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Aims Atrial fibrillation (AF) is a commonly occurring arrhythmia after cardiac surgery (postoperative AF, poAF) and is as-
sociated with poorer outcomes. Considering that reduced atrial contractile function is a predictor of poAF and that
Ca2þ plays an important role in both excitation–contraction coupling and atrial arrhythmogenesis, this study aims
to test whether alterations of intracellular Ca2þ handling contribute to impaired atrial contractility and to the
arrhythmogenic substrate predisposing patients to poAF.

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

Right atrial appendages were obtained from patients in sinus rhythm undergoing open-heart surgery.
Cardiomyocytes were investigated by simultaneous measurement of [Ca2þ]i and action potentials (APs, patch-
clamp). Patients were followed-up for 6 days to identify those with and without poAF. Speckle-tracking analysis of
preoperative echocardiography revealed reduced left atrial contraction strain in poAF patients. At the time of sur-
gery, cellular Ca2þ transients (CaTs) and the sarcoplasmic reticulum (SR) Ca2þ content were smaller in the poAF
group. CaT decay was slower in poAF, but the decay of caffeine-induced Ca2þ transients was unaltered, suggesting
preserved sodium-calcium exchanger function. In agreement, western blots revealed reduced SERCA2a expression
in poAF patients but unaltered phospholamban expression/phosphorylation. Computational modelling indicated
that reduced SERCA activity promotes occurrence of CaT and AP alternans. Indeed, alternans of CaT and AP oc-
curred more often and at lower stimulation frequencies in atrial myocytes from poAF patients. Resting membrane
potential and AP duration were comparable between both groups at various pacing frequencies (0.25–8 Hz).

....................................................................................................................................................................................................
Conclusions Biochemical, functional, and modelling data implicate reduced SERCA-mediated Ca2þ reuptake into the SR as a ma-

jor contributor to impaired preoperative atrial contractile function and to the pre-existing arrhythmogenic sub-
strate in patients developing poAF.
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1. Introduction

Development of atrial fibrillation (AF) within the immediate postopera-
tive period (poAF) is one of the most frequent complications after car-
diac surgery, occurring in up to 50% of cases.1 In more than 90% of these
patients, poAF occurs within the first 6 postoperative days and its occur-
rence is associated with poorer outcomes, particularly a two- to four-
fold increased risk of stroke, bleeding complications, and a two-fold in-
crease in all-cause 30-day mortality. In the USA, the annual healthcare
expenditure related to the burden of poAF is estimated at over $1 bil-
lion, highlighting poAF as an important socioeconomic problem.1

Over the last decades, a great deal has been achieved in understanding
pathophysiological mechanisms underlying the initiation, maintenance,
and progression of AF in general.1 Yet the high incidence of AF following
cardiac surgery persists and remains poorly understood.1 Clinical AF is
initiated when triggers act on an arrhythmogenic substrate. Cardiac sur-
gery can serve as such a trigger, initiating poAF mediated by adrenergic
activation or local inflammation, thereby unmasking the pre-existing pro-

arrhythmic substrate.1 Several studies indicate that poAF is associated
with preoperative structural alterations including interstitial fibrosis,2,3

cellular hypertrophy, and signs of cellular degeneration,4 which are
thought to be important determinants of the pre-existing atrial arrhyth-
mogenic substrate.1 However, in contrast to patients with paroxysmal
and long-standing persistent AF, in whom alterations of cellular electro-
physiology, such as shortening of action potential duration (APD), con-
tribute to the maintenance of the arrhythmia,5 electrical remodelling
does not appear to play a major role in the arrhythmogenic substrate
predisposing patients to poAF.6–9

During recent years, cytosolic Ca2þ handling abnormalities in atrial
myocytes have been suggested to play an important role in initiation and
maintenance of AF.10,11 However, it is currently unknown whether such
abnormalities also contribute to the arrhythmogenic substrate predis-
posing patients to the development of poAF. Recent studies demon-
strate that impaired preoperative left and right atrial contractile function
represents an independent predictor of poAF in patients undergoing
open-heart surgery.12,13 Considering that cytosolic Ca2þ handling is a
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major determinant of contractile function, we hypothesize that altera-
tions in cellular Ca2þ dynamics contribute to impaired atrial contractility
in patients who proceed to develop poAF.

Here we use right atrial myocytes isolated from patients undergoing
open-heart surgery to test the hypotheses that Ca2þ handling abnormal-
ities contribute to contractile dysfunction and to the atrial arrhythmo-
genic substrate in patients who develop poAF.

2. Methods

A detailed description of all methods is provided in the Supplementary
material online.

2.1 Speckle-tracking echocardiography
Two-dimensional greyscale images acquired at 50 Hz over three cardiac
cycles from a standard apical four-chamber view were obtained from
patients in the period prior to cardiac surgery. Using speckle-tracking
software (TOMTEC ARENATM REF TTA2 LOT 31.00), longitudinal de-
formation of the left atrium (LA) was monitored by point-tracking of six
automatically allocated segments of the LA endocardial borders to de-
termine global atrial strain14 (Figure 1A and Supplementary material on-
line, Video SI).

