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HIGHLIGHTS

� A newly developed analysis methodology

uncovers a preferential increase in

calcium sparks near the sarcolemma in

myocytes from patients with AF, which is

linked to higher ryanodine receptor

(RyR2) phosphorylation at s2808 and

lower calsequestrin-2 levels.

� A novel mathematical human atrial

myocyte model, incorporating modulation

of RyR2 gating, shows that only the

observed combination of changes in RyR2

phosphorylation and calsequestrin-2

levels can account for the shift in the

spatio-temporal distribution of sparks in

patients with AF.

� Preferential calcium release near the

sarcolemma is the key to a higher

incidence and amplitude of

afterdepolarizations in atrial myocytes

from patients with AF.
https://doi.org/10.1016/j.jacbts.2022.07.013
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ABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

Csq-2 = cardiac calsequestrin

(type 2)

ICa = calcium current

ITI = transient inward current

NCX-1 = cardiac NaD/Ca2D

exchanger (type 1)

PLB = phospholamban

RyR2 = cardiac ryanodine

receptor (type 2)

SERCA2a = cardiac

sarcoplasmic reticulum Ca-

ATPase pump protein (type 2)

SR = sarcoplasmic reticulum
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Analysis of the spatio-temporal distribution of calcium sparks showed a preferential increase in sparks near the

sarcolemma in atrial myocytes from patients with atrial fibrillation (AF), linked to higher ryanodine receptor

(RyR2) phosphorylation at s2808 and lower calsequestrin-2 levels. Mathematical modeling, incorporating

modulation of RyR2 gating, showed that only the observed combinations of RyR2 phosphorylation and

calsequestrin-2 levels can account for the spatio-temporal distribution of sparks in patients with and without

AF. Furthermore, we demonstrate that preferential calcium release near the sarcolemma is key to a higher

incidence and amplitude of afterdepolarizations in atrial myocytes from patients with AF.

(J Am Coll Cardiol Basic Trans Science 2023;8:1–15) © 2023 Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A trial fibrillation (AF) has been associ-
ated with changes in the expression
or activity of calcium handling pro-
teins.1-5 These include alterations in the L-type cal-
cium current (ICa) density,2,3 sarcoplasmic reticulum
(SR) calcium uptake,6 and spontaneous SR calcium
release1 through the RyR2. This, in turn, activates
the cardiac Naþ/Ca2þ exchanger (type 1) (NCX-1), giv-
ing rise to concurrent transient inward currents (ITI),
membrane depolarizations5,7-9 and cellular
arrhythmia.10

A common mechanism proposed to explain the re-
modeling of the activity of calcium regulatory proteins
is a change in their phosphorylation state.4,7,9,11-13

Reported modulations of calcium handling proteins
in AF include increased phosphorylation of the RyR2
at s2808,4,14 and a calmodulin kinase II-dependent
phosphorylation of the RyR2 at s2814.5,13 Similarly,
protein kinase A–dependent phosphorylation of
phospholamban (PLB) at ser-16 or calmodulin kinase
II–dependent phosphorylation of PLB at thr-17 has
been shown to modulate SR calcium uptake through
regulation of cardiac SR Ca-ATPase pump protein
(type 2) (SERCA2a) activity.7,13 All of these mecha-
nisms have been claimed to promote atrial arrhythmia
by increasing the frequency of local calcium release
events (calcium sparks), which in turn may favor
the induction of spontaneous calcium waves1 and
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membrane depolarizations large enough to trigger
atrial arrhythmic episodes.8,9

Interestingly, a higher incidence of spontaneous
calcium release events may not be arrhythmogenic if
they are unable to induce membrane depolarizations
large enough to induce arrhythmia.15 In this regard, it
is unclear why calcium waves give rise to small
afterdepolarizations in myocytes from patients
without AF while calcium waves of a similar magni-
tude give rise to large afterdepolarizations or spon-
taneous action potentials in atrial myocytes from
patients with AF.5 Higher NCX-1 expression has been
proposed as an underlying mechanism,5 but reports
on NCX-1 expression and activity in AF vary.1,5,16,17

Furthermore, increased RyR2 phosphorylation in AF
is expected to lower the threshold for spontaneous
calcium release, and this is expected to reduce the SR
calcium content.18 Persistent or permanent AF has
been associated with unchanged or reduced SR cal-
cium content1,5,13 and unchanged or smaller calcium
spark amplitude,19 which, in turn, would tend to
reduce the amplitude of afterdepolarizations. An
alternative and novel hypothesis is that the induction
of larger afterdepolarizations in AF is caused by a
differential increase in spontaneous calcium release
near the NCX-1, induced by activation of Gs-protein
coupled receptors, and favored by the relative
paucity of t-tubules in human atrial myocytes.10,20,21
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This would increase the amount of calcium extruded
by the NCX-1, increasing the ITI amplitude, and give
rise to a larger afterdepolarization. We have previ-
ously reported subcellular differences in calcium
transient dynamics in human atrial myocytes,10,21 but
because most calcium imaging studies use confocal
line-scan imaging, little attention has been paid to
pathological alterations in the calcium spark distri-
bution and the resulting functional impact.

