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Introduction: The Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative seeks an in vitro test to accurately
predict clinical Torsades de Pointes (TdP). We developed a cardiotoxicity assay incorporating simultaneous mea-
surement of the action potential (AP) waveform and Ca?* transient (CT) in human iPSC-derived cardiomyocytes
(CMs). Concurrent optogenetic pacing provided a well-controlled electrophysiological background.

Methods: We used the Optopatch platform for all-optical electrophysiology (Hochbaum et al., 2014). In a mono-
layer culture, a subset of cells expressed a genetically encoded, calcium and voltage reporter, CaViar (Hou, Kralj,
Douglass, Engert, & Cohen, 2014), while others expressed a channelrhodopsin variant, CheRiff. Optical pacing of
CheRiff-expressing cells synchronized the syncytium. We screened 12 compounds (11 acute, 1 chronic) to iden-
tify electrophysiological (AP rise time, AP50, AP90, beat rate) and CT effects in spontaneously beating and paced
cultures (1 Hz, 2 Hz).

Results: CaViar reported spontaneous and paced APs and CTs with high signal-to-noise ratio and low phototox-
icity. Quinidine, flecainide, E-4031, digoxin and cisapride prolonged APs, while verapamil and nifedipine short-
ened APs. Early after depolarizations (EADs) were elicited by quinidine, flecainide and cisapride. All but four
compounds (amiodarone, chromanol, nifedipine, verapamil) prolonged AP rise time. Nifedipine and verapamil
decreased CT amplitude, while digoxin increased CT amplitude. Pentamidine prolonged APs after chronic expo-
sure.

Discussion: The Optopatch platform provides a robust assay to measure APs and CTs in hiPSC-CMs. This addresses

the CiPA mandate and will facilitate comparisons of cell-based assays to human clinical data.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Toxicity accounts for 20% of all drug attrition, of which, approxi-
mately one third is cardiovascular (Guengerich, 2011). Drug induced
abnormalities in the electrocardiogram (ECG), which can lead to sudden
death, account for nearly half of these failures (Stevens & Baker, 2009).
Because the cost of bringing a novel chemical entity to market can ex-
ceed $1.2 billion, along with >10 years of research and development,

Abbreviations: CiPA, Comprehensive in vitro Proarrhythmia Assay; TdP, Torsades de
Pointes; AP, action potential; CT, Ca?* transient; hiPSC, human induced pluripotent
stem cell; CM, cardiomyocyte; CaViar, Ca?* and voltage indicator; CheRiff,
channelrhodopsin variant; EAD, early after depolarization; ECG, electrocardiogram;
hERG, human Ether-a-go-go-Related Gene; MEA, multi-electrode array; Arch,
Archaerhodopsin; VSD, voltage sensitive dye.
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it is critical to address and eliminate cardiovascular toxicity early in
development (Adams & Brantner, 2010; Stevens & Baker, 2009).

A major focus in reducing cardiotoxicity has been to identify com-
pounds that cause acquired long QT syndrome. A causal link exists be-
tween QT prolongation and increased incidence of the potentially
lethal arrhythmia, TdP (Coumel, Leclercq, & Lucet, 1985; Keating,
1995; Roden et al., 1996). As our understanding of electrophysiological
mechanisms for QT prolongation has increased, especially the propensi-
ty of hERG potassium channel blockade to cause long QT and TdP, regu-
lators have created guidance documents (ICHS7A/B) to characterize the
in vitro and in vivo consequences of this property (Haverkamp et al.,
2000; ICHS7B, 2005; Sanguinetti, Jiang, Curran, & Keating, 1995; Zhou
etal, 1998).

