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Aims Atrial fibrillation (AF) is associated with tachycardia-induced cellular electrophysiology alterations which promote AF chronification 
and treatment resistance. Development of novel antiarrhythmic therapies is hampered by the absence of scalable experimental 
human models that reflect AF-associated electrical remodelling. Therefore, we aimed to assess if AF-associated remodelling of cel
lular electrophysiology can be simulated in human atrial-like cardiomyocytes derived from induced pluripotent stem cells in the 
presence of retinoic acid (iPSC-aCM), and atrial-engineered human myocardium (aEHM) under short term (24 h) and chronic 
(7 days) tachypacing (TP).

Methods 
and results

First, 24-h electrical pacing at 3 Hz was used to investigate whether AF-associated remodelling in iPSC-aCM and aEHM would en
sue. Compared to controls (24 h, 1 Hz pacing) TP-stimulated iPSC-aCM presented classical hallmarks of AF-associated remodel
ling: (i) decreased L-type Ca2+ current (ICa,L) and (ii) impaired activation of acetylcholine-activated inward-rectifier K+ current (IK, 

ACh). This resulted in action potential shortening and an absent response to the M-receptor agonist carbachol in both iPSC-aCM 
and aEHM subjected to TP. Accordingly, mRNA expression of the channel-subunit Kir3.4 was reduced. Selective IK,ACh blockade 
with tertiapin reduced basal inward-rectifier K+ current only in iPSC-aCM subjected to TP, thereby unmasking an agonist-independ
ent constitutively active IK,ACh. To allow for long-term TP, we developed iPSC-aCM and aEHM expressing the light-gated ion-chan
nel f-Chrimson. The same hallmarks of AF-associated remodelling were observed after optical-TP. In addition, continuous TP 
(7 days) led to (i) increased amplitude of inward-rectifier K+ current (IK1), (ii) hyperpolarization of the resting membrane potential, 
(iii) increased action potential-amplitude and upstroke velocity as well as (iv) reversibly impaired contractile function in aEHM.
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Conclusions Classical hallmarks of AF-associated remodelling were mimicked through TP of iPSC-aCM and aEHM. The use of the ultrafast 
f-Chrimson depolarizing ion channel allowed us to model the time-dependence of AF-associated remodelling in vitro for the first 
time. The observation of electrical remodelling with associated reversible contractile dysfunction offers a novel platform for 
human-centric discovery of antiarrhythmic therapies.
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Graphical Abstract
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1. Introduction
Atrial fibrillation (AF) is the most frequently diagnosed cardiac arrhythmia 
and is associated with increased morbidity and mortality.1 Therapeutic 
interventions have major limitations, including limited efficacy and risk of 
life-threatening ventricular proarrhythmic side effects. Over the last dec
ades, major insights into underlying molecular abnormalities contributing 
to the initiation, maintenance, and progression of AF have been gained.1

AF is associated with specific electrophysiological abnormalities that pro
mote its sustainability and that are commonly summarized as electrical re
modelling.2 Accordingly, action potential (AP) shortening is a major 
hallmark of AF-associated electrical remodelling.3–5

To date, many mechanistic studies of AF have mainly been based on 
experiments in animal models.6,7 However, the limitations of animal models 
are also apparent, including differences in basic cellular electrophysiology be
tween humans and animals as well as the complexities underlying AF in pa
tients. These limitations obviously limit the transferability of therapeutic 

interventions from animal to human.8,9 Alternatively, human atrial myocar
dium is available for fundamental studies of disease mechanisms, but cannot 
be maintained well ex vivo to study chronic triggers of AF or therapies. The 
development of atrial cardiomyocytes derived from human induced pluripo
tent stem cells (iPSC-aCM) promises to provide an unlimited source for in vitro 
studies of the molecular mechanisms of AF and therapeutic interventions.10–12

Similar to differences observed in native cardiomyocytes, iPSC-aCM show a 
distinct electrophysiological phenotype when compared to ventricular 
iPSC-CM (iPSC-vCM).11,13,14 Major differences include shorter AP duration 
(APD) and response to the vagal neurotransmitter acetylcholine, which is ab
sent in ventricular cardiomyocytes.11,14 However, whether AF-associated 
electrical remodelling can be induced in iPSC-aCM is currently unknown.

iPSC-aCM in general and atrial-engineered human myocardium (aEHM) 
in particular represent novel promising tools for the development of new 
antiarrhythmic drugs and drug testing.15–17 Yet, without modelling the high 
frequencies of tachyarrhythmia and associated changes in ion channel 
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function,18,19 their use in the development of novel antiarrhythmic therap
ies is limited. Importantly, AF-associated electrical remodelling has been 
shown to occur in a time-dependent manner, suggesting that chronic ta
chypacing (TP) would have to be introduced to simulate AF in vitro. For ex
ample, AF-associated increase in IK1 has been demonstrated to occur after 
1 week or more in atrial TP20 whereas remodelling of L-type Ca2+ current 
(ICa,L) appears to be an earlier event observed over days rather than 
weeks.21 iPSC-CM can be maintained and optically paced for longer culti
vation periods22 and therefore may represent an ideal model to investigate 
long-term responses to atrial TP in vitro. We, therefore, tested the hypoth
esis that electrical remodelling can be induced in iPSC-aCM and aEHM by 
using electrical and optical TP. EHM resemble a macroscale tissue format 
with advanced organotypic maturation and contractile function.11,23

Here we show for the first time that major characteristics of AF-associated 
electrical remodelling including AP shorting, reduction of ICa,L and reduced 
vagal neurotransmitter response can be induced in iPSC-aCM subjected to 
24 h TP.24,25 Furthermore, modelling chronic, uninterrupted TP (for 7 
days), by making use of the newly developed ultrafast channelrhodopsin vari
ant f-Chrimson,26 was also associated with additional upregulation of the ba
sal inward-rectifier potassium current IK1 and consecutive hyperpolarization 
of the resting membrane potential (RMP), suggesting that AF-associated elec
trical remodelling is time-dependent and may therefore contribute to the 
progression of the arrhythmia and arrhythmia-associated contractile dysfunc
tion. Taken together, our data suggest that increased atrial stimulation fre
quency is a major contributor to electrical remodelling observed in 
patients with AF and that underlying mechanisms can be modelled in 
iPSC-aCM and aEHM. Our novel human 2D and 3D models coupled with 
TP may therefore represent powerful in vitro tools to simulate AF, allowing 
for investigation of the mechanisms underlying AF pathophysiology and po
tentially phenotypic screens for novel antiarrhythmic therapies.

2. Methods
More detailed methods are provided in the Supplementary material online.

2.1 Human iPSC and differentiation into 
cardiomyocytes
iPSC-aCM and iPSC-vCM were generated by subtype-directed differenti
ation of iPSC from healthy donors as previously described (Figure 1).27

Temporal modulation of Wnt-signalling via small molecules 
(GiWi-protocol) stimulated cardiac differentiation. Atrial subtype specifi
cation was stimulated with 1 µmol/L retinoic acid between day 3 (d3) 
and day 6 of differentiation. CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeats/Cas9 nuclease)-mediated homologous recom
bination was used to insert the light-gated ion-channel f-Chrimson26 under 
the control of the CAG-promoter into the AAVS1 locus in a deeply char
acterized human iPSC line (TC-1133).28,29 This study was performed in line 
with the principles of the Declaration of Helsinki. All protocols were ap
proved by the Ethics Committee of the University Medical Center 
Göttingen (No. 10/9/15 and 15/2/20). Informed consent was obtained 
from all participants and all research was performed in accordance with 
relevant guidelines and regulations.