Therefore, to test the hypothesis that AF is asso-
ciated with a differential increase in calcium release
near the sarcolemma, which is the key to large and
frequent afterdepolarizations in patients with this
arrhythmia, we here aimed to investigate the
functional impact of AF on the spatio-temporal al-
terations in the distribution of calcium sparks in these
patients and to identify the underlying molecular
mechanisms.

METHODS

MYOCYTE ISOLATION. Right atrial samples from 302
patients undergoing cardiac surgery were used for
myocyte isolation and different experimental pro-
tocols as detailed in the Supplemental Methods. Pa-
tients were divided into 2 groups according to the
presence or absence of AF. Clinical characteristics,
sex, echocardiographic data, and pharmacological
treatments of patients are summarized in
Supplemental Table 1. The table also specifies the
number of patients with AF who had paroxysmal vs
persistent or permanent AF. All patients gave
informed written consent to obtain biological sam-
ples, and the Ethics Committee of our institution
approved the study protocol (protocol code: AZAR-
AF_2015). The investigation conforms to the princi-
ples outlined in the Declaration of Helsinki.

PATCH-CLAMP TECHNIQUE. Recordings of ITI cur-
rents and caffeine-induced NCX-1 current were
done using the perforated patch-clamp technique
as previously described10,16 and detailed in the
Supplemental Methods. Current-clamp configuration
using Kþ-containing intracellular and extracellular
media was used to detect spontaneous membrane
depolarizations and action potentials as described in
the Supplemental Methods.

PROTEIN EXPRESSION AND DISTRIBUTION. Protein
expression was determined using western blotting as
described in the Supplemental Methods. To visualize
cardiac calsequestrin (type 2) (Csq-2), total RyR2, and
s2808 or s2814 phosphorylated RyR2, isolated myo-
cytes were fixed with 5% paraformaldehyde for
10 minutes at room temperature. Subsequently, cells
were incubated with phosphate-buffered saline
(PBS)/glycine 0.1 mol/L for 10 minutes and thereafter
with PBS/0.2% Triton X-100 for at least 15 minutes to
permeabilize the cells. To block the nonspecific sites,
the cells were incubated with PBS/0.2% Tween 20 and
10% horse serum for 30 minutes. Total s2808 or s2814
phosphorylated RyR2 was labeled with the primary
antibodies mouse anti-RyR2 (C3-33 NR07, 1:1,200,
Calbiochem), rabbit anti-s2808-P (1:1,200, A010-30,
Badrilla), or rabbit anti-s2814-P (1:1,200, A010-31,
Badrilla). Csq-2 and voltage-gated L-type calcium
channel (Cav1.2) were labeled with primary rabbit
anti-Csq-2 (1:500, Ab-3516, Abcam) and guinea pig
anti-Cav1.2 (1:600, AGP-001, Alomone) antibodies,
respectively. These secondary antibodies, AlexaFluor
488 antimouse (diluted 1:2,000), AlexaFluor 594
antirabbit (diluted 1:1,500), and AlexaFluor 594 anti-
guinea pig (diluted 1:1,000) were used to stain total
RyR2 (in green) and s2808 phosphorylated RyR2,
s2814 phosphorylated RyR2, Csq-2, or Cav1.2 (in red).
Images were acquired with a confocal microscope
(Leica AOBS SP5) and a 63� glycerol immer-
sion objective.
DETECTION AND CHARACTERIZATION OF CALCIUM

SPARKS. To analyze the properties, spatial distribu-
tion, and frequency of the calcium sparks, human
atrial myocytes were loaded with a calcium-sensitive
dye (fluo-4 or Cal-520) as previously described,19 and
images (140 � 512 pixels) were recorded at a frame
rate of 90 Hz. Calcium sparks were detected using a
custom-made image processing and analysis pipeline
of live cell imaging data (SparkSimple). This tool
identifies potential calcium spark candidates, their
properties, and spatio-temporal distribution, fol-
lowed by filtering delimiting the calcium spark di-
mensions as well as the minimal temporal and spatial
distance between sparks (see Supplemental Methods
for details). Subsequently, accepted sparks occurring
repeatedly in the same place were pooled into a single
spark site, allowing determination of the site density
and the spark frequency per site. Supplemental
Figure 1A shows an example of a human atrial myo-
cyte with the detection of 6 sparks located in 2 spark
sites (left). Recordings of the calcium signal in each of
the 2 spark sites are shown in the middle panel, and
one of the sparks is shown on the right together with
the key features determined by the detection algo-
rithm. To determine the impact of the signal-to-noise
ratio on spark detection, we used a mathematical
myocyte model (see the following text) to generate
synthetic sparks and determine the impact of signal
noise on spark detection and properties. The algo-
rithm successfully detected sparks with signal-to-
noise ratios (signal/[max noise � min noise]/2)
higher than 2.62 � 0.15 (Supplemental Figure 1B). To
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fine-tune the filtering parameters of the algorithm in
human atrial myocytes, all sparks identified by the
program were inspected manually and accepted or
rejected as valid sparks using a validation subroutine
within the detection program developed for this
purpose. Supplemental Figure 1C summarizes the
features of 3,342 validated sparks in atrial myocytes
from 79 patients. The spark amplitude (amp) had an
asymmetric distribution because small-amplitude
events, including sparks above or below the
confocal plane, were discarded by the filter settings.
Similarly, potential events with very fast decay (tau)
could not be distinguished from noise and were
eliminated by the detection filter. The Spark-Simple
algorithms are available in Matlab format online.22

