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Rationale: Post-operative atrial fibrillation (POAF) is a common and troublesome complication 

of cardiac surgery. POAF is generally believed to occur when post-operative triggers act on a pre-

existing vulnerable substrate, but the underlying cellular and molecular mechanisms are largely 

unknown.

Objective: To identify cellular POAF-mechanisms in right-atrial samples from patients without a 

history of atrial fibrillation undergoing open-heart surgery.

Methods and Results: Multicellular action potentials, membrane ion-currents (perforated 

patch-clamp) or simultaneous membrane-current (ruptured patch-clamp) and [Ca2+]i-recordings in 

atrial cardiomyocytes, along with protein-expression levels in tissue homogenates or 

cardiomyocytes, were assessed in 265 atrial samples from patients without or with POAF. No 

indices of electrical, profibrotic, or connexin remodeling were noted in POAF, but Ca2+-transient 

amplitude was smaller while spontaneous sarcoplasmic-reticulum (SR) Ca2+-release events and L-

type Ca2+-current alternans occurred more frequently. Ca2+/calmodulin-dependent protein kinase-

II (CaMKII) protein-expression, CaMKII-dependent phosphorylation of the cardiac ryanodine-

receptor channel type-2 (RyR2) and RyR2 single-channel open-probability were significantly 

increased in POAF. SR Ca2+-content was unchanged in POAF despite greater SR Ca2+-leak, with 

a trend towards increased SR Ca2+-ATPase activity. POAF patients also showed stronger 

expression of activated components of the NLRP3-inflammasome system in atrial whole-tissue 

homogenates and cardiomyocytes. Acute application of interleukin-1β caused NLRP3-signaling 

activation and CaMKII-dependent RyR2/phospholamban hyperphosphorylation in HL-1-

cardiomyocytes and enhanced spontaneous SR Ca2+-release events in both POAF-cardiomyocytes 

and HL-1-cardiomyocytes. Computational modeling showed that RyR2-dysfunction and increased 

SR Ca2+-uptake are sufficient to reproduce the Ca2+-handling phenotype and indicated an 

increased risk of proarrhythmic delayed afterdepolarizations in POAF-subjects in response to 

interleukin-1β.

Conclusions: Pre-existing Ca2+-handling abnormalities and activation of NLRP3-

inflammasome/CaMKII signaling are evident in atrial cardiomyocytes from patients who 

subsequently develop POAF. These molecular substrates sensitize cardiomyocytes to spontaneous 

Ca2+-releases and arrhythmogenic afterdepolarizations, particularly upon exposure to 

inflammatory mediators. Our data reveal a potential cellular and molecular substrate for this 

important clinical problem.

Graphical Abstract
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Abstract

POAF is a common complication of cardiac surgery and is associated with increased cost and 

longer hospital stays. Several preventive approaches have been proposed, but POAF-management 

remains challenging, partly due to incomplete understanding of underlying mechanisms. Although 

there is clinical evidence pointing to the presence of a pre-surgical vulnerable substrate 

contributing to POAF development, its nature and role in POAF development were unknown. 

Here, we identified a pre-existing substrate characterized by CaMKII-dependent calcium-handling 

abnormalities related to atrial cardiomyocyte NLRP3-inflammasome activation. This subclinical 

atrial cardiomyopathy is itself insufficient to cause AF, but determines which atria will cross the 

AF threshold in the presence of post-operative inflammatory triggers. Inflammation exacerbates 

pre-existing calcium-handling abnormalities in predisposed individuals to promote the formation 

of proarrhythmic delayed afterdepolarizations. Our study establishes a novel unifying paradigm, 

by suggesting that POAF patients share underlying atrial cardiomyocyte NLRP3-signaling 

activation and calcium-handling abnormalities with paroxysmal and persistent AF patients, 

predisposing them to POAF caused by transient surgery-induced inflammation (explaining the 

usually self-limited nature of POAF) and to long-term paroxysmal and persistent AF (explaining 

the predilection for recurrence). We propose that inhibition of CaMKII- and/or NLRP3-

inflammasome-related signaling, for which therapeutic approaches exist, might constitute a novel 

pharmacological strategy to prevent POAF.

Subject Terms:

Arrhythmias; Calcium Cycling/Excitation-Contraction Coupling; Computational Biology; 
Inflammation
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Keywords

Post-operative atrial fibrillation; calcium-handling; action potentials; RyRs; NLRP3; ryanodine 
receptor; calcium-calmodulin-dependent protein kinase II

INTRODUCTION

Post-operative atrial fibrillation (POAF) is a common complication after surgery, affecting 

~30% of patients undergoing open-heart surgery.1 Although generally a transient 

phenomenon with peak incidence around post-operative days 2–3, POAF is associated with 

increased short- and long-term morbidity and mortality.2–4 Several preventive approaches 

have been proposed, but POAF management remains challenging, partly due to incomplete 

understanding of underlying mechanisms.4,5

POAF is believed to result from transient peri-operative triggers interacting with a pre-

existing arrhythmogenic substrate.4 The pre-existing POAF substrate has been studied in 

human atrial-samples obtained during cardiac surgery. While pre-operative left-atrial (LA) 

fibrosis has been noted in some studies,6,7 atrial fibrosis has not been consistently observed 

in right-atrial (RA) samples.4,6–8 There is no evidence for pre-existing electrical remodeling 

in human atrial cardiomyocytes (HAMs) of POAF-patients.6,9 Ca2+-handling abnormalities, 

a potential trigger of arrhythmogenesis, are present in both paroxysmal and long-standing 

persistent (‘chronic’) AF (pAF and cAF, respectively),10,11 as well as in systolic heart failure 

patients with increased AF-susceptibility,12 but have not yet been studied in sinus-rhythm 

patients who subsequently develop POAF.

Acute inflammation is a major transient post-operative factor that may trigger POAF. The 

time-course of AF post-surgery roughly parallels changes in inflammatory markers13–15 and 

a few studies identified associations between POAF-occurrence and systemic levels of pre-

operative inflammatory biomarkers, notably interleukin (IL)-2 and IL-6.13,16 However, other 

studies found no correlation between POAF and pre- or post-operative C-reactive protein 

(CRP), IL-2, or IL-6.4,8,17 We recently identified abnormal NACHT, LRR, and PYD 

domains-containing protein-3 (NLRP3) inflammasome signaling within HAMs and showed 

a role in pAF and cAF, partly by altering Ca2+-handling.18 Abnormal Ca2+-signaling can, in 

turn, cause cardiomyocyte NLRP3-inflammasome activation.19,20 The arrhythmogenic 

HAM inflammasome-component activation and Ca2+-signaling abnormalities implicated in 

pAF and cAF have so far not been evaluated in POAF; we aimed to assess them in the 

present study.

We performed a comprehensive assessment of HAM-properties in RA-tissue samples from 

patients with sinus rhythm at the time of surgery who did not (Ctl) and who did subsequently 

manifest POAF to test the hypothesis that a pre-surgical cellular/tissue substrate exists and is 

a key requirement for POAF-development. The results identify a discrete pre-existing 

cellular substrate in patients who develop POAF, including increased priming and triggering 

of the NLRP3-inflammasome in HAMs and Ca2+-handling abnormalities characterized by 

reduced Ca2+-transient (CaT) amplitude, ryanodine-receptor channel type-2 (RyR2) 

dysfunction with enhanced sarcoplasmic-reticulum (SR) Ca2+-leak and spontaneous SR 
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Ca2+-release events (SCaEs), along with increased sensitivity to inflammatory mediators. A 

computational HAM model incorporating the changes observed reproduces experimental 

findings and indicates that acute stimulation of the pre-existing substrate with inflammatory 

stimuli, as typically occur during the post-operative period, results in proarrhythmic delayed 

afterdepolarizations (DADs).

