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SUMMARY
Human induced pluripotent stem cell (hiPSC) cardiomyocytes (CMs) show less negative resting membrane potential (RMP), which is

attributed to small inward rectifier currents (IK1). Here, IK1 was measured in hiPSC-CMs (proprietary and commercial cell line) cultured

as monolayer (ML) or 3D engineered heart tissue (EHT) and, for direct comparison, in CMs from human right atrial (RA) and left ventric-

ular (LV) tissue. RMP was measured in isolated cells and intact tissues. IK1 density in ML- and EHT-CMs from the proprietary line was

similar to LV and RA, respectively. IK1 density in EHT-CMs from the commercial line was 2-fold smaller than in the proprietary line.

RMP in EHT of both lines was similar to RA and LV. Repolarization fraction and IK,ACh response discriminated best between RA and LV

and indicated predominantly ventricular phenotype in hiPSC-CMs/EHT. The data indicate that IK1 is not necessarily low in hiPSC-

CMs, and technical issues may underlie low RMP in hiPSC-CMs.
INTRODUCTION

Human induced pluripotent stem cell-derived cardiomyo-

cytes (hiPSC-CMs) are promising tools for cardiac repair

(Weinberger et al., 2016), disease modeling (Burridge

et al., 2011; Itzhaki et al., 2011; Liang et al., 2013, 2016;

Moretti et al., 2010; Yazawa et al., 2011; Zhang et al.,

2014), and cardiovascular drug testing (Eder et al., 2014;

Kijlstra et al., 2015; Liang et al., 2013; Lu et al., 2015; Ma

et al., 2011;Maddah et al., 2015). However, there is concern

that hiPSC-CMs differ in their electrophysiological proper-

ties from human adult CMs. Studies with patch-clamp

electrodes consistently reported low resting membrane

potentials (RMPs) in hiPSC-CMs comparedwith adult atrial

or ventricular myocardium (Chen et al., 2017; Davis et al.,

2012; Doss et al., 2012; Herron et al., 2016; Karakikes et al.,

2015; Liang et al., 2013, 2016; Ma et al., 2011; Vaidyana-

than et al., 2016). This is an alarming finding since correct

RMP is mandatory for excitability and refractoriness. One

of the possible explanations for a slightly negative RMP

reported in hiPSC-CMs is related to the inward rectifier K+

current (IK1). This current maintains the stable RMP in

adult CMs (Hibino et al., 2010). In line with this assump-

tion, current density of IK1 were reported to be low, or

almost absent, in hiPSC-CM cell lines (Doss et al., 2012;

Herron et al., 2016; Ma et al., 2011). Consequently, sophis-
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ticated electronic approaches based on dynamic patch

clamping or overexpression of channel subunits of IK1
were proposed to compensate low current density in

hiPSC-CMs (Meijer van Putten et al., 2015; Vaidyanathan

et al., 2016). On the other hand, capacitance of hiPSC-

CMs is smaller compared with adult CMs, and patch-

clamp-based determination of the membrane potential in

small cells has been associated with methodological prob-

lems (Amos et al., 1996;Wilson et al., 2011). These findings

raise the hypothesis that part of the reported differences

between hiPSC-CM and adult human heart electrophysi-

ology are in fact methodically in nature.
RESULTS

hiPSC-CMs Show Robust Inward Rectifier Potassium

Currents

To detect inward rectifier currents, a classical ramp protocol

was applied (Figure 1B, inset). High extracellular potassium

concentration (20mM) was used to evoke large inward cur-

rents even at moderately negative test pulse potentials, but

also to facilitate larger outward currents (Figures 1A and 1B)

(Anumonwo and Lopatin, 2010). It is also reported that

applying higher external K+ concentration can reduce

leakage and improve the stability of the measurements
thor(s).
ns.org/licenses/by/4.0/).
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Figure 1. Cell Size and Inward Rectifier
Potassium Current in hiPSC-CMs from
ML, EHT, RA, and LV
(A and B) Original traces of inward rectifier
currents (IK1) and time courses of current
at �100 mV in hiPSC-CMs obtained from ML
and EHT exposed to 1 mM Ba2+. Outward
component of IK1 and voltage protocol is
given as inset in (B).
(C) Ba2+-sensitive IK1 current amplitudes
measured at �100 mV plotted against cell
capacitance; dotted lines indicate linear
regression fit (R2 values were 0.1 for ML,
0.28 for EHT, 0.04 for iCell-EHT, 0.15 for RA,
and 0.007 for LV). The upper scale shows
data points with lower current amplitude.
(D) Individual data points and respective
mean values ± SEM for Ba2+-sensitive IK1
current densities measured at �100 mV in
hiPSC-CMs from ML, EHT, and in CMs from RA
and LV. The upper scale shows data points
with lower current density. **p < 0.01,
***p < 0.001 (one-way ANOVA followed by
Bonferroni test). n/n, number of experi-
ments/number of isolations in hiPSC-CMs
and number of experiments/number of pa-
tients in RA and LV.
(Wilson et al., 2011). We found clear evidence for inwardly

