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A B S T R A C T   

The electrophysiological properties of the hearts of women and men are different. These differences are at least 
partly mediated by the actions of circulating estrogens and androgens on the cardiomyocytes. Experimentally, 
much of our understanding in this field is based on studies focusing on ventricular tissue, with considerably less 
known in the context of atrial electrophysiology. The aim of this investigation was to compare the electro-
physiological properties of male and female atria and assess responses to acute sex steroid exposure. Age- 
matched adult male and female C57BL/6 mice were anesthetized (4 % isoflurane) and left atria isolated. Atria 
were loaded with Di-4-ANEPPS voltage sensitive dye and optical mapping performed to assess action potential 
duration (APD; at 10 %, 20 %, 30 %, 50 %, and 70 % repolarization) and conduction velocity in the presence of 1 
nM and 100 nM 17β-estradiol or testosterone. Male and female left atria demonstrated similar baseline action 
potential duration and conduction velocity, with significantly greater APD70 spatial heterogeneity evident in 
females. 17β-estradiol prolonged action potential duration in both sexes – an effect that was augmented in fe-
males. Atrial conduction was slowed in the presence of 100 nM 17β-estradiol in both males and females. 
Testosterone prolonged action potential duration in males only and did not modulate conduction velocity in 
either sex. This study provides novel insights into male and female atrial electrophysiology and its regulation by 
sex steroids. As systemic sex steroid levels change and intra-cardiac estrogen synthesis capacity increases with 
aging, these actions may have an increasingly important role in determining atrial arrhythmia vulnerability.   

1. Introduction 

The electrophysiological properties of the hearts of women and men 
are different. Women exhibit faster heart rates, longer rate-corrected Q- 
T intervals and steeper electrical restitution than men [1,2]. These dif-
ferences are at least partly mediated by the actions of circulating es-
trogens and androgens that bind to functional receptors localized on/ 

within the cardiomyocytes [3]. Expression of androgen and estrogen 
receptors (multiple subtypes including estrogen receptors α and β, and G 
protein-coupled estrogen receptor) within the heart can elicit genomic 
transcriptional changes and/or more rapid acute actions through acti-
vation of numerous signaling pathways [4]. The extent to which sex 
steroids exert these genomic/non-genomic actions are likely dependent 
on many factors including the concentration and exposure time to the 
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sex steroids as well as relative receptor expression/localisation and post- 
translational modification status [5,6]. 

Experimentally, much of our understanding of sex steroid influence 
on cardiomyocyte electrophysiology is based on studies focusing on 
ventricular tissue. Estrogens and androgens have been shown to exert 
contrasting actions on repolarization currents – estradiol decreases rapid 
and slowly activating potassium currents (IKr and IKs respectively) and 
testosterone increases IKr and IKs [7]. There is a lack of consensus in 
relation to sex steroid influence on the L-type Ca current (ICa,L), with 
evidence suggesting sex steroids can decrease or increase ICa,L [7]. We 
and others have shown that ventricular cardiomyocyte Ca2+ transients 
differ in males and females, at least partly due to contrasting actions of 
sex steroids on sarcoplasmic reticulum Ca2+ release [4,8,9]. The actions 
of estrogens and androgens on ventricular cardiomyocyte Na+ entry are 
unclear. 

Androgen and estrogen receptors have been shown in mice to be 
expressed in atria [10,11], indicating capacity to elicit both genomic and 
acute sex steroids actions. How sex steroids influence atrial electro-
physiology is less clear [12]. This represents an important knowledge 
gap, especially in the context of atrial fibrillation – the most common 
sustained arrhythmia in both women and men. Sex differences are 
evident in the epidemiology and clinical presentation of atrial fibrilla-
tion [12,13], and the underlying mechanisms are poorly understood. At 
the cellular level, atrial fibrillation can occur in response to heteroge-
nous prolongation/shortening of the cardiac action potential duration 
(APD) and/or conduction slowing [14]. Changes in these properties in 
response to sex steroids may therefore be important in determining 
vulnerability to atrial arrhythmias. 