MATHEMATICAL MODEL. To study the effects of
spatial gradients in RyR2 phosphorylation and Csq-2
levels on RyR2 activity we developed a new mathe-
matical model of calcium dynamics in human atrial
myocytes, based on the model by Marchena and
Echebarria.23,24 Importantly, the gating of the RyR2 is
stochastic and includes modulation by Csq-2 levels
and RyR2 phosphorylation at s2808, giving rise to
local release events (sparks). The model also includes
transversal and axial tubules reported in previous
studies20,25 as well as a heterogeneous distribution of
the number of RyR2s per cluster reported previ-
ously.26 Because of the high resolution of our model
(see the Supplemental Mathematical Model for de-
tails), we were able to characterize spatio-temporal
properties of local calcium release events corre-
sponding to those observed in patients with and
without AF (see Supplemental Mathematical Model
and Videos 1 and 2). Codes for the mathematical
model are available online.27

DATA ANALYSIS AND STATISTICAL METHODS.

Electrophysiological and molecular biological anal-
ysis was performed without knowledge about clinical
data, and clinicians had no access to the experimental
results. Data were analyzed using IBM SPSS Statistics
for Windows (version 26.0). Unless otherwise stated,
values were averaged for each patient, and results are
expressed as mean � SEM. Data sets that did not have
a normal distribution were represented in box plots
with median and 25th and 75th percentiles. Statistical
significance was evaluated using chi-square test for
categorical data. For normally distributed data
(normality was evaluated using Shapiro-Wilk’s test
and Q-Q plot), the Student’s t-test was used for paired
or unpaired comparisons. For data that did not have a
normal distribution, the Wilcoxon rank-sum test was
used. Two-way analysis of variance was used for
analysis of the impact of AF and the distance to the
membrane on Csq-2 and RyR2 distribution and
phosphorylation, or the impact of AF and stimulation
frequency on the incidence of ITIs or after-
depolarizations, as indicated in text or figure legends.
Bonferroni post-hoc test was done for pairwise
comparison of differences between groups. A value
of P < 0.05 was considered statistically significant as
indicated in the figures.

RESULTS

PROPERTIES, FREQUENCY, AND DISTRIBUTION OF

CALCIUM SPARKS IN PATIENTS WITH AF. Calcium
sparks were measured in 146 human atrial myocytes
from 79 patients. Of these, 2,971 sparks were detected
in 32 patients with AF and 371 sparks were detected in
47 patients without AF. Division of the myocytes in
1-mm wide concentric layers revealed that the spark
density in patients with AF was highest at the sarco-
lemma and declined toward the cell center (Figures 1A
and 1B). In patients without AF, the spark density
increased toward the cell center (Figure 1B). Conse-
quently, the spark density was 40-fold higher at the
sarcolemma in patients with AF. The same was true
for the spark site density (Figure 1C). In relative terms,
sparks observed within 2 mm from the cell membrane
accounted for 63% in patients with AF and 17% in
patients without AF (P ¼ 0.005). By contrast, sparks
occurring at the cell center (4-6 mm from the sarco-
lemma) accounted for 9% and 46% in patients with
and without AF, respectively (P < 0.001) (Figure 1D,
left). Fitting the cumulative incidence of calcium
sparks as a function of the distance from the mem-
brane (Figure 1D, right) revealed that 50% of the
sparks were located within 1 and 4.4 mm from the
sarcolemma in patients with and without AF,
respectively (P < 0.001). The spatial spark distribu-
tion was similar in patients with paroxysmal and
longstanding persistent or permanent AF
(Supplemental Figure 2). Moreover, analysis of the
influence of sex showed that although the spark
density was higher in women, sex did not affect the
spark distribution (Supplemental Figure 3). Further-
more, calcium sparks located at the sarcolemma (SL)
displayed a significantly shorter distance to the
nearest neighbor in patients with than without AF
(2.6 � 0.5 mm vs 9.5 � 1.3 mm; P < 0.001). This dif-
ference was attenuated and nonsignificant for the
sparks located at the cell center (2.8 � 0.4 mm vs 4.2 �
0.6 mm). Similarly, analysis of the spark properties
showed that those located at the SL were smaller,
were wider, and decayed more slowly in patients with
than without AF (Figure 2A) and that these differ-
ences were attenuated or abolished for sparks located

https://doi.org/10.1016/j.jacbts.2022.07.013
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FIGURE 1 AF Is Associated With a Preferential Increase in Ca2þ Sparks Near the Sarcolemma