2.2 Human tissue samples and myocyte
isolation
Right atrial appendages were obtained from 202 patients in normal sinus
rhythm undergoing cardiac surgery (Supplementary material online,
Tables SI–SVI and Figure SI). During the postoperative period, rhythm was
monitored with continuous three-lead electrocardiogram recording for
6 days and stored on a central monitoring system (BeneVision Central
Monitoring System, Mindray Medical Germany). The recordings were
analysed manually by an experienced clinician, who was blinded to the
experimental results. PoAF was detected in 90 patients (45%). Patients
were assigned to the poAF group if any episode of AF lasting longer than
30 s was documented. Patients were assigned to the control group
(Ctrl) if no episode of AF was observed. Patients with a documented epi-
sode of AF at any time before or during cardiac surgery or with AF epi-
sodes < 30 s were excluded. Experimental protocols were approved by
the ethics committee of the University Medical Center Göttingen (No.
4/11/18) and were performed in accordance with the Declaration of
Helsinki. The STROBE checklist used for this study is provided as a
Supplementary material online. Each patient gave written informed con-
sent. Excised right atrial appendages were either snap-frozen in liquid ni-
trogen for biochemical studies or were subjected to a standard
protocol10,15 for myocyte isolation.

2.3 Intracellular Ca2þmeasurement and
cellular electrophysiology
Only rod-shaped myocytes with clear striations and defined margins
were selected for measurements of [Ca2þ]i and cellular electrophysiol-
ogy (Supplementary material online, Figures SII and SIII). [Ca2þ]i of
right atrial myocytes was measured using the fluorescent Ca2þ indicator
fluo-3 according to our previously published protocol.10 Whole-cell rup-
tured patch-clamp techniques (voltage- and current-clamp) were used
to record membrane currents and action potentials (APs) at 37 �C with
simultaneous [Ca2þ]i measurement.10 Currents were related to mem-
brane capacitance and expressed in current density (pA/pF).

2.4 AP and Ca2þ transient alternans
Alternans of APs and Ca2þ transients (CaTs) occurring at different stim-
ulation frequencies were quantified with a discrete Fourier transform
spectral method using modified custom-written software, as previously
described.16

2.5 Biochemical studies
Membranes were isolated from frozen tissue by differential centrifuga-
tion and solubilized at 1 mg/mL of total protein in solubilization buffer.
Expression of key Ca2þ handling proteins was determined using immu-
noblotting techniques and normalized to total protein load as indicated
by REVERTTM total protein staining (LI-COR Biotechnology, USA).

The messenger RNA (mRNA) levels of key Ca2þ handling proteins
were measured by real-time reverse transcriptase-polymerase chain
reaction.

Figure 1 Preoperative speckle-tracking echocardiography to quan-
tify LA strain in patients who do not (Ctrl) and who do develop poAF.
(A) Representative apical four-chamber echocardiogram of a poAF pa-
tient. The multi-coloured area defines the region of interest along the
inner contour of the LA wall. (B) Segment nomenclature of the LA wall.
(C) Representative strain curves of Ctrl (left) and poAF (right) patients.
Coloured lines show strain of the different segments shown in (B).
Global mean strain, denoted by the black line, is used for the measure-
ment of total LASr, LAScd, and LASct as indicated by arrows. (D)
Mean ± standard deviation LASr (left), LAScd (middle), and LASct
(right). *P < 0.05, **P < 0.01, vs. Ctrl. n = patients. Comparison using
the unpaired Student’s t-test. Ctrl, control; LA, left atrial; LAScd, left
atrial conduit strain; LASct, left atrial contraction strain; LASr, left atrial
reservoir strain; poAF, postoperative atrial fibrillation.
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2.6 Computational modelling
APs and corresponding CaTs were simulated based on the mathematical
model described by Courtemanche et al.17. The sarcoplasmic reticulum
(SR) Ca2þ uptake compartment parameter was adjusted by þ20%,
-20%, and -40% to simulate altered SR Ca2þ-ATPase (SERCA) activity.

2.7 Statistical analysis
Summarized data are reported as mean± standard error of the mean,
unless otherwise specified. Continuous data with sample sizes n >_ 30
were assumed to be normally distributed, while the distribution of read-
outs between n = 10–30 was analysed using the Shapiro–Wilk normality
test. Normally distributed data were compared using the paired and un-
paired two-tailed Student’s t-test. Differences between unpaired data
with unequal variances were assessed using the Welch’s t-test, which is
indicated in the legends of all affected figures. Non-normally distributed
data and all data sets with n < 10 were compared with the Mann–
Whitney U test. The Fisher’s exact test was applied for differences in cat-
egorical data. Confounding effects of patient age were determined by
the analysis of covariance. Kaplan–Meier curves were compared using
the Gehan–Breslow–Wilcoxon test. P-value < 0.05 was considered sta-
tistically significant.

3. Results

3.1 Speckle-tracking echocardiography
reveals reduced atrial function in poAF
patients
Left atrial (LA) function was measured in preoperative patients through
cardiac cycle-spanning segmental strain quantification and subsequent
global averaging via a speckle-tracking echocardiography technique by an
operator blinded to clinical data (Figure 1). Forty-two patients had an eli-
gible preoperative echocardiogram for speckle-tracking analysis, of
which 21 developed poAF and 21 did not. Patients who went on to de-
velop poAF exhibited significantly reduced left atrial global contraction
strain (LASct) before cardiac surgery, compared with Ctrl
(-10.94 ± 5.69% vs. -15.50± 6.56%, P < 0.05, n = 21 vs. 21, Figure 1D).
Measured during atrial systole until mitral valve closure, impaired LASct
indicates overall reduced atrial systolic function in these patients.
Reservoir strain (LASr) relating to ventricular systole and atrial filling was
also reduced in poAF patients (poAF: 23.75 ± 8.89%, n = 21; Ctrl:
31.37 ± 8.91%, n = 21), whereas conduit strain (LAScd), which occurs
during the early ventricular filling phase, was unaltered. Left atrial diame-
ter was similar between patient groups (poAF: 42.2± 6.3 mm, n = 21;
Ctrl: 39.9± 6.5 mm, n = 21).