2.2 Generation of engineered human 
myocardium (EHM)
EHM was prepared as described previously (Figure 2).23,30 In brief: A mixture 
of iPSC-CM (70%), human fibroblasts (30%) and collagen was cast into a cus
tom made 48-well plate (myrPlate, myriamed GmbH, Germany). EHM was 
constructed using iPSC-CM expressing f-Chrimson (see Supplementary 
material online, Figure S1) unless otherwise indicated. Spontaneous contrac
tions were observed 3–5 days after the casting procedure. EHM was main
tained in a serum-free medium (SFMM) containing IMDM with Glutamax, 
MEM Non-Essential Amino Acids Solution, 4% B27 without insulin (all 
Thermo Fisher Scientific), 200 µmol/L ascorbic acid 2-phosphate 

(Sigma-Aldrich), 100 ng/mL recombinant human IGF-1, 5 ng/mL recombin
ant human VEGF, 10 ng/mL animal-free recombinant human FGF-basic (all 
PeproTech). To allow for continuous real-time monitoring of force of con
traction, EHM was prepared in an alternative engineering format embedded 
within custom-made culture vessels each directly coupled to an isometric 
force sensing device as previously described.31 All experiments were per
formed after a tissue culture period between 28 and 38 days.

2.3 Electrical and optical pacing of iPSC-CM 
and EHM
iPSC-aCM at d28 were plated onto Matrigel®-coated (1:120) 10 mm cov
erslips and maintained with a culture medium of RPMI 1640 with 
Glutamax, and 2% B27 (both Thermo Fisher Scientific) and maintained 
at 37°C, 5% CO2. Immediately before pacing, coverslips in a 6-well culture 
dish were submerged in a pacing medium of Medium 199 Glutamax (base
line Ca2+ concentration: 1.79 mmol/L) and 2% B27 (both Thermo Fisher 
Scientific). EHM mounted on stretchers were submerged in SFMM in a six- 
well culture dish. Electrical pacing was delivered to iPSC-aCM or aEHM at 
1 or 3 Hz (always studied in parallel) for 24 h with biphasic 5 ms pulses via a 
C-pace EM culture stimulator (IonOptix, MA, USA).

Optical pacing was delivered via a custom-made optical pacing light emit
ting diode device placed above the transparent six-well culture plate lid. 
We quantified rheobase and chronaxie values (see Supplementary 
material online, Figure S1) to determine stimulation values for optical TP, 
which were set to 25% above contraction threshold (118 µW/mm² inten
sity, 5 ms).

Regular visual inspection at the start, after 8 h and at the end (24-h 
pacing) or every 24 h (7 day pacing) was undertaken to ensure cells and 
tissues were responsive to their supplied frequency at all investigated 
time-points. iPSC-aCM or aEHM were only included in this study if they 
passed this criterion. Seven-day contractile analysis during TP (see below) 
allowed for continuous real-time feedback of beating frequencies in 
response to pacing.

2.4 Optical AP recordings
Coverslips containing iPSC-CM were transferred to a 37 ± 0.5°C heated 
chamber with bath solution containing (in mmol/L): CaCl2 2, Glucose 10, 
HEPES 10, KCl 4, MgCl2 1, NaCl 140; pH = 7.35 adjusted with NaOH. 
Cells were loaded with 0.1 ×  FluoVolt (Thermo Scientific; 20 min loading). 
Intact cells were electrically field-stimulated at 1 Hz with 3–5 ms bipolar 
pulses at voltages ∼25% above the contraction threshold (normally be
tween 10 and 30 V). AP were recorded optically at λex = 470 nm and 
λem = 535 nm. Three AP from each iPSC-CM were ensemble averaged 
during offline analysis of AP parameters with Clampfit 10.7 (Molecular 
Devices, CA, USA).32

2.5 Patch-clamp measurements
Measurements of membrane currents were performed using conventional 
whole-cell ruptured-patch technique. Inward-rectifier K+ currents were 
recorded using the manual patch-clamp approach (Axopatch 200B, 
Molecular Devices) in iPSC-CM perfused with bath solution containing 
(in mmol/L): NaCl 120, KCl 20, MgCl2 1, CaCl2 2, glucose 10, HEPES 10; 
pH = 7.4 at 22–24°C. Borosilicate glass microelectrodes had tip resis
tances of 3–5 MΩ when filled with pipette solution (in mmol/L): 
K-aspartate 100, NaCl 10, KCl 40, Mg-ATP 5, EGTA 2, GTP-Tris 0.1, 
HEPES 10; pH = 7.4). Basal inward-rectifier K+ current was measured by 
applying a ramp pulse from −100 to +40 mV (0.5 Hz) and identified as 
Ba2+ (1 mmol/L)-sensitive current.24,25,33,34

ICa,L and INa recordings were performed using an automated patch- 
clamp system (SyncroPatch 384, Nanion Technologies GmbH, Germany) 
with thin borosilicate glass, single-aperture 384-well planar fixed-well 
chips.13 ICa,L was activated at 0.5 Hz using a voltage-step protocol with a 
holding potential of −80 mV and a 100 ms ramp pulse to −40 mV followed 
by a 100 ms test-pulse to +10 mV at 22–24°C. The internal solution 
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Figure 1 Cellular electrophysiology of atrial (iPSC-aCM) and ventricular (iPSC-vCM) induced pluripotent stem cell-derived cardiomyocytes. (A) Schematic 
of the iPSC-CM differentiation protocols used in this study. Application of 1 µmol/L retinoic acid (RA) from day 3 (d3) to day 6 induces an atrial specific subtype. 
(B) Representative optical action potentials (AP) elicited at 1 Hz in intact single iPSC-aCM (A, left) and iPSC-vCM (V, right) before (baseline) and after 
application of the M-receptor agonist carbachol (CCh, 2 µmol/L). (C ) AP duration at 50 and 90% repolarization (APD50, APD90; atrial: n = 74/4, ventricular: 
n = 89/3). (D) Percentage change of APD90 following CCh application (atrial: n = 11/2, ventricular: n = 10/2). (E) Representative voltage-clamp recordings of 
inward-rectifier K+ current current in single iPSC-aCM (left) and iPSC-vCM (right) before (baseline, IK1) and after CCh application, revealing the 
acetylcholine-activated inward-rectifier K+ current (IK,ACh) in iPSC-aCM. (F ), IK1 measured at −100 mV (atrial: n = 77/6, ventricular: n = 31/4). 
(G) Concentration-response curves for CCh-mediated activation of IK,ACh defined as CCh-dependent increase of inward-rectifier-K+-current amplitude at 
−100 mV in iPSC-aCM (n = 7–77/6) and iPSC-vCM (n = 143/1). (H ), Voltage-clamp protocol (0.5 Hz, top) and representative membrane current (IM) trace 
(bottom) of peak Na+ current (INa) in iPSC-aCM (left) and iPSC-vCM (right). (I) Peak INa (atrial: n = 62/1, ventricular: n = 53/1). (J ) Voltage-clamp protocol 
(0.5 Hz, top) and representative membrane current (IM) trace (bottom) of L-type Ca2+ current (ICa,L) in iPSC-aCM (left) or iPSC-vCM (right). (K ) Peak ICa,L 

