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Aims Cardiomyocytes (CMs) generated from human induced pluripotent stem cells (hiPSCs) are increasingly used in disease
modelling and drug evaluation. However, they are typically a heterogeneous mix of ventricular-, atrial-, and nodal-like
cells based on action potentials (APs) and gene expression. This heterogeneity and the paucity of methods for high-
throughput functional phenotyping hinder the full exploitation of their potential. We aimed at developing a method
for rapid, sequential, and subtype-specific phenotyping of hiPSC-CMs with respect to AP morphology and single-cell
arrhythmias.

Methods We used cardiac lineage-specific promoters to drive the expression of a voltage-sensitive fluorescent protein

and results (VSFP-CR) in hiPSC-CMs, enabling subtype-specific optical AP recordings. In a patient-specific hiPSC model of
long-QT syndrome type 1, AP prolongation and frequent early afterdepolarizations were evident in mutant ven-
tricular- and atrial like, but not in nodal-like hiPSC-CMs compared with their isogenic controls, consistent with
the selective expression of the disease-causing gene. Furthermore, we demonstrate the feasibility of sequentially
probing a cell over several days to investigate genetic rescue of the disease phenotype and to discern CM sub-
type-specific drug effects.

Conclusion By combining a genetically encoded membrane voltage sensor with promoters that drive its expression in the
major subtypes of hiPSC-CMs, we developed a convenient system for disease modelling and drug evaluation
in the relevant cell type, which has the potential to advance the emerging utility of hiPSCs in cardiovascular
medicine.
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Translational perspective

Cardiomyocytes (CMs) generated from human induced pluripotent stem cells are an evolving platform to understand molecular disease
mechanism and evaluate cardiovascular drugs. A major limitation of this system is that they represent a heterogeneous mix of ventricular-,
atrial-, and nodal-like CMs. By expressing a voltage-sensitive fluorescent protein under the control of lineage-specific promoters, we devel-
oped a convenient system allowing high-throughput subtype-specific optical action potential (AP) imaging in these cells. This enables not
only quantification of electrical phenotypes in patient-specific CMs but also subtype-specific investigation of drug effects, which may aid
both drug development and safety pharmacology in the cardiovascular field.

Introduction

Human induced pluripotent stem cells (hiPSCs) are already proved
useful as platforms for studying disease mechanisms, pharmacological
responses, and toxicology in patient- and healthy proband-
cardiomyocytes (hiPSC-CMs)."? These hiPSC-CMs are usually not de-
rived as a homogenous population of cells but consist of different sub-
types with ventricular-, atrial-, and nodal-like properties.375 While this
can be advantageous because it allows the study of physiology and dis-
ease mechanisms in all three major CM subtypes, it also poses a chal-
lenge, since phenotypes might be obscured by varying contributions of
the different CM subtypes.

Although the development of subtype-specific differentiation
protocols is making substantial |3rogress,‘”9 it is still challenging to
obtain pure populations of ventricular-, atrial-, or nodal-like
hiPSC-CMs. Here, we used subtype-specific promoter fragments
to drive expression of a voltage-sensitive fluorescent protein specif-
ically in ventricular-, atrial-, and nodal-like hiPSC-derived CMs, re-
spectively. Promoter-driven expression of this optical membrane
potential sensor permits high-throughput membrane potential im-
aging in specific CM subtypes generated from healthy and diseased
hiPSCs, thus allowing precise disease phenotyping and drug testing.

Methods

Detailed methods are presented in Supplementary material online. Brief-
ly, hiPSCs from a patient suffering from long-QT syndrome type 1 (LQT1)
and from controls were generated and differentiated to CMs as previous-
ly described.* An isogenic control line was generated by correcting the
LQT1 mutation by a homologous recombination approach. The mem-
brane voltage sensor VSFP-CR (Addgene plasmid #40257) was ex-
pressed in hiPSC-CMs by a lentiviral expression system. In addition to
the ubiquitous PGK promoter, different promoter constructs were sub-
cloned into the lentiviral transfer plasmid to achieve subtype-specific ex-
pression. In hiPSC-CMs infected with these constructs, optical AP
recordings at up to 500 Hz were performed using an epifluorescence
microscope equipped with an image splitter projecting GFP and RFP
emission to two separate regions of the chip of an sSCMOS camera.
The background-corrected RFP/GFP ratio served as a membrane poten-
tial signal. Action potential characteristics were calculated from an aver-
age of 6—10 subsequent APs. Data in the text and in bar graphs are
presented as mean + 95% confidence interval.