METHODS

A detailed description of all methods is provided in the online-only Data Supplement and 

the Major Resources Table in the Supplemental Materials. Key aspects are summarized 

below. The data that support the findings of this study are available from the corresponding 

author upon reasonable request.

Study design and human atrial samples.

Patients (>18 years) undergoing open-heart surgery without a previous history of AF and in 

normal sinus-rhythm at the time of surgery were included. All available RA-appendages 

were used consecutively; RA-appendages were not available from the following types of 

procedures: emergency surgery, off-pump and re-do procedures, or cases for which the 

surgeon judged that RA-sampling would excessively complicate the surgical procedure. Of 

the 241 RA-samples obtained, 92 were used for biochemical experiments, 140 for 

cardiomyocyte isolation and 9 for both (Online Figure I). 71 out of 149 RA-appendages 

(48%) directed to cardiomyocyte isolation provided Ca2+-tolerant HAMs of adequate quality 

for cellular electrophysiology (Online Figure I). As such, 71 RA-samples were included for 

patch-clamp/Ca2+-imaging and 101 for biochemical experiments (with tissue from 5 patients 

used for both). In addition, we included 48 consecutive patients for validation of patch-

clamp/Ca2+-imaging experiments from a separate patient cohort and an independent cohort 

of 50 consecutive successful multicellular action potential (AP) recordings, resulting in a 

total of 265 studied patients. Experimental protocols were approved by ethical review boards 

of University Hospital Essen (#12–5268-BO), University Medical Center Hamburg-

Eppendorf (WF-088/18), and Dresden University of Technology (EK114082002), 

respectively, and were conducted in accordance with the Declaration of Helsinki. Each 

patient provided written informed consent. All RA-samples were collected just prior to atrial 

cannulation for extracorporeal circulatory bypass, thus providing information on the 

potential pre-existing POAF-promoting substrate.

The POAF-occurrence was monitored during routine clinical care, including routine ECG-

monitoring or assessment of symptoms, as per hospital standards. The absence (Ctl) or 

presence (POAF) of POAF diagnosis was employed to select samples for Western-blot 

experiments. All functional experiments (AP-recordings, patch-clamp±Ca2+-imaging 

experiments), which have to be performed within hours of tissue procurement, were 

performed without information about the subsequent post-operative evolution of the patients 

and were studied blinded to subsequent AF-occurrence that directed classification into Ctl or 

POAF. Patient characteristics are provided in Online Tables I-IV for all samples, samples 

used for patch-clamp/Ca2+-imaging experiments, AP-recordings, and biochemical/

biophysical studies, respectively.
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Atrial trabeculae/cardiomyocyte isolation.

Atrial trabeculae were isolated from RA-appendages.21 Cardiomyocyte-isolation was based 

on previously described enzymatic-digestion protocols.22–24 HAMs were suspended in 

EGTA-free storage-solution.

Sharp-electrode AP-recordings.

APs were recorded at 1-Hz in RA-trabeculae as described.21 Glass-microelectrodes filled 

with 2.5-mmol/L KCl had tip-resistances of 10–25 MΩ.

Perforated patch-clamp experiments.

HAM membrane-currents (corrected for membrane capacitance, expressed as pA/pF) were 

measured using whole-cell perforated-patch configuration (using 250-mg/mL amphotericin-

B) at room-temperature.22 ICa,L was measured at 0.5-Hz during a 200-ms depolarizing pulse 

to 0-mV (additional ICa,L-protocols are in online-only Data Supplement). SR Ca2+-content 

was measured as integrated Na+/Ca2+-exchanger (NCX)-mediated current (INCX) during 

caffeine application (10-mmol/L) to empty the SR; SCaEs were quantified as frequency of 

transient-inward INCX at −50-mV and −80-mV.12,22

Simultaneous [Ca2+]i/membrane-current recording.

HAM membrane-currents were recorded with whole-cell ruptured-patch voltage-clamp 

configuration with simultaneous [Ca2+]i-measurements and expressed as current-densities 

(pA/pF). [Ca2+]i was measured in HAMs and in an immortalized mouse atrial-

cardiomyocyte cell-line (HL-1 cells, Merck Millipore) and quantified using fluo-3-

acetoxymethyl ester (Fluo-3) in bath and pipette solutions. Fluorescence was excited at 488-

nm and emitted light (>510-nm) converted to [Ca2+]i using the formula [Ca2+]i=kd*F / 

(Fmax–F), where kd is the Fluo-3 dissociation constant (864-nmol/L), F is baseline-corrected 

Fluo-3 fluorescence, and Fmax is baseline-corrected Ca2+-saturated fluorescence obtained at 

the end of each experiment.10,11 In some experiments, results are presented as relative 

fluorescence changes (F/F0). ICa,L and corresponding CaTs were elicited using 100-ms 

depolarizing pulses to +10-mV (0.5-Hz).10,11 SR Ca2+-leak was measured in HAMs with 1-

mmol/L tetracaine in the absence of extracellular Na+ and Ca2+, and SR Ca2+-content was 

determined as integrated INCX in response to 10-mmol/L caffeine, as described.10,11 SCaEs 

were measured prior to tetracaine application in HAMs and during acute IL-1β (40-ng/mL) 

application in HAMs and HL-1-cells.

Immunoblot.

Proteins were isolated from atrial-tissue homogenates, HAMs or HL-1-cells and protein-

levels were determined using Western blot according to standard protocols.11,18,25,26 

Antibodies are listed in Online Table V.

RyR2 single-channel recordings.

RyR2 single-channel recordings were performed as described10,27 using SR-membrane 

preparations incorporated into lipid-bilayer membranes formed across a 150-μm aperture of 

a polystyrene cuvette at 150-nmol/L free cytosolic [Ca2+].
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Computational modeling.

We updated our recent computational HAM model with spatial atrial Ca2+-handling11,28 to 

reproduce experimentally-observed POAF-associated Ca2+-handling properties (Table VI 

and ‘Computational Modeling’ section in online-only Data Supplement). The model code is 

freely available on the authors’ website. For all simulations, experimental conditions 

(voltage-clamp protocol, pipette and bath solutions) were reproduced in the model. The 

effects of tetracaine and caffeine were simulated by blocking RyR2 by more than 99% and 

setting RyR2 open-probability to 1.0, respectively.11 Acute IL-1β-application was simulated 

as increased RyR2 open-probability developing during a 10-second period (details in Data 

Supplement).29,30

Statistics.

Results are presented as scatter-plots and mean±standard deviation (SD) for normally-

distributed data or median and interquartile ranges for non-normally-distributed data. 

Normality was tested using D’Agostino&Pearson omnibus testing. Homogeneity of variance 

between Ctl and POAF was verified using the F-test in Prism-7 (GraphPad Software, San 

Diego, CA). P<0.05 was considered statistically significant. All comparisons were between 

two groups only: Ctl versus POAF, HL-1-cells± IL-1β, or HL-1-cells with IL-1β+KN-92 

versus IL-1β+KN-93; in no cases were multiple comparisons made.