(atrial: n = 66/2, ventricular: n = 176/2). (L) Representative flow cytometry analysis of iPSC-aCM staining for the atrial isoform (MLC2a, top) or the ventricular 
isoform (MLC2v bottom) of myosin light chain. Grey peaks represent the isotype control. Data are mean ± SEM. *P < 0.05, ***P < 0.001 vs. iPSC-aCM using 
unpaired Student’s t-test. n/N = number of iPSC-CM/differentiation.
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contained (in mmol/L): EGTA 10, HEPES 10, CsCl 10, NaCl 10, CsF 110, 
pH 7.2 (with CsOH). The bath solution contained (in mmol/L): HEPES 
10, NaCl 140, glucose 5, KCl 4, CaCl2 2, MgCl2 1; pH = 7.4 (with KOH) 
at 22–24°C. INa recordings were performed at 0.5 Hz using a voltage-step 
protocol with a holding potential of −100 and a 30 ms test pulse to 
−20 mV. Pipette solution contained (in mmol/L): EGTA 10, HEPES 10, 
KCl 10, NaCl 10, KF 110; pH = 7.2 (with KOH). Bath solution contained 
(in mmol/L HEPES 10, NaCl 140, glucose 5, KCl 4, CaCl2 2, MgCl2 1; 
pH = 7.4 (with KOH) at 22–24°C.

2.6 Sharp-electrode AP recordings
AP were recorded at 1 Hz in EHM using a Sec-05-X amplifier (npi Electronic 
GmbH, Germany) in voltage follower mode as previously described.35 Glass- 
microelectrodes filled with 3 mmol/L KCl had tip resistances of 30–40 MΩ.

2.7 Molecular analysis
The messenger RNA (mRNA) levels of key ion channel proteins were 
measured by real-time PCR using standard protocols.23,36 Flow cytometry 

Figure 2 Electrophysiology of atrial (aEHM) and ventricular (vEHM) engineered human myocardium. (A) Schematic of the EHM culture procedure used in 
this study. (B) Representative action potentials (AP) elicited at 1 Hz in aEHM (A, left) and vEHM (V, right) before (baseline) and after application of the 
M-receptor agonist carbachol (CCh, 10 µmol/L). (C ) AP duration at 20, 50, and 90% repolarization (APD20, APD50 and APD90, top left), AP amplitude 
(APA, top right), upstroke velocity (dV/dtmax, bottom left), and resting membrane potential  (RMP, bottom right; atrial: n = 13/3, ventricular: n = 5/2). (D), 
Percentage change of APD90 following CCh application. (E), Percentage change of RMP following CCh application (atrial: n = 6/2, ventricular: n = 5/2). 
Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. aEHM using unpaired Student’s t-test or Welch’s t-test (E). n/N = number of recordings/EHM.
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analysis of iPSC-aCM was undertaken with antibodies against the atrial- 
(MLC2a) and the ventricular (MLC2v) isoform of myosin light chain using 
the BD Accuri™ C6 plus system flow cytometer (BD Biosciences, CA, USA).

2.8 Statistical analysis
Summarized data are reported as mean ± standard error of the mean 
(SEM) unless otherwise specified. Continuous data with a sample size 
n ≥ 20 were assumed to be normally distributed (central limit theorem). 
Data with the sample size between n = 10–20 were tested for normality 
using the Shapiro-Wilk test. Normally distributed data were compared 
using unpaired two-tailed Student’s t-test. Non-normally distributed data 
and all data sets with n < 10, were compared using the Mann–Whitney 
U test. Differences between data sets of unpaired data with unequal var
iances (F-test) were evaluated using Welch’s t-test.

3. Results
3.1 Cardiomyocytes and EHM with distinct 
atrial properties derived from human iPSC
Spontaneous beating frequency was higher in atrial compared to ventricu
lar iPSC-CM (see Supplementary material online, Figure S2) as previously re
ported.11 In order to prevent frequency-dependent bias on AP parameters 
and ion channel properties, electrophysiological experiments were per
formed at defined stimulation frequencies throughout the study. We first 
assessed optical AP characteristics of intact, single atrial and ventricular 
iPSC-CM under 1 Hz field stimulation. As anticipated, APD at 50 and 
90% repolarization (APD50, APD90) was shorter in iPSC-aCM compared 
to iPSC-vCM (Figure 1B and C ). In native myocardium, vagal nerve stimula
tion shortens the atrial, but not ventricular AP.37 Accordingly, application 
of the muscarinic-receptor (M-receptor) agonist carbachol (CCh, 2 µmol/ 
L) resulted in AP shortening in atrial, but not in ventricular iPSC-CM 
(Figure 1B and D).

AP shortening in response to M-receptor stimulation is mediated 
through activation of acetylcholine-activated inwardly rectifying K+ chan
nels (IK,ACh).

24,25,38,39 In agreement with this observation, mRNA levels 
of the corresponding channel subunit Kir3.1 (KCNJ3) were two-times high
er in atrial vs. ventricular iPSC-CM (see Supplementary material online, 
Figure S3). In order to directly measure IK,ACh in iPSC-CM, we employed 
a previously described patch-clamp depolarizing ramp protocol.25,40

Representative recordings in the absence of M-receptor agonists showed 
typical inward-rectifier properties in response to the depolarizing ramp- 
protocol with high conductance in the inward branch, which represents 
basal inward-rectifier K+ current IK1 (Figure 1E). As expected from reports 
on native human atrial and ventricular cardiomyocytes, IK1 was about 40% 
smaller in atrial vs. ventricular iPSC-CM (Figure 1F).41,42 However, only in 
iPSC-aCM did the application of CCh result in an increase in total current 
density (labelled IK, ACh) in a concentration-dependent manner (-lgEC50 =  
6.24 ± 0.7 mol/L [571 nmol/L]; Figure 1E and G, Supplementary material 
online, Figure S4). In addition, despite the continuous presence of the 
M-receptor agonist, in iPSC-aCM IK,ACh decreased from a ‘peak’-value to 
a ‘quasi-steady state’ (QSS) level within two minutes in a biphasic manner 
(see Supplementary material online, Figure S4). The QSS/Peak ratio (0.55 ±  
0.03, n = 77) was similar to our earlier reports using native human atrial 
cardiomyocytes indicating comparable underlying mechanisms.24,25 Apart 
from canonical M-receptor mediated activation of IK,ACh, adenosine recep
tors can also activate cardiac IK,ACh channels. Accordingly, adenosine acti
vated K+ channels in iPSC-aCM in a concentration-dependent manner 
(-lgEC50 = 6.04 ± 0.4 mol/L [898 nmol/L]), whereas no effect was ob
served in iPSC-vCM (see Supplementary material online, Figure S4). 
Amplitudes of both INa (Figure 1H and I ) and ICa,L (Figure 1J and K) were 
smaller in iPSC-aCM, with the latter potentially contributing to the shorter 
atrial APD (see Supplementary material online, Figure S5). Functional char
acterization of iPSC-aCM was supplemented with molecular analysis indi
cating minimal (2.6%) contamination of iPSC-vCM in the atrial cellular 

cohort. This was also confirmed by high throughput functional screening 
of IK,ACh (see Supplementary material online, Figure S6).

