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SUMMARY
Retinoic acid (RA) induces an atrial phenotype in human induced pluripotent stem cells (hiPSCs), but expression of atrium-selective

currents such as the ultrarapid (IKur) and acetylcholine-stimulated K+ current is variable and less than in the adult human atrium. We

suspected methodological issues and systematically investigated the concentration dependency of RA. RA treatment increased IKur con-

centration dependently from 1.1 ± 0.54 pA/pF (0 RA) to 3.8 ± 1.1, 5.8 ± 2.5, and 12.2 ± 4.3 at 0.01, 0.1, and 1 mM, respectively. Only 1 mM

RA induced enough IKur to fully reproduce human atrial action potential (AP) shape and a robust shortening of APs upon carbachol. We

found that sterile filtration caused substantial loss of RA. We conclude that 1 mMRA seems to be necessary and sufficient to induce a full

atrial AP shape in hiPSC-CM in EHT format. RA concentrations are prone to methodological issues and may profoundly impact the

success of atrial differentiation.
INTRODUCTION

Human induced pluripotent stem cell-derived cardio-

myocytes (hiPSC-CMs) represent a model to study the

electrophysiological consequences of gene variants and

mutations on a human background. Consequently,

several models have been developed to investigate ven-

tricular arrhythmias. However, atrial fibrillation (AF) is

much more common than ventricular arrhythmias and

cannot yet be studied sufficiently in hiPSC-CM. Atrial-

like hiPSC-CMs (hiPSC-aCM) resembling the electro-

physiological properties of the human atrium could

be used to investigate mechanisms of AF in vitro. In

addition, hiPSC-aCMs could give fundamental insight

into pacing-induced electrical remodeling, a technique

frequently used in animals that lead to the widely

accepted concept of AF-induced remodeling (Wijffels

et al., 1995). Thus, recently developed protocols for the

differentiation of hiPSC-aCM are an important progres-

sion in modeling atrial electrophysiology in a human

setting (Goldfracht et al., 2020; Laksman et al., 2017;

Soepriatna et al., 2021).

Retinoic acid (RA) has been identified as a critical factor

during atrial differentiation of hiPSC (Devalla et al., 2015;

Lee et al., 2017). Inclusion of RA in standard differentiation

protocols induced several electrophysiological parameters

indicating an atrial, rather than ventricular, phenotype of

the resulting hiPSC-aCM. The presence of the G-protein-
2096 Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023 j ª 2023
This is an open access article under the CC BY-NC-ND license (http://creativ
gated K+ channel (IK,ACh) is a hallmark of atrial and absent

in ventricular CMs (Heidbüchel et al., 1987); therefore, re-

searchers have looked for the shortening of the action po-

tential duration at 90% repolarization (APD90) upon activa-

tion of muscarinic receptors, but effect sizes were small and

variable in two studies (Devalla et al., 2015; Lemme et al.,

2018). Large mammals (dog and human) also possess large

transient potassium currents consisting of the transient

outward current (Ito) and the atrial-selective, ultrarapidly

activating potassium current (IKur) (Burashnikov et al.,

2004; Ravens andWettwer, 2011). These currents dominate

the early repolarization phase and lead to the typical spike

and dome shape of the atrial AP. In notable contrast, hiPSC-

aCM resulting from various RA-supplemented differentia-

tion protocols exhibited a rather triangular AP shape

without the prominent spike (Argenziano et al., 2018;

Goldfracht et al., 2020; Gunawan et al., 2021; Honda

et al., 2021; Pei et al., 2017), indicating incomplete atrial

differentiation. In our own hands, the AP shape of engi-

neered heart tissue (EHT) from hiPSC-aCM showed strong

inter-investigator variability, indicating methodological is-

sues during the differentiation process. Given the estab-

lished key role of RA, we set out to prospectively investigate

the concentration-dependent effects of RA on amplitudes

of the atrial selective IKur in hiPSC-aCM. The contribution

of IKur and IK,ACh to repolarization was estimated from AP

recordings, which were measured in intact atrial-like

EHT (aEHT).
The Authors.
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RESULTS

To study the concentration dependency of RA on atrial

specification, we added RA at 0.01, 0.1, or 1 mM after

mesodermal induction of hiPSC for 3 days (Lemme

et al., 2018). Cells cultured in the absence of RA were

used as controls. We followed a standard embryoid

body-based spinner protocol for cardiac differentiation

of hiPSC (Breckwoldt et al., 2017). After EB dissociation,

EHTs were casted and cultured for 4 weeks before they

were used for either AP recordings or patch clamping in

dissociated hiPSC-CM.
Concentration-dependent effects of RA on outward

currents

In human hearts, outward currents are larger in atrial than

in ventricular CMs, partially because of the expression of

the atrial-selective IKur in atria (Amos et al., 1996). To quan-

tify the effects of RA on atrial differentiation, we measured

outward currents in hiPSC-CM differentiated in the pres-

ence of different concentrations of RA and in controls

(differentiated in the absence of RA). We separated IKur
from total outward current by applying a low concentra-

tion of the non-selective potassium channel blocker 4-AP

(50 mM). Experiments were finished by 5mM 4-AP to block

not only IKur but also Ito.