3.2 Reduced ICa,L-triggered Ca2þ transient
in atrial myocytes from poAF patients
To investigate whether impaired excitation–contraction coupling in atrial
myocytes contributes to impaired left atrial contractility, we measured
L-type Ca2þ current (ICa,L)-triggered CaT in right atrial myocytes. No
significant difference between membrane capacitance of poAF
(90.38 ± 5.92 pF, n/N = 35/22) (myocytes/patients) and Ctrl
(95.97 ± 5.79 pF, n/N = 78/38; P = 0.558) myocytes was observed, indi-
cating comparable cell size. ICa,L was induced by a voltage-step protocol
(0.5 Hz stimulation frequency) and was measured simultaneously with
CaT in fluo-3-loaded right atrial myocytes, as shown by the representa-
tive traces in Figure 2A. Neither the peak amplitude nor the integral of

ICa,L was different in poAF vs. Ctrl (Figure 2B). Diastolic [Ca2þ]i was com-
parable in both groups, however, systolic [Ca2þ]i tended to be lower in
poAF and CaT amplitude was significantly smaller in poAF vs. Ctrl
(149.30 ± 14.20 vs. 224.01 ± 16.69 nmol/L, n/N = 35/22 poAF vs. 78/38
Ctrl, P < 0.001, Figure 2C). The time constant of CaT decay (s), measured
by fitting a single exponential curve to the CaT decay, was found to be
significantly higher in poAF vs. Ctrl, equating to a slower rate of decay in
poAF (527.38 ± 45.31 vs. 405.44± 18.77 ms, n/N = 35/22 poAF vs. 78/38
Ctrl, P < 0.05, Figure 2D).

b-Adrenergic stimulation has been implicated in the pathogenesis of
poAF18 and is known to influence excitation–contraction coupling via
protein kinase A (PKA)-mediated phosphorylation of related proteins.19

We investigated the response of atrial myocytes to b-adrenergic stimula-
tion using 1mmol/L isoprenaline. In the presence of isoprenaline, ICa,L

and the triggered CaT amplitude were significantly increased in both Ctrl
and poAF, while a significant decrease in the time constant (s) of CaT de-
cay was observed (Supplementary material online, Figure SIV). ICa,L peak
amplitude was similar between poAF and Ctrl in both the presence and
absence of isoprenaline. However, before the application of isoprenaline,
a tendency towards a reduced CaT amplitude was observed in poAF
compared to Ctrl and in the presence of isoprenaline, CaT was signifi-
cantly smaller in poAF. The time constant (s) of CaT decay was in-
creased in poAF compared to Ctrl, regardless of whether isoprenaline
was present.

3.3 Slower SR Ca2þ uptake contributes to
smaller SR Ca2þ content in atrial myocytes
from poAF patients
CaT amplitude is governed by various factors such as ICa,L and SR Ca2þ

content. Considering that ICa,L was similar between groups, the SR Ca2þ

content was subsequently measured. An ICa,L-activating protocol (see
above) was applied to atrial myocytes for 3–5 min, after which stimula-
tion was terminated and caffeine (10 mmol/L) was applied to induce
complete Ca2þ release from the SR (Figure 3A). Both the amplitude of
the resulting Ca2þ transient and the resulting charge accumulation [via
sodium-calcium exchanger (NCX)-mediated inward current] were sig-
nificantly smaller in poAF compared to Ctrl, indicating smaller SR Ca2þ

content in poAF (amplitude: 0.63 ± 0.06 vs. 0.97± 0.08 lmol/L,
P < 0.001; charge: 1.53 ± 0.08 vs. 1.80 ± 0.06 pC/pF, P < 0.01, n/N = 35/22
poAF vs. 78/38 Ctrl, Figure 3B).

The time constant of decay (s) of the caffeine-induced CaT (a mea-
sure of NCX function), however, was comparable between the two
groups (Figure 3C) and we did not detect altered contribution of the plas-
malemmal Ca2þ-ATPase to cytosolic Ca2þ removal (Supplementary ma-
terial online, Figure SV). In accordance, the slope of the line relating INCX

to [Ca2þ]i during decay of the caffeine-induced CaT was comparable be-
tween both groups, suggesting similar Ca2þ-dependence of NCX activity
(Figure 3D and E). Protein levels of NCX1 and mRNA (SLC8A1) were
not found to be different in poAF vs. Ctrl (Figure 3F and Supplementary
material online, Figure SVI).

To exclude a role for increased SR Ca2þ leak in lowering SR Ca2þ

content in poAF, total SR Ca2þ leak was quantified using the tetracaine
method of Shannon et al.20 (Figure 4A). SR Ca2þ leak was not different in
the poAF group (Figure 4B). In accordance, occurrence of spontaneous
Ca2þ release events (Supplementary material online, Figure SVII), as well
as protein and mRNA expression and phosphorylation of ryanodine re-
ceptor channels (RyR2, Figure 4C and D and Supplementary material
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online, Figure SVI), were not found to be different in poAF compared to
Ctrl.

