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Comparative Analysis of Atrial 
Electrophysiology Across Animal Species 
and Humans: Enhancing Translation in Atrial 
Arrhythmia Research
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Gunther van Loon , PhD; Axel Loewe , PhD; Constanze Schmidt , MD

BACKGROUND: Atrial arrhythmias relevantly contribute to global morbidity and death and have been extensively studied in 
experimental models. However, electrophysiological disparities between animal models and humans often hinder the 
translation of experimental findings. This study aims to systematically characterize species-specific atrial electrophysiology to 
improve translation.

METHODS: Atrial tissue samples were obtained from patients undergoing open heart surgery and from mice, rats, pigs, and 
horses, and were characterized at the cellular electrophysiological and transcriptomic level using uniform protocols. To assess 
the correlation of functional and transcriptomic features, action potentials were simulated from ion channel expression profiles 
using in silico models.

RESULTS: Porcine atrial cardiomyocytes closely resembled human cells in depolarization characteristics, whereas rodents 
exhibited marked differences. Human atrial action potentials showed pronounced early repolarization, which was not 
reproduced in other species and corresponded to a greater contribution of the IKur gene group. Late repolarization, reflected 
by action potential duration at 90% repolarization, scaled with species and cardiomyocyte size, with humans ranging between 
rodents and pigs. Sex-specific differences in repolarization observed in humans were represented in pigs but not in rodents. 
Chamber-specific differences between left and right atrial cardiomyocytes were reflected in in silico simulations on the basis 
of ion channel expression.

CONCLUSIONS: This study provides a reference for species-specific atrial action potential characteristics, linking functional 
properties to transcriptomic ion channel expression. It further demonstrates that relative changes in action potential param-
eters can be inferred from transcriptomic data using in silico simulations. These findings support more accurate interpretation 
and translation of animal experimental data to human atrial electrophysiology.
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Atrial arrhythmias pose a significant health chal-
lenge in an aging society, occurring both in-
dependently and in conjunction with various 

cardiovascular diseases. Atrial fibrillation (AF) stands 
as the most prevalent sustained cardiac arrhythmia, 
with an estimated lifetime risk of 1 in 3 to 4 individuals, 
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and relevantly contributes to global morbidity and 
death.1 Additionally, atrial arrhythmias have often been 
underestimated as substantial contributors to ventric-
ular conditions.2,3 Despite decades of intensive re-
search, satisfactory therapeutic options remain elusive. 
Effective pharmacological treatments are still lacking, 
and recurrence rates following catheter ablation pro-
cedures remain high.4,5

Numerous animal models of AF have been estab-
lished, encompassing a wide range of species, includ-
ing mice, rats, guinea pigs, rabbits, pigs, goats, sheep, 
and dogs. Recent comprehensive literature reviews by 
Odening et al6 and Schüttler et al7 highlight the unique 
advantages and limitations of each model. Various 
methods, such as tachypacing, cardiac hypertro-
phy (eg, via transverse aortic constriction), ventricular 

ischemia, cardiac inflammation, and transgenic mod-
els are used to induce arrhythmias. Collectively, animal 
models have significantly advanced our understanding 
of pathomechanisms underlying structural and electri-
cal remodeling in AF. A hallmark of AF-associated atrial 
remodeling is the alteration of electrophysiological 
properties in individual cardiomyocytes. Modulation of 
specific ion channels and currents has been shown to 
result in atrial action potential (AP) shortening and the 
generation of afterdepolarizations, which can facilitate 
the establishment of electrical reentries.8–10

However, as cellular studies often rely on experi-
ments in nonhuman cardiomyocytes, the translation of 
preclinical insights into clinical practice presents signif-
icant challenges. While the complexity and multifacto-
rial nature of the disease contribute to this translational 
gap, another critical factor is the electrophysiological 
differences between animal models and human pa-
tients. The choice of species for experimental studies 
can strongly influence the relevance and applicability 
of findings to the human clinical setting.

Therefore, it is essential to identify and understand 
differences and similarities in cardiac electrophysiol-
ogy across species. Significant interspecies variations 
in APs and ion currents, which shape the AP, have 
been documented.10 Although previous review articles 
have provided valuable insights into species-specific 
electrophysiology, many studies have primarily fo-
cused on ventricular electrophysiology. Moreover, they 
often face challenges in integrating data from hetero-
geneous studies.6,7 Inconsistencies in, for example, 
the methodologies for measuring APs can compli-
cate comparisons. Consistent data on characteristic 
species-dependent differences in atrial APs and the 
underlying transmembrane currents are lacking.

Despite the widespread use of rodents as animal 
models in arrhythmia research, their transferability to 
human physiology is limited due to pronounced ana-
tomic and electrophysiological differences.6,11,12 While 
pigs have a heart anatomy closely resembling that of 
humans and horses can spontaneously develop AF, in-
creasing costs and ethical restrictions for large-animal 
research contribute to a continued preference for mice 
and rats in arrhythmia studies.6,7 Therefore, it is crucial 
to raise awareness for the limitations of each animal 
model and identify specifics of the human atrial AP.

In this study, atrial APs from mice, rats, pigs, horses, 
and humans in sinus rhythm were recorded using stan-
dardized experimental protocols. Electrophysiological 
data at the single-cell level were integrated with tran-
scriptomic data at the atrial tissue level to identify 
correlations between functional parameters and ion 
channel expression profiles. Understanding species-
specific characteristics at both levels can enhance the 
translation of experimental findings in atrial arrhythmia 
research.

CLINICAL PERSPECTIVE

What Is New?
•	 We present the first data set comprising atrial ac-  

tion potential recordings from human patients, 
mice, rats, pigs, and horses, obtained using stand-  
ardized experimental protocols across species.

•	 We introduce a novel approach to compare atrial 
ion channel expression profiles across species,  
thereby linking functional electrophysiological and  
transcriptomic data.

What Are the Clinical Implications?
•	 This study provides new insights into species-

specific atrial electrophysiology at both the func-  
tional and transcriptomic levels to facilitate the  
translation of experimental findings from animal 
models into clinical practice in atrial arrhythmia  
research.