We found Itos in all individual hiPSC-CM (Figures 1A

and 1B). In hiPSC-CM derived from an RA-free differenti-

ation protocol, peak outward currents were not sup-

pressed by 50 mM 4-AP, indicating an absence of IKur.

Even the lowest concentration of RA (0.01 mM) was able

to induce an outward current component sensitive to

50 mM 4-AP: IKur (3.5 ± 1.2; n = 16). Cells treated with

higher RA concentrations showed progressively more

IKur (with 1 mM RA, 12.1 ± 2.5 pA/pF; n = 16), but also

Ito (difference between the current in the presence of

50 mM 4-AP and the current in the presence of 5 mM

4-AP, 33.5 ± 6.5 pA/pF; n = 16) and in a 4-AP-insensitive

outward current component.
Large Itos are needed to recapitulate the high

repolarization fraction and low plateau voltage

typical for human atrium

To investigate whether the RA-induced increase in out-

ward currents is able to reproduce the typical spike and

dome shape of the human atria, we measured AP by

sharp microelectrodes in intact EHT casted from hiPSC-

CM (ERC001) differentiated in the absence and in the

presence of different concentrations of RA. EHTs from

hiPSC-CM differentiated in the presence of RA beat faster

without differences between RA groups (Figure 2B). Take-

off potentials were less negative in EHT cultured with 0.1
and 1 mM RA than in those cultured with 0.01 mM or in

the absence of RA (Figure 2). Effects of RA were more pro-

nounced on APD. Even with a low RA concentration

(0.01 and 0.1 mM), the APD90 was shorter than in the

control group. Similar shortening of the APD at 20%

repolarization (APD20) and APD90 resulted in an un-

changed repolarization fraction (APD90 – APD20/APD90)

in these two groups (Figure 2). In contrast, EHT casted

from hiPSC-CM differentiated in the presence of 1 mM

RA had a drastically shorter APD20 without further short-

ening of the APD90, leading to the typical spike and

dome AP shape of adult human atrium and a lower repo-

larization fraction (Figure 2). Thus, a critical concentra-

tion of RA (1 mM) is necessary and sufficient to induce

a typical human atria-like AP shape in hiPSC-aCM in

the EHT format. The steep concentration dependency

of the RA effect was confirmed in another cell line

(ERC021) (Figure S2; Tables S1–S3).

Large Itos are required to recapitulate IKur block

response pattern as seen in human atrium

In human atrium, blocking the IKur shifts the plateau

voltage to less negative values and leads to a seemingly

paradoxical abbreviation of terminal repolarization, i.e.,

a decrease in APD90, because another important potas-

sium current (IKr) becomes more strongly activated at

the less negative plateau voltage (Wettwer et al., 2004).

To assess how much RA is needed to reproduce this

pattern, we measured the effects of IKur block (50 mM

4-AP) in EHT casted from hiPSC-CM (ERC001) differenti-

ated in the absence or presence of RA (0.01, 0.1, and

1 mM). In controls (0 RA), 50 mM 4-AP did not change

APD (APD20 or APD90) or plateau voltage (Figure 3). In

contrast, 4-AP prolonged APD20 in all three RA groups,

indicating that even low concentrations of RA induce a

relevant contribution of the atrial-selective IKur to

repolarization. Only in EHT casted from hiPSC-CM

differentiated in the presence of 1 mM RA, blocking of

IKur shifted the plateau voltage to less negative values

accompanied by shortening in APD90, i.e., the canonical

pattern of adult human atrium. These results were

confirmed in another cell line (ERC021) (Figure S3;

Table S2).