In order to generate a multicellular, matured heart muscle environment, 
we next generated EHM from iPSC-aCM (aEHM) and iPSC-vCM (vEHM) 
(Figure 2A). Compared to vEHM, aEHM had a shorter APD (Figure 2B and 
C ) and a smaller AP upstroke velocity. Application of 10 µmol/L CCh eli
cited significant shortening of APD90 and hyperpolarization of the RMP 
only in aEHM, not in vEHM. Taken together, this indicates the atrial pheno
type is conserved in aEHM. Spontaneous beating has previously been 
shown to be faster in aEHM compared to vEHM,11 and is shown in 
Supplementary material online, Video S1 and Video S2, respectively.

3.2 AP shortening and reduced ICa,L in 
iPSC-aCM and aEHM subjected to 24 h TP
In AF patients, sustained atrial tachycardia leads to electrical and structural re
modelling that promotes chronification of AF.1 We therefore tested whether 
iPSC-aCM are also prone to develop electrical remodelling in response to in vitro 
TP. In agreement with our hypothesis, 24-h TP with 3 Hz to simulate atrial 
tachycardia38 resulted in shortening of the APD50 and APD90 in iPSC-aCM in 
comparison to controls subjected to 1 Hz pacing (Figure 3A and B). ICa, L amp
litude was significantly reduced after 24-h TP (Figure 3C and D), suggesting that 
reduced depolarizing ICa,L could play a role in TP-dependent APD shortening 
(see Supplementary material online, Figure S5). TP-induced remodelling of ICa,L 

was independent of recording temperature (see Supplementary material 
online, Figure S7). Total Ca2+ influx was estimated by quantifying the area under 
the curve of the ICa,L.

43 Ca2+-influx was reduced by 23% in iPSC-aCM subjected 
to TP, which is considered a protective mechanism to limit detrimental Ca2+ 

overload during TP.24,38 We therefore hypothesized that TP-induced Ca2+ 

overload may be an important elicitor of electrical remodelling in iPSC-aCM. 
Accordingly, TP-induced AP shortening was absent following pacing in a 
low Ca2+ environment pointing to a Ca2+-mediated mechanism underlying 
TP-induced electrical remodelling in iPSC-aCM (see Supplementary material 
online, Figure S8). Hypophosphorylation of L-type Ca2+ channels has been con
sistently suggested as a potential contributor to ICa,L downregulation by various 
studies in samples from AF patients.5 In order to test whether reduced phos
phorylation of ICa,L channels may also contribute to ICa,L downregulation in 
our model, we investigated the effects of type 1 and type 2A phosphatase inhibi
tor okadaic acid (OA, 1 µmol/L) on ICa,L in iPSC-aCM subjected to 24 h TP. 
Similar to observations in atrial cardiac myocytes from patients with AF, OA in
creased ICa,L amplitude only in iPSC-aCM paced at 3 Hz, not in the 1 Hz paced 
group pointing to an altered phosphorylation-dependent regulation of ICa,L. 
(Figure 3E and F).

Following 24-h optical TP of aEHM, significant shortening of APD50 and 
APD90 was observed, but no TP-dependent effects were detected in RMP, 
AP upstroke velocity and AP amplitude (APA) (Figure 3G and H). This was 
also reflected in electrical pacing of aEHM (see Supplementary material 
online, Figure S9). The extent of electrical remodelling and AP shortening 
in aEHM was not altered by arrhythmogenic pacing, in which an irregular 
frequency is applied deviating with 50% variability from a 3 Hz mean (see 
Supplementary material online, Figure S10). TP-induced remodelling involv
ing reduced ICa,L and a shorter AP was also observed in iPSC-vCM and 
vEHM, respectively, (see Supplementary material online, Figure S11) aligning 
with a previous study.22 This indicates that ICa,L downregulation is a com
mon mechanism to prevent Ca2+ overload in response to tachycardia.

3.3 Response to vagal neurotransmitters is 
impaired in iPSC-aCM and aEHM subjected 
to 24 h TP
APD shortening in response to application of M-receptor agonists such as 
CCh is a classical hallmark of atrial cardiomyocytes (Figure 1B and D). 
Furthermore, it is well known that this response is blunted in atrial cardi
omyocytes from patients with AF.24,25 We, therefore, analysed AP re
sponse of iPSC-aCM subjected to 24-h TP to application of the 
M-receptor agonist CCh. Whereas CCh induced significant AP shortening 
in control iPSC-aCM paced at 1 Hz, this effect was abolished in the TP 

2628                                                                                                                                                                                                   F. Seibertz et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/16/2623/7263227 by D
eutsches Zentrum

 fuer N
eurodegenerative Erkrankungen user on 16 January 2024

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad143#supplementary-data


group (Figure 4A and B). To further unravel the underlying ion-channel 
remodelling, we quantified alterations of inward-rectifier K+ currents in 
response to 24-h TP. In the absence of CCh, inward-rectifier K+ current 
amplitude, which is mainly controlled by IK1 channels, was unaltered in 
response to 24-h TP (Figure 4C and D). In contrast, application of CCh 
resulted in a smaller current increase in the 24-h TP group pointing to 
reduced IK,ACh current amplitude (Figure 4C, E), resembling AF-associated 
remodelling. Importantly, in iPSC-aCM subjected to TP, IK,ACh recovered 
from TP-induced remodelling within additional 24-h normofrequent pacing 
at 1 Hz (see Supplementary material online, Figure S12). AP response to CCh 
was also restored in TP iPSC-aCM following an additional 24 h of 1 Hz pa
cing (see Supplementary material online, Figure S12).

It has been shown that atrial cardiomyocytes from patients with AF de
velop agonist-independent constitutive IK,ACh (IK,ACh,c), which has been 
suggested to contribute to AP shortening in these patients.25,38,39 Since 
IK,ACh channels are not expressed in ventricular myocytes, IK,ACh,c repre
sents a potential atrial- and pathology-specific drug target. To unmask 
IK,ACh,c in iPSC-aCM subjected to TP, we applied the selective IK,ACh block
er tertiapin (TTP) (100 nmol/L). In the absence of M-receptor agonists, 
TTP reduced the basal inward-rectifier K+ current in the TP group, but 
was without effect in control iPSC-aCM subjected to 24-h pacing at 

1 Hz (Figure 4F and G). Both the reduced agonist-dependent IK,ACh and 
the development of agonist-independent constitutive IK,ACh as observed 
in iPSC-aCM subjected to 24-h TP are classical hallmarks of 
AF-associated remodelling. These features were absent in iPSC-aCM sub
jected to TP in low Ca2+ (0.42 mmol/L) conditions, suggesting that 
TP-induced remodelling of IK,ACh in iPSC-aCM is Ca2+ dependent (see 
Supplementary material online, Figure S8).

CCh (10 µmol/L) application to aEHM subjected to 24 h optical normo
frequent pacing at 1 Hz shortened APD and hyperpolarized RMP 
(Figure 4H and I, Supplementary material online, Figure S13). These effects 
are thought to be mainly mediated by activation of IK,ACh as observed in 
myocytes isolated from aEHM (see Supplementary material online, 
Figure S4). In contrast, the response to CCh was completely blunted after 
24-hour TP of aEHM pointing to impaired IK,ACh channel activity (Figure 4E 
and F ).