Nonstandard Abbreviations and Acronyms

AP	 action potential
APA	 action potential amplitude
APD	 action potential duration
APD30	 action potential duration at 30% 

repolarization
APD50	 action potential duration at 50% 

repolarization
APD90	 action potential duration at 90% 

repolarization
BCL	 basic cycle length
RMP	 resting membrane potential
TPM	 transcripts per million
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METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Patients
A total of 74 patients undergoing open heart surgery 
for procedures like coronary artery bypass grafting or 
heart valve repair were enrolled in the study (Table). All 
patients were in sinus rhythm, a history of AF was ruled 
out. Sixteen patients (12 men, 4 women) were used for 
cardiomyocyte isolation and cellular electrophysiological 
characterization, 15 patients (12 men, 3 women) were 
used for RNA isolation and sequencing, and 59 patients 
(45 men, 14 women) were used for the analysis of ECGs. 
All patients provided written informed consent. The study 
protocol, which involved the use of human tissue sam-
ples, received approval from the Ethics Committee of 

the Medical Faculty at Heidelberg University in Germany 
(Approval No. S-017/2013) and was conducted in ad-
herence to the principles outlined in the Declaration of 
Helsinki. Human right atrial (RA) tissue samples were 
obtained during standard cannulation, whereas left 
atrial (LA) samples were collected from the free wall dur-
ing left atriotomy performed for mitral valve reconstruc-
tion. After excision of the atrial tissue sample, it was kept 
in a 2,3-butanedionmonoxime–containing cardioplegic 
solution (in mmol/L: 30 2,3-butanedionmonoxime, 20 
glucose, 10 KCl, 1.2 KH2PO4, 5 MgSO4, 5 MOPS, 100 
NaCl, 5 taurine; pH 7.0) at 4 to 8 °C for transport, and 
subjected to cardiomyocyte isolation within 30 minutes 
after excision.

Animal Handling
Animal experiments were conducted in compli-
ance with guidelines set forth by the US National 
Institutes of Health (NIH Publication No. 86-23), the 

Table.  Baseline Characteristics of Study Patients

Patch clamp analysis (n=16) RNA sequencing analysis (n=15) ECG analysis (n=59)

Demographics

Age, y, mean±SEM 63.7±2.8 69.9±2.5 65.5±1.3

Female sex, n (%) 4 (25.0) 3 (20.0) 14 (23.7)

Height, cm, mean±SEM 175.3±2.3 173.3±1.5 174.9±1.1

Body weight, kg, mean±SEM 82.1±4.6 83.4±3.9 83.4±2.4

Body mass index, kg/m2, mean±SEM 26.5±1.1 27.7±1.2 27.1±0.7

Heart rhythm

Sinus rhythm, n (%) 16 (100) 15 (100) 59 (100)

Echocardiography

Left ventricular ejection fraction, %, 
mean±SEM

53.4±3.0 45±4.1 56.3±1.3*

Left atrial diameter, mm, mean±SEM 41.3±1.7 43.7±1.6 39.4±0.7*

Medical history, n (%)

Hypertension 16 (100) 15 (100) 49 (83.1)

Type 2 diabetes 4 (25.0) 4 (26.7) 13 (22.0)

Coronary heart disease 14 (87.5) 14 (93.3) 48 (81.4)

Hyperlipidemia 15 (93.8) 11 (73.3) 46 (78.0)

Concomitant medication, n (%)

Angiotensin-converting enzyme 
inhibitors

10 (62.5) 4 (26.7) 23 (39.0)

Angiotensin II receptor type 1 
antagonists

3 (18.8) 3 (20.0) 22 (37.3)

Valsartan+sacubitril 3 (18.8) 0 (0) 3 (5.1)

Statins 15 (93.8) 11 (73.3) 46 (78.0)

Digitalis glycosides 0 (0) 0 (0) 0 (0)

β Blockers 12 (75.0) 9 (60.0) 34 (57.6)

Sodium–glucose linked transporter 2 
inhibitors

2 (12.5) 0 (0) 5 (8.5)

Class I/III antiarrhythmic drugs 0 (0) 0 (0) 0 (0)

*P<0.05 vs patients for RNA sequencing analysis from ordinary 1-way ANOVA followed by Tukey multiple comparisons procedure for continuous variables 
and from Fisher’s exact test for categorical variables.
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EU Directive 2010/63/EU, and German laws for animal 
protection. Approval was obtained from local Animal 
Welfare Committee (Regierungspräsidium Karlsruhe; 
Reference Nos. G-67/20, G-232/18, G-45/22, T22/21, 
and T49/21). All animal care and procedures concern-
ing wild-type mice for RNA sequencing analysis con-
formed to the European Molecular Biology Laboratory 
guidelines for the Use of Animals in Experiments and 
were reviewed and approved by the Institutional Animal 
Care and Use Committee.

Control animals were compared with human sinus 
rhythm patients on action potential parameters and ion 
channel expression profiles. Inclusion criteria required 
that animals were in sinus rhythm and that tissue sam-
ples were of adequate size and quality for cell or RNA 
isolation. All available samples meeting these criteria 
during the defined project period were included in the 
study. In total, tissue samples from 9 mice, 4 rats, 12 
pigs, and 8 horses were included in the study.

Cardiac tissue samples were obtained from 
C57BL/6N mice (aged 12–18 months) and Wistar rats 
(aged 15–20 months) of either sex. The mice and rats 
were housed in individually ventilated plastic cages 
under controlled environmental conditions (22±2 °C) 
with a 12-hour light/dark cycle. Rodents were pro-
vided with ad  libitum access to food. After excision, 
hearts were rinsed in PBS (4 °C) and immediately dis-
sected under a stereomicroscope (Stemi 2000; Zeiss, 
Germany). Cardiac compartments were identified ac-
cording to anatomic landmarks. LA and RA tissue was 
transported in 2,3-butanedionmonoxime–containing 
cardioplegic solution, and either subjected to cardio-
myocyte isolation within 30 minutes or directly flash-
frozen in liquid nitrogen and stored at −80 °C.

German Landrace pigs (aged 4–6 months) were 
kept under specific pathogen-free conditions at a room 
temperature of 20±2 °C with a maximum housing den-
sity according to directive 2010/63/EU. Room lighting 
had a 12-hour light/dark cycle. Water was offered ad li-
bitum and pigs were fed 2 times a day with balanced 
complete feed (SAF 130M; ZG Raiffeisen, Karlsruhe, 
Germany). Porcine hearts were explanted after euth-
anization in deep anesthesia: Following sedation with 
azaperone (5 mg/kg IM), midazolam (1 mg/kg IM), 
and ketamine (10 mg/kg IM), general anesthesia was 
induced with propofol (1.5 mg/kg IV) and sustained 
using isoflurane. Buprenorphine (0.02 mg/kg IV) was 
administered for analgesia. Euthanasia was performed 
by intravenous injection of 40 mL potassium chloride 
(1 mol/L). After excision, LA and RA tissue samples 
were either transported in 2,3-butanedionmonoxime–
containing cardioplegic solution and subjected to 
cardiomyocyte isolation within 30 minutes or directly 
flash-frozen in liquid nitrogen and stored at −80 °C.