(A) Cardiomyocytes from patients without and with atrial fibrillation (AF). Spark sites are indicated with circles and corresponding calcium

traces are shown in the same color. Notice the abundant and peripheral spark distribution in AF. (B) Spark density as a function of the distance

to the sarcolemma. (C) Spark site density. Data are given as median � 25th percentiles. (D) Relative (left) and cumulative distribution (right)

of all sparks (numbers of sparks detected are given within each bar) in patients without and with AF. Distance to sarcolemma is given below

the bars. Fitting cumulative distributions with sigmoidal equations are indicated with solid lines. Significant differences in the distributions

for patients without (no AF) and with AF are indicated with P values above the bars (Wilcoxon rank-sum test). The number of cells/patients

are given in parentheses next to the color codes. Differences between individual pairs are indicated as follows: *P < 0.05; ***P < 0.001.
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FIGURE 2 Impact of AF on Calcium Sparks Near the Sarcolemma and the Cell Center

(A) Calcium spark amplitude, rate of rise, decay constant, full width at half maximum, and full duration at half maximum were measured at the

sarcolemma (0-2 mm from the sarcolemma) in 35 myocytes from 28 patients without (no atrial fibrillation [AF]) and 51 myocytes from 28

patients with AF. (B) The same parameters were measured in the cell center (3-7 mm from the sarcolemma) of the same myocytes as in A. Data

are given as mean � SEM. Significant differences between patients without and with AF are indicated as follows: *P < 0.05; **P < 0.01

(Student’s t-test).

Tarifa et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 1 , 2 0 2 3

Calcium Spark Distribution in Atrial Fibrillation J A N U A R Y 2 0 2 3 : 1 – 1 5

6

in the cell center (Figure 2B). This, combined with the
higher frequency and smaller distance between
sparks at the SL in patients with AF, is expected to
facilitate the fusion of neighboring sparks into cal-
cium waves or transients near the sarcolemma.
MECHANISMS UNDERLYING CHANGES IN CALCIUM

SPARK DISTRIBUTION AND DYNAMICS IN AF. To
identify molecular mechanisms underlying a higher
spark density at the sarcolemma, we first measured
the caffeine releasable SR calcium content, which has
been proposed to regulate spontaneous calcium
release from the SR. However, the caffeine-sensitive
SR calcium load was significantly smaller in patients
with AF (Supplemental Figures 4A and 4B). In line
with this, the expression of SERCA2a, which regulates
SR calcium loading, was smaller in patients with AF
(Supplemental Figure 4C). Moreover, the ratios SER-
CA2a/PLB, PLBs16/PLB, and PLBt17/PLB, which
determine the SERCA2a activity, were similar in pa-
tients with and without AF (Supplemental Figures 4D
and 4F). Similarly, analysis of the NCX-1 rate as a
function of the calcium available for extrusion
showed no difference between patients with and
without AF (Supplemental Figures 4G and 4H), a
notion that is supported by unchanged NCX-1
expression in AF (Supplemental Figure 4I).
Together, these results indicate that the higher spark
density at the sarcolemma observed in patients with
AF is neither caused by a higher SR calcium load nor
by a lower NCX-1 activity.

We then performed immunofluorescent labeling
of the RyR2 clusters that give rise to calcium sparks
and of the Cav1.2 that trigger calcium release
through the RyR2s during excitation-contraction
coupling. Figure 3 shows that although both the
RyR2 (Figures 3A and 3B) and Cav1.2 densities
(Figures 3C and 3E) were higher at the SL, there was
no difference in RyR2 (Figure 3B) or the Cav1.2
distribution (Figure 3E) among patients with and
without AF.

On the other hand, ratiometric immunofluorescent
analysis of s2808 phosphorylated RyR2 (Figures 4A

https://doi.org/10.1016/j.jacbts.2022.07.013
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FIGURE 3 Effect of AF on the Spatial RyR2 and L-type Calcium Channel Distribution

(A) RyR2 distribution in the cell center and at the sarcolemma in atrial myocytes from patients without and with atrial fibrillation (AF).