For patch-clamp/Ca2+-imaging and RyR2 single-channel recordings, in which each patient 

may contribute multiple data points, intra-class correlation coefficients were determined 

(Online Table VII) and multilevel mixed-effect models were employed, as previously 

described.31 Data were defined (1) by the individual patient ID and (2) the ID of the 

cardiomyocyte/channel within each patient. When multiple recordings per subject are 

available, sample-sizes are given as n/N, where n=cardiomyocytes and N=patients. The 

random effect within the model was the intercept to account for non-independent 

measurements in multiple cells from individual patients. Multilevel models were 

implemented in RStudio (Boston, MA) using lme4 with P-values derived using the 

Kenward-Roger approximation or nlme.32 Non-normally distributed data were log-

transformed. For zero-value cases, all values were shifted by 0.01.33

For multicellular AP-recordings, biochemical experiments, and clinical parameters, for 

which each patient contributed a single data-point, unpaired two-tailed Students’ t-tests were 

used to compare means of normally-distributed continuous data. In case of heterogeneous 

variances, the Student’s t-test with Welch’s correction was employed. Non-normally-

distributed continuous data or data for which normality could not be assessed were 

compared using Mann-Whitney tests. Categorical data were analyzed using Fisher’s exact or 

Chi-squared tests, as indicated. To investigate potential influences of individual clinical 

variables on specific parameters, two-way ANOVA sub-analyses with factors post-operative 

rhythm and either age, sex, left-atrial diameter, degree of mitral/tricuspid/aortic valve-

insufficiency, use of beta-blockers or statins were performed (Online Table VIII).
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RESULTS

Patients.

POAF-patients were on average older and had slightly lower estimated glomerular-filtration 

rate (Online Tables I-IV), but there were no statistically-significant differences in sex, body-

mass index, indication for cardiac surgery, comorbidities, LA-size, degree of valvular 

regurgitation, left-ventricular ejection fraction, and pre- or post-operative CRP-levels 

between groups. Controlling for age, LA-size or valvular regurgitation did not alter the 

results (Online Table VIII). There was a trend towards increased use of dihydropyridine 

Ca2+-channel blockers and reduced use of lipid-lowering drugs and beta-blockers in POAF-

samples (Online Table I-V), but this had minimal impact on the results (Online Table VIII). 

Other medication was not different between both groups.

Electrical and Ca2+-handling remodeling.

We simultaneously recorded depolarization-induced membrane currents and [Ca2+]i in the 

whole-cell ruptured-patch configuration (Figure 1A). Although peak and integrated ICa,L, 

overall diastolic and systolic [Ca2+]i-levels, CaT time-to-peak and time-constants of CaT-

decay were similar in both groups (Figure 1B,D, Online Figure II), CaT-amplitude was 34% 

lower in POAF (Figure 1C), pointing to potentially-relevant Ca2+-handling abnormalities.

ICa,L-amplitude, peak current-voltage relationship and steady-state inactivation (Online 

Figure IIIA-C) were also similar in both groups in perforated-patch recordings (which 

preserve the physiological intracellular milieu better than ruptured-patch experiments), 

whereas both inactivation and recovery from inactivation were significantly faster in POAF 

(Online Figure IIID-F). The proportion of HAMs with alternating or irregular ICa,L-patterns, 

known to be associated with repolarization alternans and reentrant arrhythmias,23,34 was 

significantly higher in POAF (Online Figure IV). No significant differences were observed 

in resting membrane-potential, AP-amplitude, maximum upstroke-velocity, conduction-time, 

plateau-potential or AP-duration (APD) at 20%, 50%, or 90% of repolarization (Online 

Figure V).

CaT-amplitude strongly depends on SR Ca2+-content. Therefore, we measured the amplitude 

of the caffeine (10-mmol/L)-induced CaT and corresponding INCX (Figure 2A),10,11 which 

were comparable between Ctl and POAF (Figure 2B). Peak INCX and its Ca2+-dependence 

(quantified as the slope of the INCX vs. [Ca2+]i-curve) were also similar in both groups 

(Figure 2C), indicating unchanged NCX-function.

The unaltered SR Ca2+-content in POAF was confirmed in independent perforated-patch 

experiments, excluding potential bias by Ca2+-indicator-mediated buffering (Online Figure 

VIA).

Previous work identified unaltered SR Ca2+-ATPase (SERCA)-2a expression, but reduced 

protein-levels of the SERCA2a-inhibitor sarcolipin, in atria of POAF-patients.35 Therefore, 

we assessed SERCA-function by subtracting the rate-constant of caffeine-induced CaT-

decay (mediated by NCX and the plasmalemmal Ca2+-ATPase) from the rate-constant of 

systolic CaT-decay (mediated by SERCA, NCX and the plasmalemmal Ca2+-ATPase)10,11 
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Both rate constants had a significant but modest correlation (Pearson’s R2=0.34; P<0.01) 

and their subtraction revealed a trend towards increased SERCA-function in POAF (Figure 

2D). We confirmed the unaltered protein expression of SERCA2a and phospholamban, and 

identified unchanged fractional phosphorylation-levels of phospholamban at Ser16 and 

Thr17 in POAF (Online Figure VIIA). Protein-levels of NCX1 were also comparable 

between Ctl and POAF (Online Figure VIIB), consistent with our functional data (Figure 

2C).

SR Ca2+-leak and RyR2-dysfunction.

The quantitatively increased SERCA-function, along with unaltered SR Ca2+-content and 

reduced CaT-amplitude, suggest RyR2-dysfunction and increased SR Ca2+-leak. We 

measured the tetracaine-induced decrease in diastolic [Ca2+]i in the absence of extracellular 

Na+/Ca2+ (Figure 3A, left), which is proportional to the amount of RyR2-mediated SR Ca2+-

leak.36 SR Ca2+-content was subsequently assessed using caffeine (10-mmol/L) in the same 

cell to determine leak/load ratios. SR Ca2+-leak/load ratio was significantly larger in POAF 

(Figure 3A, right), resulting from increased SR Ca2+-leak, along with a reduced caffeine-

induced CaT-amplitude (Online Figure VIIIA-C). To assess whether the reduction of 

caffeine-induced CaT-amplitude under these specific (0-mmol/L extracellular Na+/Ca2+) 

conditions could be explained by increased expression of Ca2+-buffering proteins, we 

quantified the protein-levels of major Ca2+-buffers. Expression-levels of cardiac myosin-

binding protein-C, troponin-I, troponin-C and calmodulin were similar between Ctl and 

POAF (Online Figure VIIID).

During the 0-mmol/L Na+/Ca2+ experiments, we observed more SCaEs, an indicator of 

RyR2-dysfunction, in POAF than Ctl (Figure 3B–C). We validated these findings and 

assessed their electrophysiological consequences by measuring spontaneous transient-

inward INCX in perforated-patch experiments. Although the INCX-incidence at −80-mV was 

similar in Ctl and POAF (Online Figure VIB), when NCX-mediated Ca2+-extrusion was 

reduced by depolarizing the holding potential to −50-mV to challenge the system, POAF-

HAMs had a statistically-significant greater transient INCX-incidence than Ctl-HAMs 

(Figure 3D–E).