The horse tissue was obtained by our collaboration 
partners from Ghent University. Before euthanasia, 

horses were sedated with detomidine hydrochloride 
(10–20 μg/kg IV) followed by induction of general an-
esthesia with midazolam (0.06 mg/kg) and ketamine 
(2.2 mg/kg IV). Euthanasia was performed using a 
combination product (embutramide, mebenzonium 
iodide, tetracaine hydrochloride, 5 mL/50 kg IV). 
Immediately after euthanasia, atrial tissue samples 
were collected and sent to Heidelberg either flash-
frozen at −80 °C for RNA isolation or in cardioplegic 
solution at 4 to 8 °C for cardiomyocyte isolation. Cell 
isolation and functional measurements of the equine 
cardiomyocytes were performed within 36 hours 
after organ removal.

Cardiomyocyte Isolation
As described above, heart tissue samples obtained 
from patients and various animals were kept in cardio-
plegic solution for transport and sample preparation. 
Connective and fatty tissue was cut off before small 
tissue samples were prepared for enzymatic digestion. 
The tissue was rinsed in EGTA-containing solution (in 
mmol/L: 137 NaCl, 5 KH2PO4, 1 MgSO4, 5 HEPES, 10 
glucose, 10 taurine, 0.2 EGTA; pH 7.4) for 5 minutes. 
Afterwards, samples were digested using collagenase 
type I (200 U/mL; Worthington Biochemical Corporation, 
Lakewood, NJ) and protease type XXIV (5.4 U/mL; 
Sigma-Aldrich, Steinheim, Germany). Digestion times 
were individually adapted for each species, ranging from 
5 minutes for rodents to 30 minutes for horses. During 
the isolation procedure, all solutions were oxygenated 
with 100% O2 at 37 °C. Supernatant was discarded, and 
the tissue was stirred in protease-free solution 3 times 
for 5 minutes, before suspensions were centrifuged for 
2 minutes. Cell pellets were resuspended in a storage 
solution containing (in mmol/L) 10 EGTA, 25 glucose, 
70 l-glutamic acid potassium salt monohydrate, 10 β-
hydroxybutyrate, 20 KCl, 10 KH2PO4, 40 mannitol, 20 
taurine, and 0.1% albumin (pH 7.4). Subsequently, cell 
suspensions were kept at room temperature while Ca2+ 
was reintroduced by gradually increasing the Ca2+ con-
centration to 2 mmol/L.

Cellular Electrophysiology
APs were recorded using the patch clamp technique in 
current clamp configuration. Patch pipettes were pulled 
from borosilicate glass (1B120F-4; World Precision 
Instruments, Berlin, Germany) and tip resistances 
consistently ranged from 3 to 8 MΩ. Pipettes were 
backfilled with internal solution containing (in mmol/L) 
134 potassium d-gluconate, 6 NaCl, 1 MgATP, 1.2 
MgCl2, 10 HEPES (pH 7.2). Isolated cardiomyocytes 
were placed in external solution containing (in mmol/L) 
137 NaCl, 5.4 KCl, 2 CaCl2, 1 MgSO4, 10 HEPES, 
10 glucose (pH 7.3). Patch clamp recordings were 
conducted at room temperature. After obtaining a stable 
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GΩ seal, whole-cell ruptured patch configuration was 
reached by application of small manual suction pulses. 
Following compensation of the pipette capacitance, 
an average holding current density of −0.8 pA/pF was 
applied (Figure S1B). APs were elicited by injection of 
10 brief current pulses (2 ms, threshold +50 pA) at 0.5 
Hz stimulation rate.

RNA Sequencing
Human, equine, porcine, and murine atrial tissue sam-
ples were collected as described above and flash-
frozen in liquid nitrogen. Samples were kept at −80 °C  
before tissue parts were homogenized using a 
TissueRuptor (QIAGEN, Hilden, Germany) system. The 
total RNA fraction was isolated using TRIzol Reagent 
(Invitrogen, Thermo Fisher Scientific, Waltham, MA) ac-
cording to the manufacturer’s instructions. Total RNA was  
subjected to poly(A)-enriched bulk RNA sequencing 
(Illumina NextSeq 2000 or Illumina HiSeq, 2×150 bp 
single index, 20–30 M reads/sample) by a commercial 
provider (Genewiz Germany GmbH, Leipzig, Germany). 
Bioinformatic analysis was performed using kallisto13 
for pseudoalignment and RStudio. Additionally, publicly 
available RNA sequencing data sets including atrial con-
trol tissue samples from rats (GSE201717,14 GSE14954215) 
and humans (GSE112339,16 GSE12818817) were down-
loaded and included in the analysis. Based on matri-
ces containing transcripts per million (TPM) values, the 
data sets were integrated and filtered to retain only ion 
channel genes from predefined gene groups with doc-
umented cardiac expression and relevance to the AP. 
TPM values were then Z-score normalized within each 
sample to enable comparability of the relative ion chan-
nel expression profiles across data sets. Using these 
matrices for LA and RA samples, clustering analysis 
and heatmap visualization were performed. The clus-
tering analysis was repeated both with and without the 
IKACh gene group.

Computational Modeling
In 2 publicly available human RNA sequencing 
data sets,16,17 genes encoding for channel subunits 
constituting the primary ionic currents incorporated in 
the single-cell computational model of Courtemanche 
et al18 were identified. Genes contributing to the same 
ionic currents were grouped together as INa, Ito, IKur, IKr, 
IKs, and IK1. TPM values were normalized, and the mean 
normalized TPM value for each current across both 
data sets was derived. By dividing the normalized TPM 
values by the mean value of the corresponding current, 
factors indicating the deviation from the mean value for 
each gene and sample were obtained.