Results

Optical action potential recordings using a
voltage-sensitive fluorescent protein

To enable promoter-driven subtype-specific membrane potential
recordings in hiPSC-CMs, we initially established an optical imaging

system based on a genetically encoded, Forster resonance energy
transfer (FRET)-mediated membrane potential sensor (voltage-
sensitive fluorescent protein, VSFP), which has been developed to
image electrical activity in neurons.'® The sensor consists of a trans-
membrane voltage-sensing domain fused to a tandem of two fluor-
escent proteins (in this specific VSFP variant, termed VSFP-CR, the
GFP variant clover, and the RFP variant mRuby?2 are used), resulting
in an FRET increase with membrane depolarization (Figure 1A). We
first evaluated whether VSFP-CR could allow stable and prolonged
detection of APs in hiPSC-CMs and used 3-month-old CMs derived
by embryoid body (EB) differentiation of a healthy control hiPSC
line, which we had previously characterized by patch-clamp electro-
physiology.” Upon lentiviral gene transfer of the sensor to single dis-
sociated CMs and expression under the ubiquitous PGK promoter,
fluorescence from both clover GFP and mRuby2 RFP was clearly de-
tected 72 h later (Figure 1B and D) in >95% of the cells (Supplemen-
tary material online, Figure STA). As expected, VSFP-CR signal was
not limited to any specific CM subtype, and VSFP-positive cells
were found to express either the ventricular or the atrial or neither
MLC2 isoform (Figure 1B and C). Importantly, VSFP-CR responded
to membrane depolarization with a stable increase in the RFP/GFP
emission ratio (Supplementary material online, Movie S7) and trains
of APs could be optically recorded from infected CMs (Figure 1D
and E), with AP durations (Figure 1F) in good agreement with the
previously-reported current clamp recordings.*

Cardiomyocyte subtype-specific
expression of voltage-sensitive fluorescent
protein

With the aim of expressing VSFP in an hiPSC-CM subtype-specific
way, we performed a systematic single-cell-based functional and
molecular screen to identify specific promoter elements allowing
subtype-specific marking of hiPSC-CMs. Based on this screen and
in agreement with previous work (see Supplementary material on-
line, Results and Table ST1), the MLC2v, SLN, and SHOX2 transcripts
appeared to be quite specifically expressed in ventricular-, atrial-,
and nodal-like cells, respectively.

Therefore, we constructed lentiviral vectors encoding the
VSFP sensor under the control of either an MLC2v enhancer
(MLC2v-VSFP) or ~3.5 kb promoter elements preceding the SLN
or SHOX2 transcription start site (SLN-VSFP and SHOX2-VSFP,
see Methods for details) and tested whether they will drive VSFP
expression selectively in ventricular-, atrial-, and nodal-like
hiPSC-CMs. Transduction efficiency, as assessed by quantitative
polymerase chain reaction (PCR) on genomic DNA, was high for
all lentiviral constructs and comparable with that of PGK-VSFP
(see Supplementary material online, Results and Figure S1C). Five
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Figure | Forster resonance energy transfer-based optical membrane potential recordings in human-induced pluripotent stem cells-derived
cardiomyocytes. (A) Mode of action of the membrane potential sensor voltage-sensitive fluorescent protein. A voltage-sensing transmembrane
protein is linked to a pair of a green and a red fluorescent protein. Upon depolarization, GFP and RFP are brought closer together, increasing
Forster resonance energy transfer, which makes GFP appear dimmer and RFP brighter. (B) Pseudocolour images of human-induced pluripotent
stem cells-derived cardiomyocytes infected with PGK-voltage-sensitive fluorescent protein lentivirus and stained for MLC2v (cyan) and MLC2a
(red). (C) Percentage of cells expressing MLC2v and MLC2a among voltage-sensitive fluorescent protein-expressing cells (n = 325 cells). (D) GFP
and RFP pseudocolour images of voltage-sensitive fluorescent protein-expressing human-induced pluripotent stem cells-derived cardiomyocytes
(dotted lines: region of interest used to quantify fluorescence signal). (E) Background-corrected GFP and RFP fluorescence signals recorded at
100 Hz upon field stimulation at 1 Hz. An RFP/GFP ratio was calculated as the membrane potential signal. (F) Action potential duration (APDsq
and APDgg) in PGK-voltage-sensitive fluorescent protein-expressing cells. N = 92 cells.