SERCA function was subsequently calculated to ascertain if any alter-
ation could underlie slower decay of systolic CaT and smaller SR Ca2þ

content in poAF. The function of SERCA, expressed as the rate constant
kSERCA, was calculated by subtracting the rate constant of decay of the
caffeine-induced CaT (kcaff, inverse of cCaT s) from that of the systolic
CaT (ksyst, inverse of systolic CaT s, Figure 5A and B), as previously de-
scribed.21 kSERCA was found to be significantly lower in poAF vs. Ctrl
(1.48± 0.17 vs. 2.08 ± 0.15 s-1, n/N = 35/22 poAF vs. 78/38 Ctrl, P < 0.01,
Figure 5B). Furthermore, although SERCA2a mRNA levels (ATP2A2)
were similar in Ctrl and poAF patients, SERCA2a protein content, ana-
lysed by western blot, was revealed to be significantly lower in poAF
(Figure 5C). This points to posttranslational modifications of SERCA2a
that may contribute to reduced SERCA-mediated Ca2þ extrusion in
poAF. These results are likely to underlie both the slower decay rate of
the systolic CaT and the smaller SR Ca2þ load in poAF. mRNA and pro-
tein levels and phosphorylation of phospholamban (PLB) and mRNA lev-
els of sarcolipin (SLN) were comparable in both groups (Figure 5D and
Supplementary material online, Figure SVI), indicating that any reduction
of SERCA activity was independent of these regulatory proteins.

In addition to altered activity of Ca2þ removal mechanisms, increased
intracellular Ca2þ buffering has also been shown to reduce both ampli-
tude and the rate of decay of systolic Ca2þ transients.22 The intracellular
Ca2þ buffering properties of myocytes from Ctrl and poAF patients
were estimated from the caffeine-induced Ca2þ transient and associated
NCX-mediated inward current (Supplementary material online, Figure
SVIII). NCX current was integrated cumulatively to provide an index of
‘total’ Ca2þ, which was plotted against the decay phase of the caffeine-
induced Ca2þ transient (‘free’ Ca2þ), thereby generating buffer curves
which were fitted with a hyperbolic function.23 The extrapolated Bmax

and kd values were not different between poAF and Ctrl.

3.4 Enhanced susceptibility to CaTand AP
alternans in atrial myocytes from poAF
patients
Reduced SERCA activity has previously been associated with alternans in
ventricular myocytes.24 Alternans describes the observation that, under
certain conditions, the shape of the CaT and AP varies on a beat to beat
basis between two contrasting states. To investigate whether this is also
the case in atrial myocytes, computational modelling was performed

Figure 2 ICa,L-triggered CaT in atrial myocytes from patients who do not (Ctrl) and who do develop poAF. (A) Voltage-clamp protocol (0.5 Hz, upper),
representative simultaneous recordings of ICa,L (middle), and triggered CaT (lower) in Ctrl (left) and poAF (right) myocytes. (B) Mean ± standard error of
the mean (SEM) peak ICa,L (left) and integrated ICa, L (right). (C) Mean ± SEM diastolic and systolic [Ca2þ]i (left) and resulting CaT amplitude (right). (D)
Mean ± SEM time constant of decay (s) of ICa,L-triggered CaT. *P < 0.05, ***P < 0.001 vs. Ctrl. n/N = number of myocytes/patients. Comparison using the
unpaired t-test with Welch’s correction (C right and D). CaT, Ca2þ transients; Ctrl, control; poAF, postoperative atrial fibrillation.
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.
with the atrial-specific Courtemanche model.17 A reduction in SERCA
activity in this model reduced the stimulation frequency threshold for
alternans, both of AP and of CaT, as shown in Supplementary material
online, Figure SIX.

In order to further investigate the effect of stimulation frequency on
electrophysiology and Ca2þ handling, fluo-3-loaded right atrial myocytes
from Ctrl and poAF groups were paced at frequencies ranging from 0.25
to 8 Hz in current-clamp to elicit APs and accompanying CaTs. Resting
membrane potential (RMP), mean AP duration at 90% repolarization
(APD90), maximal slope of AP restitution curve, and diastolic [Ca2þ]i were
not significantly different in poAF vs. Ctrl (Figure 6). CaT amplitude, how-
ever, was found to be significantly smaller over the frequencies tested in
poAF (Figure 6D), in agreement with the voltage-clamp experiments.

The incidence of alternans was investigated at each stimulation fre-
quency. Figure 7A shows example AP and CaT alternans at 4 Hz stimula-
tion. 54% of Ctrl myocytes and 63% of poAF myocytes developed AP
alternans. CaT alternans was observed in 17% and 42% of myocytes
from Ctrl and poAF patients, respectively. Kaplan–Meier analysis over
the whole range of frequencies revealed higher susceptibility to AP and

CaT alternans in poAF patients (Figure 7B). In addition, and in agreement
with results of computational modelling, threshold for AP alternanswas
significantly lower in the poAF group, i.e. in the presence of reduced
SERCA function (2.62± 0.52 vs. 5.15 ± 0.68 Hz; n/N = 12/10 poAF vs.
13/12 Ctrl, P < 0.01, Figure 7C). Threshold for CaT alternans showed a
tendency to be lower in poAF (Figure 7C).

4. Discussion

In the present study, we describe Ca2þ handling abnormalities which
contribute to the atrial arrhythmogenic substrate predisposing patients
to the development of poAF. In addition, this is also likely to lead to im-
paired atrial contractile function in these patients. Our data show the ab-
sence of electrical remodelling at the time of cardiac surgery in atrial
myocytes from patients who proceed to develop poAF. In contrast, pre-
operative echocardiography revealed impaired atrial contractile function
in poAF patients and reduction of SR Ca2þ release in atrial myocytes, at-
tributable to reduced SR Ca2þ load and impaired diastolic SR Ca2þ