rectifying currents not only in every adult CM (left ventric-

ular [LV] and right atrial [RA]), but also in every hiPSC-CM

from both monlayer (ML) and engineered heart tissue

(EHT) (Figure 1C). There was a large variability in current

size, with some currents close to zero, not only in ML and

EHT, but also in RA (Figure 1C). However, we found in every

cell fromRA, LV,ML, and EHTan instantaneous block of in-

ward current in response to Ba2+ (1 mM). To investigate

whether larger cells show a more mature phenotype with

larger IK1, we plotted individual inward current amplitudes

versus cell size (Figure 1C). As shown before (Liang et al.,

2013; Uzun et al., 2016), hiPSC-CMs, isolated from ML or

EHT, were smaller than RA and LV CMs (30.8 ± 1.5 pF,

n = 167 in ML, 47.0 ± 1.7 pF, n = 260 in EHT, 73.6 ±

4.0 pF, n = 55 in RA, 88.8 ± 13.2 pF, n = 15 in LV). However,

there was only a weak positive association between current

amplitude and cell membrane capacitance. The steepness

of the regression lines were low in all groups, and did not

differ between hiPSC-CMs and human adult CMs (Fig-

ure 1C, p = 0.6, one-way ANOVA). Statistical significance

for slope different from zero was only determined in ML,

EHT, and RA (R2 values were 0.09 for ML, 0.28 for EHT,

and 0.14 for RA). This argues against the assumption that

smaller hiPSC-CMs represent a more immature phenotype

with smaller IK1 current amplitude. To facilitate compari-

sonwith other publications, we present current amplitudes
normalized to cell size. Current densities in ML were not

significantly smaller than in LV (Figure 1D; Table S1). Cur-

rent density of IK1 in EHT was smaller than in ML and LV,

but still reached the values of RA (Figure 1D; Table S1).

Thus, IK1 current densities in hiPSC-CMs were not lower

than in human adult CMs, when identical patch-clamp

protocols were applied.

IK1 in hiPSC-CMs Is Conducted by Highly Ba2+-

Sensitive Kir Channels

The IK1 conducting channel exists as tetramer, assembled

from different a subunits (Kir2.1–2.4; for review see Hibino

et al., 2010). Different channel-forming subunits of IK1
show different sensitivity to Ba2+ (Liu et al., 2001; Schram

et al., 2003). Heart muscle expresses Kir2.1, 2.2, and 2.3,

which show high sensitivity to Ba2+ (in the low mM range)

(Schram et al., 2003). Kir2.4 exhibits lower Ba2+ sensitivity

and is expressed in neuronal tissue only (Liu et al., 2001).

To elucidate whether IK1 in hiPSC-CMs is conducted by

the cardiac subunits, we measured concentration-response

curves for Ba2+ block on the inward IK1 current (Figure 2A).

We observed a monophasic concentration-response curve,

arguing against the contribution of Kir2.4 (Figure 2B). IK1 in

hiPSC-CMs from both culture conditions showed higher

Ba2+ sensitivity than in RA: the logIC50 values for Ba2+

were �6.09 (95% confidence interval [CI]: �6.27

to �5.91) in ML, versus �6.15 (CI: �6.32 to �5.99) in
Stem Cell Reports j Vol. 10 j 822–833 j March 13, 2018 823
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Figure 2. Ba2+ Sensitivity and Outward
Component of IK1 in hiPSC-CMs and
Human Adult CMs
(A) Time course of inward currents measured
at�100 mV in a hiPSC-CMs from ML exposed
to increasing concentrations of Ba2+.
(B) Concentration-response curves for Ba2+

on inward current at �100 mV in hiPSC-CMs
from ML, EHT, and in CMs from RA. Mean
values ± SEM.
(C) Ba2+-sensitive current trace from hiPSC-
CMs from ML. Outward component of current
given on an extended scale at the bottom.
(D) Mean values ± SEM of maximum outward
peak currents in hiPSC-CMs from ML, EHT,
and in CMs from RA and LV. *p < 0.05 (one-
way ANOVA followed by Bonferroni test)
n/n = number of experiment/number of
isolations in hiPSC-CMs and number of
experiment/number of patients in RA andLV.
EHT, versus�5.66 in RA (CI: –5.92 to�5.41, p < 0.01, F test

for ML versus RA and for EHT versus RA; Figure 2B). The

qRT-PCR data confirmed that the cardiac isoforms of the

Kir channels (2.1–2.3) are expressed in hiPSC-CMs (Figures

S1A–S1C), while Kir2.4 is not (Figure S1D).