days after viral infection of single CMs dissociated from 3-month-old
cardiac explants obtained by EB differentiation,'’ VSFP signal from
each lentiviral construct was detectable (Figure 2A-C).
MLC2v-VSFP was expressed in >70% of CMs, while SLN-VSFP
and SHOX2-VSFP marked around 10 and 5% of the cell population,
respectively (Supplementary material online, Figure S2B), consist-
ent with the previously reported percentage of ventricular-,
atrial-, and nodal-like subtypes in EB-differentiated iPSC-CMs.>*
Immunofluorescence analysis revealed that CMs positive for
MLC2v-VSFP expressed the ventricular MLC2 isoform and, to a
lesser extent, the atrial form (MLC2a). Expression of the
transcription factor NKX2.5 specific for working myocardium
was also widely observed, in contrast to expression of the
atrial- and nodal-specific markers sarcolipin and SHOX2
(Figure 2A and D).

Most CMs marked by SLN-VSFP expressed the sarcoplasmic re-
ticulum protein sarcolipin and also MLC2a and NKX2.5, consistent
with an atrial-like phenotype (Figure 2B and D). In contrast, CMs la-
belled by the SHOX2 reporter expressed, in addition to the tran-
scription factor SHOX2, the HCN4 channel and Podoplanin,
another typical transmembrane protein of sinoatrial node cells
(Figure 2C and D).

We further evaluated the specificity of our genetic marking strat-
egy on the functional level (Figure 3). Optical AP recordings could be
obtained from CMs infected with all three marker constructs at Day
7 post-transduction (Figure 3A—C). The AP duration (expressed as
both APDsg and APDgg) was significantly longer in CMs expressing
the MLC2v-VSFP when compared with those expressing the other
two lentiviral constructs, consistent with a ventricular-like electro-
physiological phenotype (Figure 3D). This was corroborated by a
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Figure 2 Molecular characterization of cardiomyocytes marked with subtype-specific membrane potential sensor constructs. Typical pseudo-
colour images of MLC2v-voltage-sensitive fluorescent protein- (A), SLN-voltage-sensitive fluorescent protein- (B), or SHOX2-voltage-sensitive
fluorescent protein-infected (C) cells stained with the indicated antibodies. Scale bars: 20 um. (D) Percentage of voltage-sensitive fluorescent
protein-positive cells expressing the indicated markers. N = 169—975 cells for each marker.

120z Atenuer /(0 uo Jesn ualesH qooer AQ §Z01862/262/v/8S/elonie/luesyina/woo dno-oiwspese//:sdny wolj papeojumoq



296

Z. Chen et al.

A B C
L vsral e
E 1y %‘H'llIl'l A %'-.“.H{ ;
£ | e e Sl — £ [ vl h—
1s 05s 1s 05s 1s 05s
D F
- Patch-clamp recording Single-cell RT-PCR

B mLc2v-vsFP

P<0.001
[] sLn-vsFP

=l
300 -| P<0.001
= 20 Ll [ sHOx2-vsFP
100
0
APDs,  APDg
E
3.0 F=0009
A B ——
° P=0.002
= 2.5
g - [l MLczv-vsFP
b [ stn-vsep
%b 1.5 [[] sHox2-vsFP
n‘j_, 1.0+
< 054
0 —

