
Effects of genetic background, sex, and age

on murine atrial electrophysiology

Julius Obergassel 1,2, Molly O’Reilly 1, Laura C. Sommerfeld 1,

S. Nashitha Kabir 1, Christopher O’Shea 1, Fahima Syeda1, Lars Eckardt3,

Paulus Kirchhof 1,2,4,5,6, and Larissa Fabritz 1,2,4*

1Institute of Cardiovascular Sciences, University of Birmingham, Birmingham, UK; 2University Heart and Vascular Center, University Hospital Hamburg-Eppendorf, Hamburg,
Germany; 3Department of Cardiology II – Electrophysiology, University Hospital Münster, Münster, Germany; 4Department of Cardiology, UHB NHS Trust, Birmingham, UK;
5Department of Cardiology, SWBH NHS Trust, Birmingham City Hospital, Birmingham, UK; and 6German Center for Cardiovascular Research, Partner Site Hamburg/Kiel/
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Aims Genetically altered mice are powerful models to investigate mechanisms of atrial arrhythmias, but normal ranges
for murine atrial electrophysiology have not been robustly characterized.

...................................................................................................................................................................................................
Methods
and results

We analyzed results from 221 electrophysiological (EP) studies in isolated, Langendorff-perfused hearts of wildtype
mice (114 female, 107 male) from 2.5 to 17.7 months (mean 7 months) with different genetic backgrounds (C57BL/
6, FVB/N, MF1, 129/Sv, Swiss agouti). Left atrial monophasic action potential duration (LA-APD), interatrial activa-
tion time (IA-AT), and atrial effective refractory period (ERP) were summarized at different pacing cycle lengths
(PCLs). Factors influencing atrial electrophysiology including genetic background, sex, and age were determined.
LA-APD70 was 18 ± 0.5 ms, atrial ERP was 27 ± 0.8 ms, and IA-AT was 17 ± 0.5 ms at 100 ms PCL. LA-APD was
longer with longer PCL (þ17% from 80 to 120 ms PCL for APD70), while IA-AT decreased (�7% from 80 to
120 ms PCL). Female sex was associated with longer ERP (þ14% vs. males). Genetic background influenced atrial
electrophysiology: LA-APD70 (�20% vs. average) and atrial ERP (�25% vs. average) were shorter in Swiss agouti
background compared to others. LA-APD70 (þ25% vs. average) and IA-AT (þ44% vs. average) were longer in
129/Sv mice. Atrial ERP was longer in FVB/N (þ34% vs. average) and in younger experimental groups below
6 months of age.

...................................................................................................................................................................................................
Conclusion This work defines normal ranges for murine atrial EP parameters. Genetic background has a profound effect on

these parameters, at least of the magnitude as those of sex and age. These results can inform the experimental de-
sign and interpretation of murine atrial electrophysiology.
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Introduction

The burden of disease associated with atrial fibrillation (AF) and its
recently identified genomic basis make research into the genetic, ge-
nomic, and molecular mechanisms a priority for cardiac

electrophysiologists.1 Sex and age shape the presentation and out-
come of cardiovascular diseases including AF.2–4

Isolated, Langendorff-perfused hearts from wildtype (WT) and ge-
netically altered murine models are widely studied to understand the
electrophysiological (EP) effects of specific genetic mutations.5

Functional findings can be correlated with signalling studies and the
effects of pharmacological interventions within the same model.

Systematic comparisons have found that genetic background, sex,
and age affect murine ventricular action potential duration (APD), acti-
vation time (AT), and effective refractory period (ERP) in WT murine
hearts.6 Whether similar differences exist in atrial EP parameters is
unknown. Here, we report the range of normal atrial EP parameters
in isolated murine WT hearts and present the effects of genetic back-
ground, sex, and age on these measurements.

Methods

Experiment selection for analysis
This is a retrospective analysis of experimental data from a range of atrial
EP studies in the isolated beating Langendorff heart (see Figure 1 for

Graphical Abstract

What’s new?

• Genetic background markedly affects murine left atrial action
potential duration (LA-APD), atrial effective refractory period
(ERP), and interatrial activation time (IA-AT) and should be
considered during experimental design.

• Murine LA-APD is longer at longer pacing cycle length (PCL)
and murine IA-AT decreases with longer PCL in Langendorff-
perfused isolated beating hearts.

• Murine atrial ERP was shorter at older age and prolonged in fe-
male hearts independent of age.