(B) RyR2 density as a function of the distance to the sarcolemma (given below bars in mm) in patients with no AF and with AF. (C and D)

Spatial RyR2 distribution (green) and L-type calcium channel (Cav1.2) distribution (red) at the cell center and the sarcolemma in myocytes

from a patient with no AF (C) and one with AF (D). (E) Cav1.2 density as a function of the distance to the sarcolemma (given below bars in

mm) in patients with no AF and with AF. Data are given as mean � SEM. The number of myocytes/patients is given in parentheses.
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and 4B, Supplemental Figure 5) showed that s2808
phosphorylation was 75% higher in myocytes from
patients with than without AF, and highest near the
sarcolemma (P < 0.001). By contrast, phosphorylation
at s2814 was low throughout myocytes and was not
different between patients with and without AF
(Figures 4C and 4D, Supplemental Figure 6). Labeling
of RyR2 and Csq-2 revealed a higher Csq-2 density
(Csq-2/RyR2 ratio) at the sarcolemma than the cell
center (P < 0.001) in patients with and without AF

https://doi.org/10.1016/j.jacbts.2022.07.013
https://doi.org/10.1016/j.jacbts.2022.07.013


FIGURE 4 AF Increases RyR Phosphorylation and Decreases Csq-2 at the Sarcolemma

(A) Total RyR2 (green) and s2808 phosphorylated RyR2 (red) in patients without and with atrial fibrillation (AF). (B) S2808 phosphorylation

(s2808/total RyR2) vs distance to the sarcolemma. (C) Total RyR2 (green) and s2814 phosphorylated RyR2 (red). (D) S2814 phosphorylation

(s2814/total RyR2) vs distance to sarcolemma. (E) Total RyR2 (green) and Csq-2 (red). (F) Csq-2/total RyR2 ratio vs distance to the

sarcolemma. Data are given as mean � SEM. The number of myocytes/patients is indicated in parenthesis. The P values above the graphs

indicate significant differences between patients without (no AF) and with AF (2-way analysis of variance). Asterisks indicate a significant

difference between AF and no AF for each cell segment (Bonferroni post hoc test). *P < 0.05; **P < 0.01; ***P < 0.001.
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(Figures 4E and 4F, Supplemental Figure 7). Moreover,
the Csq-2 density was significantly lower in patients
with than without AF (P < 0.001) throughout the
myocyte (Figure 4F).
Together, these findings suggest that changes in
RyR2 phosphorylation and Csq-2 expression underlie
the preferential distribution of calcium sparks at the
sarcolemma in AF. To study how the observed

https://doi.org/10.1016/j.jacbts.2022.07.013
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alterations in Csq-2 expression and s2808 phosphor-
ylation affect RyR2 activity, we modified a mathe-
matical human atrial myocyte model24 with a high
spatial resolution (100 nm), including modulation of
RyR2 gating by Csq-2 and RyR2 phosphorylation. The
model also included axial/t-tubular structures that
were considered proportional to the Cav1.2 distribu-
tion shown in Figure 3E. Figure 5A shows the RyR2
distribution, the spark heat map, and the spatial
event distribution at baseline. The model incorpo-
rated data from Figure 4 to modulate RyR2 opening by
the Csq-2 level at each RyR2 cluster (Figure 5B) and by
the RyR2 phosphorylation at s2808 (Figure 5C). As
shown in Figure 5D, modulation of the RyR2 activity
by the Csq-2 level resulted in a higher spark density at
the cell center in patients without AF and a fairly
uniform event distribution in patients with AF. When
modulation of RyR2 activity by s2808 phosphoryla-
tion was included in the mathematical model, sparks
were most frequent at the sarcolemma in patients
with and without AF (Figure 5E). However, when
combining the effects of Csq-2 and s2808 phosphor-
ylation on RyR2 activity, the model yielded calcium
sparks (see Videos 1 and 2) with spatial distributions
and relative densities (Figure 5F) that were very
similar to those observed in atrial myocytes from
patients without and with AF (compare to Figure 1D).
FUNCTIONAL CONSEQUENCES OF SUBSARCOLEMMAL

CALCIUM RELEASE IN PATIENTS WITH AF. Comparative
analysis of individual calcium waves and the result-
ing ITI currents showed that even though there were
no significant differences in the amplitude of the
calcium transient among patients with and without
AF, the amplitude of the resulting ITI was significantly
higher in those with AF (Figures 6A and 6B). Conse-
quently, the ratio of the ITI and calcium wave ampli-
tude was twice as high in AF (1.63 � 0.33 vs 0.75 �
0.12; P ¼ 0.010). Moreover, the higher ITI amplitude
(0.51 � 0.08 vs 0.27 � 0.05; P ¼ 0.029) and ITI fre-
quency (2.1 � 0.4 vs 0.46 � 0.10; P < 0.001) in AF was
associated with higher amplitude (11.25 � 1.72 vs 6.92
� 1.31; P ¼ 0.019) and incidence (3.36 � 0.68 vs 1.45 �
0.68; P ¼ 0.010) of afterdepolarizations in myocytes
from the same patients (Figure 6C). This is summa-
rized in Figure 6D and supports the notion that cal-
cium release–induced ITIs elicit spontaneous
membrane depolarizations.