™

MLC2v-VSFP*

S B %
& o0 aF o o &
IR - —

SLN-VSFP*

\;a
—

e
3

P‘Q \3\\’6 ‘J‘\‘Oq' \,‘\ ‘)‘G‘\ SY\O+
PP T o 5

SHOX2-VSFP*

F g0 F g ot 5

Figure 3 Functional characterization of cardiomyocytes marked with subtype-specific membrane potential sensor constructs. (A—C) Typical
action potential trains optically recorded from spontaneously beating human-induced pluripotent stem cells-derived cardiomyocytes using
MLC2v-voltage-sensitive fluorescent protein (A), SLN-voltage-sensitive fluorescent protein (B), or SHOX2-voltage-sensitive fluorescent protein
(C), together with an averaged signal from 6 to 8 subsequent action potentials. (D) Action potential duration (APDsg and APDy). (E) APDgg/
APDs ratio. N = 39-57 cells per group; (F) electrical action potential recordings from cells marked by MLC2v-voltage-sensitive fluorescent pro-
tein, SLN-VSFP, and SHOX2-voltage-sensitive fluorescent protein, and single-cell RT-PCR results from the same cells.

significantly lower APDgo/APDsq ratio (Figure 3E), which is also a
typical finding in ventricular-like CMs.*

Similar results were obtained with additional iPSC lines generated
from different somatic cell types (dermal fibroblasts and keratino-
cytes) using either retrovirus or sendai virus-mediated reprogram-
ming (Supplementary material online, Figure S3). Moreover, the
use of a chemically defined monolayer differentiation protocol yield-
ing predominantly ventricular-like CMs resulted in a consistent dis-
tribution of CM subtypes based on marking with the different
constructs (see Supplementary material online, Results and Figure
$2B and (). These findings corroborate the robustness of our mark-
ing strategy.

Finally, in order to confirm the subtype identity of cells identified
by each lentiviral construct, EB-differentiated CMs expressing VSFP
were characterized by electrophysiological AP recordings and
subsequent single-cell RT-PCR (Figure 3F). Cells positive for
MLC2v-VSFP showed typical ventricular-like APs with a negative
maximum diastolic potential, a rapid upstroke, and a pronounced
plateau phase, and expressed MLC2v. Cells identified by SLN-VSFP
exhibited typical AP properties of atrial-like CMs such as a fast up-
stroke velocity and a lack of a plateau phase, and expressed both,

SLN and MLC2a. Finally, SHOX2-VSFP-positive cells had a marked
spontaneous diastolic depolarization and a slower upstroke velocity
than the CMs marked by the other constructs, consistent with a
nodal-like phenotype, which was corroborated by SHOX2 and
HCN4 expression (see Figure 3F).

Taken together, these results indicate that our systems combining
FRET-based VSFP and CM subtype-specific promoters allow select-
ive optical AP measurements in ventricular-, atrial-, or nodal-like
hiPSC-derived CMs.

Cardiomyocyte subtype-specific
investigation of long-QT syndrome

To further validate the feasibility of our method for quantitative
short- and long-term assessment of AP prolongation and arrhyth-
mogenic potential in CM subtypes, we used a patient-specific hiPSC
model of LQT1. In this model, the heterozygous missense
c.569G>A (p.R190Q) mutation in the potassium channel gene
KCNQ1 causes AP repolarization defects specifically in ventricular
and atrial CMs, the two subtypes that express the mutated gene.*
As control, in addition to the previously described hiPSC line
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(CTR) obtained from an unrelated healthy volunteer without
any cardiac disease,* we generated an isogenic line (LQT1°°™)
by correcting the KCNQ1-R190Q mutation in the patient
LQT1R1999hiPSCs by classical homologous recombination
(Figure 4A—D). This allowed us to eliminate effects of individual gen-
etic background variability12 and test whether the optical VSFP sen-
sors could discern the net contribution of the disease-causing
mutation to the LQT phenotype.