Molecular basis of RyR2-dysfunction

To directly study RyR2-function we performed single-channel RyR2-recordings. RyR2 

open-probability was significantly larger in POAF, due to reduced mean closed-times in the 

presence of normal open-times (Figure 4A). Immunoblots showed that total RyR2-protein-

levels (Figure 4B), RyR2-phosphorylation at protein kinase-A site Ser2808 (Online Figure 

IXA), and protein-levels of the SR Ca2+-buffer calsequestrin (Online Figure IXB) were 

similar in Ctl and POAF. However, fractional RyR2-phosphorylation at the Ca2+/

calmodulin-dependent protein kinase-II (CaMKII) site Ser2814 was 31% greater in POAF 

(Figure 4B–C), consistent with the significant increase in total protein-levels of the cytosolic 

CaMKIIδC (with preserved Thr287-autophosphorylation; Figure 4C). Total protein-levels or 

Thr287-autophosphorylation of the nuclear CaMKIIδB+δ9 were unchanged in POAF 

(Online Figure X). Thus, POAF patients have a pre-existing substrate characterized by Ca2+-

handling abnormalities.
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Upregulation of NLRP3-inflammasome signaling

Given the contribution of persistently-activated cardiomyocyte NLRP3-inflammasome 

signaling to AF,18 and recent data supporting a direct link between CaMKIIδ and 

cardiomyocyte NLRP3-inflammasome activation,19,20 we hypothesized that POAF patients 

may have a pre-existing low-grade inflammatory-state characterized by enhanced atrial 

NLRP3-related signaling, which we evaluated by immunoblot. The specificity of antibodies 

against components of the NLRP3-inflammasome signaling cascade was validated with 

blocking peptides or short-hairpin RNA-mediated knockdown in atrial whole-tissue lysates, 

cardiomyocytes and fibroblasts from humans and canines, or HL-1-cells (Online Figures XI-

XII). Protein-levels of NLRP3 (125 kDa)37 and pro-caspase-1 were increased in whole-

tissue of POAF-patients (Figure 5A), with a trend towards increased protein-levels of the 

“apoptosis-associated speck-like protein containing a CARD” (ASC, +116%), indicating 

increased priming (transcription of components) of the NLRP3-inflammasome in POAF. 

Protein-levels of the inflammasome-dependent membrane-pore gasdermin-D were also 

significantly higher in POAF, whereas those of pro-IL-1β and the NLRP3-inflammasome 

products caspase-1-p20, gasdermin-D N-terminal fragment, and IL-1β were similar in Ctl 

and POAF (Figure 5A). The expression-levels of toll-like receptor-4 (TLR4) and nuclear-

factor kappa-B (NFκB), two upstream regulators of NLRP3-complex priming, were also 

increased in POAF (+95% and +48%, respectively; Figure 5B). Protein-levels of the 

purinergic P2X7-receptor (P2X7R), which mediates K+-efflux and K+-depletion-induced 

triggering (assembly of components) of the NLRP3-complex, were 59% higher in POAF 

(Figure 5B), pointing to activation of atrial NLRP3-inflammasome through increased 

priming and triggering mechanisms.

Results obtained in whole-tissue lysates can reflect changes in various cardiac cell-types. We 

assessed protein-levels of macrophage-markers (F4/80, CD68 and CD206) in whole-tissue 

and found increased F4/80- and CD68-levels in POAF (Figure 5C), pointing to a local 

inflammatory response. To investigate whether the NLRP3-inflammasome is present and 

remodeled in cardiomyocytes, we assessed its components in HAM fractions, which we 

have shown not to be contaminated by macrophages.18,26 Consistent with our whole-tissue 

findings, protein-levels of pro-caspase-1 and ASC were significantly increased in HAMs 

(Figure 6). Furthermore, active caspase-1-p10 and the cleaved N-terminal and C-terminal 

fragments of gasdermin-D, which are products of activated NLRP3-inflammasome, were 

also upregulated in POAF-HAMs. Consistent with the increased levels of the pore-forming 

N-terminal fragment of gasdermin-D, which propagates inflammatory signaling by secreting 

IL-1β out of the cell, intracellular HAM protein-levels of IL-1β were lower in POAF (Figure 

6). Together, our data indicate enhanced NLRP3-inflammasone activation in POAF-HAMs, 

suggesting a low-grade atrial inflammatory-state, which might promote AF-initiation in the 

presence of appropriate post-operative AF-triggers.

Indices of profibrotic and connexin remodeling.

Systemic inflammation has been associated with reentry-promoting profibrotic remodeling.4 

We assessed established profibrotic markers in RA whole-tissue, but found no significant 

differences between groups (Online Figure XIII). Similarly, we found no significant 

differences in total connexin-40 or connexin-43, nor in Ser368-phosphorylated connexin-43 
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(Online Figure XIV). Thus, despite NLRP3-signaling consistent with an inflammatory state, 

we found no evidence that profibrotic signaling and connexin remodeling contribute to the 

pre-existing POAF-substrate.

Role of NLRP3-inflammasome signaling and its proarrhythmic consequences in the post-
operative period.

To assess the timing of post-operative inflammation in relation to the first POAF-episode in 

our patients, we characterized the time-course of serum CRP-changes (Figure 7A). The peak 

incidence of the first POAF-episode was on days 2–3, coinciding with the maximal values of 

serum CRP-concentration. We therefore hypothesized that the production of inflammatory 

mediators in the post-operative period may act on the pre-existing atrial HAM-substrate (as 

revealed by our intra-operative tissue samples) to cause proarrhythmic DAD-mediated 

triggered activity. Because it is not possible to obtain human atrial tissue at the moment of 

POAF-development, we applied an acute stimulus with the major inflammatory-mediator 

IL-1β (40-ng/mL) to HAMs to mimic post-operative inflammation (Figure 7B). Acute IL-1β 
application induced SCaEs more frequently in POAF-HAMs and provoked a larger per-

HAM frequency of SCaE-occurrence for POAF within HAMs showing SCaEs (Figure 7C–

D), supporting the notion that post-operative inflammation might provide a sufficient trigger 

for POAF-initiation when superimposed on the pre-existing substrate.

We then applied computational modeling to: 1) determine whether the incorporation of our 

experimentally-observed altered RyR2-gating and trend towards increased SERCA-function 

in POAF into an established in silico HAM-model would result in relative AP- and Ca2+-

handling properties similar to those we observed in Ctl versus POAF; and 2) examine the 

potential arrhythmogenic consequences (e.g., DADs) of POAF-associated remodeling. We 

adjusted our previously-developed HAM-model incorporating spatial Ca2+-handling11,28 to 

reproduce key Ca2+-handling properties observed in Ctl-HAMs (Online Figures XV-XVI). 

We then developed a POAF-version based on our experimental data, by incorporating altered 

RyR2-gating and increased SERCA-function. With this limited set of experimentally-guided 

changes, the POAF-model fully recapitulated the experimentally-observed POAF-associated 

reduction in CaT-amplitude, unaltered SR Ca2+-load and increased SR Ca2+-leak (Online 

Figure XVI-XVII). The POAF-model also reproduced the observed SCaE differences, with 

simulated IL-1β causing a large increase in SCaE-incidence in POAF versus Ctl (+509% 

versus +122%, with and without IL-1β-effects, respectively; Online Figure XVIII).

We then employed the POAF-model to evaluate the occurrence of arrhythmogenic DADs 

during current-clamp simulations. The Ctl-model showed a limited number of SCaEs with 

corresponding DADs, both with and without simulated IL-1β (Figure 7E–F, Online Figure 

XIX). Although the incidence of ScaEs was reduced in the Ctl-model following IL-1β 
stimulation, total SR Ca2+-leak was increased (Online Figure XX), suggesting that IL-1β-

mediated SR Ca2+-leak does not translate into proarrhythmic Ca2+-waves without pre-

existing RyR2-dysfunction. DADs, but not ScaEs, were abolished after removal of 

extracellular Ca2+ and Na+, whereas ScaEs disappeared during simulated RyR2-inhibition 

(Online Figure XIX), supporting the causal role of RyR2-mediated SR Ca2+-leak and the 

associated depolarizing INCX in the proarrhythmic response. The model with the pre-existing 
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POAF-substrate also showed an increased ScaE-incidence (+45%), but in the absence of 

IL-1β the ScaEs were small and too dispersed to produce clear DADs (Figure 7E–F). With 

IL-1β stimulation, the POAF-model showed a large increase in ScaEs (+84%) and more 

large-amplitude DADs (+47%), which disappeared with simulated RyR2-block (Figure 7F). 