• This study provides a robust normal range of ex vivo beating
heart atrial electrophysiological parameters in mice based on
over 200 individual experiments.
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workflow). Isolated, Langendorff-perfused murine WT atrial electrophys-
iology experiments were carried out by our research groups at the
University of Münster (2005–2011) and at the University of Birmingham
(2011–2019) and collated for analysis. Animals were fed standard chow
diet and kept under controlled conditions (12 h light cycle, 22 �C room
temperature, 55% humidity).

All experiments in Birmingham were conducted according to the
Animals (Scientific Procedures) Act 1986 and approved by the Home
Office (Home Office References 30/2967 and PFDAAF77F) and the insti-
tutional review board at the University of Birmingham. All experiments in
Münster were approved by the regional authority (licence numbers G61/
99, G83/2004).

Heart isolation, preparation, and

electrophysiological recordings
Experimental details have been described previously.7–9 Deep terminal
anaesthesia was achieved by intraperitoneal injection of either urethane
(2 g/kg body weight (BW)) or sodium pentobarbital (Euthatal; 100mL at

200mg/mL) or by inhalation of 5% isoflurane with an O2 flow rate of 3 L/
min. Murine hearts were extracted under heparinization, cannulated via
the ascending aorta and mounted on a vertical Langendorff-apparatus
(Hugo Sachs/Harvard Apparatus, Germany) for retrograde perfusion of
the aorta with Krebs-Henseleit (KH) buffer.9–12 Protocols aimed for con-
stant aortic pressure (100± 5 mmHg), coronary flow rate (4± 1 mL/min),
and temperature (36 ± 1 �C). Preparation time, defined as time from ex-
traction to start of perfusion, was logged and aimed to be <_5 min in 4�C
KH solution or <_2 min at room temperature. Deviation from these
norms led to experimental exclusion. Before starting the EP study, stimu-
lation and measurements, extracted hearts were given time to adjust to
KH buffer perfusion and temperature.

Stimulation was conducted via an octapolar EP catheter inserted
through the vena cava or a small hole into the right atrium (RA, see
Figure 2 and Graphical Abstract). Atrial monophasic action potentials
(MAPs) were recorded using a left atrial epicardial spring-loaded MAP-
catheter. Pre-amplified (Model 2000, EP Technologies Inc., CA, USA)
MAP signals were analyzed semi-automatically under manual quality con-
trol using either a custom-made (based on LabVIEW, National
Instruments, TX, USA) or commercially available software (ecgAUTO,
EMKA Technologies, France).

Stimulation protocols and analysis of

electrophysiological parameters
Isolated hearts were paced from the RA using two electrodes of the EP-
catheter at different pacing cycle lengths (PCLs) of 80, 100, and 120 ms.
Left atrial APD (LA-APD), atrial ERP, and interatrial AT (IA-AT) were
analyzed.

LA-APD was measured at different constant steady state S1-PCLs as
the time from the fastest upstroke to 30%, 50%, 70%, and 90% (APD30,
APD50, APD70, and APD90, respectively) repolarization, with 0% de-
fined as the peak of the MAP upstroke. Full (100%) repolarization was de-
fined as return to the mean baseline diastolic electrical activity on the LA-
MAP electrode. During review, MAPs were quality coded according to
standard criteria and experiments were excluded if less than three crite-
ria were fulfilled. Standard criteria were: stable baseline, stable MAP mor-
phology, fast upstroke without inflections, upstroke duration <2 ms,
MAP amplitude >1 mV, and rapid repolarization without early plateau.

For atrial ERP measurements, the RA was stimulated with a train of
eight S1 stimuli at a constant PCL (80, 100, and 120 ms) followed by a sin-
gle extra stimulus (S2) with an initial S2 coupling interval of 50 ms. The in-
terval was decreased by 1 ms after each series. Atrial ERP was defined as
the shortest S2 interval which still resulted in depolarization of the left
atrium.

IA-AT was defined as the time from the right atrial stimulus artefact to
the steepest upstroke of the MAP signal. The time of the stimulus artefact
was captured either together with the MAP itself as a farfield artefact, or
on the intracardial electrocardiogram recorded by the electrodes of the
EP-catheter located in the RA.