When we imaged APs of MLC2-VSFP-positive CMs electrically
stimulated at 1 Hz, AP duration was significantly prolonged in dis-
eased LQT1 R190Q cMs when compared with the unmatched CTR
CMs (APDgp 616 + 35 ms vs. 382 + 17 ms; P < 0.01; n =72 vs.
57 cells; Figure 4E) and consistent with previously reported patch-
clamp recordings from the same cells* (see also Supplementary ma-
terial online, Discussion). Importantly, a significant AP prolongation
was also measured in mutated CMs when compared with the iso-
genic LQT1°°™ counterparts (APDgg 474 + 18 ms; P < 0.01; n =
102 cells). However, these cells had an almost 100 ms longer
APDgq than CTR CMs (Figure 4E). In accordance with the APD dif-
ferences, the incidence of early afterdepolarizations (EADs)—spon-
taneous membrane depolarizations that occur before termination
of the repolarization phase and can trigger ventricular arrhyth-
mias'*—was the highest in LQT1R"° cells (22 + 7%), significantly
lower, but still present in LQT1°°™ cells (16 4 7%), and almost ab-
sentin CTR cells (3 + 3%) (Figure 4F). Similar results were obtained
for the atrial lineage when membrane potentials were optically re-
corded in CMs from the same three hiPSC lines using the atrial-
specific sensor SLN-VSFP (Figure 4G). In contrast, AP investigation
in nodal-like CMs using SHOX2-VSFP showed no significant differ-
ence in APDsq or APDgg among LQT1R17°2, LQT1°™, and CTR
lines (Figure 4G), corroborating previous findings from patch-clamp
analysis in various hiPSC models of LQT1.4'14716

These results demonstrate the ability of the subtype-specific
VSFP sensors to detect and quantify genetically induced pathological
changes in AP duration and prevalence of arrhythmic events in
disease-relevant CM subtypes. Moreover, while proving the authen-
ticity of the LQT1 genotype—phenotype correlation, they strongly
suggest that the genetic background can affect the functional sever-
ity of LQT1-causing mutations.

Measurements of dynamic changes in
action potential duration in single cells
over time

To further explore the versatility of VSFP for recording AP dy-
namics in hiPSC-CMs by repeated imaging of the same cell over
time, we performed a rescue experiment. Here, the wild-type
(wt) KCNQT ion channel subunit was overexpressed in the hiPSC-
derived LQT1?"%°? CMs by adeno-associated virus (AAV6)-
mediated gene transfer (Figure 5A). The mutated KCNQT gene
encodes a trafficking-deficient ion channel subunit that interacts
with wild-type subunits and interferes with their integration into
the plasma membrane, resulting in a dominant-negative effect,’
which might be overcome by overexpression of wild-type subunits.
Seven days after infection of LQT1R"7°? CMs with MLC2v-VSFP
lentivirus, APs were optically recorded and cells were subsequently
infected with an AAVé6 virus encoding wt KCNQ1 fused to the

haemagglutinin (HA) epitope tag (wt KCNQ1-HA AAV6) or a con-
trol virus encoding LacZ (LacZ-AAV6). Three days later (Day 10),
APs were recorded again in the same cells and post hoc staining
for the HA epitope and the B-gal transgene was performed to con-
firm viral transduction of the investigated cells (Figure 5A).

Indeed, wt KCNQ1 overexpression significantly shortened the
APs of the LQT1*"%°? CMs (Figure 5B and D), reaching APD values
similar to those measured in LQT1°°™ cells. In contrast, no changes
in APD were detectable in CMs infected with LacZ-AAV6 (Figure 4C
and D). Thus, sequential AP imaging in the same cells using the
MLC2v-VSFP sensor allowed detection of a successful LQT1
phenotype rescue in patient-derived hiPSC-CMs.

Subtype-specific investigation of drug
effects

Human induced pluripotent stem cell-derived CMs have been pro-
posed to have utility in preclinical pharmacological assays. Specific-
ally, allowing AP analysis in human CMes, they lend themselves to
preclinical investigation of drug-induced QT interval prolongation.
We therefore investigated whether our optical AP recording ap-
proach is applicable to assess such drug effects and whether it is suit-
able to assess subtype-specific pharmacological differences
(Figure 5E-H).