IK1 in hiPSC-CMs Shows Small Outward Contribution

In cardiac myocytes, the outward component of IK1
contributes to the late phase of the repolarization. There

is no simple relationship between the size of inward and

outward currents: the relative outward contribution of

IK1 is larger in ventricular than in atrial CMs from human

hearts (Amos et al., 1996; Koumi et al., 1995; Varró et al.,

1993;Wang et al., 1998). The outward component of IK1 is

generally larger in rabbit and canine than in human(Amos

et al., 1996; Jost et al., 2013; Koumi et al., 1995; Major

et al., 2016; Varró et al., 1993; Wang et al., 1998). Overall,

contribution of IK1 to overall repolarization in human

heart is small and restricted to the late phase of action

potential (AP) (Jost et al., 2013). Therefore, we measured

the maximum outward current density of IK1 during

ramp pulses (Figure 2C). As shown before, in human

CMs, outward currents conducted via IK1 were small

compared with inward currents and smaller in human

atrial than in ventricular CMs (0.7 ± 0.25 pA/pF versus

1.7 ± 0.6 pA/pF, n = 16 and 13; Figure 2D). Outward cur-

rents in hiPSC-CMs were as small as in RA (1.1 ±

0.2 pA/pF, n = 67 inML, 0.8 ± 0.2 pA/pF, n = 56 in EHT; Fig-

ure 2D). Thus, hiPSC-CMs from bothML and EHT showed

small outward contribution of IK1 as known for human

adult CMs. The small contribution of IK1 to repolarization
824 Stem Cell Reports j Vol. 10 j 822–833 j March 13, 2018
may favor stronger action potential duration (APD) pro-

longation upon block of IKr (Jost et al., 2013). Therefore,

prediction of QT prolongation in human by hERG

blockers could be more meaningful, when hiPSC-CMs

are used instead of canine or rabbit. Further studies are

needed to investigate whether hiPSC-CMs quantitatively

reflect the repolarization reserve in human heart.

hiPSC-CMs Do Not Express Acetylcholine-Activated

Potassium Currents

The existence of acetylcholine-activated potassium cur-

rents (IK,ACh) is a hallmark of atrial tissue (Dobrzynski

et al., 2001). To assess the specification of hiPSC-CMs, we

applied the muscarinic (M2) receptor agonist carbachol

([CCh], 2 mM; Figure 3A). In RA CMs, CCh activated a large

inward current (Figure 3C), which was absent in all hiPSC-

CMs (ML and EHT; Figures 3A and 3C). On the transcript

level, we found large expression of Kir3.1 in RA, but not

in LV, ML, or EHT (Figure S1). Interestingly, Kir3.4 was ex-

pressed in hiPSC-CMs under both culture conditions at

least as high as in RA (Figure S1). The latter finding implies

that expression of Kir3.4 in hiPSC-CMs alone is not suffi-

cient to generate IK,ACh (Krapivinsky et al., 1995). The

lack of IK,ACh indicates that hiPSC-CMs did not exhibit an

atrial phenotype.

RMP and AP Measurements in Single Cells and Intact

Tissues

To decide whether the relatively normal IK1 densities

observed in hiPSC-CMs result in physiological RMP, we

measured action potential in isolated CMs by patch-clamp



D

ML

B

C

EHT

RA

-100 -80 -60 -40 -20 20 40

2 
nA

Vm (mV)

Basal

CCh

Ba2+

0A -100 -80 -60 -40 -20 20 40
Vm (mV)

0

Ba2+

Basal
CCh20

0 
pA

60 sec CCh Ba2+

1 
nA

0

-100 -80 -60 -40 -20 20 40
Vm (mV)

1 
nA

0

Ba2+

Basal CCh

60 sec CCh Ba2+

0

2 
nA

30
0 

pA
60 sec

Ba2+
CCh

0

ML EHT RA

0

10

20

30

40

50

n=27/6n=55/10 n=55/11

***
***

I m
@

 –
10

0 
m

V 
(p

A
/p

F)

EHTML

RA

Figure 3. Lack of Carbachol Effect on
Inward Rectifiers in hiPSC-CMs
(A and B) Original traces of inward rectifier
currents and time courses of current
at �100 mV in hiPSC-CMs obtained from ML
and EHT exposed to carbachol ([CCh], 2 mM).
(C) Effect of CCh (2 mM) on IK,ACh in CMs
from RA.
(D) CCh effects expressed as absolute
current change in response to CCh (2 mM) in
ML, EHT, and in CMs from RA. Individual
data points and mean values ± SEM. LV
***p < 0.001 (one-way ANOVA followed by
Bonferroni test). n/n = number of experi-
ment/number of isolations in hiPSC-CMs
and number of experiment/number of pa-
tients in RA.
technique (Figure 4, left column). RMP measured by patch

electrodes in hiPSC-CMs was low (�39.3 ± 6.1 mV, n = 12).