3.4 Molecular features of aEHM after 24 h TP
In order to investigate the molecular basis of the observed electrophysio
logical phenotype and to determine whether alterations in ion-channel 
expression resemble those observed in patients with persistent AF, we 

Figure 3 Twenty-four hour TP-induced remodelling of cellular electrophysiology in atrial induced pluripotent stem cell-derived cardiomyocytes (iPSC-aCM) 
and atrial engineered human myocardium (aEHM). (A) Representative optical action potentials (AP) elicited at 1 Hz in intact single iPSC-aCM after 24 h elec
trical pacing at 1 Hz (left) or 3 Hz (right). (B) AP duration at 50 and 90% repolarization (APD50, APD90, 1 Hz: n = 23/3, 3 Hz: n = 28/3) (C ), Voltage-clamp 
protocol (0.5 Hz, top) and representative membrane current (IM) trace (bottom) of L-type Ca2+ current (ICa,L) in iPSC-aCM after 24 h electrical pacing at 
1 Hz (left) or 3 Hz (right). (D), Peak ICa,L (left), integrated ICa,L expressed as estimated cytosolic Ca2+ influx (right; 1 Hz: n = 23/4, 3 Hz: n = 28/4). (E), 
Voltage-clamp protocol (0.5 Hz, top) and representative membrane current (IM) trace (bottom) of ICa, L in 24 h 3 Hz paced iPSC-aCM before and after ap
plication of type 1 and type 2A phosphatase inhibitor okadaic acid (OA, 1 µmol/L). (F ), Change in peak ICa,L following OA application (1 Hz: n = 11/1, 3 Hz: n =  
22/1). (G) Representative AP were elicited at 1 Hz in aEHM after 24 h optical pacing at 1 Hz (left) or 3 Hz (right). (H ) APD at 20, 50, and 90% repolarization 
(APD20, APD50 and APD90, left), resting membrane potential (RMP,middle left), upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right; 1 Hz: n =  
49/14, 3 Hz: n = 61/15). Data are mean ± SEM. *P < 0.05, **P < 0.01 vs. 1 Hz using unpaired Student’s t-test or Welch’s t-test (F ). n/N = number of iPSC-CM/ 
differentiation or number of recordings/EHM.
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quantified the expression of corresponding mRNA in aEHM subjected to 
optical TP (Figure 5A). Similar to persistent AF patients,5 expression of 
CACNA1C was unaltered suggesting that reduced ICa,L in aEHM subjected 
to TP is due to additional post-translational mechanisms such as hypopho
sphorylation (Figure 3E and F ). In accordance with unaltered IK1 current in 

iPSC-aCM subjected to TP (Figure 3C and D), TP was without effect on the 
corresponding mRNA (KCNJ2).

In atrial myocytes, the IK,ACh channel is a heterotetrameric complex 
composed of Kir3.1 and Kir3.4 subunits. TP-induced remodelling reduced 
the expression of KCNJ5 mRNA encoding for Kir3.4 but had no effect on 

Figure 4 Twenty-four hour TP-induced remodelling of inward-rectifier K+ currents in atrial induced pluripotent stem cell-derived cardiomyocytes 
(iPSC-aCM) and atrial engineered human myocardium (aEHM). (A), Representative optical action potentials (AP) elicited at 1 Hz in intact single iPSC-aCM 
after 24 h electrical pacing at 1 Hz (left) or 3 Hz (right) before (baseline) and after application of the M-receptor agonist carbachol (CCh, 2 µmol/L). (B), 
Percentage change of AP duration at 90% repolarization (APD90) following CCh application (1 Hz: 26/4, 3 Hz: n = 16/3). (C ), Representative voltage-clamp 
recordings of inward-rectifier K+ current in single iPSC-aCM after 24 h electrical pacing at 1 Hz (left) or 3 Hz (right) before (baseline, IK1) and after CCh ap
plication, revealing the acetylcholine-activated inward-rectifier K+ current (IK,ACh). (D), Peak IK1 measured at −100 mV. E, Peak IK,ACh measured at −100 mV (D, 
E: 1 Hz: n = 22/2, 3 Hz: n = 34/2). (F ), Representative voltage-clamp recordings of basal inward-rectifier K+ current in single iPSC-aCM after 24 h electrical 
pacing at 1 Hz (left) or 3 Hz (right) before (baseline) and after application of selective IK,ACh blocker tertiapin (TTP, 100 nmol/L). (G), Change in basal current 
at −100 mV following TTP application, defined as agonist independent constitutive IK,ACh (IK,ACh,c; 1 Hz: n = 19/2, 3 Hz n = 18/2). (H ), Representative AP eli
cited at 1 Hz in aEHM after 24 h optical pacing at 1 Hz (left) or 3 Hz (right) before and after CCh application (10 µmol/L). (I ), Percentage change of APD90 

following CCh application (1 Hz: n = 8/5, 3 Hz: n = 10/5). Data are mean ± SEM. *P < 0.05, ***P < 0.001 vs. 1 Hz using paired Student’s t-test. n/N = number 
of iPSC-CM/differentiation or number of recordings/EHM.
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KCNJ3 mRNA encoding for Kir3.1. Therefore, similar to observations in pa
tients with persistent AF,34 impaired CCh response in aEHM subjected to 
TP appears to be mainly due to downregulation of the Kir3.4 channel sub
unit with less or absent reduction in Kir3.1 expression, respectively 
(Figure 5B). Expression of M-receptor subtype 2 (M2) and adenosine 
receptor (A1), which mediate activation of IK,ACh in response to CCh 
and adenosine, respectively, was unaltered by TP (Figure 5C). This is in 
accordance with previous publications showing unaltered M2-receptor 
expression in patients with AF,44 suggesting that in both models reduced 
expression of IK,ACh channels together with development of constitutive 
activity are the major contributors to reduced activation of IK,ACh in 
response to CCh.

3.5 Seven-day Continuous TP of iPSC-aCM 
and aEHM reveals RMP hyperpolarization 
and IK1 upregulation
A major characteristic of AF is its chronically progressive nature. Whereas 
AF initially occurs as self-terminating episodes, i.e. paroxysmal AF, later 
stages of AF are characterized by the continuous persistence of the 
arrhythmia. Persistent AF is classified when episodes last longer than 
7 days. The clinical progression of the arrhythmia is associated with pro
gression of electrical remodelling.2

Prolonged optical TP for 7 days resulted in a marked decrease of APD50 

and APD90 in aEHM (Figure 6A and B). In addition, 7-day TP led to hyper
polarization of the RMP and an increase in APA. Both alterations were ab
sent after short-term 24-h TP. Hyperpolarization of the RMP represents 
another hallmark of AF-associated remodelling which is likely due to IK1 up
regulation.24,35 Indeed, basal inward-rectifier current was significantly high
er in iPSC-aCM subjected to 3 Hz TP for 7 days compared to iPSC-aCM 
paced at 1 Hz for 7 days (Figure 6C and D). The hyperpolarized RMP and 

increased IK1 observed after 7-day, but not after 24-h, TP suggest a differ
ent time-course in electrical remodelling in response to TP. Finally, AP re
sponse to CCh was blunted in aEHM after 7-day TP (see Supplementary 
material online, Figure S14).