The magnitude of an ionic current is directly pro-
portional to its maximum channel conductance and, 

consequently, to the number of expressed ion channels. 
Assuming that gene expression levels associated with 
a specific ion channel are proportional to the number 
of expressed ion channels, and that the mean of each 
data set represents a healthy reference state for each 
current component, maximum channel conductance 
was scaled using the previously calculated factors of 
the gene expression data. Subsequently, single-cell 
simulations of the adapted models were performed 
using openCARP,19 and AP parameters were extracted 
automatically.20

Data Acquisition
For the patch clamp experiments, Axopatch 200B, 
Axon Digidata 1550B, and pCLAMP 11 (Molecular 
Devices, San Jose, CA) were used for data acquisition 
and analysis.

Statistical Analysis
Statistical analysis was conducted using R Software 
version 4.2.0 (R Foundation for Statistical Computing, 
Vienna, Austria), RStudio 2022.02.2 (RStudio, Boston, 
MA) and Prism 10.4.0 (GraphPad, La Jolla, CA). Data 
are presented as mean±SEM. For comparisons be-
tween 2 groups, P values were derived from either 
unpaired Student’s t tests or nested t tests. Welch’s 
correction was applied when variances differed sig-
nificantly between the groups. For experiments involv-
ing >2 groups, P-values were derived from generalized 
estimating equations with an exchangeable correlation 
structure, accounting for the nested data structure of 
cells within animals. Group differences were assessed 
using Dunnett’s multiple comparisons procedure, with 
human as the reference group. P<0.05 was considered 
statistically significant. Specific details can be found in 
the figure legends.

RESULTS
Species-Specific Atrial AP Formation
The atrial AP can be divided into 5 phases (phase 0–4), 
characterized by distinct parameters. Phase 0 corre-
sponds to the rapid depolarization of the transmem-
brane potential, primarily driven by the influx of sodium 
into the cell. Atrial depolarization can be quantitatively 
evaluated by the maximal upstroke velocity [(dV/dt)max] 
and the AP amplitude (APA). Both the (dV/dt)max and 
the APA were highly comparable in human and por-
cine cardiomyocytes (58.2±2.2 V/s versus 59.1±3.0 V/s, 
P=1.00; 114.3±1.8 mV versus 120.3±2.7 mV, P=0.31), 
while both parameters were moderately increased in 
equine cells, and decreased in rodent cardiomyocytes 
(Figure 1A–1C).
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Phases 1 to 3 represent the repolarization of the 
membrane potential. Phase 1, the early repolariza-
tion, can be quantified by the AP duration (APD) at 
30% repolarization (APD30). The APD30 was partic-
ularly short in humans (8.0±0.5 ms) and prolonged 
in pigs (38.5±4.8 ms) (Figure 1D). Phase 2, the pla-
teau phase, plays a significant role in ventricular 
cells, while it is less prominent in the atrial AP. Here, 
the plateau was more pronounced in porcine and 
equine APs compared with humans and rodents, 
which was represented by differences in the APD 

at 50% repolarization (APD50) (Figure S1A). Phase 3, 
the final repolarization, can be quantified by the APD 
at 90% repolarization (APD90). The APD90 was short-
ened in rodents (mice: 50.9±5.2 ms; rats: 69.0±18.4 
ms) and prolonged in pigs and horses (178.6±16.2 
ms; 179.4±20.3 ms) compared with human patients 
(97.5±5.9 ms) (Figure  1E). The repolarization frac-
tion, defined as (APD90 − APD30)/APD90, is a mea-
sure of the AP shape and the proportion of early and 
final repolarization. Here, the repolarization fraction 
was significantly higher in humans (0.91±0.006) 

Figure 1.  Atrial AP parameters in various species compared with human patients.
A, Representative AP traces recorded from atrial cardiomyocytes isolated from human, murine, rat, porcine, and equine tissue samples. 
The scale bar is depicted on the right. Number of cells (n) and number of animals (N) for the following AP parameters comparison are 
shown on the right (human: n/N=51/16; mouse: 12/4; rat: 7/4; pig: 31/9; horse: 15/4). B, APA in various species. C, Maximal upstroke 
velocity [(dV/dt)max] in various species. D, APD30 in various species. E, APD90 in various species. F, Repolarization fraction [(APD90 − 
APD30)/APD90] in various species. G, RMP in various species. Unless otherwise stated, data are shown as mean±SEM. Dotted lines 
mark the mean human value. Statistical comparisons were performed using generalized estimating equations with an exchangeable 
correlation structure, accounting for the nested data structure of cells within animals. Group differences were assessed using Dunnett’s 
multiple comparisons procedure, with human as the reference group. P<0.05 was considered statistically significant. AP indicates 
action potential; APA, action potential amplitude; APD30, action potential duration at 30% repolarization; APD90, action potential 
duration at 90% repolarization; and RMP, resting membrane potential.

Human: n/N = 51/16
Mouse: n/N = 12/4
Rat: n/N = 7/4
Pig: n/N = 31/9
Horse: n/N = 15/4
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compared with all other species, indicating rapid 
early repolarization as a characteristic of the human 
atrial AP (Figure 1F).

Phase 4 corresponds to the resting membrane po-
tential (RMP) of the cardiomyocyte, which was more 
depolarized in rodents, compared with human, por-
cine, and equine cardiomyocytes (Figure 1G).

In summary, rodents displayed a more depolar-
ized RMP with decreased APA and (dV/dt)max com-
pared with other species, while the human atrial AP 
was characterized by a rapid early repolarization and 
consecutively higher repolarization fraction. The APD90 
increased with the animal size, with humans ranging 
between rats and pigs.

Of note, we chose a uniform stimulation frequency for 
patch clamp measurements across species to facilitate 
direct comparability. To assess potential rate-dependent 
effects, we considered species-specific heart rates and 
restitution studies (Figure S2A). In an in silico analysis 
of steady-state restitution behavior in human atrial car-
diomyocytes, AP parameters changed exponentially at 
stimulation frequencies exceeding 2 Hz (Figure S2B and 
S2C). APs did not repolarize completely, leading to de-
creased (dV/dt)max, peak potential, and APDs compared 
with the regular heart rate (Figure S2C). In contrast, we 
observed a plateau-like behavior at stimulation frequen-
cies <1 Hz, corresponding to stimulation frequencies 
below the regular heart rate, with only minor effects on 
AP parameters (Figure S2C). Considering that, among 
the investigated species, horses exhibit the lowest 
resting heart rate with ≈30 bpm, we set stimulation fre-
quencies to 0.5 Hz for all patch clamp measurements to 
avoid pacing-induced perturbances. The largest inter-
species difference in heart rate exists between horses 
and mice, with mice displaying an ≈16-fold higher rest-
ing heart rate. To specifically estimate the effects of 
such subphysiological pacing rates on AP recordings, 
we performed simulations using an established model 
of human atrial cardiomyocytes at 0.0625 Hz, corre-
sponding to a 16-fold reduction compared with physio-
logical heart rate conditions. Here, we observed minor 
differences in AP parameters at 0.0625 Hz (gray) com-
pared with the regular heart rate (blue) (Figure S2C).