To investigate whether the shortening of APD90

upon IKur block in EHT (1 mM RA) is mediated by IKr, we

repeated experiments in the presence of the IKr blocker

E-4031 (1 mM). IKr block alone prolonged APD90, but not

APD20. E-4031 did not affect the plateau voltage. As

seen before in the absence of E-4031, IKur block by

50 mM 4-AP shifted the plateau voltage to less negative

values when given on top of E-4031. However, under

this condition, 4-AP no longer a shortened, but a pro-

longed, APD90 (Figure 4).
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Figure 1. Concentration dependency of RA on outward currents in hiPSC-CM
(A) Original current traces recorded in individual hiPSC-CM differentiated in the absence (0 RA) or presence of different concentration of
RA in in the absence (basal) and in the presence of 50 mM 4-AP and 5 mM 4-AP. For 0 RA, the initial part of outward currents is given on an
extended scale. Pulse protocol given as inset.
(B) Summary of the results for peak currents measured in the absence of 4-AP (basal) (B) and in the presence of 50 mM and 5 mM 4-AP,
recorded in hiPSC-CM cultured with different concentrations of RA (concentration given on top). Gray lines indicate individual cells
(number of cells given in brackets, dissociated from three EHTs, generated from three different batches). Open circles indicate mean
values ± SD. *p < 0.05 (repeated measures ANOVA) vs respective basal values. #p < 0.05 (one-way ANOVA of log-transformed data).
Low concentrations of RA are insufficient to produce

relevant APD shortening upon muscarinic receptor

activation

Besides IKur, the physiology of human atria is character-

ized by the expression of large acetylcholine-sensitive in-

ward rectifying ion currents, IKACh. To assess IK,ACh

contribution to the AP shape, we measured AP responses

to 10 mM carbachol (CCh) in EHT (ERC001) from the

three RA groups. We found a slight, but significant,

decrease in the beating rate upon CCh in all three groups

(Figure 5). However, only in EHT of the 1 mM RA group,

CCh significantly decreased APD90 and shifted take-off
2098 Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023
potential (TOP) to more negative values (Figure 5). The

results were confirmed in another cell line (ERC021) (Fig-

ure S4; Table S3).

To investigate whether 1 mM RA has a uniform effect

on the occurrence of IK,ACh in hiPSC-CM (ERC001) differ-

entiated with RA, we measured CCh responses of inward

rectifier currents in single hiPSC-aCM (isolated from EHT

of the 1 mM RA group only). The current density,

measured at �100 mV, before adding CCh was 7.7 ±

0.9 pA/pF (n = 34). We saw a rapid increase in inward

rectifier current upon exposure to CCh (Figure 6). There

was a large scatter in effect size between individual cells,



Figure 2. Concentration dependency of RA on AP in EHT
(Top) Superimposed original traces of AP recorded in EHT (ERC001) based on hiPSC-CMs cultured in the absence (0) or presence of RA
concentrations. Summary of results: Mean values ± SD for beating rate (BR). (Bottom) AP duration (APD20 and APD90) and repolarization
fraction (APD90 – APD50/APD90). *p < 0.05 vs 0 RA (one-way ANOVA of log-transformed data). Number of EHTs resulting from one dif-
ferentiation run is given in brackets. Individual data points represent single AP recording from one individual EHT.
but all cells showed an increase. The mean current den-

sity more than doubled (to 18.9 ± 2.1 pA/pF; p < 0.05,

paired t-test), indicating robust and uniform expression

of IK,Ach in hiPSC-CM when differentiated in the pres-

ence of 1 mM RA.

Loss of RA by sterile filtration

Given the obvious discrepancies between the present re-

sults and our own study using a very similar methodology

(Lemme et al., 2018), we carefully compared experimental

procedures and identified sterile filtration of stock solution

of RA in the prior study to be the only apparent difference.

We suspected sterile filtration may lead to a substantial

loss of RA concentration in stock solutions. We, therefore,

measured the effect of sterile filtration onRA concentration

by three different filters. All three filters adsorbed a signifi-

cant amount of RA (Table S4). When using a PETF filter, RA

recovery was only about 0.1%.

Reproducibility of RA effects on AP shape

We have addressed the issue of reproducibility of RA-treat-

ment on AP shape in a larger number of EHT generated

from three different batches (both RA treated and non-

treated) from three different cell lines (ERC001, ERC018,

and ERC021). RA treatment at 1 mM induced an atrial-like

AP shape (plateau voltage [VPlateau] < 0 mV, APD20 < 15 ms,
and repolarization fraction close to 1) in all three batches

of three cell lines (Figure 7). There was no overlap in the

selected parameters between EHT from hiPSC-CM treated

with or without RA.
DISCUSSION

Our study has three major conclusions.

1. A concentration of 1 mM RA is sufficient and neces-

sary to induce a fully human-like atrial AP phenotype

in hiPSC-CM under our experimental conditions,

i.e., low growth factor combination in the atrial CM

differentiation protocol and EHT (3D).