Overall, computational modeling supports the internal consistency of our findings and is 

compatible with the notion that post-operative inflammation acting on a pre-existing cellular 

substrate elicits proarrhythmic cellular responses contributing to POAF.

Acute IL-1β drives a self-amplifying feed-forward loop via a NLRP3/CaMKII nexus

We observed increased SCaE-generation in POAF-HAMs acutely exposed to IL-1β (Figure 

7B,C). To examine potential mechanisms of IL-1β-action, we examined its acute effects on 

SCaEs and the expression of relevant proteins in HL-1-cells. Consistent with our HAM and 

in silico data, acute IL-1β stimulation increased the number of SCaEs in HL-1-cells (Figure 

8A). On Western blot, 5-min incubation with IL-1β significantly increased RyR2-

phosphorylation at Ser2808 and Ser2814, and phospholamban phosphorylation at Thr17, but 

not Ser16 (Figure 8B,C). The IL-1β-mediated increases in phospholamban-Thr17 and 

RyR2-Ser2814 (but not RyR2-Ser2808) phosphorylation were prevented by pre-incubation 

with the CaMKII-inhibitor KN-93 (but not the negative-control analog KN-92) (Figure 8C, 

right), pointing towards acute CaMKII-mediated promotion of Ca2+-handling abnormalities 

and SR Ca2+-release events in response to acute IL-1β exposure. In addition, 5-min 

incubation with IL-1β increased the formation of NLRP3-inflammasome mediators, active 

caspase-1-p20 and the pore-forming gasdermin-D N-terminal fragments (Figure 8D,E), in a 

CaMKII-independent manner (Figure 8E, right), without changes in total NLRP3-

expression.

DISCUSSION

Here, we have identified a predisposing cellular substrate for POAF consisting of (1) HAM 

Ca2+-handling abnormalities resulting from CaMKII-dependent RyR2-

hyperphosphorylation and (2) NLRP3-inflammasome activation, without AF-promoting 

changes in AP-properties, connexin remodeling or active profibrotic signaling (Online 

Figure XXI). Despite the presence of abnormalities in patients destined to manifest POAF, 

none of these patients had manifested clinical AF, indicating that these abnormalities were 

insufficient in themselves to generate AF. Our data suggest that this substrate determines 

which atria will cross the AF-threshold, initiating POAF, when acted upon by post-operative 

triggers. In particular, post-operative inflammation can exacerbate pre-existing Ca2+-

handling abnormalities, promoting the formation of DADs that can lead to POAF. Our 

observations provide novel insights into the potential cellular and molecular substrates 

underlying clinical POAF.

Mechanisms of POAF and comparison with previous work.

The vulnerable POAF-substrate is generally investigated by correlating the properties of 

atrial samples obtained during cardiac surgery with the occurrence of subsequent POAF. 

Prior to the present study, the data available were limited and inconclusive. Previous studies 

found similar mRNA-expression of all major ion-channel subunits in LA and RA of Ctl- and 
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POAF-patients4 and unchanged K+-currents and APD in RA-cardiomyocytes from POAF-

patients,9,38 consistent with our data. Both increased and unchanged ICa,L-amplitude have 

been reported in POAF;9,39 here, we found unchanged ICa,L-amplitude in POAF-patients 

with both ruptured and perforated patch-clamp methods. We did observe an increased 

susceptibility to beat-to-beat ICa,L-alternans in POAF, which may contribute to APD-

alternans, a known reentry-promoting mechanism.34 Although the development of APD-

alternans at faster rates was not evaluated in the human multicellular preparations studied 

here, we have recently shown that Ca2+-handling abnormalities like those observed in POAF 

can promote APD-alternans and AF in dogs.40 Thus, although classical indices of pre-

existing electrical remodeling are absent in POAF, dynamic repolarization heterogeneities, 

potentially exacerbated by post-operative triggers, may contribute to POAF-initiation and -

maintenance by favoring ectopic-activity-mediated induction of reentry and require further 

investigation.

Previously, we comprehensively analyzed HAM Ca2+-handling in cAF10 and pAF11 

patients. In pAF,11 both SERCA-related SR Ca2+-uptake and RyR2 Ca2+-leak/single-

channel open-probability are enhanced, as in POAF (present study). Like those destined to 

experience POAF, pAF-patients have an underlying abnormality in Ca2+-handling that 

predisposes to AF-generation, but that requires some additional condition to initiate AF. In 

pAF, the superimposed factor(s) that trigger(s) AF-episodes is unclear, whereas for POAF 

superimposed surgery-induced inflammation plays a key role. In cAF, SR Ca2+-leak, single 

RyR2 open-probability and DAD-susceptibility are also increased,10 although what 

proportion of these abnormalities contribute to AF-maintenance and what proportion are due 

to persistent AF is unclear. POAF and cAF share decreased CaT-amplitude and RyR2-

mediated SR Ca2+-leak.10 In POAF, the non-significant reduction in SR Ca2+-load and steep 

dependence of CaT-amplitude on SR Ca2+-load41 likely contribute to the reduced CaT-

amplitude. By contrast, reduced CaT-amplitude in cAF is largely due to decreased ICa,L and 

SERCA, along with increased NCX.10 Finally, we showed that Ca2+-handling abnormalities 

in POAF are not in themselves sufficient to trigger arrhythmogenic afterdepolarizations, 

which are only elicited in the presence of an inflammatory mediator (IL-1β). Thus, although 

all forms of AF exhibit Ca2+-handling abnormalities that can elicit arrhythmogenic 

afterdepolarizations, there are important mechanistic differences in the potential cause of 

RyR2 dysfunction and the role of SR Ca2+-load, which may be relevant for the development 

of future therapeutic strategies.

Previous work identified reduced mRNA and protein-levels of SERCA2a-inhibitory 

sarcolipin in POAF,35 pointing to altered SR Ca2+-uptake. In agreement, we noted a trend 

towards increased SERCA-function in POAF, and identified a novel critical role for 

CaMKII-dependent RyR2-leak, likely underlying the reduced CaT-amplitude and increased 

incidence of SCaEs and DADs.

Systemic inflammation is considered a major post-operative trigger for POAF.13–15 In dogs 

with pericardiotomy or right-atriotomy, post-operative inflammation correlates with 

conduction inhomogeneities and AF-inducibility localized around the RA incision-site, 

which are inhibited by anti-inflammatory treatment.42–45 These data implicate a 

susceptibility to reentry due to acute inflammation in a clinically-relevant animal model. 
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However, spontaneous AF is not reported in this model, suggesting that additional factors 

(such as DAD-induced triggered activity) might be needed to act on the reentry substrate to 

induce spontaneous POAF. Some,13,16 but not all,8,17 clinical studies have associated POAF 

with elevated pre-operative inflammatory markers. However, prior to the present study it was 

unknown whether atria of patients with increased susceptibility for POAF have a pre-

existing inflammatory or cellular electrophysiological state that supports AF-induction. We 

detected increased priming and triggering of the NLRP3-inflammasome and activated 

caspase-1 in POAF-HAMs at the onset of cardiac surgery. Protein-levels of IL-1β were 

lower in POAF, likely due to caspase-1-mediated increases in the pore-forming N-terminal 

fragment of gasdermin-D, which mediates the exit of IL-1β,46 thereby increasing the release 

of IL-1β from HAMs and promoting inflammatory signaling through autocrine and 

paracrine effects.