3.6 Reduced contractility in aEHM after 
continuous 7-day TP
aEHM were maintained inside force sensing culture vessels which were 
optically stimulated for 7 days at 1 Hz or 3 Hz. Force of contraction was 
measured at 1 Hz every 24 h (Figure 7A). Seven-day TP significantly 
reduced the force of contraction in comparison to control tissues 
stimulated at 1 Hz (Figure 7B–G). A clear reduction in force of contrac
tion after only 1 day of TP is consistent with the decreased ICa,L 

observed after only 24-h TP in iPSC-aCM (Figure 3C and D) which could 
potentially influence the contractile properties of the cells. 
Furthermore, the reduction in force of contraction after 7 days of TP 
was reversible after a further 7 days of 1 Hz pacing (see 
Supplementary material online, Figure S15), suggesting that the initial 
contractility reduction during TP is unlikely to be caused by irreversible 
structural alterations such as increased apoptosis or fibrosis.

4. Discussion
In this study, we tested the hypothesis that iPSC-aCM and aEHM undergo 
electrical remodelling under TP, resembling phenotypic changes observed 
in patients with AF. We found that 24-h TP is sufficient to induce AP 
shortening in iPSC-aCM and aEHM, which is likely due to reduced ICa,L 

amplitude. In addition, 24-h TP blunted the response to CCh in both 
iPSC-aCM and aEHM, which is compatible with reduced agonist-dependent 
IK,ACh activation and development of agonist-independent constitutive IK,ACh 

Figure 5 Gene expression of ionic channels and receptors in atrial engineered human myocardium (aEHM) subjected to 24-h optical TP. (A), mRNA levels of 
ion channels CACNA1C (ICa,L, top) and KCNJ2 (IK1, bottom). (B), mRNA levels of IK,ACh ion channel subunits KCNJ3 (top) and KCNJ5 (bottom). (C ), mRNA levels 
of receptors CHRM2 (M2 receptor, top) and ADORA1 (A1 receptor, bottom). All values are plotted as single values against the corresponding action potential 
duration at 90% repolarization (APD90). Data are mean ± SEM. **P < 0.01 vs. 1 Hz using the Mann–Whitney U test.
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activity (IK,ACh,c) in patients with AF. In contrast, 24-h TP was not sufficient 
to induce RMP hyperpolarization, which was observed after 7-day TP only, 
pointing to time-dependent development of specific hallmarks of electrical 
remodelling. Our data clearly demonstrate that several major hallmarks of 
AF-associated remodelling can be reproduced in iPSC-aCM and aEHM by 
electrical and optical TP.

4.1 AF-associated electrical remodelling
It is well known that AF is a progressive disease.1,2 Initially, AF often occurs 
as paroxysmal AF when episodes last less than 7 days and terminate spon
taneously. However, with increasing duration of the rhythm disturbance, 
AF proceeds to become ‘persistent’ when conversion to sinus rhythm 
can only be achieved with pharmacological or electrical interventions, 
and ‘permanent’ when no further attempts to restore sinus rhythm are 
considered clinically useful.45 The progression of AF to more severe stages 
makes treatment of the arrhythmia in particular difficult. For many years 
there has been hope that unravelling the mechanisms underlying AF pro
gression may lead to safer and more effective therapeutic rhythm control 
strategies.1,46

Wijffels et al. first demonstrated in a goat model that experimental
ly maintained AF alters atrial electrophysiology in a way that promotes 
persistence of the arrhythmia, thereby demonstrating that ‘AF begets 
AF’.47 In particular, the authors demonstrated that atrial TP led to 
shortening of the effective refractory period and coined the term 
‘electrical remodelling’ to describe AF-promoting changes caused by 
AF itself.

In patients, decreased ICa,L and increased inward-rectifier K+ current IK1 
are major hallmarks of electrical remodelling that lead to APD shortening 
and hyperpolarization of the RMP, respectively.3–5,35,48,49 In addition, re
duced amplitude of the acetylcholine-activated inward-rectifier K+ current 
IK,ACh and development of its agonist independent constitutive activity re
present well-accepted components of electrical remodelling in patients 
with AF.24,25,33,38

It is believed that the very rapid atrial activity in AF represents a major 
driver for electrical remodelling.21,24,38 In fact, remodelling induced by 
AF is virtually indistinguishable from that produced by electrical 

tachycardia, and electrical TP of animal models has become one of the 
most accepted approaches to study mechanisms underlying 
AF-associated remodelling.6,7 TP-induced remodelling has since been de
monstrated in dogs,38,39,50 sheep,51,52 rabbits,53 goats47 and pigs,54 where 
application of TP between 1 and 2 weeks leads to shortening of both ef
fective refractory period and APD causing increased vulnerability to AF in
duction and increased arrhythmia persistence. Similar to AF patients, atrial 
myocytes isolated from those models show reduced ICa,L, increased IK1 and 
reduced agonist-dependent IK,ACh as classical hallmarks of electrical 
remodelling.

In addition to the reduced activation of IK,ACh by M-receptor ago
nists, increased opening of agonist-independent constitutively active 
IK,ACh channels is a major characteristic of electrical remodelling in 
AF patients and animal models of AF.24,25,33,38,39 IK,ACh,c contributes 
to the basal inward-rectifier K+ current in AF and can be unmasked 
using the selective IK,ACh inhibitor TTP as shown in atrial myocytes 
from AF patients and animal models as well as in the present study 
(Figure 4).55 TTP also terminates AF without affecting ventricular elec
trophysiology, indicating that IK,ACh,c may be a potentially interesting 
anti-arrhythmic target.56 Consistent with previous data,24,38 our 
experiments suggest that development of IK,ACh,c involves Ca2+-dependent 
mechanisms since IK,ACh,c was absent in response to TP in a low Ca2+ pa
cing environment (see Supplementary material online, Figure S8). As shown 
in dog atrial myocytes and patients with AF, the rate-induced Ca2+ over
load is thought to activate calpain that cleaves cell proteins and leads to 
the breakdown of the IK,ACh inhibitory protein kinase C alpha.24,38

Together with increased membrane translocation of the stimulatory pro
tein kinase C epsilon, these mechanisms are likely to contribute to IK,ACh 

remodelling in AF and TP models.38,57

4.2 iPSC-aCM and aEHM as AF models
Over the past few years, we have learnt a great deal about molecular me
chanisms underlying the initiation and maintenance of AF, by studying right 
atrial biopsies from patients undergoing open heart surgery.1,2,58 Studying 
human atrial samples mainly allows for the bare description of the arrhyth
mogenic substrate, whereas interventions that modify development of an 

Figure 6 Prolonged (7-day) TP-induced remodelling of cellular electrophysiology in atrial engineered human myocardium (aEHM) and atrial induced pluri
potent stem cell-derived cardiomyocytes (iPSC-aCM). (A), Representative action potentials (AP) elicited at 1 Hz in aEHM after 7 days of optical pacing at 1 Hz 
(left) or 3 Hz (right). (B), AP duration at 20, 50, and 90% repolarization (APD20, APD50 and APD90, left), resting membrane potential (RMP, middle left), up
stroke velocity (dV/dtmax, middle right), AP amplitude (APA, right; 1 Hz: n = 45/8, 3 Hz: n = 23/9). (C ) Representative voltage-clamp recordings of basal 
inward-rectifier K+ current (IK1) current in iPSC-aCM after 7 day of optical pacing at 1 Hz (left) or 3 Hz (right). (D) Peak IK1 measured at −100 mV (1 Hz: 
n = 49/1, 3 Hz: n = 64/1). Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 1 Hz using paired Student’s t-test. n/N = number of iPSC-CM/differ
entiation or number of recordings/EHM.
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arrhythmogenic substrate can only be investigated to a very limited extent. 
Animal models allow for careful control of potential disease-modifying fac
tors and are therefore useful tools for the exploration of mechanistic hy
potheses.6,7 However, especially with respect to cellular electrophysiology 
and Ca2+ handling, animal models show substantial differences from the hu
man atrium, which may explain why findings obtained in myocytes from 
animal models often cannot be reproduced in human atrial myocytes.8

There is hope that the development of human atrial tissue models based 
on iPSC-aCM represents a valuable tool to bridge the translational gap be
tween basic arrhythmia research and clinical applications. In fact, a recently 
issued statement by the US Food and Drug Administration (FDA) empha
sized that data from in vitro models may be increasingly accepted as pivotal 
evidence to support clinical trial applications.