Figure 3 cCaT and the corresponding transient inward currents (INCX) to assess SR Ca2þ content in atrial myocytes from patients who do not (Ctrl)
and who do develop poAF. (A) Voltage-clamp protocol (upper), representative CaT and cCaT (middle), and corresponding membrane currents (IM,
lower). (B) SR Ca2þ load, quantified with cCaT amplitude (left), or integrated membrane current (right). (C) Time constants of cCaT decay (indicating
Ca2þ extrusion via NCX). (D) INCX as a function of [Ca2þ]i. (E) Ca2þ-dependence of INCX, based on the slope of linear fit to the INCX/[Ca2þ]i relationship
during the decay of the cCaT. (F) Representative western blots (upper, greyscale) and quantification of NCX1 expression (lower) in atrial tissue samples.
Data normalized against total protein (red) in the same gel area. **P < 0.01, ***P < 0.001 vs. Ctrl. n/N = number of myocytes/patients (B, C, and E). n =
number of tissue samples (F). Comparison using the unpaired Student’s t-test and t-test with Welch’s correction (B, left). CaT, Ca2þ transients; cCaT, caf-
feine-induced Ca2þ transients; Ctrl, control; poAF, postoperative atrial fibrillation.
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.uptake. Computational modelling suggests that the latter also predis-
poses atrial myocytes from poAF patients to CaT and AP alternans.
Accordingly, atrial myocytes from poAF patients were found to have
higher susceptibility and lower threshold frequencies for alternans both
of CaT and of AP. We thereby provide the first evidence that CaT and

AP alternans can occur in human atrial myocytes. Together these data
point to impaired SR Ca2þ uptake as a common underlying mechanism
which contributes both to the impaired pre-existing atrial contractile
function as an independent risk factor of poAF and to the arrhythmogenic
substrate, which predisposes patients to the development of poAF.

Figure 4 SR Ca2þ leak and ryanodine receptor channel (RyR2) function in atrial myocytes from patients who do not (Ctrl) and who do develop poAF.
(A) Voltage-clamp protocol (upper) and [Ca2þ]i (lower) in a representative Ctrl experiment, showing the method for SR Ca2þ leak and SR Ca2þ content
quantification in human atrial myocytes using the tetracaine protocol developed by Shannon et al.20 (B) Mean ± standard error of the mean (SEM) total
SR Ca2þ leak in Ctrl and poAF patients (upper) and SR Ca2þ load quantified using caffeine-triggered Ca2þ transient amplitude (lower). (C) Representative
western blots (upper) showing the expression of total RyR2 (green) against total protein in the same gel area (red). Lower panel shows quantification of
total RyR2 expression normalized to total protein (mean ± SEM). (D) Representative western blots (upper) showing RyR2 phosphorylation at Ser2808
and Ser2814 (green) against total expression of RyR2 (red). Lower panel shows quantification of Ser2808/Ser2814 RyR2 phosphorylation levels normal-
ized against total RyR2 (mean ± SEM). n/N = number of myocytes/patients (B). n = number of tissue samples (C and D). Comparison using the Mann–
Whitney U test. Ctrl, control; poAF, postoperative atrial fibrillation; SR, sarcoplasmic reticulum.
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4.1 Comparison with previous studies
It is well accepted that re-entry is the major mechanism of AF mainte-
nance.1,11 Re-entry induction requires an appropriate vulnerable sub-
strate and a trigger which initiates re-entry within this substrate.5

A re-entry-favouring substrate is determined by slow conduction
and short refractoriness.1,11 Long-standing persistent AF, but not par-
oxysmal AF (pAF), is associated with electrical remodelling of various
ion currents,5 e.g. reduced ICa,L

6,10 and increased IK1,
25,26 leading to

re-entry-promoting shortening of the atrial APD.10 Slow impulse

propagation due to fibrosis or impaired electrical coupling between
myocytes facilitates re-entry by allowing more time for tissue to
regain excitability, contributing to the arrhythmogenic substrate.1,11

Spatially discordant electrical alterations in excitability (alternans)
cause electrical heterogeneity which favours re-entry, thus promoting
AF maintenance.27,28

Although the presence of a pre-existing AF-maintaining substrate in
patients developing poAF has been shown,29 its molecular basis is largely
unknown. Several studies indicate that development of poAF is associ-
ated with preoperative alterations in extracellular matrix, such as in-
creased interstitial fibrosis,2 impaired connexin expression,30 cellular

Figure 5 SR Ca2þ ATPase (SERCA2a) and PLB expression, phos-
phorylation and function in atrial myocytes from patients who do not
(Ctrl) and who do develop poAF. (A) Representative caffeine experi-
ment, indicating the decay rate constant of the systolic (ICa,L-triggered)
Ca2þ transient (ksyst) and the decay rate constant of the caffeine-in-
duced Ca2þ transient (kcaff). (B) Respective rate constants ksyst (left),
kcaff (middle), and kSERCA (right, calculated as the difference between
ksyst and kcaff) in Ctrl and poAF (mean ± SEM). (C) Representative west-
ern blots (upper) showing the expression of SERCA2a (green) against
total protein in the same gel area (red). Lower panel shows quantifica-
tion of SERCA2a expression normalized against total protein (mean ±
SEM). (D) Representative western blots (upper) showing the expres-
sion of total PLB, PLB phosphorylation at Ser16 and Thr17, respectively,
against SERCA2a. Lower panel shows quantification of PLB, PLB-Ser16
and PLB-Thr17 normalized to SERCA2a. *P < 0.05, **P < 0.01 vs. Ctrl.
n/N = number of myocytes/patients (B). n = number of tissue samples
(C and D). Comparison using the unpaired Student’s t-test. Ctrl, control;
PLB, phospholamban; poAF, postoperative atrial fibrillation.