2. Sterile filtration of RA can lead to a relevant loss of RA

preventing inductionof the adult atrial APphenotype.

3. Sharp microelectrode measurements in intact tissues

(EHT) are critical to reproduce the canonical inter-

play between IKur and IKr as known fromhuman atria.

RA is crucial to induce atrial differentiation in hiPSC-CM,

and several groups have used the shape of AP as proof of

an atrial phenotype in RA-treated hiPSC-CM (Table S5).

While it is clear that all studies show RA-induced effects

on AP parameters toward a human atrial phenotype

when compared with CM from standard differentiation
Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023 2099



Figure 3. Concentration dependency of RA on the AP response to IKur block
(Top) Superimposed original traces of AP before (control) and after exposure to 50 mM 4-AP in EHT based on hiPSC-CM (ERC001) cultured in
the absence (0 RA) or in the presence of RA (concentration given in brackets). (Bottom) Summary of results for the effects of 4-AP on APD20
(left), on VPlateau (middle), and on APD90; (right). Open circles indicate mean values ± SD. Numbers in brackets indicate number of EHTs
resulting from one differentiation run. *p < 0.05 vs 0 RA (one-way ANOVA of log-transformed data). Individual data points represent single
AP recording from one individual EHT.
protocols, the atrial myocyte likeness varies widely. We

discuss some points that could be relevant for the

inconsistencies.

Effects of cell source (hESC vs hiPSC) and culture

conditions (3D vs 2D)

It seems reasonable to suspect an impact of cell source on

the success of RA to induce an atrial AP phenotype. Three

of seven papers that reported in detail the effects of RA

on AP shape have used hESC (Devalla et al., 2015; Laksman

et al., 2017; Zhang et al., 2011); the other four studies used

hiPSC (Cyganek et al., 2018; Goldfracht et al., 2020; Lee

et al., 2017; Lemme et al., 2018). Data on the APD20 are

available from most studies (Table S5). The APD20 was

consistently short in both studies based on hESC (Devalla

et al., 2015; Laksman et al., 2017), but varied widely

when hiPSC were used. The data could indicate that RA ef-

fects are less robust in hiPSC, but the current data in hiPSC

argue against this idea. Alternatively, the biology of indi-

vidual hiPSC lines may vary more than that of hESC lines.

Direct head-to-head comparisons of 2D and 3D culture

conditions are, to the best of our knowledge, limited to

an earlier study by our group, but here the effects of RA

were more pronounced in 3D EHTs than 2D monolayers,

both in terms of atrial gene expression patterns and repo-
2100 Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023
larization fraction (Lemme et al., 2018). In contrast, three

of the four studies on RA-treated hESC-CM/hiPSC-CM

cultured in 2D format reported APD20 values between 13

and 37ms, close to the situation in human atrium (Devalla

et al., 2015; Laksman et al., 2017; Lee et al., 2017), indi-

cating that RA is able to induce a strong, atrial-like early

repolarization in the 2D format as well.

Recording techniques and other methodological

conditions

Wemeasured AP in intact EHTwith sharp microelectrodes,

while AP in hESC-aCM and hiPSC-aCM were mostly as-

sessed by patch clamp recordings in isolated cells. This

methodological difference may be critical. We observed

previously that data scatter of the APD and resting mem-

brane potential wasmuch greater when APs weremeasured

in isolated cells compared with intact tissues (Horváth

et al., 2018). The parameter repolarization fraction loses

its power to discriminate between adult human ventricle

and atrium when APs were measured in individual cells

(Horváth et al., 2018).

Enzymatic isolation of cells may be an important reason

for the observed differences between single cells and intact

tissues. Devalla et al. (2015) reported a short APD20 and a

strong effect of 4-AP at 50 mM (including an upward shift



Figure 4. In aEHT (1 mM RA)m the IKur
block-induced shortening of APD90 de-
pends on IKr
(Top left) Superimposed original traces of
AP in EHT based on hiPSC-CM (ERC001)
treated with 1 mM RA before (basal) (B) and
after exposure to 50 mM 4-AP in the presence
of the IKr blocker E-4031 (1 mM) (right).
Summary of results for the effects of 4-AP in
the absence and presence of E-4031 on
APD90 (top left), on APD20 (bottom left),
and on VPlateau (bottom right). Gray lines
indicate individual EHT. Numbers in
brackets indicate number of EHTs resulting
from one differentiation run. Open circles
indicate mean values ± SD. *p < 0.05 vs
basal or E-4031, respectively (paired t-test).
of VPlateau, like in this study and in the human adult