Application of holding currents was necessary to elicit

stable AP in most of the hiPSC-CMs (40 out of 41 in

EHT). The amount of holding current was in the range of

0.2 nA. AP could be elicited from a relatively low RMP in

EHT (�59.7 ± 1.2 mV, n = 41). In contrast, AP could be re-

corded in human adult CMs from RA and LV without any

holding current, and, in both, RMP was significantly

more negative than in EHT. Respective RMP amounted

to �74.4 ± 0.5 mV in RA (n = 49) and to �75.9 ± 1.1 mV

in LV (n = 10, Figure S2B, upper panel; Table S3).

The sharp microelectrode technique represents the gold

standard to measure AP in multicellular preparations. To

determine whether the apparent discrepancy between IK1
density and RMP in hiPSC-CMs could be related to meth-

odological issues, we compared data from EHTwith a larger

number of recordings measured in intact RA and LV prepa-

rations (Figures 4, right column, 5C, and 5D). The majority

of data was collected over many years at the Department of

Pharmacology and Toxicology at the Medical Faculty of

Dresden University of Technology. All EHTs were beating

spontaneously, slightly slower than 60 bpm, which

allowed us to record stimulated AP at 1 Hz. RMP in sharp

microelectrode recordings was slightly, but significantly

less negative in RA than in LV (�73.3 ± 0.3 mV, n = 220

versus �75.9 ± 0.7 mV, n = 57; p < 0.001, Figure S2B, lower

panel; Table S3). RMP in intact EHT was in between

(�74.6 ± 1.2 mV, n = 24) not significantly different from

RA and LV (Figure S2B, lower panel; Table S3). At this point,
it should be emphasized that IK1 density alone does not

determine RMPbut the relation of all conductances present

near RMP. Two other parameters, action potential duration

at 90% repolarization (APD90) and repolarization fraction –

calculated as (APD90�APD50)/APD90 – were recently pro-

posed as a possible approach to distinguish between atrial-

and ventricular-like hiPSC-CMs (Du et al., 2015). It should

be noted that impact of IK1 on APD90 in human LV is very

small and repolarization fraction dominated by transient

potassium outward currents. Therefore, both parameters

are probably rather independent of IK1 (Jost et al., 2013).

Nevertheless, we aimed to determine if adult human car-

diac tissue from RA and LV can be classified correctly

and, more importantly, whether hiPSC-CMs represent

atrial- or ventricular-like phenotype or a mixture of both.

When measured by patch electrodes, APD90 was shorter

in RA than in LV (220 ± 16 ms, n = 41 versus 434 ±

39 ms, n = 10; p < 0.001) and even shorter in hiPSC-CMs

(119 ± 17 ms, n = 41; p < 0.001 versus RA p < 0.01 versus

LV; Figure S2A, upper panel; Table S2). However, in these

two parameters, there was substantial overlap of individual

data points between RA and LV (Figures 5A and 5B).

Using sharp microelectrodes, APD90 scatter was much

lower than in patch-clamp recordings (Figures S2A and

5C). The mean APD90 was shorter in RA than in LV (317 ±

3ms, n = 220 versus 334 ± 6ms, n = 57; p < 0.05; Figure S2A,

lower panel; Table S2). Again, APD90 was clearly shorter in

EHT (271 ± 11.4 ms, n = 24; p < 0.001 versus RA and

p < 0.001 versus LV; Figure S2A, lower panel; Table S2).

Next we retrospectively evaluated whether differences in
Stem Cell Reports j Vol. 10 j 822–833 j March 13, 2018 825
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repolarization fraction would be a useful parameter to

differentiate between LV and RA. As shown in Figure S2C

(bottompanel), a narrowdistributionof repolarization frac-

tion was found in AP measurements from intact muscle

preparations. There was almost no overlap between LV

and RA, indicating the usefulness of the approach (Fig-

ure 5D). Repolarization fraction of intact EHTs was similar

to LV and differed significantly from RA (EHT: 0.32 ± 0.01,

n = 24 versus RA: 0.54 ± 0.01, n = 220 versus LV: 0.28 ±

0.01, n=57; Figure S2C, bottompanel; Table S4). In contrast

to sharpmicroelectrode recordings, measurements of repo-

larization fraction in individual CMs showed a wide range

of distribution (Figures S2C, upper panel, and 5B).

Robust RMP in Our hiPSC-CMs: A Peculiarity of a

Single-Cell Line?

We were concerned that normal RMP may be a peculiarity

of our proprietary hiPSC-CMs. Therefore we measured IK1
densities and AP characteristics in a commercially available

cell line (iCell, Cellular Dynamics International, Madison,

WI, USA; Figures 6A and 6B). Capacitance of cells was not

different from EHT cast from C25 (41.4 pF ± 3.7 pF,

n = 32 in iCell-EHT). However, inward IK1 density was

significantly smaller (7.8 ± 1.8 pA/pF, n = 32; p < 0.05).