Figure 6 Combined measurements of action potentials (APs) and
Ca2þ transients (CaTs) in atrial myocytes from patients who do not
(Ctrl) and who do develop poAF. (A) Representative traces of simulta-
neous AP (upper) and CaT (lower) recorded at various frequencies
from a patient proceeding to develop poAF. (B) Mean ± standard error
of the mean (SEM) of resting membrane potential (RMP) at increasing
pacing frequencies. (C) Mean ± SEM of APD90 at increasing pacing fre-
quencies (left) and diastolic intervals (right, AP restitution). (D)
Mean ± SEM frequency-dependent effects on diastolic calcium (left) and
CaT amplitude (right) in myocytes from Ctrl and poAF patients. (B–D)
A single decay curve was fitted when no significant difference between
groups was detected with an extra sum-of-squares F test. Two curves
imply a global significant difference between both groups. ***P < 0.001.
n–n/N = range of myocytes/patients. APD, action potential duration;
Ctrl, control; poAF, postoperative atrial fibrillation..
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hypertrophy,4 and signs of cellular degeneration.1,4 In contrast, altered
cellular electrophysiology does not appear to contribute to the preoper-
ative substrate of poAF.1 Here, we found no differences in APD and ICa,L

between poAF and Ctrl groups. Furthermore, frequency-dependence of
APD and RMP was unaltered in poAF patients. These findings agree with
previous work showing unchanged expression and activity of depolariz-
ing sodium and Ca2þ currents (INa and ICa,L)

9 as well as unchanged repo-
larizing potassium currents7–9 resulting in comparable APD and RMP.
Only one previous report has demonstrated increased ICa,L in poAF
patients.6 The reasons for this discrepancy are unclear but may include
differences in clinical characteristics and experimental approaches.9

Long-standing persistent AF (‘chronic’: cAF) and pAF are associated
with pronounced Ca2þ handling abnormalities which promote ectopic
firing.10,11 In both cAF and pAF, there is evidence for increased incidence
of Ca2þ-driven delayed afterdepolarizations (DADs), leading to cellular
triggered activity. These are thought to be caused by increased SR Ca2þ

leak with enhanced incidence of spontaneous SR Ca2þ release events
(SCaEs).10,11 In the present study, we did not find evidence for increased
SR Ca2þ leak or increased incidence of SCaEs in myocytes from poAF
patients at the time of surgery. This is in accordance with our data show-
ing unaltered RyR2 expression and phosphorylation in poAF patients
(Figure 4 and Supplementary material online, Figure SVI) and with a previ-
ous report documenting unaltered RyR2 mRNA levels.31 Taken to-
gether, a preoperative increase in the incidence of cellular Ca2þ-
dependent DADs and triggered activity does not appear to contribute
to the arrhythmogenic substrate in patients developing poAF.

4.2 Novel findings and potential clinical
implications
To the best of our knowledge, we provide the first comprehensive study
investigating pre-existing arrhythmogenic alterations in atrial Ca2þ ho-
meostasis in patients developing poAF.

Here we propose that the impaired SR Ca2þ uptake associated with
increased cellular susceptibility to CaT and AP alternans contributes to
atrial arrhythmogenesis in patients developing poAF by creating an
arrhythmogenic substrate. In addition, impaired diastolic Ca2þ reuptake
into the SR leads to reduced SR Ca2þ load and a subsequent reduction
in systolic Ca2þ release, thereby providing a cellular correlate for the
clinical observation that atrial contractile dysfunction is an independent
risk factor for the development of poAF.12,13 Based on our findings we
propose that reduced SERCA activity is a common cellular mechanism
underlying both impaired contractile function and atrial
arrhythmogenesis.

In the current study, we provide the first demonstration of CaT and
AP alternans in human atrial myocytes. Within atrial tissue, spatially dis-
cordant electrical alterations in excitability and electrical heterogeneity
can be caused by cellular AP alternans. This favours re-entry and pro-
motes AF maintenance.27,28 Accordingly, patients with a history of cAF
and pAF exhibit alternans of monophasic APs of greater magnitude and
at lower stimulation frequencies.32 We demonstrate here that right atrial
myocytes from patients undergoing open-heart surgery and developing
poAF are more susceptible to AP alternans at the time of surgery. The
canonical mechanism of AP alternans suggests that it arises because of
the extent to which APs shorten in response to changes in the preceding
diastolic interval.24 Accordingly, we plotted APD90 vs. the preceding dia-
stolic interval, but did not observe differences in the resulting AP restitu-
tion curve (Figure 6C). In addition, maximum slope of the AP restitution
curves did not exceed 1, which has been suggested as a prerequisite for
alternans based on AP restitution (Figure 6C). More recent work suggests
that CaT alternans drives AP alternans, i.e. beat to beat alterations in the
cytosolic CaT are translated into alterations of AP shape due to the in-
teraction of [Ca2þ]i with Ca2þ-dependent ion channels and transporters,
such as ICa,L-channels and NCX. [Ca2þ]i-driven alternans is enhanced by
factors increasing SR Ca2þ release and by factors reducing Ca2þ seques-
tration from the cytosol, for example, increased SR Ca2þ leak and re-
duced SERCA activity, respectively.24 At the time of surgery, we
observed no difference either in RyR2 expression and phosphorylation
or in diastolic SR Ca2þ leak in atrial myocytes from poAF patients com-
pared to Ctrl (Figure 4 and Supplementary material online, Figures SVI and

Figure 7 Occurrence of alternans in atrial myocytes from patients
who do not (Ctrl) and who do develop poAF. (A) Representative traces
of concordant alternans in AP (amplitude and repolarization alternans;
upper) and CaT (amplitude and diastolic alternans; lower) at 4 Hz mea-
sured from a patient proceeding to develop poAF. (B) The first occur-
rence of frequency-dependent alternans as a Kaplan–Meier plot in AP
(upper panel) and CaT (lower panel). (C) Alternans threshold fre-
quency. Data are mean ± standard error of the mean. Kaplan–Meier
curves compared with the Gehan–Breslow–Wilcoxon test. **P < 0.01
vs. Ctrl. n/N = number of myocytes/patients. Alternans threshold fre-
quency compared using the Mann–Whitney U test. AP, action poten-
tials; CaT, Ca2þ transients; Ctrl, control; poAF, postoperative atrial
fibrillation.
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.
SVII). These findings point against altered SR Ca2þ release as a contribu-
tor to increased alternans susceptibility in poAF. In contrast, our in vitro
and in silico data suggest that slower Ca2þ reuptake into the SR, which
was consistent even during b-adrenergic stimulation, underlies the in-
creased alternans susceptibility of atrial myocytes from poAF patients.