To better understand the etiology and optimal therapeutic treatment 
of atrial arrhythmias in women and men, a clearer understanding of the 
fundamental influence of sex and sex steroids on atrial electrophysiology 
is required. In this study, high spatio-temporal optical mapping tech-
nologies were utilized to assess action potential and conduction prop-
erties of isolated left atria from female and male mice. The acute actions 
of two different concentrations of either estradiol or testosterone on 
atrial electrophysiology were then investigated. Initially, atrial electro-
physiological responses to a lower concentration of each sex steroid 
corresponding to approximate ‘physiological’ levels within the circula-
tion were assessed [15,16]. Subsequently, atria were exposed to higher 

concentrations modelling context-specific settings – specifically, high 
testosterone levels following exogenous androgen supplementation and 
high estradiol levels associated with intra-cardiac estrogen synthesis/ 
release. We have previously shown that atria express the aromatase 
enzyme [17]. This capacity to synthesize estrogens from testosterone 
would be predicted to culminate in much higher local estrogen con-
centrations within the extracellular milieu of neighboring car-
diomyocytes relative to circulating levels. 

2. Materials and methods 

2.1. Animal details 

Mouse experiments were conducted under the U.K. Animals (Scien-
tific Procedures) Act 1986 and approved by the Home Office (PPL 30/ 
2967) and the institutional review board at the University of Birming-
ham. C57BL/6 male and female mice were housed in individually 
ventilated cages, under 12 h light/dark cycles (22 ◦C, 55 % humidity). 
Chow and drinking water were available ad libitum. 

2.2. Isolated left atrial optical mapping 

Optical mapping experiments were performed (Fig. 1) as previously 
reported [18,19]. At approximately 28 weeks of age, male and female 
mice were anesthetized (4 % isoflurane in O2, 3 l/min) and hearts 
retrogradely perfused on a Langendorff apparatus (4 ml/min) with 37 ◦C 
Krebs-Henseleit buffer (in mM: NaCl, 118.0; KCl, 3.52; MgSO47H2O, 
0.83; KH2PO4, 1.18; NaHCO3, 24.90; glucose, 11.0; CaCl2, 1.80; 95 % 
O2/5% CO2). Hearts were loaded with the voltage-sensitive Di-4- 
ANEPPS dye (5 μM; Cambridge Biosciences, Cambridge, UK) via bolus 
injection into the perfusate (5 min). The left atrium was then resected, 
pinned flat onto the silicone base of an organ bath and continuously 
superfused with Krebs-Henseleit buffer supplemented with blebbistatin 
(42.75 μM; 37 ◦C; 95 % O2/5% CO2) to reduce motion artefacts [20]. 

Left atria were paced from the posterior wall using a 2 ms bipolar 
pulse via platinum electrodes at twice the capture threshold. Di-4- 
ANEPPS was excited at 530 nm by two twin LEDs (Cairn Research, 
Kent, UK). Emitted fluorescence (630 nm) was captured at 1KHz using a 
high spatial resolution ORCA flash 4.0 camera (Hamamatsu Photonics, 
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Fig. 1. Utilising optical mapping for imaging potentiometric dye loaded mouse left atria. (A) High spatiotemporal resolution optical mapping system. (B) Exemplar 
fluorescent image of Di-4-ANEPPS-loaded mouse left atrium. (C) Exemplar trace from marked blue square box collected from Di-4-ANEPPS-loaded mouse left atrium 
stimulated with paired electrodes where indicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

S.P. Wells et al.                                                                                                                                                                                                                                 



Journal of Molecular and Cellular Cardiology Plus 9 (2024) 100079

3

Japan). Effective pixel size was 71.4 μm/pixel. Wide field macroscopic 
images of tissue sequentially paced at 120 ms, 100 ms and 80 ms cycle 
lengths (100 pulses/cycle length) were acquired using WinFluor V3.4.9 
at various recording timepoints. 