Nevertheless, by applying sharpmicroelectrodes, we found

a physiological RMP similar to EHT from C25 line (�74.3 ±

0.1 mV, n = 8 for iCell-EHT versus �74.6 ± 1.2 mV, n = 24

for C25-EHT). The data suggest that IK1 densities may differ

in CMs obtained from different hiPSC lines, but this does

not necessarily result in a less negative RMP. Repolarization
826 Stem Cell Reports j Vol. 10 j 822–833 j March 13, 2018
fraction of iCell-EHT was even lower than LV (0.2 ± 0.01,

n = 8 in iCell-EHT versus 0.28 ± 0.01, n = 57; p < 0.05 in LV).
DISCUSSION

In this study, we directly compare IK1 density, RMP, and AP

properties in hiPSC-CMs and human atrial and ventricular

CMs/tissues under identical experimental conditions. The

main findings are (1) that inward IK1 current densities

and RMP were similar in hiPSC-CMs and human CMs/tis-

sues, (2) that �2-fold differences in inward IK1 density

between CMs from a proprietary and commercial hiPSC

line did not translate in significant differences of RMP,

and (3) that sharp microelectrode measurements (of intact

3D heart muscle preparations) may provide more reliable

data on RMP and repolarization fraction than patch-clamp

recordings (of isolated cells). As a side result, in sharp

microelectrode recordings repolarization fraction differen-

tiated much better between atrial and ventricular tissue

than RMP or APD.
IK1 in hiPSC-CMs and in Adult Human Atrial and

Ventricular CMs

IK1 density is known to be larger in ventricular than in atrial

CMs (Amos et al., 1996; Koumi et al., 1995; Varró et al.,

1993; Wang et al., 1998) and very low or absent in nodal

cells (Guo et al., 1997; Schram et al., 2002; Tamargo et al.,

2004). We found the inward component of IK1 to be

2.5-fold larger in LV than in RA CMs. The difference is
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smaller than reported in some studies (Koumi et al., 1995;

Wang et al., 1998), but well in line not only with the report

(Varró et al., 1993; small sample size), but also with the

largest study published to date (Amos et al., 1996). The

observation that our proprietary hiPSC-CMs showed

similar inward IK1 densities as human CMs was unex-

pected, given that earlier publications reported low IK1 in

hiPSC-CMs (Doss et al., 2012; Herron et al., 2016; Ma

et al., 2011). Yet, several data argue that true cardiac IK1 cur-

rent was measured. (1) Our data in native human CMs

closely reflect reference values as stated above. (2) High

Ba2+ sensitivity and normal transcript levels of the cardiac

ion channel subunits indicate normal IK1. (3) The small

outward contribution and the absence of a CCh response

in hiPSC-CMs (as well as in LV CMs) argues against contri-

bution of IK,ACh, an atrial-specific potassium current. (4)We

could reproduce relatively low IK1 values in the commer-

cially available iCells measured previously (Ma et al.,

2011). Thus, we are confident that the data reflect cardiac

IK1 in hiPSC-CMs.

IK1 density in hiPSC-CMs from ML was as high as in hu-

man LV CMs. In hiPSC-CMs isolated from EHT, the current

density only reached the lower values of RA. As culture of

hiPSC-CMs in EHT leads to signs of advanced maturation,

this was an unexpected finding, while it was shown before

that culturing hiPSC-CMs on different platforms (for

example, polydimethylsiloxane) can increase inward IK1
density (Herron et al., 2016; Lemoine et al., 2017; Man-

nhardt et al., 2016). The reasons are not clear at present.
RMP in hiPSC-CMs and in Adult Human Atrial and

Ventricular CMs

In line with previous publications we found less negative

RMP in isolated hiPSC-CMs, measured by patch-clamp

electrodes (Chen et al., 2017; Davis et al., 2012; Doss

et al., 2012; Herron et al., 2016; Karakikes et al., 2015; Liang

et al., 2013; Ma et al., 2011; Vaidyanathan et al., 2016). In

contrast, RMP reached the physiological range when

measured in intact EHT by sharp microelectrodes. This

discrepancy raised the question whether RMP measure-

ments with patch-clamp electrodes would give a systematic

error. The reliability of patch-clamp recordings critically

depends on seal resistance (in the range of 1–10 GU). The

remaining leak current is expected to reduce the actual

membrane voltage (Amos et al., 1996; Schneider and

Chandler, 1976). The corrected membrane potential

(VcM) can be calculated from the actual seal resistance

(Rseal), the membrane resistance (RM), and the membrane

potential, measured during the experiment (VmM):