APD Is Correlated to Cardiomyocyte Size
During patch clamp recordings, brightfield images of 
the cardiomyocytes were obtained for morphological 
characterization. We observed an increase in the cell 
surface area, perimeter, and cell length with increasing 
size of the animal species from mice to horses 
(Figure 2A and 2B). Human atrial cardiomyocytes were 
found to be intermediate in size, falling between those 
of rats and pigs (Figure 2A and 2B).

Subsequently, we explored the relationship between 
cell size and APD and identified a significant correlation 

between the cell surface area and the APD90 across 
species (Figure 2C; r=0.4414, P<0.0001). No significant 
difference in the size of LA and RA cardiomyocytes 
was observed (Figure 2D).

Species-Specific Ion Channel Expression 
Profiles
To further explore the electrophysiological charac-
teristics on the transcriptomic level, we developed a 
new approach to compare atrial ion channel expres-
sion profiles across species. A comprehensive litera-
ture search served to identify ion channel subunits 
with documented cardiac expression and relevance 
(Figure 3A).10,21–33 Ion channel subunit genes were cat-
egorized into specific sodium, calcium, and potassium 
currents attributed to the respective phases of the 
atrial AP (Figure 3A and 3B). Multiple RNA sequencing 
data sets from atrial control tissue samples of mice, 
rats, pigs, horses, and human patients in sinus rhythm 
were compiled into a TPM value matrix, which was 
then filtered for the predefined ion channel genes. To 
ensure comparability across data sets and species, 
Z-score normalization was applied to TPM values 
within each individual sample. This approach enables 
a comparison of the relative relevance of current gene 
groups within individual samples. Subsequent clus-
ter analysis was performed separately for LA and RA 
samples (Figure 3B; Figure S3).

The obtained relative ion channel expression pro-
files revealed that the IKACh gene group was strongly 
pronounced in all animal species compared with 
human samples, particularly in rodents (Figure S3A). 
As a result, the expression profiles of mice, rats, pigs, 
and horses clustered together, while the human data 
sets formed a separate main cluster (Figure  S3A). 
However, since IKACh exhibits only minimal basal activ-
ity and becomes functionally relevant primarily under 
vagal stimulation in vivo, we excluded the IKACh gene 
group in a second step of our analysis (Figure  3B). 
This adjustment led to a distinct separation into 2 
main clusters: rodents versus pigs, horses, and hu-
mans (Figure 3B).

Species-specific characteristics were particularly 
evident in gene groups contributing to the repolariza-
tion phase (Figure 3A and 3B): Regarding the early re-
polarization, IKur genes were most prominent in humans 
and had only minimal representation in rodents. L-type 
calcium channel genes, essential for the plateau phase 
of the AP, showed higher relative expression levels in 
humans and pigs compared with rodents. Conversely, 
T-type calcium channel genes were more prominent in 
mice and rats. IKs genes, contributing to the repolar-
ization in phase 2 to 3, were specifically prominent in 
the relative expression profile of porcine atrial samples. 
Regarding the final repolarization and stabilization of 
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the RMP, IK1 genes were prominent in horses and hu-
mans while markedly reduced in rodents.

The clustering pattern observed for LA samples was 
comparable to that described for the RA (Figure S3B 
and S3C). The IKATP gene group played a more prom-
inent role than in the RA samples, particularly in rat 
and porcine atria. Additionally, the characteristic prom-
inence of IKur in the human expression profile was 
less pronounced in LA compared with RA samples 
(Figure 3B; Figure S3).

With that, we identified pronounced relevance of 
the IKur gene group as a characteristic feature of the 
human right atrial ion channel expression profile.

Correlation of Transcriptomic and 
Functional Electrophysiological Features
Next, we tested whether functional conclusions could 
be drawn from the relative ion channel expression pro-
files. In silico simulations of APs were conducted on 
the basis of the expression profiles and compared with 

Figure 2.  Cardiomyocyte morphology in various species compared with patients.
A, Representative images of cardiomyocytes isolated from human, murine, rat, porcine, and equine atrial tissue, acquired with brightfield 
microscopy during patch clamp experiments. The scale bars indicate 25 μm. B, Cell surface area, cell perimeter, and cardiomyocyte 
length of human, murine, rat, porcine, and equine atrial cardiomyocytes (human: n/N=44/13; mouse: 11/4; rat: 7/4; pig: 31/9; horse: 
14/4). Dotted lines mark the mean human value. Statistical comparisons were performed using generalized estimating equations 
with an exchangeable correlation structure, accounting for the nested data structure of cells within animals. Group differences were 
assessed using Dunnett’s multiple comparisons procedure, with human as the reference group. P<0.05 was considered statistically 
significant. C, Correlation of cell surface area and APD90. A straight-line model was fitted with nonlinear regression, r- and P-values 
were derived from Pearson correlation. D, Cell surface area in RA and LA cardiomyocytes, shown relative to mean RA value of the 
respective species. P values were derived from a nested t test. P<0.05 was considered statistically significant. Unless otherwise stated, 
data are shown as mean±SEM. APD90 indicates action potential duration at 90% repolarization; LA, left atrial; and RA, right atrial.
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experimental data. As well-established in silico cardio-
myocyte models are currently limited to human cells, we 
generated AP simulations on the basis of the human 
LA versus RA ion channel expression profiles and com-
pared simulated and experimental AP parameters.

In patch clamp experiments, the APD30 and APD50 
were significantly prolonged in LA compared with RA 
cardiomyocytes across species (APD30: 1.30±0.10-
fold prolongation, P=0.007; APD50: 1.25±0.09-fold 
prolongation, P=0.023), while the APD90 remained 

unchanged (Figure 4A and 4B). This resulted in a re-
duced repolarization fraction in LA compared with RA 
APs (Figure 4A and 4B). All other quantified AP param-
eters showed no significant differences between LA 
and RA cells (Figure S4).