In an attempt to promote subtype-directed differentiation, retinoic acid has 
been shown to regulate the fate specification of atrial vs. ventricular myocytes 
during cardiac differentiation of human pluripotent stem cells.11,59,60 Shorter 
APD is a consistent observation in atrial vs. ventricular iPSC-CM, which is mir
rored by our findings.11,12,60–62 APD50 of iPSC-aCM are comparable to values 

of APD50 obtained in freshly isolated native human atrial myocytes from pa
tients undergoing open heart surgery.2,3 Furthermore, aEHM generated 
from iPSC-aCM are enriched in atrial-specific markers [NPPA, KCNJ3 and 
GJA5, myosin light chain 2A (MYL7)] whereas ventricular markers [myosin light 
chain 2 V (MYL2) and IRX4) are almost absent (Figure 1).11 mRNA of atrial- 
specific ion channels Kv1.5 (KCNA5) and Kir3.1 (KCNJ3), which meditate the 
ultra-rapid delayed rectifier K+ current IKur and the acetylcholine-activated 
inward-rectifier K+ current IK,ACh, respectively, show higher expression in 
iPSC-aCM than in iPSC-vCM (see Supplementary material online, 
Figure S3).11 In accordance, agonist-dependent IK,ACh currents can be activated 
in atrial but not in ventricular iPSC-CM (Figures 1 and 2, Supplementary 
material online, Figure S6).12,14,63 Here we demonstrate that IK,ACh channel 
properties were comparable to our previously reported IK,ACh properties in 
native human atrial myocytes with respect to agonist-dependent activation 
and desensitization (Figure 1, Supplementary material online, Figure S4). In 
agreement with previous data reporting a reduced expression of Kir2.1 
(KCNJ2) and Cav1.2 (CACNA1C) in atrial samples,13,64 we found smaller IK1 

and ICa,L densities in iPSC-aCM (Figure 1). This was not fully recapitulated on 

Figure 7 Prolonged (7-day) TP-induced contractile dysfunction in atrial human engineered myocardium (aEHM). (A) Representative partial trace of aEHM 
contraction as it is continuously optically stimulated at 3 Hz for 7 days. Contractile measurements were taken every 24 h at a window of 1 Hz pacing, of which a 
representative example is shown. (B) Representative average contractile signals from aEHM during 7 day 1 Hz optical pacing on day 0 and day 7 (left), rep
resentative partial traces of aEHM contraction on day 0 (top right) and day 7 (bottom right) of 1 Hz pacing. (C ) Representative average contractile signals 
from aEHM tissue during 7 day 3 Hz optical pacing on day 0 and day 7 (left), representative partial traces of aEHM contraction on day 0 (top right) and 
day 7 (bottom right) of 3 Hz pacing. (D) Time course of contractile function of aEHM optically paced for 7 d at 1 Hz (n = 3). (E) Change in contractile force 
after 7 day of optical pacing at 1 Hz. Single point data extracted from (D). (F ) Time course of contractile function of aEHM optically paced for 7 day at 3 Hz (n =  
6). (G) Change in contractile force after 7 day of optical pacing at 3 Hz. Single point data extracted from (F ). Data are mean ± SEM. ***P < 0.001 vs. 1 Hz using 
paired Student’s t-test (E, G) or an extra sum of squares F test to compare fitted sigmoidal curves (D, F ). n = number of EHM.
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an mRNA expression level with lower KCNJ2 (P < 0.05), but higher CACNA1C 
(not significant; Supplementary material online, Figure S3).

In order to simulate atrial arrhythmias, multicellular preparations of 
iPSC-aCM have been investigated in 2D culture dishes60 and 3D engi
neered heart tissue constructs.65 Both models have been shown to be sus
ceptible to various forms of re-entry, which could be terminated by 
application of Na + -channel blockers flecainide and vernakalant or electric
al stimulation. Whereas these investigations represent an important 
proof-of-concept, they do not take AF-associated remodelling into 
account. In particular, specific atrial targets such as IKur are downregulated 
in AF35 whereas others develop in a disease specific manner such as IK,ACh,c, 
which is absent in healthy atria.24,25,38 Given that changes in ion channel 
function caused by electrical remodelling and AF persistence represent a 
major challenge in AF therapy development,18,19 electrical remodelling 
needs to be considered when implementing iPSC-aCM-based models of 
AF.

Electrical in vivo TP in animal models of AF can be applied for more than 
4 weeks. However, electrical in vitro TP of atrial myocytes is only feasible for 
about 24 h. This limitation results from adverse Faradic reactions including oxi
dation of electrodes, generation of chlorine and hydroxyl radicals, and forma
tion of hypochlorous acid and chlorate.22,66 To overcome this caveat, 
expression of Channelrhodopsin-2, a light-gated ion channel, using lentiviral- 
mediated transduction has been employed previously to allow long-term 
stimulation of EHM.22,62 However, due to strong desensitization properties 
of Channelrhodopsin-2, this approach does not allow continuous high- 
frequency stimulation since a recovery period of 15 s is required after 15 s 
of 3 Hz burst stimulation to allow channel recovery.22 This intermittent pacing 
may explain why, in a recent study using this approach, only limited remodel
ling was achieved in atrial EHM.62 To circumvent these difficulties and allow for 
long-term high-frequency pacing we used a novel Channelrhodopsin variant 
f-Chrimson with faster on/off kinetics and reduced desensitization proper
ties.26 We generated an iPSC line expressing f-Chrimson using CRISPR/ 
Cas9 genome editing technology to ensure that all atrial cells derived from 
this line express f-Chrimson. In contrast to lentiviral transduction methods, 
which have an efficacy of ∼25% according to previous publications,22,62 this 
approach further reduces the required light intensity to avoid desensitization 
during high pacing frequencies. Using this approach we were able to continu
ously apply 3 Hz pacing for 7 days and successfully induce electrical remodel
ling in aEHM.

Similar to consistent findings in patients with AF and animal models sub
jected to TP, here we show for the first time that 24-h TP is sufficient to induce 
electrical remodelling in iPSC-aCM characterized by APD shortening, down
regulation of ICa,L and impaired activity of IK,ACh. Interestingly, 24-h TP of 
iPSC-vCM and vEHM also induced ICa,L downregulation and AP shortening, 
which is consistent with previous data22 and points to a ubiquitous mechanism 
to avoid cellular Ca2+ overload by limiting Ca2+ influx. Nevertheless, 24-h TP 
was not sufficient to induce upregulation of basal inward-rectifier K+ current 
IK1 and hyperpolarization of the RMP. Similarly, previous findings indicated that 
24-h TP of isolated dog atrial myocytes led to AP shortening, reduced ICa,L 
amplitude and remodelling of IK,ACh but without any effect on RMP, indicating 
unaltered IK1.