Data storing, archiving, querying, outlier

handling, and statistical analysis
Data analysis workflow is illustrated in Figure 1. A relational database
scheme was developed to structure and harmonize all murine model
parameters and to ensure correct linkage of these parameters to the
same isolated heart experiment. Harmonization of unstructured raw data
was performed semi-automatically depending on raw data format. With
knowledge of existing experiments, the data collection was optimized,
exemplarily by manual search for obviously missing data. During this opti-
mization process, acquired data was again injected into the semi-

Figure 1 Analysis workflow. APD50, APD70, APD90, action po-
tential duration at 50%, 70%, and 90% repolarization; AT, activation
time; BW, body weight; EP, electrophysiological; ERP, effective re-
fractory period; HW, heart weight; LAW, left atrium weight; MAP,
monophasic action potential; PCL, pacing cycle length; WT,
wildtype.
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automatic harmonization process and stored in the database. SQL-based
queries were developed to obtain data in different arrangements for
analysis and for consistency checks. A statistic-based outlier analysis iden-
tified outlier data points. Related experiments were re-analyzed by a sec-
ond observer (Supplementary material online, S1).

Descriptive, explorative, and inductive statistical analysis was per-
formed semi-automatically in SPSS 26 (IBM, CA, USA) and using common
data science packages in Python 3.8 (Pandas, NumPy, SciPy, ResearchPy).
Data were visualized using Seaborn in Python 3.8, as well as GraphPad
Prism 8 and Adobe Illustrator 24.

Normal distribution was evaluated via Q–Q plots and Shapiro–Wilk
testing. If grouped data were not normally distributed, square root or
logarithmic transformation was applied to normalize data. If data were

normally distributed or could be normalized, paired t-tests and
repeated-measures analysis of variance (ANOVA) were employed to
compare experiments in which multiple EP parameters were obtained
at different conditions, e.g. APD at different PCL. Unpaired t-tests and
one-way ANOVA were employed when comparing different age
groups, sex categories, or genetic backgrounds. Bonferroni correction
was used for post hoc testing after one-way ANOVA. Welch’s correc-
tion was used if variances were heterogeneous. Kruskal–Wallis tests
with Dunn’s tests for post hoc analysis were used if data could not be
transformed into Gaussian distributions. In this case, medians and inter-
quartile range are reported in text and tables. If not stated otherwise,
values in graphs, text, and tables report means ± standard error of the
mean.

Figure 2 Isolated Langendorff murine heart electrophysiological study and left atrial monophasic action potential (MAP) cycle length dependency.
(A) Setup of the Langendorff experiment and original murine left atrial MAPs at a train-of-eight S1-paced beats (purple asterisk) with an S1 pacing cy-
cle length (PCL) of 100 ms and one coupled extra stimulus (S2; green asterisk) with a coupling interval of 35 ms. Below the MAP signals, the bipolar
trace between atrial and ventricular electrodes of the octapolar EP catheter are shown. Asterisk indicates stimulation artefacts examplarily (*). (B)
Left-atrial action potential duration (LA-APD) at 50%, 70%, and 90% repolarization plotted over steady state PCL. LA-APD at all stages of repolariza-
tion is PCL-dependent leading to longer APDs at longer PCLs. (C) Interatrial activation time (IA-AT) was steady state PCL-dependent and decreased
with higher PCL. (D) PCL-function of atrial effective refractory period (Atrial ERP). Atrial ERP did not adapt to S1-PCL within the investigated range.
Data derived from the pooled cohort of all genetic backgrounds, sexes, and ages from experiments in which data points at each PCL were available.
Plotted are means with 95% confidence intervals of the mean. *P < 0.05, **P < 0.01, ****P < 0.001.
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Ethics approval
All experiments in Birmingham were conducted according to the Animals
(Scientific Procedures) Act 1986 and approved by the Home Office
(Home Office References 30/2967 and PFDAAF77F) and the institutional
review board at the University of Birmingham. All experiments in
Münster were approved by the regional authority (Licence numbers
G61/99, G83/2004). All experimental protocols conform with the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996).
The manuscript does not contain clinical studies or patient data.

Results

Animals and experimental conditions
This report encompasses intact isolated beating heart ‘ex vivo’ atrial
EP studies from 221 WT murine hearts, 114 females and 107 males,
from five different genetic backgrounds [C57BL/6 (n = 76), FVB/N
(n = 23), MF1 (n = 33), 129/Sv (n = 69), and Swiss agouti (n = 20)] be-
tween 2 and 18 months (11 and 76 weeks) of age. Murine age distri-
bution was not different between sex categories. The sex
distribution was similar in most genetic backgrounds. Table 1 summa-
rizes the murine characteristics.