For the in silico approach, ionic conductance of 
the widely used Courtemanche model of human 
atrial cardiomyocytes18 was scaled according to RNA 
sequencing data of human LA and RA tissue sam-
ples to estimate AP morphology. Consistent with 

Figure 3.  Species-specific ion channel expression profiles.
A, Left: Redrawn human atrial AP showing the phases of the AP and the contributing ion currents, 
respectively; Right: Ion channels and genes encoding for the respective subunits contributing to 
ion currents of the AP.10,21–33 B, Heatmap and cluster analysis visualizing the relative ion channel 
expression profiles for human, murine, rat, porcine, and equine RNA sequencing data sets from 
RA tissue samples, after exclusion of the IKACh gene group. AP indicates action potential; and 
RA, right atrial.
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experimental recordings, we observed no difference 
in APD90 (Figure  4C and 4D; Figure  S5). The model 
appeared to inadequately capture APD30, as a result 
of marked spike-and-dome morphology and gener-
ally short APD30. However, APD50 and additionally as-
sessed APD40 were consistently prolonged in the LA 
compared with the RA (Figure 4C and 4D; Figure S5). 
We found a 1.26±0.05-fold increase in the APD50 of LA 
compared with RA APs (Figure 4C and 4D), which was 
consistent with the experimental results. With that, the 
analysis served as a proof of principle that ion channel 
expression profiles can be linked to functional electro-
physiological changes.

Sex-Specific Differences in AP Formation
Additionally, we compared sex-specific differences in AP 
formation across various species. In humans, the de-
polarization parameters APA and (dV/dt)max did not vary 
between female and male individuals (Figure 5A and 5B). 
However, we found significant differences in the repolari-
zation phase, with the APD30 (12.1±1.3 ms versus 7.1±0.4 
ms, P=0.015) and APD50 (24.3±3.2 ms versus 15.7±1.0 
ms, P=0.026) being prolonged in female atrial cardiomyo-
cytes (Figure 5A and 5C). Notably, the prolongation was 

more pronounced in early repolarization, as the APD90 
(122.8±16.0 ms versus 92.1±6.1 ms, P=0.066) did not 
reach statistical significance. In pigs, these sex-specific 
differences in APDs were represented well (Figure  5D). 
In female individuals, the mean APD30 was prolonged 
by 75% (compared with 69% in humans) and APD50 by 
55% (55% in humans) compared with male individuals 
(Figure 5C and 5D). In contrast, sex-specific differences in 
APDs were not represented in APs recorded from female 
and male murine cardiomyocytes (Figure 5E).

The clinical characteristics of female and male study 
patients are presented in Table S1. Regarding potential 
markers for atrial remodeling, there were no relevant 
differences in LA diameter and adjusted P-wave dura-
tion between female and male patients. Generally, we 
could not find any significant correlation between the 
single-cell APD90 or APD30 and the P-wave duration or 
the LA diameter within this cohort (Figure S6).

P-Wave Morphology in Pigs and Humans
In addition, atrial surface ECG parameters were com-
pared between human patients and pigs in sinus rhythm 
(Figure 6A). Pigs exhibited a higher heart rate (human: 
66.9±1.6 bpm; pig: 74.8±2.9 bpm; P=0.020), a shorter 

Figure 4.  Differences between RA and LA APs across species.
A, Representative AP traces, recorded from human RA and LA cardiomyocytes. B, Subanalysis of AP recordings presented in 
Figure 1 and Figure S1: AP duration at 30%, 50%, and 90% repolarization (APD30, APD50, APD90) and repolarization fraction in RA and 
LA cardiomyocytes. Human, murine, rat, porcine, and equine cardiomyocytes are pooled, and values are normalized to the RA mean 
of the respective species (human: n/N=51/16; mouse: 12/4; rat: 7/4; pig: 31/9; horse: 15/4). C, Representative AP traces, simulated on 
the basis of ion channel expression profiles obtained from RNA sequencing data of human RA and LA tissue samples. D, APD50 and 
APD90 of RA and LA APs relative to the RA mean value, simulated on the basis of 2 published RNA sequencing data sets (RA: n=13; 
LA: n=12). Unless otherwise stated, data are shown as mean±SEM. P values were derived from unpaired t tests. Welch’s correction 
was applied when variances differed significantly between the groups. P<0.05 was considered statistically significant. AP indicates 
action potential; APD30, action potential duration at 30% repolarization; APD50, action potential duration at 50% repolarization; APD90, 
action potential duration at 90% repolarization; LA, left atrial; and RA, right atrial.
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Figure 5.  Atrial AP parameters in female and male individuals.
A, Representative AP traces recorded from atrial cardiomyocytes isolated from tissue 
samples obtained from female and male patients. The scale bar is depicted on the 
bottom. B–E, Subanalysis of AP recordings presented in Figure 1 and Figure S1: (B) 
AP amplitude (APA) and maximal upstroke velocity [(dV/dt)max] in female (n=9 cells from 
N=4 individuals) and male (n/N=42/12) patients. C, AP duration at 30%, 50%, and 90% 
repolarization (APD30, APD50 and APD90) in female (n/N=9/4) and male (n/N=42/12) 
patients. D, APD30, APD50 and APD90 in female (n/N=10/2) and male (n/N=21/7) pigs. E, 
APD30, APD50 and APD90 in female (n/N=7/2) and male (n/N=5/2) mice. P-values were 
derived from nested t tests. P<0.05 was considered statistically significant. Unless 
otherwise stated, data are shown as mean±SEM. AP indicates action potential; APD30, 
action potential duration at 30% repolarization; APD50, action potential duration at 50% 
repolarization; APD90, action potential duration at 90% repolarization; LA, left atrial; and 
RA, right atrial.
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PR interval (human: 168.9±3.2 ms; pig: 126.4±3.3 
ms; P<0.0001), and a significantly steeper P-wave 
axis (human: 45.4±1.8°; pig: 20.6°±5.9°; P=0.0002) 
(Figure  6B). With respect to the P-wave morphology, 
adjusted P-wave duration and area were relevantly re-
duced in pigs compared with humans, while P-wave 
amplitude did not vary significantly (Figure 6C).