In agreement with previous studies1 we did not detect differences in
expression and phosphorylation of the inhibitory SERCA-regulator PLB,
suggesting that reduced expression of SERCA2a itself, which we ob-
served in right atrial membrane preparations, may be a major contribu-
tor to reduced SR Ca2þ uptake in poAF patients (Figure 5 and
Supplementary material online, Figure SVI). This is supported by the
unchanged overall intracellular Ca2þ buffering in poAF patients observed
in our study, which if increased, could delay the uptake of Ca2þ into the
SR,22 due to possible alterations in both the Ca2þ sensitivity of the myofi-
laments and mitochondrial uptake, amongst other factors.33

Furthermore, the activity of SERCA2a, which is enhanced via PKA phos-
phorylation of PLB upon b-adrenergic stimulation, was lower in poAF
patients compared to Ctrl regardless of isoprenaline presence, further
corroborating the role of reduced expression of SERCA2a in the de-
creased SR Ca2þ uptake observed in poAF. Although we did not detect
significant alterations in mRNA level of the atrial-specific SERCA2a inhib-
itor SLN, similar to previous studies our data show a strong tendency to-
wards reduced SLN mRNA levels, which may reflect a compensatory
mechanism to minimize the effects of reduced SERCA2a expression.34

The mechanisms underlying reduced SERCA2a expression in poAF
patients remain unknown and may involve environmental and genetic
factors or predisposing diseases. Unaltered SERCA2a mRNA levels in
patients developing poAF (Supplementary material online, Figure SVI)
suggest the involvement of posttranslational mechanisms. SERCA2a ex-
pression is regulated in part by binding of small ubiquitin-like modifiers
(SUMO), which stabilize SERCA2a protein structure.35 SUMOylation of
SERCA2a has been shown to be reduced in patients with heart failure
and contributes to reduced SERCA2a expression. Whether a similar
mechanism may contribute to impaired atrial SERCA2a expression in
patients developing poAF needs to be investigated in future studies.

Finally, reduced SERCA2a expression may contribute to preoperative
atrial contractile dysfunction observed in patients developing poAF,12,13

thereby linking atrial contractile dysfunction and atrial arrhythmogenesis.
Atrial mechanical dysfunction has recently been suggested as a key de-
terminant of atrial cardiomyopathy, a term describing an atrial pheno-
type which may promote the occurrence of adverse consequences such
as thromboembolic stroke independent of AF.36 Occurrence of poAF is
not only associated with an increased risk of early stroke and mortality
after surgery but also with an increased long-term risk of stroke.1

Whether atrial contractile dysfunction due to reduced SERCA activity
(atrial cardiomyopathy) predisposes to stroke, independent of AF devel-
opment, remains to be investigated.

Targeting impaired SERCA2a function may represent an important
therapeutic approach to improve atrial contractile function and prevent
development of poAF and related negative outcomes. Several concepts
to increase ventricular SERCA2a expression and function have been in-
vestigated in patients with heart failure. In particular, the effects of
adeno-associated viral SERCA2a gene transfer37 and pharmacological ac-
tivation of SERCA2a with istaroxime were investigated in phase-2 trials,
revealing improved systolic function.38,39 These approaches could there-
fore guide future studies to prevent poAF in patients undergoing open-
heart surgery or improve atrial contractile function in patients with atrial
cardiomyopathy.

4.3 Potential limitations
In the present study, only the right atrial appendages from patients un-
dergoing open-heart surgery were used because of limited availability of
human atrial tissue. Our findings may therefore not apply fully to other
atrial regions. Furthermore, in our cohort we analysed atrial strain only
in the LA due to unfavourable sonographic conditions in the right atrium.
However, a recent study demonstrated altered right atrial strain parame-
ters in patients developing poAF, suggesting that impaired atrial contrac-
tile function is a general preoperative phenomenon in both atria of poAF
patients and that the molecular alterations we observed in right atrial
appendages are likely to be similar in left atrial regions.13 Nevertheless,
future studies investigating both left and right atrial strain in patients de-
veloping poAF are necessary.

Here, we identified potential arrhythmogenic mechanisms in isolated
atrial cardiomyocytes which may contribute to poAF development.
There are additional factors (genetic, type of surgery, autonomic nervous
system, inflammation) predisposing patients to the development of
poAF and we do not claim that the properties studied here account fully
for the arrhythmogenic phenotype in poAF patients.1 Pre-existing fibro-
sis, for example, has been identified as an important contributor to the
re-entry-promoting substrate in patients developing poAF.2

Interestingly, neither left atrial diameter (Supplementary material online,
Tables SI–SVII) nor left atrial conduit strain (Figure 1) was significantly dif-
ferent between poAF and Ctrl, suggesting the absence of any important
structural remodelling in our poAF population. Furthermore, age has
been identified as an important risk factor for poAF, and here, patients
used for voltage-clamp experiments and strain analysis were significantly
older (Supplementary material online, Tables SII and SIII). However, fur-
ther analysis revealed that CaT amplitude and decay, as well as strain
parameters, did not correlate with age in these experiments
(Supplementary material online, Figures SX and SXI), suggesting that im-
paired SR Ca2þ release and subsequent reduction in atrial contractile
function are independent risk factors for poAF development.