Due to strict quality standards and variability in protocols, not all
measurements (LA-APD, atrial ERP, and IA-AT) were consistently
available from all experiments. The number of conducted experi-
ments in different genetic backgrounds and sex categories can be re-
trieved from Table 1. Table 2 summarizes all EP parameters and states
numbers of available measurements for each parameter.

Experimental conditions were constant over the timespan of data
collection. Mean coronary flow rate was 4.0± 0.1 mL/min and tem-
perature was 36.4 ± 0.1 �C without changes over time. Despite the

decade long timespan for these experiments performed by different
staff in two institutions, EP parameters did not vary over time. Slight
variations in preparation time, flow rate or temperature did not sig-
nificantly affect atrial electrophysiology in this analysis.

PCL-adaptation of murine LA-APD and
characteristics of atrial ERP and IA-AT
Murine LA-MAPs showed a typical triangular shape with a steep up-
stroke during depolarization and a fast, early depolarization lacking a
plateau (Figure 2A).13 Mean APD at 70% repolarization in the left
atrium (LA-APD70) was 16± 0.4 ms at 80 ms PCL, 18± 0.5 ms at
100 ms PCL, and 19 ± 0.6 ms at 120 ms PCL (Table 2). APD (LA-
APD50, LA-APD70, and LA-APD90) was prolonged at longer PCL
(Figure 2B). Atrial APD70 prolonged by 11% (P < 0.0001) from 80 ms
to 100 ms PCL, while prolongation from 100 ms to 120 ms PCL was
only 5% (P < 0.0001) suggesting a non-linear PCL-adaptation of APD
(Figure 2B, Supplementary material online, S2).

While LA-APD adapted to longer steady state PCL by LA-APD
prolongation, atrial ERP was not PCL-dependent in the range of PCL
tested and therefore ERP/APD90-ratio varied between 1.2± 0.1 at
80 ms and 1.0± 0.05 at 120 ms PCL (P < 0.0001, Figure 2B and D).
Mean atrial ERP was 26± 1.0 ms at 80 ms PCL, 25± 0.9 ms at 100 ms
PCL, and 26 ± 1.0 ms at 120 PCL.

IA-AT at 80 ms PCL was 17 ± 0.7 ms, 17± 0.5 ms at 100 ms PCL,
and 16 ± 0.5 ms at 120 ms PCL (Table 2). IA-AT decreased by 5%
from 80 ms to 100 ms PCL and by another 3% to 120 ms PCL, sug-
gesting a linear correlation between PCL and IA-AT. IA-AT total de-
crease between 80 ms and 120 ms PCL was 7% (P < 0.0001,
Figure 2C). Neither heart weight (HW, 6.5± 0.1 mg, Table 1) nor LA

....................................................................................................................................................................................................................

Table 1 Characteristics of included mice and background distribution

Total C57BL/6 FVB/N MF1 129/Sv Swiss agouti

N 221 76 23 33 69 20

Sex Female 114 (52%) 32 (42%) 16 (70%) 19 (58%) 40 (58%) 7 (35%)

Male 107 (48%) 44 (58%) 7 (30%) 14 (42%) 29 (42%) 13 (65%)

Age (weeks) Total 28.1 ± 1.1 25.6 ± 1.3 16.9 ± 1 24.3 ± 4.2 34.4 ± 2.1 32.9 ± 1.8

Female 27.9 ± 1.5 24.3 ± 1.6 17.2 ± 1.5 21 ± 4.6 37 ± 2.7 32.9 ± 2.8

Male 28.3 ± 1.5 26.7 ± 2.0 16.2 ± 0.6 29.7 ± 8.2 30.8 ± 3.2 32.9 ± 2.4

Body weight (g)

*median/IQR

Total 29.4 ± 10.4 29.3 ± 11.4 26.9 ± 3.0 36.6 ± 7.5 27.2 ± 7.1 36 ± 6.5

Female 26.5 ± 8.1 24.3 ± 4.0 26 ± 2.7 34.2 ± 3.4 24.8 ± 4.0 33.7 ± 4.6

Male 33.2 ± 9.6 31.4 ± 6.6 30.6 ± 2.6 39.6 ± 4.6 29.2 ± 7.6 39.4 ± 5.7

Heart weight

(mg)