DISCUSSION
Electrophysiological studies constitute an essential foun-
dation in cardiac arrhythmia research. As the availability of 
human cardiac tissue is strongly limited, cellular electro-
physiological investigations are commonly performed in 
animal models, despite well-recognized interspecies dif-
ferences that may hinder the translation of experimental 
findings to clinical settings.10,12 This limitation is particularly 
relevant in the context of pharmacological studies and the 
translation of new pharmacological approaches.12,34,35 
Recent reviews by Odening et  al6 and Schüttler et  al7 

have improved the understanding of species-specific 
cardiac electrophysiology and established animal mod-
els of arrhythmia. However, comparisons across studies 
remain challenging due to methodological heterogeneity, 
and most available data focus on ventricular rather than 
atrial electrophysiology.

In this study, we combined cellular electrophysi-
ology, transcriptomic profiling, and in silico modeling 
to characterize atrial electrophysiology across hu-
mans, mice, rats, pigs, and horses under standard-
ized experimental conditions. Our results revealed that 
interspecies differences are phase specific. In partic-
ular, the representation of human electrophysiological 
properties in animal models differed between depo-
larization, early repolarization, and late repolarization 
phases. Furthermore, we highlighted additional layers 
of variability related to chamber- and sex-specific dif-
ferences. Functional differences in AP characteristics 
could be linked to species-specific ion channel expres-
sion profiles, and a proof of principle in silico approach 

Figure 6.  P-wave morphology in humans and pigs.
A, Representative surface ECG recordings (lead II) from humans (n=59) and pigs (n=35). 
B, Heart rate, PR interval, and P-wave axis in humans and pigs quantified from surface 
ECGs. C, Adjusted P-wave duration (Bazett), P-wave amplitude, and adjusted P-wave 
area (Bazett) in humans and pigs quantified from surface ECGs. Unless otherwise 
stated, data are shown as mean±SEM. P values were derived from unpaired Student’s t 
tests. Welch’s correction was applied when variances differed significantly between the 
groups. P<0.05 was considered statistically significant.
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supported a mechanistic connection between tran-
scriptomic and electrophysiological properties.

Atrial depolarization differed between species, with 
a clear separation between rodents and large ani-
mals. Human depolarization characteristics were well 
reproduced in porcine atrial cardiomyocytes. In con-
trast, rodents exhibited reduced APA and (dV/dt)max. 
Functionally, this can be attributed to a more depolar-
ized RMP preceding the upstroke, which limits sodium 
channel availability. On the transcriptomic level, this ob-
servation corresponded to reduced relative expression 
of the IK1 gene group, which is relevant for the stabili-
zation of the RMP.10 Similar differences in RMP and IK1 
density between rodents and humans have previously 
been described in ventricular cardiomyocytes.23,36 In 
addition, rodents showed increased relative expres-
sion of T-type calcium channels, in line with reports 
that T-type calcium channel expression decreases 
with increasing body size of species, which may further 
contribute to a more depolarized RMP.10,22,37 Absolute 
depolarization parameters must always be interpreted 
in the context of the experimental conditions. However, 
our findings highlight limitations of rodent models for 
studying depolarization-related mechanisms and sup-
port porcine cardiomyocytes as a more translationally 
relevant model for depolarization and class I antiar-
rhythmic effects.

Early repolarization characteristics emerged as 
a human-specific feature of atrial electrophysiology. 
Human atrial cardiomyocytes displayed a relatively 
short APD30 and a significantly higher repolarization 
fraction compared with all other species, indicating a 
rapid early repolarization resulting in a specific distri-
bution between early and late repolarization phases. 
In line with the functional data, transcriptomic analy-
sis suggested a greater relative importance of the IKur 
gene group in humans. The KV1.5 potassium chan-
nel, encoded by KCNA5 and primarily underlying IKur, 
is predominantly expressed in atrial tissue and has 
been widely investigated as an atrial-selective thera-
peutic target for AF.38–44 However, experimental and 
clinical studies on IKur blockade have yielded inconsis-
tent results,10,41–43,45,46 and both KV1.5 expression and 
functional effects of IKur inhibition vary across species 
and rhythm states.21,42,43,45–49 Importantly, the char-
acteristic early repolarization pattern observed in hu-
mans was not reproduced in the investigated animal 
models. In pigs, APD30 was substantially prolonged, 
which may additionally reflect a previously described 
reduced contribution of Ito,

7,10,50,51 while rodents exhib-
ited a more triangular AP with less distinct separation 
between early and late repolarization. The findings 
emphasize that human-specific early repolarization 
cannot be adequately reproduced in the investigated 
animal species and should preferentially be studied in 
human tissue.

Late repolarization, reflected by APD90, generally 
scaled with animal size: Rodents exhibited shortened 
APs, whereas pigs and horses showed prolonged du-
rations compared with humans. These interspecies 
differences largely reflect known variations in potas-
sium currents underlying atrial repolarization.6,7,11,12 
In addition, our transcriptomic analysis indicated a 
reduced contribution of L-type calcium channels in 
rodents, further promoting AP shortening and triangu-
larization.6,36 Although APD90 differed across species, 
these differences were relatively small compared with 
much larger variations in physiological heart rates. This 
disparity translates into relevant differences in diastolic 
intervals and aligns with the observation that relative 
heart rate reserve is greater in large animals: Horses 
can increase their heart rate by ≈8-fold from rest, 
whereas mice exhibit only an ≈1.5-fold increase.

To enable direct comparability across species, all 
patch clamp recordings were performed at a uniform 
stimulation frequency of 0.5 Hz (BCL=2 seconds), cor-
responding to the resting heart rate of horses. In mice, 
this represents an ≈16-fold decrease relative to physio-
logical rates, which could raise concerns about extrap-
olation to in  vivo conditions. In silico simulations in a 
human atrial model, however, indicated that such sub-
physiological pacing rates have only minor effects on 
AP parameters. The observed steady-state restitution 
behavior of APD90 aligns well with experimental data 
from human atrial cardiomyocytes52,53 and appears to 
be conserved across species.54–56 Specifically, com-
parison of the subphysiological BCL of 2 seconds with 
species-specific resting BCLs—1 second in human 
atrial cardiomyocytes,52,53 0.86 seconds in porcine 
atrial cardiomyocytes,54 0.24 seconds in rat ventric-
ular cardiomyocytes,55 and 0.12 seconds in murine 
ventricular cardiomyocytes56—results in only minor 
differences in APD90. Across species, steady-state 
restitution curves are shifted along the BCL axis, con-
sistently placing the physiological resting BCL within 
the plateau region, such that longer BCLs yield similar 
APD90 values. These findings indicate that in healthy 
subjects under control conditions, AP behavior is pre-
dominantly governed by complete repolarization, and 
that, once attained, further increases do not lead to 
notable changes.