21,38,39 In fact, we observed RMP hyperpolarization in aEHM after 
1 week TP, which is likely to be caused by increased IK1, suggesting that longer 
periods of tachycardia are necessary for RMP hyperpolarization. This is con
sistent with our previous findings in atrial myocytes from patients with parox
ysmal AF i.e. AF episodes lasting less than 1 week, showing unaltered 
amplitudes of basal inward-rectifier K+ currents24,33 whereas agonist- 
dependent IK,ACh was already reduced.

We propose that the possibility to directly study electrical remodelling 
in human atrial myocytes will enable more rapid and accurate identification 
of the underlying mechanisms in a human-specific context. In addition, mo
lecular mechanisms of agonist-independent IK,ACh have been investigated in 
great detail,24,34,38 but translation into clinically available treatments have 
so far failed because currently available drug screening assays are based 
on non-cardiac cell lines or animal models.24,25,38 None of them completely 
represents the nature of constitutively active IK,ACh. Furthermore, although 
reduced IK,ACh current has been detected in animal models of AF,38,67

downregulation of underlying Kir3.1 and Kir3.4 channel subunits was 

absent in animal models.39 In contrast, expression of Kir3.4 (KCNJ5), but 
not Kir3.1 (KCNJ3) mRNA was reduced in aEHM subjected to TP, which 
is in accordance with findings in AF patients, where protein expression 
of Kir3.4 is more strongly reduced compared to Kir3.1.34 These data indi
cate that reduced expression of IK,ACh channels represents a human- 
specific mechanism in IK,ACh remodelling. Furthermore, we describe a 
phosphorylation-dependent downregulation of ICa,L (Figure 3) in the ab
sence of decreased CaV1.2 (CACNA1C) expression (Figure 5) which has 
also been shown in patients with persistent AF.5,68 In contrast, animal mod
els of AF-associated remodelling predominantly show a transcriptionally 
mediated reduction of CaV1.2.69–71 This indicates another potential 
human-specific mechanism in response to atrial TP.

Similar to other common cardiovascular diseases, AF is a multifactorial 
disease with both environmental and genetic factors contributing to patho
genesis. In addition to familial AF, with early onset and clear hereditary pat
terns,72 genome-wide association studies (GWAS) have identified a 
plethora of common variants associated with AF.73 Most of those variants 
are located in non-coding regions of the genome with no clear path from 
gene to disease mechanism. Unravelling the underlying mechanisms will 
likely require large-scale functional screening assays that are able to repro
duce major aspects of atrial electrophysiology and are susceptible to 
AF-associated electrical remodelling. In addition, it is assumed that genomic 
variability underlying AF also contributes to the variable responses of pa
tients to antiarrhythmic therapy.74 Therefore, personalized atrial models 
based on iPSC-aCM may be useful for predicting patients’ individual drug 
response. Finally, it is presumable that gene variants associated with AF 
not only increase the susceptibility to AF induction but also facilitate the 
development of electrical remodelling thereby promoting AF maintenance 
in certain patients. Our present findings suggest that iPSC-aCM not only 
represents a valuable tool to study the impact of genetic variants on atrial 
electrophysiology and drug response, but they can also be employed to 
study whether certain variants promote or protect from electrical remod
elling. Therefore, these models represent an important step towards per
sonalized treatment of AF.

4.3 Potential limitations
It is important to be aware that there is no ‘perfect’ model of AF.7 The 
pathophysiology of AF in the individual patient is a complex function of 
underlying diseases, genetic predisposition and environmental factors. In 
fact, electrophysiological phenotypes differ from patients with long-term 
persistent AF,3,24,25 paroxysmal AF,2,33,75 postoperative AF76 or AF in pa
tients with heart failure.77 Therefore, any model of AF only reproduces 
certain aspects of this complex phenotype and models need to be chosen 
based on the research question being asked. Accordingly, it is well known 
that iPSC-aCM represent a rather immature developmental stage. 
Immature subcellular structure, Ca2+-handling properties and the presence 
of depolarizing ion currents resulting in spontaneous activity need to be 
considered when using iPSC-based models.78–80 In addition, although 
expression of Kv1.5 channels is significantly higher in iPSC-aCM compared 
to iPSC-vCM,11 corresponding IKur currents81 are still small compared to 
native human atrial CM.82,83 This may explain why we were not able to de
tect a prolongation of APD20 in response to 3-Hz TP, which is supposed to 
represent an accepted hallmark of AF-associated remodelling caused by 
IKur downregulation.1,2 Nevertheless, human iPSC-CM present a readily 
available human model of cardiomyocytes which can be generated on de
mand in large quantities, making them a promising model to investigate 
electrophysiological abnormalities in patients.11

For technical reasons, high-throughput electrophysiological recordings 
of ICa,L (Figures 1 and 3) and inward-rectifier potassium currents 
(Figure 6) were performed at room temperature only.13 Whereas previ
ously published data render temperature effects on IK1 and IK,ACh unlike
ly,33 ICa,L amplitudes are clearly temperature dependent. However, 
additional experiments performed at 37°C using conventional patch-clamp 
confirmed our findings of clearly smaller ICa,L amplitude after 24 h electrical 
TP at 3 Hz compared to pacing at 1 Hz (see Supplementary material online, 
Figure S7).
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5. Conclusions
In this study, we developed a new AF model based on iPSC-aCM and 
aEHM. We clearly demonstrate that electrical TP of iPSC-aCM and 
aEHM induces electrophysiological remodelling resembling the situation 
in patients with persistent AF. In particular, we observed shorter APD, 
reduced ICa,L and IK,ACh and development of agonist independent 
constitutively active IK,ACh.

We furthermore introduced a new iPSC-line expressing fast 
Channelrhodopsin f-Chrimson. This allowed for novel continuous long- 
term in vitro TP of cardiac tissue in general and of aEHM in particular. 
Thereby we could demonstrate that various hallmarks of electrical remod
elling develop at different time points with APD shortening, abnormal ICa,L 
and IK,ACh activity being early events whereas RMP hyperpolarization could 
only be detected after 1 week.

Taken together, we believe that these models represent an important 
new tool for studying mechanisms underlying AF-associated electrical 
remodelling in humans and for the development of new patient-tailored 
antiarrhythmic therapy.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Atrial fibrillation (AF) begets AF through electrical remodelling. Robust human-centric atrial models of AF-associated remodelling are limited. Through 
tachypacing of atrial subtype-specific induced pluripotent stem cell-derived cardiomyocytes and engineered human myocardium, we provide novel 2D 
and 3D in vitro models that replicate the hallmarks of classical AF-associated electrical remodelling. Optogenetic pacing uniquely enables continuous 
long-term tachypacing to investigate the time dependence of AF evolution, analogous to the clinical progression of paroxysmal to permanent AF. These 
models can be implemented in high-throughput screening platforms to facilitate humancentric, atrial-specific development of antiarrhythmic therapies.
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