2.3. Treatment of left atria with sex steroids 

After 10 min of equilibration, a baseline recording of action poten-
tials and conduction properties were made at all cycle lengths. Atria 
were then superfused with two sequential doses of either 17β-estradiol 
(1 nM for 10mins, then 100 nM for 10mins), testosterone (1 nM for 
10mins, then 100 nM for 10mins), or ethanol vehicle (0.0001 % for 
10mins, then 0.01 % for 10mins). At the end of each 10 min superfusion 
period, action potential and conduction property recordings were made 
at all cycle lengths. Estradiol/testosterone concentrations and timing of 
administration were based on previous ex vivo/in vitro studies assessing 
acute influence of sex steroids on cardiac tissues [21–24]. 

2.4. Optical mapping analysis 

Optical mapping data were analyzed using ElectroMap [18,25]. 
Ensemble averaging of the last 10 beats of each cycle length was used to 
assess conduction velocity and APD at 10, 20, 30, 50 and 70 % repo-
larization (APD30, APD50, APD70) across the whole left atrium. APD70 
data are shown in the Figs. of the main text, and APD30/APD50 data 
shown in the Supplementary Figs. Images were spatially and temporally 
filtered with a 4 × 4 Gaussian filter and a 3rd order Savitzky-Golay filter, 

respectively. Non-physiological baseline deviations were corrected for 
using a Top-Hat filter (100 ms). Conduction and APD70 spatial hetero-
geneity were defined as the standard deviation of the mean conduction 
velocity or APD70 measured across a whole left atrium respectively. 
APD70 alternans, defined as the electrical discordant in duration or 
amplitude, were analyzed at all pacing cycle lengths. 

2.5. Statistical analysis 

All data are presented as mean ± standard error and were analyzed 
blinded. Statistical analyses were performed with one-way, one-way 
repeated measures and two-way ANOVA as appropriate (GraphPad 
Prism 8.4) and specifically indicated in the Figure legends throughout. 
Data were tested for normality using Shapiro-Wilk testing. P < 0.05 was 
deemed significant and n denotes the number of mice. 

3. Results 

3.1. Comparable baseline electrophysiological properties in female and 
male left atria 

Left atrial APD did not differ between female and male atria and both 
sexes exhibited APD-rate dependency (Fig. 2C, Supplementary Fig. 1). 
Females demonstrated more variability in APD70 across the left atrium 
than males (100 ms cycle length, male vs female: 2.1 ± 0.2 ms vs 3.1 ±
0.3 ms, P < 0.05; Fig. 2D). Conduction velocity was consistent between 
sexes (100 ms cycle length, male vs female:53.8 ± 4.8 cm/s vs 45.7 ±
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Fig. 2. Basal electrophysiology in male and female mouse left atria. (A) Exemplar ensemble averaged optical action potential traces, indicating APD70 measurement 
point in male and female left atria. (B) APD70 maps of tissue paced at 100 ms cycle length. (C) Mean APD70 across 80, 100 and 120 ms paced cycle lengths. (D) APD70 
spatial heterogeneity at 100 ms cycle length. (E) Exemplar activation maps from male and female left atria at 100 ms cycle length. (F) Mean conduction velocity of 
tissue paced at 100 ms cycle length. (G) Male and female conduction velocity spatial heterogeneity (100 ms cycle length). Statistical analysis was conducted using 
two-way repeated measures ANOVA across different cycle lengths and unpaired t-tests at single 100 ms cycle length. †P < 0.05 between sexes and #P < 0.05 indicates 
cycle length effect; n = 18 and n = 20 for male and female, respectively. 
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3.0 cm/s, P = ns; Fig. 2E-F). 