atrium), but the APD90 was prolonged in the presence of

4-AP instead of the expected shortening. This finding strik-
Figure 5. Concentration dependency of RA on CCh effects on APD
(Top) Superimposed original traces of AP before (basal) (B) and after e
cultured in the presence of 0.01, 0.1, and 1 mM RA. (Bottom) Summa
(middle), and APD90 (right). Gray lines indicate individual EHT. Num
ferentiation run. Open circles indicate mean values ± SD. *p < 0.05 vs b
data point represents single AP recording from one individual EHT.
ingly resembles the situationwe report here obtained in the

presence of E-4031. The IKur block-induced shortening of

APD90 depends on IKr, both in the human adult atrium
90 in EHT
xposure to 10 mM CCh recorded in EHT based on hiPSC-CM (ERC001)
ry of results for the effects of CCh on beating rate (BR) (left), TOP
bers in brackets indicate number of EHTs resulting from one dif-
asal (paired t-test). Number of EHTs is given in brackets. Individual
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Figure 6. Consistent increase of inward rectifier currents upon CCh in hiPSC-CM (1 mM RA)
(Top left) Superimposed original current traces evoked by a slow voltage ramp in a hiPSC-CM cultured (ERC001) in the presence of 1 mM RA
before (basal) and after exposure to 10 mM CCh. Pulse protocol given as inset. (Bottom left) Time course of the current at �100 mV in
response to CCh. (Right) Summary of results for the current at �100 mV. Gray lines indicate individual hiPSC-aCM, open circles indicate
respective mean values ± SD. Numbers in brackets indicate number of cells/number of dissociated EHTs (three different batches). *p < 0.05
vs basal (paired t-test).
(Wettwer et al., 2004) and in hiPSC-aCM (Figure 4). Impor-

tantly, the hERG channel that mediates IKr can be easily de-

stroyed by enzymes frequently used for cell isolation. In

fact, IKr currents disappeared within minutes when cells

were superfused with protease XIV, protease XXIV, protein-

ase K, or trypsin (Rajamani et al., 2006). Devalla et al (2015)

used a commercial kit (TrypLE Select Enzym, catalog no.

12563011, ThermoFisher) that contains a not further

defined protease.

Different effects of IKur block: Measurements in intact

tissues as gold standard

The blocking of IKur results in different effects upon the

respective methodological conditions: in intact atrial tis-

sues, both human right atrial appendages (Wettwer et al.,

2004; Christ et al., 2008; Ford et al., 2013; Loose

et al., 2014; Ford et al., 2016) and atrial EHT (Schulz

et al., 2023; and this study), the blocking of IKur resulted

in APD90 shortening when sharp microelectrodes were

used for the AP recordings. In contrast, APs recorded by

patch clamp in both isolated human adult atrial CMs (La-

grutta et al., 2006; Verkerk et al., 2021) and isolated atrial

hiPSC-CMs (Hilderink et al., 2020) were prolonged upon

IKur blocking. The enzymatic dissociation could be a

possible explanation for the observed difference. There-

fore, it seems justified to speculate that enzymatic dissocia-
2102 Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023
tion of both adult human atrial CMs and atrial hiPSC-CMs

may have abolished the IKr-mediated APD90 shortening

and changed the response pattern to IKur block. Further-

more, the respective recording technique (patch clamp vs

sharp microelectrode) could be another explanation for

the APD90 prolongation instead of shortening upon IKur
block. Since AP measurements by sharp microelectrodes

in intact tissues remain the gold standard and are still

important in safety pharmacology, we favor this recording

technique for the validation of a full atrial electrophysio-

logical phenotype induced by RA during atrial hiPSC-CM

differentiation.

Loss of RA by sterile filtration

We saw a substantial loss of RA by sterile filtration. The

effects are so large that we would no longer expect full

effects of RA on differentiation. We do not know whether

loss of RA by sterile filtration contributed to the variability

between different studies, because no information is pro-

vided in the respective papers, but we consider it a possibil-

ity. In our own previous study, we felt safe to filter the

RA solution because the manufacturers states in its

official product information that ‘‘Mahady and Beecher

report sterile filtering RA solutions before addition to

suspension cells’’ (Sigma, 1996). However, RA recovery af-

ter sterile filtration was not reported in the cited paper



Figure 7. Reproducibility of RA-effects
on AP shape
(Top) Original recordings of AP recorded in
EHT based on hiPSC-CM differentiated with
0 and 1 mM RA from three different cell lines
(ERC001, ERC018, and ERC021).
(Bottom) Individual data points and mean
values ± SD for AP duration at APD20,
VPlateau, and repolarization fraction (APD90 –
APD20/APD90) measured in EHT from three
different batches of RA-treated (1 mM RA) vs
untreated hiPSC-CM (0 RA) from three
different cell lines. Individual data point
represents single AP recording from one in-
dividual EHT. *p < 0.05 for nested ANOVA vs
0 RA of the same cell line. #No significant
difference between single batches (ANOVA,
every batch against another). n/N indicate
number of EHTs/number of different
batches.
(Mahady and Beecher, 1996). Also, no details on the filter