We first studied the effects of cisapride, a prokinetic drug that is
well known for inducing QT interval prolongation and Torsades de
Pointes tachycardias in patients due to its potent ability to block
hERG potassium channels. Since hERG channels are key determi-
nants of the AP repolarization phase in all CM subtypes, we assumed
that the PGK-VSFP sensor would be adequate for detecting
drug-induced effects in a heterogeneous population of hiPSC-CMs.
Indeed, by imaging the same PGK-VSFP-expressing cells before and
after drug application, we measured a significant AP prolongation
and increased prevalence of EADs in single CTR hiPSC-CMs treated
with 100 nM cisapride (Figure 5F).

However, the ‘funny’ current (I) inhibitor ivabradine, which is
clinically used as a heart rate-reducing drug, showed no effect on
overall beating frequency of CMs imaged using PGK-VSFP
(Figure 5G), consistent with a previous report indicating that auto-
maticity in ventricular-like hiPSC-CMs does not depend on I1."” Ivab-
radine has a high selectivity for nodal cells, where the I¢ current
determines the pacemaker activity, and dramatically reduces the
beating rate specifically in this CM subtype.'® ~2° The absence of fre-
quency reduction by 9 wM ivabradine in CTR cells marked by
PGK-VSFP was likely due to the low percentage of nodal-like CMs
in the cell population expressing the PGK promoter. Conversely,
when the same treatment was applied to cells marked by
MLC2v-VSFP, SLN-VSFP, or SHOX2-VSFP, cell automaticity was
abolished exclusively in the SHOX2-VSFP-positive cells, with no ef-
fects on the other CM subtypes (Figure 5H), indicating the superior-
ity of the subtype-specific systems for investigating pharmacological
effects of drugs that act selectively on distinct CM lineages.

Discussion

Human induced pluripotent stem cell-derived CMs are increasingly
used to model cardiac diseases and hold promise for drug
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targeted clones while PCR using primers ¢ + d (2.1 kb) followed by sequencing identified corrected clones. (C) Sanger sequencing demonstrated
gene correction in the clonally isolated LQT1°°™ line. (D) Normal karyotype of the LQT1°°"" hiPSC line. (E—G) Optical action potential recordings
from 1 Hz-paced cardiomyocytes generated from patient LQT1 human-induced pluripotent stem cells (LQT171%°%), isogenic control (LQT1<°™),
and unrelated control (CTR) human-induced pluripotent stem cells infected with MLC2v-VSFP (E and F), SLN-VSFP, or SHOX2-voltage-sensitive
fluorescent protein (G). (E) Typical optical action potential traces. Grey lines: single action potentials, black lines: averaged action potential.
Dashed lines at 50 and 10% of action potential amplitude indicate where APDso and APDgg were measured. APDsg and APDgg values in the three
lines (n = 57—-72 cells per group) are shown. (F) Example of membrane potential recording showing early afterdepolarizations. Bar graph: per-
centage of cells exhibiting early afterdepolarizations (n = 57-72 cells per group). (G) APDso and APDg values investigated using
SLN-voltage-sensitive fluorescent protein and SHOX2-voltage-sensitive fluorescent protein as indicated (N = 20—65 cells per group).
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Figure 5 Short- and long-term measurements of dynamic action potential changes: genetic rescue of LQT1 phenotype and subtype-specific
drug effects. (A—D) Genetic rescue of the LQT1 phenotype. (A) Scheme of the rescue experiment. (B and C) Typical optical action potential tra-
cings obtained from cells of the wild-type KCNQ1 (B) and control group (C) at Day 7 and at Day 10. Images: voltage-sensitive fluorescent protein
green fluorescence at the indicated time points (dotted line: region of interest for fluorescence quantification). (D) Difference in action potential
duration (AAPDso and AAPDgg) at Day 10 compared with Day 7. N = 103—126 cells. (E—H) Optical investigation of drug-induced effects. (E)
Experimental design. (F) APDsg and APDyq values (left) and the frequency of occurrence of early afterdepolarizations (right) before and after
treatment with 100 nM Cisapride (n = 86 cells). (G and H) CM subtype-specific effect of Ivabradine on the spontaneous beating rate. (G) Control
cardiomyocytes expressing PGK-voltage-sensitive fluorescent protein were imaged before and after application of 9 WM Ivabradine. (H) Control
cardiomyocytes expressing MLC2v-voltage-sensitive fluorescent protein, SLN-voltage-sensitive fluorescent protein or SHOX2-voltage-sensitive
fluorescent protein as indicated were imaged before and after application of 9 WM Ivabradine. N = 11-18 cells per group.
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development and toxicity assays investigating susceptibility to car-
diac arrhythmias. However, their subtype heterogeneity poses a
challenge for fulfilling their unique potential in the cardiovascular
field.