3.2. Acute estradiol prolongs repolarization in the left atria of both males 
and females 

Left atria were superfused with either 17β-estradiol (1 nM, 100 nM) 
or ethanol vehicle (0.0001 %, 0.01 % respectively). Both concentrations 
of estradiol prolonged left atrial APD in males and females (Fig. 3A-D). 
Onset of estradiol influence was apparent at APD30 in both females and 
males, with evidence for the earlier onset at APD20 in females only 
(Supplementary Fig. 2). Left atrial APD70 spatial heterogeneity was 
significantly increased in response to 1 nM and 100 nM estradiol in fe-
male atria, but not males (Fig. 3F-G). This was associated with increased 
APD70 alternans in both female and male atria treated with estradiol 
(Supplementary Fig. 3). Conduction velocity decreased in response to 
100 nM estradiol (but not 1 nM estradiol) in the atria of both males and 
females (Fig. 4A-C). The extent of this conduction slowing was greater in 
male than female left atria (Fig. 4D). Conduction spatial heterogeneity 
was unaffected by estradiol in males and females (Fig. 4E-F). 

3.3. Acute testosterone prolongs repolarization in the left atria of males 
but not females 

Left atria were superfused with either testosterone (1 nM, 100 nM) or 
ethanol vehicle (0.0001 %, 0.01 % respectively). Acute exposure to 1 nM 
and 100 nM testosterone prolonged APD at all paced cycle lengths in 
males, but not females (Fig. 5A-D, Supplementary Fig. 4). The effect in 
males was evident as early as APD10. The change in APD was hence 
significantly greater in male atria compared with female atria (Fig. 5E, 
Supplementary Fig. 4C,F,I&L). Testosterone had no effect on left atrial 
APD70 spatial heterogeneity (Fig. 5F-G), conduction velocity (Fig. 6A-C), 
or conduction velocity spatial heterogeneity (Fig. 6E-F) in either sex. 
APD70 alternans was increased in male atria only, when treated with 
100 nM estradiol (Supplementary Fig. 5). 

4. Discussion 

This novel study demonstrates a rapid modulation of male and fe-
male atrial conduction and repolarization properties in response to 
acute administration of sex steroids. We showed that conduction and 
action potential properties were similar in isolated left atria from female 
and male mice, though greater repolarization heterogeneity was evident 
in female atria (vs males). Sex differences were evident in the electro-
physiological responses to acute sex steroid exposure. Estradiol pro-
longed atrial repolarization to a greater extent in females and 
augmented conduction slowing in males. The effects of testosterone on 
atrial electrophysiology were less pronounced. Prolongation of action 
potentials in the presence of testosterone was evident only in male atria, 
and conduction velocity did not change in either sex. These findings 
indicate that sex steroids could have a role in regulating atrial electro-
physiology and may contribute to determining atrial arrhythmia 
vulnerability. 

4.1. Male and female left atria demonstrate similar basal 
electrophysiology 

Studies assessing APD in male and female atria have reported con-
flicting results. Patch-clamp studies with male and female rabbit right 
atrial cardiomyocytes paced at 1 Hz indicated no sex difference in APD 
[26]. A subsequent study by the same group reported longer APD in 
male intact rabbit left atria (vs females) paced at more physiological 
cycle lengths [27]. Our data demonstrate male and female mouse left 
atria exhibit similar repolarization times at physiological pacing fre-
quencies. This is consistent with our previous findings in male and fe-
male Langendorff-perfused mouse hearts [28]. An advantage of using an 
optical mapping approach is that action potential characteristics are 

assessed across the whole atrium, overcoming potential artefacts 
attributable to selected microelectrode positioning. Indeed, this has 
revealed the novel finding that female epicardial repolarization is more 
variable across the atrium than in males. The cellular mechanisms and 
physiological relevance of this observation is not clear. 