Total 197.9 ± 3.8 184.8 ± 6.0 163.4 ± 5.9 246.2 ± 9.9 192 ± 6.4 224.6 ± 8.4

Female 171.4 ± 3.8 159.4 ± 5.9 155.2 ± 6.5 211 ± 8.2 161.5 ± 4.8 203.5 ± 10.4

Male 221.6 ± 5.2 203.8 ± 8.1 176.4 ± 9.8 281.4 ± 9.9 224 ± 6.3 235.9 ± 10.6

Heart weight/

body weight

ratio (mg/g)

Total 6.5 ± 0.1 6.3 ± 0.2 6.1 ± 0.2 6.6 ± 0.3 6.9 ± 0.1 6.2 ± 0.2

Female 6.3 ± 0.1 6.3 ± 0.2 6.2 ± 0.3 6.1 ± 0.5 6.5 ± 0.1 5.9 ± 0.3

Male 6.6 ± 0.1 6.3 ± 0.2 5.9 ± 0.4 7.1 ± 0.3 7.3 ± 0.2 6.3 ± 0.2

LA weight (mg)

*median/IQR

Total 3.7 ± 2.4 2.9 ± 1.2 4.0 ± 1.3 6.0 ± 2.2 3.5 ± 1.4 4.8 ± 2.5

Female 3.2 ± 1.8 2.6 ± 0.9 3.9 ± 1.3 5.4 ± 1.7 2.8 ± 1.3 4.5 ± 2.3

Male 4.1 ± 2.4 3.3 ± 1.7 4.1 ± 1.8 6.8 ± 2.3 3.7 ± 1.6 5.1 ± 2.3

Stated are means with percentages for sex distributions, means ± standard error of the mean for age, heart weight, and heart weight-to-body weight ratio (HWBW ratio), and
median and interquartile range (IQR) for body weight and LA weight, respectively.

962 J. Obergassel et al.
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weight (LAW, 3.7 ± 2.4 mg, Table 1) showed significant effects on IA-
AT in this study.

Murine genetic background affects atrial
electrophysiology
Genetic background influenced atrial APD70 (P < 0.01). In Swiss
agouti, atrial APD70 at 100 ms PCL was between 11% (vs. MF1, ns
(not significant)) and 36% (vs. 129/Sv, P < 0.05) shorter compared to
other genetic backgrounds (20% shorter vs. C57BL/6, ns, 27%
shorter vs. FVB/N, ns, Figure 3A). Atrial ERP at 100 ms PCL was signifi-
cantly different between genetic backgrounds (P < 0.0001) and
shorter in Swiss agouti compared to FVB/N (�44%, P < 0.0001) and
MF1 (�33%, P < 0.05). Atrial ERP was 37% longer in FVB/N com-
pared to 129/Sv (P < 0.01) and 42% longer compared to C57BL/6

mice (P < 0.05, Figure 3B). IA-AT was longer in 129/Sv compared to
other genetic backgrounds,þ60% vs. C57BL/6 (P < 0.001), þ53% vs.
Swiss agouti (P < 0.01), andþ41% vs. MF1 (P < 0.05, Figure 3C).

Genetic background also influenced BW, HW, and LAW (all
P < 0.0001, Table 1): MF1 and Swiss agouti mice were between
17% and 51% heavier than C57BL/6, FVB/N, and 129/Sv mice and
hearts, respectively (Figure 3D). LAW was higher in MF1 mice
compared to C57BL/6 (107%, P < 0.0001), FVB/N (52%, P < 0.01),
129/Sv (71%, P < 0.0001), and higher in Swiss agouti compared to
C57BL/6 (66%, P < 0.01). In contrast, heart weight/body weight
(HWBW) ratios were much more stable between different ge-
netic backgrounds: only 129/Sv mice had slightly higher HWBW
ratios compared to C57BL/6 (þ9%, P < 0.05), FVB/N (þ14%,
P < 0.05), and Swiss agouti (þ12%, P < 0.01) genetic backgrounds
(Figure 3E).