material were given in that study. At least contemporarily

used sterile filters absorb large amounts of RA. Thus, it

seemswise to determine RA recovery or to refrain from ster-

ile filtration of RA-containing solutions.

Limitations of the study

We cannot exclude the possibility that changes in currents

other than IKur or IK,ACh, e.g., other outward currents, may

have contributed to the effects of RA on repolarization. We

did notmeasure the effects of RA treatment on gene expres-

sion.We were not able to measure APD at 1 Hz; even under

ivabradine,we could not slowdown substantially the spon-

taneously beating rate in all three RA-treated cell lines. Loss
of rate adaptation of APD is a key finding in persistent AF.

More important, the APD90 in human persistent AF is

only shorter when measured at low rates (approximately

1 Hz). Thus, the inability to record APD at 1 Hz in hiPSC-

aCM is a substantial limitation when this model is used

to characterize remodeling (Lemoine et al., 2018).
EXPERIMENTAL PROCEDURES

Resource availability
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author, Thomas Eschenhagen (t.eschenhagen@uke.de).
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Materials availability

This study did not generate new unique reagents. All stable re-

agents generated in this study are available from the lead contact

with a completed Materials Transfer Agreement.

Data and code availability

No standardized datasets or codes were generated in this study.

Atrial differentiation of hiPSC and generation of atrial

EHT
For all experiments, three healthy in house control cell lines

(ERC001, ERC018, and ERC021) were used (EBiSC: UKEi001-A

[https://hpscreg.eu/cell-line/UKEi001-A], EBiSC: UKEi018-A [https://

hpscreg.eu/cell-line/UKEi018-A], and UKEi021-A [https://hpscreg.eu/

cell-line/UKEi021-A]). All experimental methods for these procedures

were approved by the Ethical Committee of the University Medical

Center Hamburg-Eppendorf (Az. PV4798, 28.10.2014). All patients

gave written informed consent. Protocols for hiPSC expansion, atrial

CMdifferentiation, andEHTgeneration for bothhiPSC lineswereper-

formed as previously described (Breckwoldt et al., 2017). IPS cell lines

were derived from dermal fibroblasts fromhealthy probands. In brief,

embryoid bodies (EBs) were generated from expanded hiPSCs using

spinner flasks and stirred suspension.Mesodermal inductionwas per-

formed by a growth factor cocktail. While the basic fibroblast growth

factor concentration was the same in all groups (5 ng/mL), BMP-4

and activinA concentrationswere slightly lower in theRA-based atrial

differentiationprotocolwhencomparedwithour standardventricular

differentiationprotocolwithoutRA(Breckwoldt et al., 2017) (2 instead

of 3 ng/mL BMP-4 and 5 instead of 10 ng/mL activin A, respectively).

Growth factors were given for 3 days. For the induction of atrial CM

differentiation, RA (0.01, 0.1, or 1 mM) was added for the first 72 h of

WNT signaling inhibition, as recently described (Lemme et al.,

2018). RA (Sigma Aldrich R2625) was dissolved in DMSO (stock con-

centration 100 mM) and used without sterile filtration. The differenti-

ation run for all hiPSC treated with different RA-concentrations and

for the respective control (0 RA) were prospectively performed in par-

allel. In one cell line (ERC021), we tried 10 mMRAduringmesodermal

induction, but those hiPSC-CM did not start beating.

After successful differentiation, dissociation of EBs was per-

formed with collagenase II (200 U/L, Worthington, LS004176 in

Hank’s balanced salt solution minus Ca2+/Mg2+, Gibco, 14175-

053 3.5 h, normoxia, 37�C) (Breckwoldt et al., 2017). EBs were

incubated with collagenase for 3.5 h (37�C, normoxia) and were

dispersed to isolated atrial CMs (hiPSC-aCM).

aEHT was generated from 1 million hiPSC-aCMs per construct.

The fibrin gel matrix was made by mixing hiPSC-aCM, fibrinogen

(Sigma F4753) and thrombin (100 U/L, Sigma Aldrich T7513),

which were poured into agarose (1%) casting molds with silicone

posts inserted from above (Breckwoldt et al., 2017; Hansen et al.,

2010; Lemme et al., 2018).