4.2. Estradiol prolongs repolarization in both male and female left atria 

Atria were superfused with two concentrations of estradiol, initially 
at 1 nM and subsequently at 100 nM (10mins each). 1 nM estradiol has 
regularly been used as a ‘physiological’ concentration that approxi-
mately models systemic estrogen levels in women [15]. Treatment of 
atria with 100 nM estradiol was undertaken to model the higher con-
centrations of estrogens we predict would occur in a setting of intra- 
cardiac estrogen synthesis/release. We have previously shown that the 
heart has capacity to synthesize estrogens [17]. Both human atrial 
appendage and rodent myocardium express aromatase – the enzyme 
that catalyzes the conversion of testosterone to estrogen [17]. Current 
methodologies for quantifying tissue-specific estrogen levels are limited 
by sensitivity and variability. Hence, we have yet to measure the extent 
of estrogen synthesis within the heart. We expect intra-cardiac estrogen 
synthesis capacity to be relatively low compared with ovarian output, 
though predict the localized inter-cellular estrogen levels to be many 
fold higher than in the circulation. We therefore treated atria with 100 
nM estradiol to model these relatively higher localized concentrations 
expected in a setting of intra-cardiac estrogen synthesis/release. 

Both concentrations of estradiol prolonged APD in males and females 
– an effect that was significantly greater in females. In ventricular tissue, 
there is a lack of consensus as to how estrogens influence action po-
tential morphology, with estradiol reported to cause APD shortening 
[24,29], prolongation [24,30,31] or no effect [32]. In addition to the 
implications of variation in study design and animal/tissue model, the 
conflicting findings in ventricular preps may be indicative of the re-
ported biphasic influence of estrogen as concentrations increase [24]. 1 
nM estradiol have been shown to prolong male and female guinea pig 
ventricular APD through direct inhibition of the KV11.1 channel that 
carries IKr [24], though it is unlikely that this explains our findings as IKr 
contributes minimally to atrial repolarization in mice [33,34]. Prolon-
gation of action potential duration in male adult rat ventricular car-
diomyocytes treated with estradiol for 10mins has been shown to be 
associated with significantly reduced Ito,s and ICa,L [24]. Both of these 
currents are integral to repolarization in mice atria [35]. Considering the 
temporal profile of estrogenic influence on APD shown in our study, we 
speculate that acute estradiol treatment may be modulating Ito,s and ICa,L 
to cause the action potential prolongation observed in isolated mouse 
atria. 

4.3. Testosterone prolongs left atrial repolarization in males only 

Similar to those studies with estradiol, atria were superfused with 
two concentrations of testosterone – initially at 1 nM and subsequently 
at 100 nM (10mins each). 1 nM testosterone more closely represents 
typical serum levels in women. In men, normal serum levels are 
approximately 10-20 nM. The higher testosterone concentration hence 
models that expected with testosterone supplementation [36]. Both 
male and female atria express functional androgen receptors with ca-
pacity to respond to testosterone treatment [10,37]. We report a sex- 
specific action of testosterone on atrial action potential morphology – 
prolonging APD in males but not females. This effect was evident as 
early as APD10, indicating potential influence of testosterone on INa 
during depolarisation and/or Ito in phase 1 of the action potential. 
Studies assessing the effects of testosterone on atrial electrophysiology 
are lacking. Our findings contrast with studies of acute testosterone 
administration in other cell types. Treatment of guinea-pig (combined 
male/female) ventricular cardiomyocytes with increasing concentra-
tions of testosterone caused a dose-dependent decrease in APD. This was 
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Fig. 3. Estradiol prolongs left atrial repolarisation to a greater extent in females than males. (A) Exemplar left atrial optical action potentials treated with 0 nM or 
100 nM estradiol. (B) APD70 maps at 100 ms cycle length. (C–D) Male and female mean left atrial APD70 with 0 nM, 1 nM and 100 nM estradiol treatment at 80 ms, 
100 ms and 120 ms cycle lengths. (E) Estradiol-induced change in APD70 in male vs female left atria. (F-G) Male and female APD70 spatial heterogeneity with 
increasing estradiol concentration (100 ms cycle length). Statistical analysis was conducted using two-way across different cycle lengths or one-way repeated 
measures ANOVA with Sidak's multiple comparison tests across different sex steroid concentrations. #, * and † indicate P < 0.05 cycle length effect, treatment effect 
(vs 0 nM at all cycle lengths) and sex difference, respectively; n = 6–9. 
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associated with a nitric oxide-dependent decrease in the ICa,L and in-
crease in the IKs [38]. That the actions of testosterone were evident as 
early as APD10, indicates testosterone may be influencing INa during 
depolarisation and/or Ito in phase 1 of the action potential. Again, the 
actions of testosterone on cardiomyocyte Na+ entry are not well un-
derstood. Chronic testosterone deficiency has been shown to increase 
late inward Na+ current in ventricular cardiomyocytes in aged male 
mice [39]. The extent to which testosterone modulates fast Na+ currents 
in atrial cardiomyocytes is not known and further studies are required. 