VcM = VmM + VmM * RM/Rseal,

If Rseal is considered in series with RM. Rseal in our experi-

ments was between 1 and 10 GU, both in adult CMs and

in hiPSC-CMs. RM at the RMP is determined by conductiv-

ity via IK1. To get an estimate of RM generated by IK1 under

the same experimental conditions used for AP recordings,

wemeasured the barium-sensitive IK1 (1 mM) at physiolog-

ical [K+]ext (5.4 instead of 20mM) and at physiological tem-

perature (37�C) in hiPSC-CMs from EHT. As expected,
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Figure 6. Inward Rectifier Potassium
Current and Action Potential in hiPSC-
CMs from iCell-EHT
(A) Original traces of inward rectifier cur-
rents (IK1) and time courses of current
at �100 mV in hiPSC-CMs obtained from
iCell-EHT exposed to 1 mM Ba2+.
(B) Action potential recorded from iCell-EHT
by sharp microelectrode technique. The
recordings were measured from intact EHT
preparations at 37�C.
current density of IK1 was smaller at lower than at higher

external K+ concentration (1.5 ± 0.7 pA/pF, n = 12 at

5.4 mM K+
[ext] versus 14.1 ± 12.0 pA/pF, n = 60 at 20 mM

K+
[ext]; p < 0.05). Reversal potential shifted to

about�70mVunder those conditions. Dividing the actual

driving force for potassium (�30 mV) by the Ba2+-sensitive

absolute current amplitude measured at �100 mV (41.1 ±

13.7 pA, n = 12) gives a membrane resistance of around

0.75 GU. If we assume a true RMP around �73 mV and a

typical seal resistance of 3 GU, membrane voltage recorded

by patch-clamp electrodes will therefore be reduced to a

value of �58 mV (according to the equation above). We

do not have data for IK1 in LV CMs at 5.4 mM K+ and at

37�C. Therefore we refer to published data. Mean IK1
current densities were 1.1 and 2.8 pA/pF in RA and LV,

respectively. Multiplying the values with the capacitances

given in that study (145 and 285 pF) we estimated absolute

amplitudes of�160 pA in atrial and�800 pA in ventricular

CMs under these conditions (Amos et al., 1996). Plotting

VcM versus IK1 amplitudes reveals that, even at the same

seal resistances in hiPSC-CMs andhuman adult CMs, errors

in hiPSC-CMs will be larger because of their small cell size.

Even the 2.5 times higher IK1 density inMLmay not be suf-

ficient to leave the error zone, since absolute current ampli-

tudes calculates to only 79 pA. For methodological reasons,

we cannot provide seal resistance values after getting access

to the cells. We found hiPSC-CMs rather fragile, and are

afraid that seal resistance could drop down during an

experiment. Importantly, in cells with low IK1 conductivity,

due to a combination of low current density and small cell

size, even small changes in seal resistance can have drastic

effects on apparent RMP. In addition, our calculations are

based onmean values for cell size and IK1. Due to large vari-

ability both in cell size and IK1 density (Figure 1C), under-

estimation of RMP may be much larger in an individual

cell (Figure 7). Therefore, given the present limitations,

measurements of AP with patch-clamp pipettes are prone

to error and not well suited as an indirect parameter of

IK1 density. Small cell size is not necessarily an issue, since

AP measurements are feasible even in much smaller cells,

such as pancreatic cells (Rizzetto et al., 2015), whose size
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are in the range of 5 pF (Rorsman Patrik, 1986). Very high

seal resistance up to 10 GU and very large potassium

conductance may facilitate AP recording in those cells (Ke-

izer andMagnus, 1989). Sharpmicroelectrodes can be used

to measure AP even in isolated cardiac myocytes (Szentan-

drássy et al., 2015) as well as in clusters of hiPSC-CMs

(Christoforou et al., 2013; Cordeiro et al., 2015; Doss

et al., 2012; Zhang et al., 2009). We applied this technique

in single hiPSC-CMs, but were able to measure AP in only

one single cell from 85 trials (Figure S3). In most cases we

had problems to impale the very flat hiPSC-CMs without

touching the bottom of the recording chamber.

Discrimination of Atrial and Ventricular Cells by

IK,ACh, IK1, RMP, APD90, and Repolarization Fraction

Earlier reports suggested standard hiPSC-CM cultures

contain a mixture of ventricular-, atrial-, and nodal-like

CMs (Itzhaki et al., 2011; Liang et al., 2013, 2016; Ma

et al., 2011, 2013; Moretti et al., 2010). Classification in

these studies was based on differences of AP parameters.

Here we have used a different approach based on the pres-

ence or absence of IK,ACh. Only atrial and nodal CMs

express IK,ACh (Heidbüchel et al., 1987; Sakmann et al.,

1983; Yamada et al., 1998). We could not find a single

hiPSC-CM responding to CCh with a change of inwardly

rectifying current. The absence of IK,ACh cannot be ex-

plained by a lack of muscarinic receptors, since CCh

reverses positive inotropic effects of isoprenaline in the

same hiPSC-EHTs (Mannhardt et al., 2016), the classical

accentuated antagonism (Levy, 1971). Thus, the data argue

against an atrial phenotype of the hiPSC-CMs studied

herein.