In this study, we addressed the question of phenotyping the het-
erogeneous population of hiPSC-CMs by using a combination of a
genetically encoded optical membrane potential sensor with
promoter-driven genetic marking to record APs in a subtype-specific
manner. The optical method not only increased the throughput far
beyond that of single-cell patch-clamp electrophysiology, it also al-
lowed sequential investigation of the same cells over extended time
periods during genetic manipulation of AP dynamics. The subtype
specificity substantially reduced the variability of AP properties
caused by the heterogeneity in hiPSC-CMs differentiation and al-
lowed investigation of phenotypes in a CM subtype-specific way.

In patient-derived hiPSC-CMs affected by congenital LQT1, we
investigated key features of the disease such as AP prolongation
and occurrence of EADs in a CM subtype-specific way. Moreover,
employing a genetically corrected isogenic control line, we showed
that the method is sensitive enough to detect the functional conse-
quences of a single KCNQ1-R190Q mutation. A rescue experiment
performed by overexpressing wild-type KCNQ1 subunits in the pa-
tient cells highlighted the feasibility of repeated AP measurements in
the same cells over time and, thus, long-term monitoring of AP dy-
namic changes. Finally, we demonstrated that our method allows as-
sessment of the effects of QT interval-prolonging drugs such as
cisapride on AP duration and the occurrence of EADs. Further-
more, the CM subtype specificity of the method makes possible a
precise investigation of the response to pharmacological agents
that have selective effects on atrial-, ventricular-, and/or pacemaker-
like cells, as we proved for the I; current inhibitor ivabradine.

Since their introduction in 2007,*"** hiPSCs have been extensive-
ly used to model cardiac diseases, with a strong focus on channelo-
pathies.>*® Another focus of intensive research is the integration of
these cells into preclinical drug safety assays, particularly to assess
QT interval prolongation.m'z“*29 While patch-clamp electrophysi-
ology is the gold standard to assess electrical properties of
hiPSC-CMs, it suffers from the major limitation of a very limited
throughput, which is further restricted by the necessity to identify
the CM subtype of interest based on AP morphology.*'*~"¢

Optical AP recordings are an emerging tool to overcome this
limitation.>° Using genetically encoded voltage sensors, APs were
imaged in rat primary CMs,?" whole mouse hearts,** and human em-
bryonic stem cell-derived CMs. Optical AP imaging was recently
conducted successfully in hiPSC-CMs using the genetically encoded
voltage indicator ArcLight.>**> In contrast to the VSFP-CR sensor,
ArcLight does not provide a ratiometric readout, making it more
susceptible to cell movement artefacts and photobleaching. By ex-
pressing VSFP-CR under promoter fragments specifically expressed
in ventricular-, atrial-, and nodal-like hiPSC-CMs, we could refine
the optical AP measurement method with a CM subtype-specific
component.

Despite their advantages, optically recorded membrane potential
measurements are not equivalent to classical patch-clamp recordings.
They do not allow absolute quantification of transmembrane poten-
tials yet, and the AP signal is influenced by the kinetics of the VSFP
conformational change (see Supplementary material online,

Discussion). Nevertheless, the system is sensitive and precise enough
to detect the AP prolongation caused by a single potassium channel
gene mutation and to detect single-cell arrhythmias such as EADs.

In summary, we developed a convenient system for subtype-
specific AP imaging in hiPSC-CMs that has the potential to advance
the emerging utility of hiPSCs in cardiovascular medicine and drug
development.

Supplementary material

Supplementary material is available at European Heart Journal online.
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