In vivo, heart rate and APD are modulated by mul-
tiple factors, including activation of IKACh.

40,57–60 Vagal 
stimulation of IKACh hyperpolarizes sinoatrial nodal cells, 
thereby reducing heart rate.59,60 In atrial myocytes, 
IKACh also contributes to phase 3 repolarization and 
may facilitate reentrant arrhythmias under conditions 
of elevated vagal tone. Moreover, constitutively active 
IKACh-mediated AP shortening has been implicated in 
AF pathophysiology.10,58,61 Given its predominantly atrial 
expression, IKACh, similar to IKur, has been proposed as 
an atrial-selective therapeutic target. In our study, IKACh 
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gene group expression was elevated in nonhuman 
species. In rodents, this may reflect a greater reliance 
on rapid, vagally mediated chronotropic adaption at 
higher heart rates. AF in mice is largely inducible only 
under vagal stimulation and cannot be induced in IKACh-
deficient mice,61,62 supporting a potentially obligate role 
of IKACh in rodent atrial vulnerability. In contrast, human 
atrial repolarization is shaped by a broader spectrum 
of repolarizing currents and pronounced relevance of 
IKur. Taken together, pharmacological IKACh blockade 
may produce more pronounced antiarrhythmic effects 
in animal models than in clinical settings, which should 
be considered when translating findings from preclini-
cal AF research.

Chamber-specific differences in atrial electrophysi-
ology remain incompletely characterized and may vary 
across species and experimental conditions. Human 
data on RA versus LA comparisons are limited, as 
the majority of human patch clamp data have been 
obtained from RAA tissue. While shortened LA repo-
larization has frequently been reported in animal stud-
ies,60,63–66 conflicting findings between single-cell and 
multicellular preparations have been reported.66 In the 
present study, APD30 and APD50 were prolonged in LA 
compared with RA cardiomyocytes, whereas APD90 
did not differ between chambers. Interestingly, it has 
been reported that IKur density is greater in RA com-
pared with LA,67 and reduced IKur has been linked to 
increased calcium transient amplitude and subsequent 
positive inotropic effects.67,68 The observed prolonga-
tion in APD30 and APD50 may therefore correspond 
to higher mechanical demands of the LA operating 
against elevated left-cardiac pressures. Differential cal-
cium handling may also carry implications for chamber-
specific arrhythmogenesis. However, further dedicated 
studies are needed to systematically investigate region-
specific atrial electrophysiology across species and ex-
perimental scales.

Sex-specific differences represent an additional 
layer of variability in atrial electrophysiology. In our 
human cohort, female patients exhibited prolonged 
APD compared with male patients, particularly during 
early repolarization. This finding was recapitulated in 
porcine cardiomyocytes but not in rodents, indicat-
ing species-dependent representation of sex differ-
ences. Previous studies, comprehensively reviewed 
by Prajapati et  al,69 have primarily focused on the 
ventricles, where repolarization is generally slower in 
women, as a result of reduced repolarizing currents 
and increased ICaL.

69,70 Recent data from human atrial 
trabeculae demonstrated prolonged APD20 and APD50 
but not APD90.

71,72 The consistent prolongation of 
early repolarization in women suggests a robust sex-
specific effect.71–74 Given the higher prevalence of AF 
in men,75 further investigation of sex-specific electro-
physiological mechanisms is essential to determine 

pathophysiological and clinical implications. Here, our 
data raise awareness for differential representation of 
these sex-specific differences in animal models.

Finally, our study provides a proof of principle that 
functional electrophysiological properties may be in-
ferred from transcriptomic data using in silico modeling. 
This approach is particularly attractive given the limited 
availability and complexity of patch clamp experiments 
and may enable the extraction of electrophysiologi-
cal insights from existing RNA sequencing data sets. 
However, current in silico models are largely restricted 
to human cardiomyocytes, and reliable interspecies 
comparisons at this level require the development and 
validation of species-specific models. Encouragingly, 
recent advances in computational modeling suggest 
that this limitation will be addressed in the future.12

This study has further limitations. Human atrial tis-
sue can only be obtained from individuals undergoing 
open heart surgery rather than from healthy subjects. 
Consequently, older patients were compared with 
younger and otherwise healthy animals. Although we 
aimed to include a relatively healthy subgroup without 
documented AF and only mildly altered left ventricular 
ejection fraction and LA diameter, all patients were of 
advanced age and had cardiac conditions requiring 
surgical intervention. Consequently, age- and disease-
related remodeling of atrial tissue cannot be fully 
excluded and represents an inherent challenge in trans-
lational and preclinical electrophysiological studies. In 
addition, sample sizes were limited, particularly for the 
analysis of sex-specific differences. Technical factors 
must also be considered. Beyond the general limita-
tions of in  vitro recordings under artificial conditions, 
enzymatic cell isolation may alter cellular electrophys-
iological properties. To minimize potential effects on 
the interspecies comparison, experimental protocols 
were kept uniform across species. However, transport 
times for equine samples were substantially prolonged 
compared with other species, which may have further 
affected cellular properties. In this context, the selec-
tion of animal species was primarily determined by local 
availability. While the included species cover a broad 
range of physiological characteristics, other commonly 
used models in atrial arrhythmia research, such as 
goats, sheep, dogs, rabbits, and guinea pigs, were not 
assessed and may provide additional insights in future 
studies.

In conclusion, this study provides a comprehensive 
cross-species analysis of atrial electrophysiology, inte-
grating functional and transcriptomic data. Our results 
demonstrate that human atrial electrophysiological 
properties are only partially recapitulated in commonly 
used animal models and differ between depolarization, 
early repolarization, and late repolarization. In addition, 
chamber- and sex-specific differences introduce fur-
ther variability that is not consistently reflected across 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 22, 2026



J Am Heart Assoc. 2026;15:e048989. DOI: 10.1161/JAHA.125.048989� 15

Paasche et al� Species-Specific Atrial Electrophysiology

species. By linking functional electrophysiological 
characteristics to ion channel expression profiles and 
demonstrating the potential of in silico modeling to de-
rive functional insights from transcriptomic data, our 
study establishes a reference resource that enables 
the assessment of how well specific electrophysiolog-
ical features and underlying ion channel mechanisms 
are represented across species. This enables more 
informed selection of animal models and a more accu-
rate interpretation of experimental findings for transla-
tion to human atrial electrophysiology and arrhythmia 
research.
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