On the other hand, 50 nmol/L nifedipine reduced
the ICa density in patients without AF (from 2.0 � 0.3
to 1.3 � 0.2 pA/pF; P ¼ 0.004; n ¼ 10) to levels
observed in patients with AF, but it did not affect the
ITI frequency in the same patients (0.78 � 0.27 events/
min vs 0.78 � 0.26 events/min). This suggests that the
L-type calcium channel plays a minor role in
regulating the ITI frequency at rest and that it is un-
likely to cause a higher incidence of ITIs observed in
patients with AF.

Finally, to facilitate translation, we tested if the
previously mentioned spontaneous calcium release-
induced electrical activity observed in resting myo-
cytes occur in beating myocytes as well. As shown in
Figures 7A and 7B, the fraction of myocytes presenting
spontaneous ITIs during electrical stimulation
increased at higher pacing frequencies (P < 0.001),
and this phenomenon was exacerbated in AF (P ¼
0.003). Likewise, myocytes from patients with AF
subjected to the current-clamp technique showed a
strong increase in the fraction of spontaneous early or
delayed afterdepolarizations during the pacing pro-
tocol (P < 0.001) (Figures 7C and 7D).

DISCUSSION

MAIN FINDINGS. The present study is the first to
analyze the spatio-temporal distribution of calcium
sparks in human atrial myocytes and show that AF is
associated with a preferential distribution of sparks at
the sarcolemma. Moreover, we show that the differ-
ential increase in SR calcium release near the sarco-
lemma increases the fraction of calcium extruded by
electrogenic NCX, affording a mechanistic explana-
tion for the larger and more frequent after-
depolarizations observed in myocytes from patients
with AF. This phenomenon was not caused by alter-
ations in ICa density or NCX-1 activity, nor was it
caused by changes in the distribution of Cav1.2 or
RyR2. Instead, immunofluorescent labeling and
mathematical modeling showed that a differential
increase in the spark density near the SL can be
accounted for by the observed changes in the distri-
bution of Csq-2 and s2808-phosphorylated RyR2 in
patients with AF. Together, these findings highlight
local membrane-specific up-regulation of RyR2 ac-
tivity in AF and point to G-protein coupled membrane
receptors that modulate cAMP metabolism as specific
targets to prevent excessive RyR2 phosphorylation at
the sarcolemma, dissipate the spontaneous calcium
release gradient, and attenuate or abolish after-
depolarizations in AF.

INFLUENCE OF CALCIUM REGULATORY PROTEINS

ON THE SPATIAL DISTRIBUTION OF CALCIUM

SPARKS IN HUMAN ATRIAL MYOCYTES. We here
demonstrate that differences in the spatial distribu-
tion of Csq-2 levels and RyR2 phosphorylation at
s2808 between patients with and without AF could
explain the differences in the distribution and inci-
dence of sparks in atrial myocytes from these pa-
tients. Importantly, the findings also suggest that

https://doi.org/10.1016/j.jacbts.2022.07.013


FIGURE 5 RyR2 Phosphorylation at s2808 and the Csq-2 Level Determine the Spark Distribution in Patients With and Without AF

(A) RyR2 distribution in a myocyte model was used to simulate the effects of Csq-2 and s2808 phosphorylation on spark activity. The

resulting heat map at baseline is shown below and the spatial event distribution is shown on the right. (B) The effect of Csq-2 level and

distribution (left) on RyR2 activity (right). The effective RyR open probability depends on the amount of free Csq-2, with a range that differs

for atrial fibrillation (AF) (blue arrow) and NoAF (gray arrow). (C) Distribution of s2808 phosphorylated RyR2 in the model (left) and its

effect on RyR2 activity (right). RyR2 open probability is assumed to depend on phosphorylation at s2808 in a sigmoidal fashion. Gray and

blue areas correspond to the ranges for s2808 phosphorylation in NoAF and AF (from Figure 4B). (D to F) Spark heat maps (left) and spatial

event distribution (right) are shown, taking into account Csq-2 levels and distribution (D), s2808 level and distribution (E), and the combined

effects of Csq-2 and s2808 phosphorylation (F).
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FIGURE 6 AF Increases the Amplitude and Incidence of Ca2þ Release-Induced ITIs

(A) Calcium wave recordings (DF/F0) and the resulting ITI currents from patients without (No atrial fibrillation [AF]) and with AF.

(B) Ca2þ wave amplitude and ITI current density. Notice that for similar calcium transients, the resulting ITI amplitude is larger in AF.

(C) Consecutive recordings of spontaneous membrane depolarization (DAD) and ITI. (D) Frequency and amplitude of DADs and ITIs. Data are

given as mean � SEM or median � 25 percentiles (frequency, D). The number of myocytes/patients is indicated in parenthesis and statistical

significance for comparisons (Wilcoxon rank-sum [frequency, D] or Student’s t-test [B and amplitude D]) are given above and below bars.