CaMKIIδ modulates the expression of inflammatory genes and NLRP3-inflammasome 

activation in mouse hearts with transverse-aortic banding or chronic angiotensin-II-

treatment,19,20 suggesting that the pre-operative CaMKIIδ-activation that we identified in 

POAF may represent a critical nodal point for both RyR2-mediated SR Ca2+-leak with 

subsequent increases in SCaEs and NLRP3-inflammasome activation.47 Oxidative stress is 

increased in POAF-patients48 and may contribute to both CaMKIIδ and NLRP3-

inflammasome activation.47,49 Our data indicate that acute IL-1β stimulation promotes 

CaMKII-dependent RyR2-hyperphosphorylation, exacerbates cardiomyocyte Ca2+-handling 

abnormalities and causes DAD-generation. In addition, acute IL-1β application promoted 

NLRP3-inflammasome activation, but this effect was not CaMKII-dependent, pointing to the 

involvement of alternative signaling pathways. Together with evidence for a role for 

inflammatory cells in lone AF,50 these findings suggest that pre-operative local 

inflammation may contribute to the observed cardiomyocyte NLRP3-inflammasome 

remodeling. Furthermore, our findings show that post-operative IL-1β releases from 

inflammatory cells or HAMs might create an additional self-amplifying feed-forward loop 

of NLRP3-inflammasome activation at the expense of promotion of CaMKII-dependent 

Ca2+-handling abnormalities, mechanistically linking IL-1β- and CaMKII-signaling 

pathways with NLRP3-inflammasome activation. Our data support a model in which the 

post-surgical IL-1β-induced increases in phosphorylation levels of Ca2+-handling proteins 

exacerbate the pre-existing SR-dysfunction, reaching a value above the threshold needed to 

cause potentially-proarrhythmic SCaEs and DADs that might predispose to POAF (Online 

Figure XXI).

Pre-operative structural remodeling might contribute to POAF and LA-fibrosis is a 

consistent finding.6,7 A greater degree of RA-fibrosis has also been reported in some,8,51 but 

not all studies.6,52 Although inflammation can activate profibrotic signaling, we did not find 

significant differences in expression of profibrotic proteins in POAF. Connexin remodeling 

can promote reentrant arrhythmias even in the absence of fibrosis, but in agreement with 

most published studies,4,53 our data argue against a major role for connexin remodeling in 

POAF.
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Novelty and potential clinical implications.

CaMKII-dependent Ca2+-handling abnormalities are well established in patients with 

persistent AF and some animal models, promoting the progression of AF-related 

remodeling.10–12 Here, we provide the first evidence for a potential role of these phenomena 

in POAF. The identification of CaMKII-related abnormalities as part of the vulnerable 

substrate before the occurrence of atrial arrhythmias in the present work supports their 

potential causative role.

We recently identified abnormal NLRP3-inflammasome activation in pAF and cAF HAMs.
18 Here, we established for the first time that pre-existing activation of the atrial 

cardiomyocyte NLRP3-inflammasome also contributes to the POAF-predisposing substrate. 

In a meta-analysis of 22 randomized-controlled trials, peri-operative statin use was 

associated with a decreased inflammatory response and lower POAF-risk.54 We similarly 

observed a tendency towards lower levels of lipid-lowering drugs in POAF-patients (Online 

Table I). Moreover, use of lipid-lowering drugs was associated with lower pre-operative 

NLRP3 protein-levels in atrial whole-tissue lysates and HAMs (Online Figure XXII). These 

results are consistent with a canine sterile pericarditis model showing that atorvastatin 

prevents maintenance of AF by inhibiting inflammation.44 This finding, while only 

hypothesis-generating, nonetheless provides interesting ideas for future work. The molecular 

signature of NLRP3-inflammasome activation is distinct in pAF (increase in NLRP3-

inflammasome priming only) compared to cAF and POAF (increases in both priming and 

triggering of NLRP3-inflammasome).18 Nevertheless, all AF forms show evidence for atrial 

NLRP3-inflammasome activation.

We identified molecular evidence for the presence of a subclinical atrial cardiomyopathy, in 

terms of inflammatory and Ca2+-handling changes, that predisposes POAF-patients to AF-

development. Indeed, there is clinical evidence pointing to the presence of a pre-existing 

atrial cardiomyopathy in patients who develop POAF.55 Our study provides the molecular 

links between the atrial cardiomyopathy and arrhythmogenic afterdepolarizations involved 

in AF-pathogenesis. Further work is needed to better define the factors leading to this AF-

promoting atrial cardiomyopathy. Finally, recent work has emphasized the substantial risk 

for AF-recurrence in POAF-patients, and the many AF-associated risk factors that they 

display.4 Our findings provide a novel unifying paradigm, by suggesting that POAF-patients 

share underlying atrial-cardiomyocyte NLRP3-signaling activation with pAF- and cAF-

individuals, predisposing POAF-patients to both POAF caused by transient surgery-induced 

inflammation (explaining the usually self-limited nature of POAF) and to long-term pAF 

and/or cAF (explaining the predilection for recurrence).

Potential limitations

Patient follow-up, including POAF-detection, was performed according to routine clinical 

practice and was based on ECG-monitoring and symptoms, in line with previous studies.48 

However, brief asymptomatic POAF-episodes may have gone undetected in Ctl-patients. 

Also we cannot rule out that some patients may have had asymptomatic pAF prior to their 

surgery. Because it is not possible to study POAF-mechanisms at the time of the arrhythmia 

in patients, we mimicked post-operative inflammation with an acute application of a high 
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concentration of IL-1β, but other inflammatory cytokines likely contribute and the post-

operative inflammatory response develops slower in vivo (Figure 7A). These aspects warrant 

additional studies. In addition, the precise role of oxidative stress, consistently shown to be 

enhanced in POAF,48 was not addressed here and should be delineated in subsequent work. 

Although our experimental data and computer simulations suggest that acute IL-1β 
application is sufficient to produce cellular arrhythmogenic responses in predisposed 

cardiomyocytes, additional factors such as dysregulation of the autonomic nervous system 

may also contribute to POAF-initiation.56 How the autonomic nervous system contributes to 

the molecular pathophysiology of POAF is unknown and will require extensive experimental 

work, particularly in view of the evidence for substantial protective actions of β-

adrenoceptor blockers4 and the known DAD-promoting effects of β-adrenoceptor activation.
57 Because of limited accessibility to human atria, particularly the LA, our work was 

restricted to RA-appendages. Different atrial regions may undergo distinct remodeling and 

further work should be directed to assessing whether the RA changes we studied in detail 

also apply to LA. There is at present no direct evidence that DADs in the RA-appendage can 

lead to AF in patients.

Since this is the first study to identify pre-existing Ca2+-handling and NLRP3-

inflammasome remodeling in patients that go on to develop POAF, it was not possible to 

perform a power calculation for predetermined outcome parameters. POAF-patients had 

similar clinical parameters to Ctl-patients except greater age and lower estimated glomerular 

filtration rate, consistent with previous studies.58 We also identified differences in the use of 

statins or dihydropyridine Ca2+-channel blockers for some subgroups (Online Tables I-IV). 

Atrial diameter was not different between Ctl and POAF-patients, but atrial volume index 

may be a more reliable indicator of atrial size. Since this parameter was not available for the 

majority of our patients, the impact of atrial volume on atrial cellular function needs further 

investigation. CaMKII-activation exhibited a weak dependence on age (Online Figure 

XXIII), consistent with previous work,59 and TLR4-levels also increased with advancing age 

(Online Figure XXIV). However, neither age nor dihydropyridine Ca2+-channel blocker 

therapy influenced any of the other findings. Thus, while the greater age of POAF-patients 

likely contributes to some components of POAF-pathogenesis, it fails to account for the 

other important aspects.