AP measurement
AP measurements were performed with standard sharp microelec-

trodes as described previously (Lemoine et al., 2018; Wettwer et al.,

2013). All measurements were done in aEHTs, which were continu-

ously superfused with Tyrode’s solution (NaCl 127 mM, KCl

5.4 mM, MgCl2 1.05 mM, CaCl2 1.8 mM, glucose 10 mM, NaHCO3

22 mM, NaHPO4 0.42 mM, and balanced with O2-CO2 [95:5] at
2104 Stem Cell Reports j Vol. 18 j 2096–2107 j November 14, 2023
36�C, pH 7.4). The sharp microelectrode consisted of filamented

borosilicate glass capillaries with an external diameter of 1.5 mm

and internal diameter of 0.87 mm (HILG1103227; Hilgenberg). The

DPZ-Universal puller (Zeitz Instruments) was used to fabricatemicro-

electrodes that had a resistance between 25 and 55 MU when filled

with 2M KCl. The pipettes were controlled by a hydraulic microma-

nipulator (Narishige MO-203), ensuring a delicate contact with the

tissue. The aEHTswere transferred from the 24-well EHTculture plate

into theAPmeasuringchamberbycutting the siliconeposts andwere

fixedwithneedles inanoptimalpositionforAPrecording.Thesignals

were amplified by a BA-1s npi amplifier (npi electronic GmbH). APs

were recorded and analyzed using the Lab-Chart software (version

5, AD Instruments Pty Ltd.). Definition of VPlateau (Ford et al., 2013)

was slightly modified as the voltage at in the range of ±5 ms time at

approximately 30% of the APD90. The TOP was defined as the dia-

stolic membrane potential directly before the upstroke.
Current measurements
Ion currents weremeasured at 37�Cusing thewhole-cell configura-

tion of the patch-clamp technique by an Axopatch 200B amplifier

(Axon Instruments). The ISO2 software was used for data acquisi-

tion and analysis (MFK). Heat-polished pipettes were pulled from

borosilicate filamented glass (Hilgenberg). Tip resistances were

2.5–5MU, seal resistances were 3–6GU. Cell capacitance was calcu-

lated from steady-state current during depolarizing ramp pulses (1

V/1 s) from�40 to�35mV.Human iPSC-CMsused forpatch clamp

measurementswere dissociated fromEHTs by collagenase II (200U/

mL; Worthington Biochemical) for 5 h at 37�C, 21% oxygen, and

5% CO2. Isolated cells were plated on gelatine-coated (0.1%) glass

coverslips (12mmdiameter; Carl RothGmbH+Co) andkept in cul-

ture for 24–48 h to maintain adherence under superfusion in the

recording chamber during patch clamp measurements. The cells

were investigated in a small perfusion chamber placed on the stage

of an inverse microscope. Inward rectifier currents were measured

with the following bath solution: NaCl 120 mM, KCl 20 mM,

HEPES 10 mM, CaCl2 2 mM, MgCl2 1 mM, and glucose 10 mM

(pH 7.4, adjusted with NaOH). Contaminating Ca2+ currents were

suppressedwith the selective L-type calciumchannel blocker nifed-

ipine (10 mM). The internal solution included DL-aspartate potas-

sium salt 80 mM, KCl 40 mM, NaCl 8 mM, HEPES 10 mM, Mg-

ATP 5 mM, Tris-GTP 0. mM 1, EGTA 5 mM, and CaCl2 2 mM, pH

7.4, adjusted with KOH. Inward current amplitudes were deter-

mined as currents at �100mV (Horváth et al., 2018). A single con-

centration (2 mM) of themuscarinic receptor agonist CChwas used

to evoke IK,ACh. Itos weremeasured in a slightlymodified bath solu-

tion (KCl 5.4 mM instead of 20 mM). Currents were elicited by

500-ms-long test pulses to +50mVapplied every 5 s from a holding

potential of�60mV (Christ et al., 2008). Cells were exposed to two

concentrations of 4-AP (50 mM and 5 mM).
Sterile filtration and mass spectrometry
We prepared RA stock solutions (100 mM) in DMSO. One milliliter

of this solution was filtered through three different sterile

filters: Filtropur S (pore size 0.2 mm, polyethersulfon; Saarstedt),

Millex-GP (pore size 0.22 mM, polyethersulfon; Merck Millipore

Ltd.)m and Whatman REZIST (pore size 0.2 mm, polytetrafluor-

ethen; Cytiva). An unfiltrated solution was used as control.

https://hpscreg.eu/cell-line/UKEi001-A
https://hpscreg.eu/cell-line/UKEi018-A
https://hpscreg.eu/cell-line/UKEi018-A
https://hpscreg.eu/cell-line/UKEi021-A
https://hpscreg.eu/cell-line/UKEi021-A


RAwas quantified by liquid chromatography-tandemmass spec-

trometry (LC-MS/MS) as described previously (Morgenstern et al.,

2021). Stock solutions of RA and internal standard, i.e., all-trans

RA-d5 (Cayman Chemical), were made up in DMSO (1 mg/mL).