*P < 0.05; **P < 0.01; ***P < 0.001.
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pathological alterations in the expression or activity
of membrane receptors regulating RyR2 phosphory-
lation could explain why phosphorylation persists in
isolated myocytes and be a trigger for the observed
redistribution and higher incidence of calcium sparks
near the sarcolemma in AF. In this regard, a higher
incidence of sparks in AF has previously been asso-
ciated with increased expression and activation of Gs
protein-coupled adenosine A2A receptors by
endogenous adenosine,14 and we have recently
shown that a higher ITI frequency in patients with AF
was abolished in those treated with adenosine
deaminase or beta-adrenergic receptor blockers.19 AF
has also been associated with increased RyR2 phos-
phorylation at s2814,12,13,28 but we here found that
RyR2 phosphorylation at s2814 phosphorylation was
uniform and low both in patients with and
without AF.



FIGURE 7 AF Potentiates Spontaneous Electrical Activity in Human Atrial Myocytes

(A) Current recordings in myocytes from patients without and with AF. A spontaneous ITI current is indicated with a dotted red line, and the

resulting reduction in ICa density is indicated with an asterisk. (B) Incidence of spontaneous ITIs at increasing stimulation frequencies (given

below bars). (C) Action potential recordings in myocytes from patients without and with AF. Spontaneous membrane depolarizations are

indicated with an asterisk. (D) Incidence of spontaneous depolarizations at increasing stimulation frequencies (given below bars). Data are

given as mean � SEM. The number of patients is indicated in parenthesis. The P values above graphs indicate the statistical differences

between patients without (no AF) and with AF (2-way analysis of variance). Asterisks indicate a statistically significant difference between AF

and no AF for each frequency (Bonferroni post hoc test). *P < 0.05; **P < 0.01; ***P < 0.001.
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Theoretically, a higher spark density at the sarco-
lemma could also result from a lower NCX-1 activity,
assuming that t-tubular structures are scarce in hu-
man right atrial myocytes as suggested by previous
reports.10,21,25 However, no previous studies have
reported decreased NCX-1 expression in AF, whereas
some have reported higher NCX-1 expression and
activity in AF.7,11 The latter would be expected to
lower calcium near the sarcolemma and diminish
RyR2 activation, which is difficult to reconcile with
the higher spark frequency observed at the sarco-
lemma in myocytes from patients with AF. Here, we
found no evidence of changes in the NCX-1 rate or
expression, nor did we find changes in the expression
of proteins regulating SR calcium uptake or SR cal-
cium load. This is in line with previous reports finding
similar or decreased SERCA2a expression29,30 or
SERCA2a/PLB ratios in AF,11 discarding NCX-1, SER-
CA2a, or PLB as mediators of the observed changes in
calcium spark distribution in patients with AF.
Furthermore, a recent study analyzing the calcium
signal in individual GFP-tagged RyR2 clusters showed
that the spark frequency determines the SR calcium
load. Thus, clusters with the highest incidence of
sparks displayed the lowest SR calcium load, whereas
RyR2 clusters without any sparks had the highest SR
calcium load.31 Together, these results strongly sug-
gest that a differential increase in RyR2 phosphory-
lation near the sarcolemma underlies the higher
incidence of sparks at this location in patients
with AF.

Finally, a higher spark frequency near the sarco-
lemma has been observed and attributed to RyR2
activation by L-type calcium channels in cat atrial
myocytes.32 However, we found that partial ICa inhi-
bition, used to mimic a reduced ICa density in patients
with AF,10,33,34 did not affect the spontaneous ITI
frequency. This finding was reproduced by



FIGURE 8 The Mechanism Underlying Spontaneous Ca2þ Release Near the Sarcolemma in AF

Patients with atrial fibrillation (AF) display preferential RyR2 phosphorylation at s2808 near the sarcolemma. As a result, more RyR2s will

reach the threshold for spontaneous calcium release, increasing spontaneous calcium release near the sarcolemma. Consequently, a larger

fraction of the released calcium will be extruded by electrogenic Naþ-Ca2þ exchange giving rise to larger membrane depolarizations. This, in

turn, increases the likelihood that these afterdepolarizations induce ectopic activity capable of perturbing the normal atrial rhythm and

initiating AF. Together, these findings suggest that Gs-protein coupled membrane receptors that regulate RyR2 phosphorylation at s2808

could be upstream targets to normalize the incidence and distribution of spontaneous calcium release events in AF and prevent the induction

of arrhythmogenic afterdepolarizations.
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mathematical modeling, suggesting that a prominent
RyR2 activation by L-type calcium channels seems an
unlikely explanation for the higher spark density near
the sarcolemma in patients with AF.