Figure 3 Effects of genetic background on electrophysiological parameters and weights. Left atrial action potential duration at 70% repolarization
(LA-APD70) (A), atrial effective refractory period (Atrial ERP) (B), interatrial activation time (IA-AT) (C), each at 100 ms pacing cycle length (PCL), as
well as heart weight (D) and heart weight-to-body weight ratio (HWBW ratio) (E), are shown for each background as boxplots with min-to-max-
whiskers and statistically tested dependent on whether they were in or could be transformed to Gaussian distribution by one-way ANOVA or alter-
natively Kruskal–Wallis test. All tested electrophysiological parameters, as well as mouse and heart weights were background-dependent. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Sex affects atrial ERP
Considering the whole dataset using a univariate approach, mean
atrial ERP at 100 ms PCL was 25± 1 ms in male mice compared to
28± 1 ms in females, and therefore 14% longer in females (P < 0.05,
Figure 4A). This effect was tested independent of genetic background
and age. LA-APD and IA-AT were not affected by sex in the range of
PCL tested in this study (Figure 4B and C).

Male HW and LAW was 29% and 28% (P < 0.0001 and P < 0.05)
heavier than in females respectively, whilst BW of males was 25%
larger (P < 0.0001, Figure 4D). Sex differences in HW were most pro-
nounced in the 129/Sv background (39% higher in males), whilst HW
differences were small in FVB/N mice (14% higher). HWBW ratio
was different between male and female mice (5%, P < 0.05, Figure 4E),
while LAW/BW ratio was not.

Age affects atrial ERP
With age as a continuous variable, neither IA-AT, LA-APD, nor atrial
ERP showed a clear linear correlation in this cohort. However, there
was a trend towards shorter atrial ERP in older mice (Figure 5A1). For
further analysis, experiments were clustered in four age groups:
hearts from young adult (2–3 months), mature adult (3–6 months),
middle-aged (6–12 months), and old mice (12–24 months). Stratified,
the dataset revealed age-dependent shortening of atrial ERP at
100 ms PCL comparing young mice between 2 and 3 months of age
to older groups (P < 0.0001 vs. 6–12 months and P < 0.05 vs. 12–
24 months, Figure 5A2). Also, mature adults had higher atrial ERPs
compared to middle-aged mice (P < 0.001, Figure 5A2). LA-APD and
IA-AT were neither affected by age in a linear correlation nor cate-
gorical age groups in this study (ANOVA P > 0.05, Figure 5B and C).

Figure 4 Sex-specific differences in left atrial electrophysiology, heart weight, and heart weight-to-body weight ratio (HWBW ratio). Atrial effec-
tive refractory period (ERP), (A), Left atrial action potential duration (LA-APD70), (B) and interatrial activation time (IA-AT), (C) as electrophysiologi-
cal parameters, as well as heart weight (HW), (D) and HWBW ratio (E) were compared between both sex-categories by unpaired Student’s t-test.
Atrial ERP varied between female and male animals with a 14.5% prolongation in females. The other tested electrophysiological values did not vary
significantly between sex categories in this study. HW was higher in males. Displayed are boxplots with min-to-max-whiskers. *P < 0.05,
****P < 0.0001.
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Discussion

The analysis provides a robust reference for normal murine atrial EP
parameters based on a dataset of over 200 isolated ex vivo
Langendorff-perfused beating WT hearts from five different genetic
strains (Table 2). Experiments were performed over a decade with-
out systematic changes in parameters, confirming the robustness of
the experimental setup. Detailed interrogation of the dataset identi-
fied the following findings:

• Different genetic backgrounds have a distinct EP footprint: C57BL/
6 and Swiss agouti show a smaller APD/ERP ratio. 129/Sv show
markedly longer IA-AT and longer LA-APDs.

• Pacing at shorter PCL shortens LA-APD.
• IA-AT increases with shorter atrial PCL, suggesting reduced con-

duction velocity at shorter PCL.
• Female hearts show longer atrial ERPs than male hearts.
• Atrial ERP is shorter in old hearts.
• BW, HW, or left atrial weight do not affect atrial EP parameters in

WT murine hearts when mice were kept on normal chow diet.

Genetic background strain modifies
murine LA-APD, atrial ERP, and IA-AT
We observed a distinct atrial EP profile for each different murine ge-
netic background concordant to findings in ventricular myocardium.