A large number of atrial samples were collected and studied, but each sample can only be 

used for a limited subset of experiments. Thus, of necessity different experimental series 

include experiments from different sets of patients and while we performed extensive 

analyses to assess the influence of factors like patient age, the influence of medications, 

atrial size, valvular regurgitation (Online Figures XXII-XXXII, Online Table X), we cannot 

fully exclude contributions from other, unrecognized factors. The clinical profiles of the 

patient subgroups used for patch-clamp/Ca2+-imaging and molecular-biology/biochemistry 

experiments were comparable. The patient cohort used for multicellular AP-recordings 

showed differences in distribution of some clinical parameters; this needs to be considered in 

relating the similar AP-properties that we noted in Ctl and POAF to the other findings in our 

paper. In addition, some individual experiments were inevitably unsuccessful (Online Figure 

I), potentially introducing bias. However, it is reassuring that POAF-incidence was similar in 
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successful and unsuccessful experiments and that a re-analysis of Western blot experiments 

blinded to post-operative status produced similar results (Online Figure XXXIII).

Conclusions

We have performed the first detailed systematic analysis of the atrial cellular and molecular 

features associated with POAF in a substantial patient population. Our findings provide new 

insights into the underlying mechanism, identifying a novel pre-existing substrate 

characterized by CaMKII-dependent Ca2+-handling abnormalities and atrial-cardiomyocyte 

NLRP3-inflammasome activation. These observations provide a unifying model of AF that 

accounts for the high long-term AF recurrence-rate in POAF patients and the transient 

occurrence of POAF post-operatively. Novel strategies to inhibit CaMKII- and/or NLRP3-

inflammasome-related signaling might provide new therapeutic approaches to POAF 

prevention and management.
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Nonstandard Abbreviations and Acronyms:

AP Action potential

APD AP duration

ASC Apoptosis-associated speck-like protein containing a 

CARD

cAF Long-standing persistent (‘chronic’) atrial fibrillation

CaMKII Ca2+/calmodulin-dependent protein kinase-II

(Pro-)Casp1 (Pro-)Caspase-1

CaT Ca2+-transient

cCaT Caffeine-induced Ca2+-transient

CRP C-reactive protein
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Ctl Control patients without post-operative atrial fibrillation

DAD Delayed afterdepolarization

GSDMD Gasdermin-D

HAM Human atrial cardiomyocyte

ICa,L L-type Ca2+-current

IL Interleukin

INCX Na+/Ca2+-exchange current

LA Left atrial

NCX Na+/Ca2+-exchanger

NFκB Nuclear-factor kappa-B

NLRP NACHT, LRR, and PYD domains-containing protein-3

P2X7R P2X7-receptor

pAF Paroxysmal atrial fibrillation

PMCA Plasmalemmal Ca2+-ATPase

POAF Post-operative atrial fibrillation

RA Right atrial

RyR2 Ryanodine-receptor channel type-2

SERCA2a SR Ca2+-ATPase-2a

SCaEs Spontaneous SR Ca2+-release events

SD Standard deviation

SR Sarcoplasmic reticulum

TLR4 Toll-like receptor-4
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NOVELTY AND SIGNIFICANCE

What is Known?

• Post-operative atrial fibrillation (POAF) frequently occurs after cardiac 

surgery and while post-operative inflammation is considered a major trigger, 

the molecular mechanisms are poorly defined.

• The NLRP3 (NACHT, LRR, and PYD domains containing protein-3) 

inflammasome contributes to paroxysmal and persistent AF, but has not been 

evaluated in POAF.

• Calcium-handling abnormalities and CaMKII (calcium/calmodulin-dependent 

protein kinase-II) have been implicated in atrial arrhythmogenesis, but their 

role in POAF is unknown.

What New Information Does This Article Contribute?

• We identify the presence of a subclinical pre-surgical atrial cardiomyopathy 

comprising NLRP3-inflammatory signaling and CaMKII-mediated calcium-

handling changes that predispose POAF-patients to AF development.

• Acute IL-1β stimulation promotes CaMKII-dependent RyR2 

hyperphosphorylation, exacerbating proarrhythmic cardiomyocyte calcium-

handling abnormalities and causes CaMKII-independent NLRP3-

inflammasome activation.

• These observations provide a unifying model of AF involving a vulnerable 

substrate and inflammatory triggering that accounts for the transient 

occurrence of POAF post-operatively along with the high long-term AF 

recurrence rate in POAF patients.

Heijman et al. Page 23

Circ Res. Author manuscript; available in PMC 2021 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Ca2+-handling remodeling in Ctl and POAF patients.
A, Membrane current (IM, ruptured-patch) and Ca2+ transient (CaT) recorded in parallel 

under voltage-clamp conditions in response to a 100-ms depolarizing voltage step to +10 

mV (inset) in Ctl or POAF atrial cardiomyocytes. B, L-type Ca2+-current (ICa,L) amplitude. 

C, ICa,L-triggered CaT-amplitude. D, time-constant (τ) of CaT-decay. N-numbers indicate 

numbers of cardiomyocytes/patients. *P<0.05 vs. Ctl based on multilevel mixed models with 

log-transformed data (B,D), or untransformed data (C) to account for non-independent 

measurements in multiple cells from individual patients.
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Figure 2. Sarcoplasmic reticulum (SR) Ca2+-cycling and Na+/Ca2+-exchanger (NCX) function.
A, Caffeine-induced Ca2+ transient (cCaT, top) and corresponding inward current (bottom, 

largely mediated by NCX) at −80 mV in atrial cardiomyocytes from Ctl and POAF. B, 
Quantification of SR Ca2+-content as amplitude of cCaT (left) or integrated NCX-current 

(INCX, right). C, Peak INCX (left) and slope of its Ca2+-dependence (right). D, SR Ca2+-

ATPase (SERCA) function determined by subtracting the rate-constants of cCaT-decay 

(kcaff, mediated by NCX and plasmalemmal Ca2+-ATPase, PMCA) from the rate-constants 

of systolic CaT-decay (ksyst
, mediated by SERCA, NCX and PMCA) obtained during the 

same experiment. N-numbers indicate numbers of cardiomyocytes/patients. *P<0.05 vs. Ctl 

based on multilevel models (B,D), or multilevel models with log-transformed data (C).
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Figure 3. Sarcoplasmic reticulum (SR) Ca2+ leak and spontaneous SR Ca2+-release events 
(SCaEs).
A, Experimental protocol employing tetracaine (1-mmol/L) to block RyR2 under 0-mmol/L 

extracellular Na+/Ca2+ to block sarcolemmal Ca2+-fluxes (left). The decrease in 

fluorescence in response to tetracaine shown in the example is proportional to SR Ca2+-leak.
36 Subsequently, the amplitude of the caffeine-induced Ca2+-transient was used to assess SR 

Ca2+-load. Right panel shows SR Ca2+-leak/SR Ca2+-load ratio in Ctl and POAF. 