CALCIUM RELEASE AT THE SARCOLEMMA IS KEY TO

A HIGHER INCIDENCE AND AMPLITUDE OF

AFTERDEPOLARIZATIONS IN AF. The higher den-
sity, longer duration, and shorter distance between
sparks in patients with AF are expected to facilitate
the fusion of sparks and explain a higher incidence of
ITis in AF.1,5,35 Here, we demonstrate that preferential
distribution of these sparks near the sarcolemma also
leads to extrusion of a larger fraction of spontane-
ously released calcium by the NCX-1, which translates
into larger and more frequent afterdepolarizations
in AF.

Furthermore, we show that when spontaneous
calcium release, ITI, or afterdepolarizations occur at
rest, they are also observed upon electrical pacing of
the myocytes, leading to irregular beating patterns.
Previous studies have suggested that calcium
transients propagate from the sarcolemma to the cell
center in paced human atrial myocytes10 with RyR2
clusters in the cell center being activated through
calcium-induced calcium release.32 Therefore, exces-
sive spontaneous calcium release near the sarco-
lemma in AF would be expected to favor
heterogeneous propagation of the calcium transient
toward the cell center and facilitate the induction of
irregular responses at high pacing rates. This trans-
lation of spontaneous electrical activity at rest to
irregular beating in paced myocytes provides a
mechanistic explanation for previous findings
showing that human atrial myocytes with a high
intrinsic ITI frequency present a higher incidence of
alternating or irregular beat-to-beat responses, espe-
cially upon elevation of the pacing rate.10,36

STUDY LIMITATIONS. A general limitation with hu-
man atrial samples is the potential influence of con-
current disease and pharmacological treatments, and
we cannot exclude that an uneven distribution of
clinical factors (see Supplemental Table 1) could

https://doi.org/10.1016/j.jacbts.2022.07.013


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Spontaneous calcium release events favor the induc-

tion of afterdepolarizations in patients with AF, but

the importance of their spatial subcellular distribution

is unknown. We showed that the spatial distribution of

local calcium release events (sparks) determines their

ability to induce afterdepolarizations in human atrial

myocytes, and that a 40-fold higher incidence of

calcium sparks near the sarcolemma in patients with

AF is key to the higher incidence of afterdepolariza-

tions in these patients.

TRANSLATIONAL OUTLOOK: Our data identified

RyR2 phosphorylation at s2808 as a key mechanism

associated with a differential increase in calcium

release near the sarcolemma and points to mecha-

nisms that regulate RyR2 phosphorylation at the

sarcolemma, such as G-protein coupled membrane

receptors, as upstream therapeutic targets for selec-

tive attenuation of spontaneous calcium release near

the sarcolemma. Further studies testing the efficacy

of Gs-protein coupled receptor blockers in reducing

spontaneous electrical activity are necessary to

ascertain if the findings can be translated to the

treatment of patients with ectopic atrial activity or AF.
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affect some of the observed differences between pa-
tients with and without AF. Even so, sparks, ITI, and
afterdepolarizations are consistently and repeatedly
found elevated in patients with AF, suggesting that
these observations are robust. On the other hand, we
cannot rule out that some findings could be specific to
the right atrium.

Opposite to previous studies, we find no evidence
of higher RyR2 phosphorylation at s2814 in patients
with AF. However, we cannot rule out that this dif-
ference is caused by differences in the experimental
approach used to determine RyR2 phosphorylation.
Thus, the present study uses immunofluorescent la-
beling of isolated atrial myocytes at rest to visualize
the spatial distribution of the RyR2s and s2814
phosphorylated RyR2s. By contrast, previous studies
are largely based on the Western blot technique in
cardiac tissue samples, and it is possible that the
calcium level and consequently s2814 phosphoryla-
tion is lower in resting myocytes than in samples used
for Western blotting.28 Similarly, we cannot exclude a
role for cAMP-dependent phosphorylation of the
RyR2 at s2030 as a modulator of spontaneous calcium
release, but we are unable to detect s2030 phos-
phorylation in human atrial myocytes with currently
available antibodies.

Spatial heterogeneities in calcium release from the
SR have also been attributed to heterogeneities in
axial and t-tubular structures in atrial myocytes.20

However, previous studies failed to find extensive t-
tubular structures in human right atrial myocytes,21,25

and more importantly, axial tubular structures are
primarily located in the cell center and therefore
unlikely to account for a high spark density at the
sarcolemma.

CONCLUSIONS

This study highlights the crucial importance of the
spatio-temporal distribution of spontaneous calcium
release events and documents that a differential in-
crease in calcium release near the sarcolemma is key
to increased amplitude and incidence of after-
depolarizations in atrial myocytes from patients with
AF. The findings are summarized schematically in
Figure 8, highlighting the RyR2 phosphorylation at
s2808 as a modulator of local calcium release events.
In particular, our findings afford a physiological basis
for testing Gs-protein coupled receptors that modu-
late cAMP-dependent RyR2 phosphorylation14,19 as
upstream targets for pharmacological control of
spontaneous electrical activity in patients with AF
through regulation of spontaneous calcium release
near the sarcolemma.
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