Figure 5 Continuous and stratified effects of age on left atrial action potential duration (LA-APD), atrial effective refractory period (ERP), and
interatrial activation time (IA-AT). Graphs in the left column show atrial ERP (A1), LA-APD70 (B1), and IA-AT (C1), each at 100 ms pacing cycle
length (PCL), plotted over mouse age in weeks at the time of experiment and results of linear regression. Linear regression was not statistically signifi-
cant for all three parameters. Mice were then stratified in age groups (A2, B2, C2) and atrial ERP was found to be affected by age group (A2; ANOVA
P < 0.0001). Age group results are shown as boxplots with min-to-max-whiskers. In Bonferroni-corrected post hoc testing, atrial ERP at 100 ms PCL
was increased in younger groups (<3 months and 3–6 months) compared to older groups (6–12 and 12–24 months). *P < 0.05, ***P < 0.001,
****P < 0.0001.
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Similar to our report of left atrial parameters, ventricular APD was
longer in FVB/N mice compared to C57BL/6 in an earlier study.6

Comparisons of cardiac electrophysiology between different genetic
backgrounds are still limited. However, several studies found inter-
strain differences in cardiac electrophysiology.6,14,15

Expression differences in ultra-rapid delayed rectifier Kþ currents
between male CD-1 and male C57BL/6 mice were suggested to
cause differences in repolarization between these two strains and are
thought to be caused by different testosterone levels.16 The occur-
rence of ventricular arrhythmias varied in a comparison between
four inbred strains and were postulated to be caused by different
beta-adrenergic responses as observed by others,17 intracellular cal-
cium handling, ion channel expression, and phosphorylation.14 Of
note, our study was conducted in isolated beating hearts ex vivo.
Therefore, differences in tone of the autonomic nervous system are
unlikely to account for genetic background-related differences.

In a study comparing strain-specific differences in sodium currents
in cardiomyocytes, sodium currents in neonatal cardiomyocytes var-
ied between C57BL/6, FVB/N, and 129/Sv genetic background.18

Remme et al.19 found an mRNA and protein reduction of the cardiac
sodium channel beta subunit in ventricles from the 129 genetic back-
ground compared to FVB/N associated with changes in activation ki-
netics. A trend to differential atrial expression of Kcnc4 between
MF1, Swiss agouti, and CD-1 strains was observed.20

Our study provides systematic data on genetic background-
dependent differences in atrial EP parameters measured is isolated
hearts ex vivo, providing a reference for their interpretation and
highlighting the importance of genetic background for the design and
interpretation of research in murine models. Further research into
the molecular mechanisms is warranted.

Age- and sex-dependency of atrial mu-
rine electrophysiological parameters
This study found shorter atrial ERP at older age (Figure 5). While the
distribution of sex categories was balanced within each age group, the
different genetic backgrounds were not. As genetic background also
influenced atrial ERP in isolated testing (Figure 3B), it cannot be excluded
as a confounder of the observed effect. Multifactorial testing was not
possible due to the limited number of experiments available. It was re-
cently postulated that atrial APs would be prolonged by age based on
differences in ion channel expression in human atrial tissue.21 Our study
did not find relevant age-dependent changes in LA-APD in the range of
PCLs studied. Longer ventricular APDs and ERPs in female mice6 have
been attributed to different concentrations of repolarizing ion channels
related to sex hormone concentrations.16 In line with this, progester-
one was shown to elicit an AP-prolonging effect on hearts of ovariecto-
mized mice.22 In our study, female mice had a longer atrial ERP. It is not
unlikely that a small effect of sex on LA-APD was masked by the greater
variability of LA-APD compared to atrial ERP (Figure 4).

We analyzed combined effects of genetic background and sex on
LA-APD70, atrial ERP, and IA-AT at 100 ms PCL in a two-way
ANOVA with the knowledge that subgroups within this large dataset
are still limited in size to perform robust multifactorial analysis. Two-
way ANOVA was significant for all variables when combining genetic
background and sex within the model as described in detail in
Supplementary material online, S3. It is likely that combinations of the

factors genetic background, sex, and age have effects beyond those
found in univariate analysis. Proof of this hypothesis would require
verification in an even larger dataset.