4.4. Estradiol but not testosterone slows conduction velocity in male and 
female left atria 

Studies conducted in post-menopausal women indicate that acute 
estradiol administration slows atrial conduction [40]. We showed that 
higher concentrations of estradiol slowed atrial conduction in both sexes 
and that this was accentuated in males. These findings are intriguing as 
they indicate that, in some settings, estradiol may contribute to the 
arrhythmogenic atrial substrate. We have previously shown that acute 
estradiol treatment increases atrial arrhythmia incidence in isolated 
mouse hearts [17], challenging the pre-conception that estrogenic in-
fluence is always beneficial in the heart. This may be especially 
important in relation to intra-cardiac estrogen synthesis/release within 
atrial myocardium and epicardial adipose [17]. We expect this could 
predispose the heart to localized regions of estrogenic influence, with 

potential to exacerbate conduction heterogeneities across the atria and 
increase arrhythmia vulnerability. 

5. Study limitations 

This study represents an initial investigative step towards our un-
derstanding of sex steroidal influence on the atria, and numerous aspects 
remain unresolved. Experimentally, the potential effects of mechanical 
uncoupling in the presence of blebbistatin (42.75 μM) in this study 
should be considered [41]. Excitation-contraction uncouplers are 
required to ensure effective recording of action potential morphology in 
the isolated atria. Blebbistatin has been reported to modulate cardiac 
electrical activity [42], though several studies reports findings to the 
contrary [43,44]. 

Considering the relatively brief exposure of atria to sex steroids in 
this study, our findings presumably reflect non-genomic events associ-
ated with activation of intracellular signaling pathways. Further studies 
incorporating longer-term exposure to sex steroids, likely in vivo or in 
cultured atrial cardiomyocyte/tissue preparations, will reveal genomic 
responses of atria to sex steroids. It will be necessary to then identify the 
sex steroid receptor sub-types and ion channels mediating these actions 
and how the combination of acute and chronic sex steroid actions 
interact to determine action potential morphology, conduction proper-
ties, and atrial arrhythmia vulnerability. We did not address this in this 
study, partly due to the limitations previously reported in relation to 
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Fig. 4. Estradiol slows left atrial conduction velocity to a greater extent in males than females. (A) Exemplar male and female left atrial activation maps treated with 
0 nM, 1 nM or 100 nM estradiol. (B–C) Male and female mean conduction velocity with 0 nM, 1 nM and 100 nM estradiol treatment. (D) Estradiol-induced change in 
conduction velocity in male vs female left atria. (E-F) Male and female conduction velocity spatial heterogeneity with increasing estradiol concentration (100 ms 
cycle length). Statistical analysis was conducted using one-way (B–C) or two-way (D) repeated measures ANOVA with Sidak's multiple comparisons. * and † indicate 
P < 0.05, treatment effect and sex difference, respectively; n = 7–9. 
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assessing sustained atrial arrhythmias in mice [45]. Our findings of 
selected action potential prolongation and APD70 alternans in response 
to acute sex steroid exposure are intriguing and indicate a potential 
capacity for acute sex steroid exposure to increase atrial arrhythmias. 
Clearly, a more detailed investigation is required to establish the role of 
acute/chronic sex steroids in determining atrial arrhythmia vulnera-
bility, in a bid to improve efficacy of anti-arrhythmic treatments in men 
and women. 

6. Summary 

This study provides novel insights into the acute regulation of atrial 
electrophysiology by sex steroids. The findings indicate that estrogens 
rapidly influence atrial function in both sexes, and that responsiveness 
to testosterone is more prominent in males. 
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