrogen) and 718 

Hoechst 33342 for nuclear staining for 1 h at RT. Coverslips were washed sequentially with 719 

PBS and deionized water, then mounted onto glass slides using Fluoromount-G (Thermo Fisher 720 

Scientific). Imaging was performed using a fluorescence microscope (Keyence BZ-X700E, 721 

Keyence) with a 60× oil-immersion objective. 722 
 723 
Statistical analysis 724 

Data are presented as the mean ± standard error of the mean (SEM). Statistical analyses were 725 

performed using GraphPad Prism 10, with different comparisons indicated in figure legends. 726 

Results were considered statistically significant when the p-value was < 0.05 (* p < 0.05; ** p 727 

< 0.01; *** p < 0.001; **** p < 0.0001).  728 
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