Cycle-length-dependency of murine LA-
APD and IA-AT
Murine left atrial APs have not been characterized in a dataset as large as
this before. However, different sites of the heart, even within the same
chamber, have distinct EP profiles and functions and therefore require
separate characterization in health and disease.5,11 The durations seen in
this analysis [e.g. LA-APD50 (12± 0.4 ms), LA-APD70 (18 ± 0.6 ms), and
LA-APD90 (29 ± 0.8 ms) at 120ms PCL] are in the same range as found
in a previous study on 21 isolated, murine Langendorff-perfused hearts
of unknown genetic background in a perpendicular setup using miniature
contact MAP electrodes at a PCL of 130 ms13 and are comparable to
APDs recorded using optical mapping.10–12 The mean values for IA-AT
and atrial ERP presented here are also comparable to those reported
from in vivo transvenous stimulation recordings.23

BW, HW, and LAW, or weight ratios, did not affect atrial EP
parameters in this WT cohort with only minor variations in normal
weight on a standard chow diet. Thus, normal ranges of HW and BW
do not induce electrical signs of atrial AP-prolonging effects of hyper-
trophy.6 In contrast, obesity has been associated with changes in atrial
electrophysiology and found to cause atrial remodelling.24

Rate-dependent shortening of APD and slowing of conduction velocity
is a well-known feature of the myocardium and is vital to retain a sufficient
diastole at faster heart rates. However, alterations in rate adaptation are
hypothesized to be implicated in genesis of cardiac arrhythmias.25

Shortening of APDs at shorter PCL as observed in this study in the mu-
rine left atrium was also seen in other studies.11,12 A constant atrial ERP/
APD ratio over a range from 300ms to 700ms PCL was reported in hu-
man RA,26 while this study observed adaptation of LA-APD, but not atrial
ERP, to PCL in the range of PCL tested, leading to slight variation in ERP/
APD-ratios. The lack of murine left atrial ERP shortening with shorter
PCL in this study may be caused by the observed increase in IA-AT from
right atrial pacing site to LA MAP recording site with shorter PCL or by
the short range of tested PCLs in the current atrial experimental setting.
Of note, a similar flat PCL-ERP relationship was observed in murine ven-
tricles over a range of PCLs from 100 to 300ms.6

Limitations
This study reports a resource for murine left atrial EP parameters
based on a large dataset and is therefore relatively robust. Influences
of age, sex, and genetic background on EP parameters were found in
univariate analysis and influences of animal weights were reported
earlier.6 Although containing over 200 experiments, the dataset was
too small to detect minute differences and to perform a robust multi-
factorial multivariate analysis and regression models.

Effects of BW and HW on atrial electrophysiology were smaller
than those found on ventricular electrophysiology using a similar ap-
proach.6 Although this dataset is limited by only few animals being
studied after senescence, shortening effects of age on atrial ERP were
observed. To make robust statements of influences of ageing on left
atrial electrophysiology, a study including animals from a large and
continuous age range would be ideal.
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While the EP isolated heart investigation offers a wide range of op-
portunities partially described in this article and has been lauded for
animal welfare aspects, the EP study can also be performed in vivo27

and it may be particularly intriguing to perform an EP study in vivo and
subsequently in the isolated heart.

This study did not require further sacrifice of animals, as the dataset
is based on our group’s previously collected data comparing effects of
disease modelling genetic mutations to WT littermate controls.

Conclusion

This study provides unparalleled, robust reference values for mu-
rine LA-APD, atrial ERP, and IA-AT based on 221 WT
Langendorff-perfused murine hearts. The dataset identifies effects
of genetic background, sex, and age on atrial EP parameters. The
effects of genetic background are at least of the magnitude as those
of age and sex in this model, illustrating the impact of genetic back-
ground on atrial electrophysiology. Reported findings can guide
the planning of experimental design and interpretation of murine
EP research.

Supplementary material

Supplementary material is available at Europace online.
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A lead labyrinth: overviewing three decades of device therapy
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Screening X-ray (Figure) demonstrates various stages of
rhythm device treatment performed in one patient over
35 years. This commenced with dual chamber pacemaker
implantation (A). Upgrade to dual chamber defibrillator
implantation was performed with epicardial ventricular pace-
maker leads (B) and defibrillator patch electrodes (C) via
median sternotomy (D). Upgrade to triple chamber stimula-
tion with laser extraction for isolation defect of the right atrial
lead, exchanging the obsolete right ventricular pace/sense
electrode for a shock lead (E).

The increasing longevity of patients undergoing device
treatment will confront us with complex lead anatomy requir-
ing interdisciplinary planning for treatment of these patients.
Lead abandonment will confront us with a multitude of diffi-
culties such as vena caval thrombosis due to lead overload
and technical challenge in case of lead infection requiring
explantation procedures. Lead magnetic resonance imaging
compatibility remains an important issue in indication for
explantation with special attention to patients with longer life-
expectancy.
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