Individual leak and load components are shown in Online Figure VIII. B-C, Examples (B) 

and quantification (C) of SCaEs occurring prior to tetracaine application in the absence of 

sarcolemmal Ca2+-fluxes at −80 mV in Ctl and POAF. D-E, Examples (D) and 

quantification (E) of spontaneous INCX resulting from SCaEs (at −50 mV) in perforated-
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patch experiments in an independent cohort of Ctl and POAF cardiomyocytes. N-numbers 

indicate numbers of cardiomyocytes/patients. *P<0.05 vs. Ctl based on multilevel models 

with log-transformed data.
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Figure 4. Ryanodine receptor channel type-2 (RyR2) dysfunction.
A, RyR2 single-channel recordings in planar lipid bilayers of Ctl and POAF patients (top) 

and quantification of RyR2 open-probability, mean open-time, and mean closed-time 

(bottom, left-to-right) at diastolic levels (150-nmol/L) of cytosolic (cis) Ca2+. B-C, 
Example Western blots (B) and protein-levels (C) of total and Ser2814-phosphorylated 

RyR2, as well as total and Thr287-autophosphorylated levels of nuclear and cytosolic Ca2+/

calmodulin-dependent protein kinase-IIδ (CaMKIIδB+δ9 and CaMKIIδC, respectively) and 

their quantification (quantifications for CaMKIIδB+δ9 are shown in Online Figure X). N-

numbers indicate numbers of channels/patients (panel A), or patients (panels B-C). *P<0.05 

vs. Ctl based on multilevel models with log-transformed data (A) or unpaired Student’s t-test 

(B, C), with Welch’s correction for unequal variance for Thr287-CaMKIIδC.

Heijman et al. Page 28

Circ Res. Author manuscript; available in PMC 2021 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Enhanced atrial NACHT, LRR, and PYD domains containing protein 3 (NLRP3)-
inflammatory signaling in whole-tissue homogenates.
A, Western blots (top) and quantified protein-levels (bottom) of components and products 

of the atrial NLRP3-inflammasome in Ctl or POAF patients. ASC indicates apoptosis-

associated speck-like protein containing a CARD; (Pro-)Casp1, (Pro-)caspase-1; CT, C-

terminal; FL, full-length; GSDMD, gasdermin-D; (Pro-)IL-1β, (Pro-)interleukin-1β; NT, N-

terminal; B, Western blots (top) and quantified protein-levels (bottom) of toll-like 

receptor-4 (TLR4), total and Ser536-phosphorylated nuclear factor kappa-light-chain-

enhancer of activated B cells (NFκB) involved in priming, and purinergic P2X7 receptor 

(P2X7R), involved in triggering of the NLRP3-inflammasome. C, Western blots (left) and 

quantified protein-levels (right) of macrophage lineage markers F4/80, CD68 and CD206 in 

Ctl and POAF patients. Numbers below symbols indicate number of atrial samples. GAPDH 
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was used as loading control. *P<0.05 vs. Ctl based on Mann-Whitney test (GSDM-FL, 

Casp1-p20, GSDMD-NT, and Ser536-NFκB), unpaired Student’s t-test (Pro- IL-1β, Ser536/

Total-NFκB, F4/80, and CD206) or Student’s t-test with Welch’s correction for unequal 

variance (remaining proteins).
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Figure 6. Enhanced atrial NACHT, LRR, and PYD domains containing protein 3 (NLRP3)-
inflammatory signaling in human atrial cardiomyocytes.
A-E, Western blots of NLRP3 (A), apoptosis-associated speck-like protein containing a 

CARD (ASC, B), (Pro-)caspase1 (Pro-Casp1, C), (Pro-)interleukin-1β (Pro-IL-1β, D) and 

full-length (FL), N-terminal fragment (NT) or C-terminal fragment (CT) of gasdermin-D 

(GSDMD, E). Please note the absence of a ~100 kDa NLRP3 band in HAMs vs whole-

tissue homogenates (Figure 5).37 F-G, Quantification of components (F) and products (G) 

of the atrial NLRP3-inflammasome in atrial cardiomyocytes of Ctl or POAF patients. Total 

protein-levels at 250 kDa (Ponceau staining) were used as loading control. N-numbers 

indicate numbers of patients and kDa labels reflect values of molecular weight markers. 

*P<0.05 vs. Ctl based on Mann-Whitney test (Pro-Casp1, Casp1-p37, Casp1-p20, and 
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IL-1β), unpaired Student’s t-test (GSDM-CT) or Student’s t-test with Welch’s correction for 

unequal variance (remaining proteins).
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Figure 7. Proarrhythmic effects of post-operative inflammation in patients with pre-existing 
substrates.
A, Coincidence of post-operative C-reactive-protein (CRP) increases (symbols) and POAF 

development (bars) in 44 patients with regular ECG- and CRP-measurements, showing peak 

incidence of POAF on days with highest CRP-levels (post-operative days 2–3). Numbers 

above symbols indicate number of available CRP-measurements; numbers in bars indicate 

absolute number of patients with a first POAF episode on a given post-operative day. B, 
Depolarization-induced Ca2+-transients and proarrhythmic spontaneous sarcoplasmic-

reticulum Ca2+-release events (SCaEs; indicated by arrows) in a Ctl (left) and POAF (right) 
cardiomyocyte acutely exposed to 40-ng/mL IL-1β to mimic post-operative inflammation. 

C,D, Susceptibility of individual cardiomyocytes to (C) and incidence of (D) SCaEs in Ctl 

and POAF. One Ctl patient had one cardiomyocyte with SCaEs and one without and is 
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therefore listed twice in panel C. E, Simulated action potentials, longitudinal line-scans and 

whole-cell CaTs (top-to-bottom) at 0.5-Hz and follow-up showing SCaEs and corresponding 

delayed afterdepolarizations (DADs) in Ctl, Ctl+IL-1β, POAF, and POAF+IL-1β models. 

The novel POAF human atrial cardiomyocyte model was developed by implementing the 

experimentally observed increases in RyR2 open-probability and SERCA function (Online 

Table VI). F, Quantification of SCaE (top) and DAD (bottom) incidence in 6 replications of 

the Ctl, Ctl+IL-1β, POAF, POAF+IL-1β and POAF+IL-1β+RyR2 block models with 

stochastic RyR2 gating. N-numbers indicate numbers of patients (A) or cardiomyocytes/

patients (C,D). *P<0.05 vs. Ctl based on Fisher’s exact test (C) or multilevel models with 

log-transformed data (D).
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Figure 8. Acute interleukin-1β (IL-1β) stimulation promotes ryanodine receptor type-2 (RyR2) 
channel hyperphosphorylation, spontaneous Ca2+-release events (SCaEs) and NACHT, LRR, 
and PYD domains containing protein 3 (NLRP3)-inflammatory signaling in HL-1 cells.
A, Examples of depolarization-induced Ca2+-transients and SCaEs (indicated by arrows) in 

HL-1 cells at baseline (top) and acutely exposed to 40-ng/mL IL-1β to mimic post-operative 

inflammation (bottom), as well as incidence of SCaEs in both groups (right). B-C, Western 

blots (B) and group data of RyR2 phosphorylation at Ser2808 and Ser2814, as well as 

phospholamban phosphorylation at Ser16 and Thr17 at baseline and after 5 minutes of IL-1β 
stimulation (C, left) and 5-min IL-1β-induced phosphorylation levels of RyR2 and 

phospholamban in the presence of the Ca2+/calmodulin-dependent protein kinase-II inhibitor 

KN-93 or its inactive control KN-92 (C, right). D-E, Similar to panels B-C for protein-

levels of NLRP3-inflammatory signaling components. N-numbers indicate number of cells 
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(A) or batches of cells (B-E). *P<0.05 vs. baseline (panels A, C, E) or vs. KN-92 (right 

panels of C,E) based on unpaired Student’s t-test (A-E), with Welch’s correction for 

unequal variance for RyR2-Ser2808, RyR2-Ser2814 (C, left), PLB-Thr17 (C), and Casp1-

p20 (E, left); or Mann-Whitney test (GSDMD-NT in panel E, right).
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