As outlined above, different IK1 densities might also

discriminate between atrial and ventricular CMs. However,

we found mean IK1 densities to differ only moderately be-

tween human RA and LV (2.5-fold) and, importantly, to

scatter largely and substantially overlap between the

groups (Figure 1D). Thus, our data do not support recent

suggestions that IK1 density should be used to discriminate

between atrial and ventricular phenotype in hiPSC-CMs

(Giles and Noble, 2016).



Figure 7. Influence of Seal Resistance and Absolute IK1
Amplitude on Apparent RMP in Patch-Clamp Experiments
Curves give calculated apparent RMP as a function of absolute IK1
amplitudes and seal resistance. It is assumed that inward current
amplitudes are determined by IK1 only. True RMP was assumed to
be �73 mV, as indicated by the dotted horizontal line. Vertical
lines indicate absolute IK1 amplitudes at �100 mV. Dotted vertical
lines illustrate 95% CI of IK1 measured in EHT. The apparent RMP
was calculated by the equation VcM = VmM + VmM * RM/Rseal. Please
note data for EHT are taken from experiments independent from
those presented in Figure 1 (numbers given in the Discussion). Data
for RA and LV are taken from the literature (Amos et al., 1996).
Numbers near the fit curves indicates seal resistance used for
calculation. For details, see Discussion.
A third parameter differing between atrial and ventricu-

lar CMs is RMP. In line with the higher IK1 density in

atrium, mean RMP was more negative in LV than in RA.

However, the 2.5-fold higher IK1 related to only a small dif-

ference in mean RMP and, both in patch-clamp and sharp

microelectrode measurements in intact tissue, individual

RMP values largely overlapped between LV and RA. Thus,

the power of RMP to discriminate atrial from ventricular

CMs was modest. Tissues with an RMP negative to approx-

imately �82 mV had an 80% probability to be correctly

classified as ventricles. However, they represent less than

20% of ventricular preparations. Mean RMP values in

EHT were similar to RA and LV. Together with the atrial-

like IK1 densities, the atrial-like RMP would suggest an elec-

trophysiological phenotype close to human RA. Yet, this

interpretation is at odds with the lack of IK,ACh in EHT

from C25, and smaller IK1 density and more negative

RMP in iCells, indicating that these cells exhibit a mixed

phenotype. RMP in EHT was almost exactly between LV

and RA, but not significantly different from either. There-

fore, RMP may not be a useful parameter to decide if EHT

may possess atrial or ventricular IK1. In addition, it should

be emphasized that IK1 density alone does not determine

RMP, but the relation of all conductances present, such as
background sodium and calcium currents, NCX, and

Na+/K+-ATPase (Maleckar et al., 2009), many of them not

yet studied in detail in hiPSC-CMs.

It is common use in the stem cell field to classify hiPSC-

CMs as atrial or ventricular like according to their AP dura-

tion (Doss et al., 2012; Liang et al., 2013; Ma et al., 2011,

2013; Moretti et al., 2010; Vaidyanathan et al., 2016).

Such assumptions are based on data from different studies

reporting APD90 values for human heart (Chandler et al.,

2009; Dobrev et al., 2001; Drouin et al., 1998; Jakob

et al., 1989; Li et al., 1998; Verkerk et al., 2007a, 2007b;

Wang et al., 1993), which are difficult to compare formeth-

odological reasons. Here, we present a large number of

sharp microelectrode data, which were obtained under

identical recording conditions. While mean APD90 values

were indeed shorter in RA than in LV, individual values

again largely overlapped, questioning whether measure-

ments of APD90 are indeed helpful to discriminate between

LV and RA in individual recordings.

Other approaches were used for a more precise discrimi-

nation between atrial- and ventricular-like APs such as

APD90/APD50 (Chen et al., 2017; Dorn et al., 2015; Liang

et al., 2013; Zhang et al., 2012). The early phase of repolar-

ization in human heart is dominated by transient potas-

sium outward currents. In contrast to ventricular CMs,

the transient outward currents in atrial CMs exhibit a

long-lasting component, which results in a larger repolari-

zation fraction (Amos et al., 1996). We found a wide

scattering of repolarization fraction in individual RA

CMs. This finding is in line with the reported wide hetero-

geneity of transient outward currents in RA CMs (Amos

et al., 1996). The repolarization fractionmeasured by sharp

microelectrode in tissues likely integrates different AP

shapes from individual cells and therefore the scatter is

smaller. This interpretation is supported by the observation

that mean values did not differ between individual isolated

RA CMs and intact RA trabeculae. The same holds true for

EHT. The smaller scatter in intact tissue allowed almost per-

fect discrimination between RA and LV and, according to

this parameter, EHT resembled LV more than RA.

Limitations

The present results have been obtained from two hiPSC

lines (C25, iCell) and may differ in from other hiPSC lines.