The methods applied in the present study are mainly designed to de-
tect alterations in global cytosolic Ca2þ handling. Based on our experi-
ments we conclude that reduced SERCA2a expression is a major
contributor to slower Ca2þ reuptake into the SR. However, we cannot
exclude that reduced cytosolic [Ca2þ] within the specific SERCA2a
microdomain may also contribute to this observation. Furthermore,
while slowing of the decay of the Ca2þ transient can occur due to factors
other than SERCA, our data do not support roles for SR Ca2þ leak
(Figure 4), cytosolic Ca2þ buffering (Supplementary material online,
Figure SVIII), or altered t-tubule density (Supplementary material online,
Figure SIII). Again, we cannot exclude local alterations on a subcellular
level within the specific RyR2 microdomain.40 In addition, since RyR2 ex-
pression and phosphorylation were evaluated only in a subset of
patients, we cannot exclude that statistical power was not sufficient and
alterations in these values may be detected in a larger cohort.

In the present work, we largely focus on Ca2þ handling abnormalities
contributing to the pre-existing cellular substrate predisposing patients
to the development of poAF. However, activation of the autonomic ner-
vous system and inflammation are the most accepted acute factors asso-
ciated with cardiac surgery in triggering poAF.1 b-Adrenoceptor
stimulation and pro-inflammatory cytokines such as tumour necrosis fac-
tor alpha and interleukin-1b have been shown to increase the incidence
of SCaEs in ventricular and atrial myocytes41 and may thereby contribute
to the initiation of poAF.1 The impact of inflammatory mediators on cy-
tosolic Ca2þ handling in patients with and without the development of
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poAF is beyond the scope of the current project and should be
addressed in future detailed studies.

5. Conclusions

In this study, we evaluated pre-existing Ca2þ handing abnormalities un-
derlying impaired atrial contractility and atrial arrhythmogenesis in poAF
patients. Reduced SERCA activity appears to be an important cause of
impaired excitation–contraction coupling and contributes to the
arrhythmogenic substrate in these patients. Our data will help to de-
velop new patient-tailored preventive and therapeutic strategies, which
could target not only the immediate postoperative period but also pro-
vide long-term protection of patients exhibiting specific risk factors such
as impaired atrial contractility.
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atrium in development of postoperative atrial fibrillation: a speckle tracking echocar-
diography study. J Clin Ultrasound 2019;47:470–476.

14. Badano LP, Kolias TJ, Muraru D, Abraham TP, Aurigemma G, Edvardsen T, D’Hooge
J, Donal E, Fraser AG, Marwick T, Mertens L, Popescu BA, Sengupta PP, Lancellotti P,
Thomas JD, Voigt J-U. Standardization of left atrial, right ventricular, and right atrial
deformation imaging using two-dimensional speckle tracking echocardiography: a
consensus document of the EACVI/ASE/Industry Task Force to standardize deforma-
tion imaging. Eur Heart J Cardiovasc Imaging 2018;19:591–600.

15. Voigt N, Zhou XB, Dobrev D. Isolation of human atrial myocytes for simultaneous
measurements of Ca2þ transients and membrane currents. J Vis Exp 2013;77:e50235.

16. Pearman CM, Madders GWP, Radcliffe EJ, Kirkwood GJ, Lawless M, Watkins A,
Smith CER, Trafford AW, Eisner DA, Dibb KM. Increased vulnerability to atrial fibril-
lation is associated with increased susceptibility to alternans in old sheep. J Am Heart
Assoc 2018;7:e009972.

17. Courtemanche M, Ramirez RJ, Nattel S. Ionic mechanisms underlying human atrial ac-
tion potential properties: insights from a mathematical model. Am J Physiol Heart Circ
Physiol 1998;275:H301–H321.

18. Maesen B, Nijs J, Maessen J, Allessie M, Schotten U. Post-operative atrial fibrillation: a
maze of mechanisms. Europace 2012;14:159–174.

19. Ginsburg KS, Bers DM. Isoproterenol does not enhance Ca-dependent Na/Ca ex-
change current in intact rabbit ventricular myocytes. J Mol Cell Cardiol 2005;39:
972–981.

20. Shannon TR, Ginsburg KS, Bers DM. Quantitative assessment of the SR Ca2þ leak-
load relationship. Circ Res 2002;91:594–600.

21. Walden AP, Dibb KM, Trafford AW. Differences in intracellular calcium homeostasis
between atrial and ventricular myocytes. J Mol Cell Cardiol 2009;46:463–473.

22. Dı́az ME, Trafford AW, Eisner DA. The role of intracellular Ca buffers in determining
the shape of the systolic Ca transient in cardiac ventricular myocytes. Pflügers Arch
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Translational perspective
Development of atrial fibrillation (AF) within the immediate postoperative period (poAF) represents one of the most frequent complications after
cardiac surgery and is associated with poorer outcomes. Our results suggest that reduced Ca2þ uptake into the sarcoplasmic reticulum (SR), associ-
ated with increased cellular susceptibility to Ca2þ-transient and action potential alternans, contributes to the arrhythmogenic substrate predisposing
patients to the development of poAF. Therefore, modulation of SERCA activity may represent a novel mechanistic target to prevent the develop-
ment of poAF. Furthermore, we show that the impaired SR Ca2þ uptake contributes to reduced systolic Ca2þ release and impaired atrial contractil-
ity in poAF patients. Atrial contractility may therefore represent an important factor for identification of patients at risk for poAF development.
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