Calibration curves ranged from 10 to 1,000 ng/mL, five levels.

We added 20 mL calibrator or sample to 1.5-mL Eppendorf tubes

and 20 mL all-trans RA-d5 at 1,000 ng/mL were added to each

tube and vortexed briefly. We added 200 mL acetonitrile to each

tube and vortexed for 1 min prior to centrifugation for 10 min at

13,000 rpm. We transferred 100 mL supernatant to an MS 96-well

plate with 20 mL water and capped it. LC was performed applying

a gradient of 0.8 mL/min 25/75%, v/v %, A (0.1% formic acid) and

B (acetonitrile/methanol, 50/50), to 2/98% over 2:50 min:sec on a

Luna 5-mm C18 50 3 2.0-mm 100 A column (Phenomenex). For

MS/MS analyses in the positive electrospray ionization mode on

a Varian 1200 TSQ (Agilent Technologies), the transitions m/z

301.2 > 123.0 @18 eV and m/z 306.2 > 127.0 @18 eV were moni-

tored for RA and internal standard; concentrations were calculated

by peak area ratio determination of calibrators and samples.
Statistics
Statistical analyses were performed by using GraphPad Prism soft-

ware version 7 (GraphPad Software). Data are presented as mean ±

SD. Log transformation was used to allow application of para-

metric testing of data (Ismaili et al., 2020). Statistical significance

was considered for differences with a p value of less than 0.05.
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Horváth, A., Lemoine, M.D., Löser, A., Mannhardt, I., Flenner, F.,

Uzun, A.U., Neuber, C., Breckwoldt, K., Hansen, A., Girdauskas,

E., et al. (2018). Low Resting Membrane Potential and Low Inward

Rectifier Potassium Currents Are Not Inherent Features of hiPSC-

Derived Cardiomyocytes. Stem Cell Rep. 10, 822–833. https://

doi.org/10.1016/j.stemcr.2018.01.012.

Ismaili, D., Geelhoed, B., and Christ, T. (2020). Ca2+ currents in

cardiomyocytes: How to improve interpretation of patch clamp

data? Prog. Biophys. Mol. Biol. 157, 33–39. https://doi.org/10.

1016/j.pbiomolbio.2020.05.003.

Lagrutta, A., Wang, J., Fermini, B., and Salata, J.J. (2006). Novel,

potent inhibitors of human Kv1.5 K+ channels and ultrarapidly

activating delayed rectifier potassium current. J. Pharmacol. Exp.

Ther. 317, 1054–1063. https://doi.org/10.1124/jpet.106.101162.

Laksman, Z.,Wauchop,M., Lin, E., Protze, S., Lee, J., Yang,W., Izad-

doustdar, F., Shafaattalab, S., Gepstein, L., Tibbits, G.F., et al.

(2017). Modeling Atrial Fibrillation using Human Embryonic

Stem Cell-Derived Atrial Tissue. Sci. Rep. 7, 5268. https://doi.org/

10.1038/s41598-017-05652-y.

Lee, J.H., Protze, S.I., Laksman, Z., Backx, P.H., and Keller, G.M.

(2017). Human Pluripotent StemCell-Derived Atrial and Ventricu-

lar Cardiomyocytes Develop fromDistinctMesodermPopulations.

Cell Stem Cell 21, 179–194.e4. https://doi.org/10.1016/j.stem.

2017.07.003.

Lemme, M., Ulmer, B.M., Lemoine, M.D., Zech, A.T.L., Flenner, F.,

Ravens, U., Reichenspurner, H., Rol-Garcia, M., Smith, G., Hansen,

A., et al. (2018). Atrial-like Engineered Heart Tissue: An In Vitro

Model of the Human Atrium. Stem Cell Rep. 11, 1378–1390.

https://doi.org/10.1016/j.stemcr.2018.10.008.

Lemoine, M.D., Krause, T., Koivumäki, J.T., Prondzynski, M.,
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