The points we want to make with this paper are (1) that

patch clamping of hiPSC-CMs can underestimate the

‘‘true’’ RMP (as substantiated by sharp microelectrode

data) and (2) that hiPSC-CMs can express relatively normal

(human RA-like) IK1. The differences in IK1 density

compared with earlier data are likely explained by donor-

dependent differences between the hiPSC lines and/or by

different culture conditions such as different media, cul-

ture time, or extracellular matrix as suggested previously
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(Doss et al., 2012; Herron et al., 2016). A more systematic

comparison of different cell lines and different differentia-

tion protocols and culture conditions is warranted. For

technical reasons, IK1 was measured in isolated CMs, but

RMP, APD90, and repolarization fraction in intact tissues/

3D EHTs. Thus, we cannot exclude that the physiological

RMP is a consequence of the EHT culture format and does

not reflect that of ML-cultured hiPSC-CMs. Another ques-

tion is how reliable patch-clamp protocols are and if they

reflect physiology. Here we have used protocols applied

previously for many years in human atrial CMs (Dobrev

et al., 2001). The human CMs used in this study were iso-

lated from heart tissues from patients undergoing open

heart surgery for various cardiac diseases. While most RA

samples were from patients with normal ventricular func-

tion, the LV samples necessarily were from patients with

severe forms of heart failure. Thus, we cannot exclude

that the measurements are influenced by the heart failure

phenotype. Finally, RMP is not exclusively determined by

IK1 conductance, because it was reported that over 70%

block of IK1 (10 mM BaCl2) does not influence RMP in hu-

man LV tissue using sharp microelectrode technique (Jost

et al., 2013). Therefore, we cannot rule out that culture-

related changes in other background currents contribute

to the physiological RMP measured in EHT.
Conclusions

hiPSC-CMs from the C25 line possess robust IK1 currents,

which, in ML, reached values of human LV CMs and, in

EHT, that of RACMs. IK1 density was 2-fold smaller in iCells

than in C25, but was still associated with RA-like RMP in

EHT. Technical issues related to patch clamping of small

cells probably contribute to the reported low RMP in

hiPSC-CMs. hiPSC-CMs exhibit features of both an atrial

(IK1 and RMP) and ventricular phenotype (absence of IK,ACh
and low repolarization fraction). Low IK1 and depolarized

RMP are not inherent characteristics of hiPSC-CMs.
EXPERIMENTAL PROCEDURES

Differentiation of hiPSC-CM and EHT Generation
The undifferentiated hiPSC line C25 (a kind gift from Alessandra

Moretti, Munich, Germany) was expanded in FTDA medium

(Frank et al., 2012) and differentiated in a three-step protocol based

on growth factors and a small-molecule Wnt inhibitor DS07

(a kind gift from Dennis Schade, Dortmund, Germany), as pub-

lished previously (Lanier et al., 2012; Mannhardt et al., 2016).

Details are given in the Supplemental Information.
Dissociation of hiPSC-CMs from ML and EHT
After culturing hiPSC-CMs in ML and EHT for 28 days, cells were

isolated with collagenase type II (200 U/mL, Worthington

Biochemical, Lakewood, NJ, USA, LS004176 in HBSS minus
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Ca2+/Mg2+, Gibco 14175-053 and 50 mM CaCl2) for 3 hr (ML)

and 5 hr (EHT). At least three different batches of hiPSC-CMs

were used. Details are given in the Supplemental Information.

Human Samples
Myocardial tissue was obtained from patients undergoing cardiac

surgery at the University Heart Center Hamburg. The study fol-

lowed the declaration of Helsinki. All patients gave written

informed consent. Atrial and ventricular CMs were isolated and

prepared as described previously (Dobrev et al., 2001) (Figures

S4D and S4E). Details are given in the Supplemental Information.

Voltage Clamp Recordings (K+ Currents)
Inwardly rectifying K+ currents were measured at room tempera-

ture, using the whole-cell configuration of the patch-clamp tech-

nique. The Axopatch 200B amplifier (Axon Instruments, Foster

City, CA, USA) and ISO2 software were used for data acquisition

and analysis (MFK, Niedernhausen, Germany). Details are given

in the Supplemental Information.

Current Clamp Recordings
Action potentials were recorded using the perforated patch

(amphotericin B) configuration of the patch-clamp technique.

The Axopatch 200B (Axon Instruments) was set to current-clamp

mode and the experiments performed at 37�C, 1 Hz. Details are

given in the Supplemental Information.

Sharp Microelectrode Recordings
Sharp microelectrodes were used to record action potentials in RA

and LV trabeculae and in intact EHT. The experiments were

performed at 37�C. Details are given in the Supplemental

Information.

Drugs
All drugs and chemicals were obtained from Sigma-Aldrich

(St. Louis, MO, USA).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, and four tables and can be found

with this article online at https://doi.org/10.1016/j.stemcr.2018.

01.012.
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