Studies on clinically relevant compounds have shown that hERG in-
hibition is not always predictive of QT prolongation and torsadogenic
potential (Lu et al., 2008; Redfern et al., 2003). While selective hERG
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blockers tend to prolong the QT/QTc interval when unbound plasma
concentrations fall within 30-100 fold of their hERG ICs(, several com-
pounds exist in this concentration range yet elicit little to no change in
QTc (Gintant, 2011; Redfern et al., 2003). Compounds such as
ranolazine and verapamil are often cited to refute the sole use of hERG
potency in making predictions of QT, because they block depolarizing
currents in a manner that compensates for hERG block, rendering
these compounds clinically safe (Chouabe, Drici, Romey, Barhanin, &
Lazdunski, 1998; De Ponti, Poluzzi, Cavalli, Recanatini, & Montanaro,
2002; Schram et al., 2004; Song, Shryock, Wu, & Belardinelli, 2004).
These examples clearly illustrate the shortcomings of simplifying AP
prolongation to the liability against a single ion channel and highlight
the need for more physiologically relevant in vitro platforms.

Pre-clinical in vivo models can provide relatively strong concordance
with human QT interval, as is the case for QTc comparisons between ca-
nines and humans; whereas other in vitro models lack the sensitivity or
are prone to technical artifacts (Hanson et al., 2006; Holzgrefe et al.,
2014).In a retrospective analysis, approximately 80% of cardiotoxicities
were identified by animal studies (including ECG abnormalities),
whereas assays such as the dog Purkinje fiber have shown correlations
as low as 33% (Hanson et al., 2006; Olson et al., 2000). Each of these in
vitro preparations provides insight into the mechanism of toxicity, yet
falls short of recapitulating the human condition. Regulatory guidelines
acknowledge the investigative nature of the surrogate in vitro assays
and accommodate incorporation of new assays.

The advent of stem cell-derived CMs has revolutionized our ability to
study human cardiac physiology in vitro. CMs derived from human
embryonic and inducible pluripotent stem cells express myofilament
proteins and have electrophysiological properties similar to primary
myocytes (Doevendans et al., 2000; Ribeiro et al., 2015). These cells ex-
press cardiac ion channels, produce APs resembling the atrial, nodal and
ventricular myocytes, and create spontaneously beating tissues (He, Ma,
Lee, Thomson, & Kamp, 2003; Ma et al., 2011; Mummery et al., 2003;
Vanderlaan, Oudit, & Backx, 2003; Wang et al., 2014). HiPSCs can now
be differentiated into cultures that are predominantly (95%)
cardiomyocytes. Early measurements based on small numbers of cells
reported mixed populations with action potential waveforms indicative
of ventricular, atrial and nodal cells (Burridge et al., 2014; Lan et al.,
2013; Puppala et al., 2013). More recent measurements with voltage-
sensitive dyes suggested a continuous distribution of AP morphologies,
with a dependence on cell density (Du, Hellen, Kane, & Terracciano,
2015).

Studies have shown that hiPSC-derived CMs exhibit sensitivity to ion
channel inhibitors by replicating characteristic changes in AP duration
(Honda, Kiyokawa, Tabo, & Inoue, 2011; Ma et al., 2011). These innova-
tions have changed the landscape of pre-clinical cardiotoxicity screen-
ing such that regulatory agencies are considering the use of hiPSC-
derived CMs as an early screen for proarrhythmic risk (Cavero &
Holzgrefe, 2014; Himmel, 2013; Sager, Gintant, Turner, Pettit, &
Stockbridge, 2014). As stem cell technologies evolve, it is important to
recognize their utility and limitations, especially as they relate to clinical
translation.

ECG arrhythmias are by definition electrical, so assays must measure
electrical activity of CMs when screening for proarrhythmic risk. While
current-clamp electrophysiology provides the gold standard of AP mea-
surement, it requires specialized skill, is labor intensive and low-
throughput. Thus, researchers have studied the use of multi-electrode
arrays (MEA) to recreate a pseudo-ECG from a monolayer of hiPSC-de-
rived CMs to measure field potential duration and electrical conduction
(Caspi et al., 2009; Guo et al.,, 2011). The monolayer of cells behaves as a
syncytium much like cardiac tissue; however, the cells are unpaced.
Beat rate is a critical determinant of AP duration and rate-associated
changes in AP waveform can mask more subtle drug effects. Further, it
is difficult to qualify the nature of proarrhythmic events, such as early
versus delayed after depolarizations. MEA provides neither single-cell
resolution nor calcium data.

Here, we describe a novel optogenetic technique for simultaneous
optical pacing, voltage imaging and calcium imaging in a syncytial cul-
ture of hiPSC-derived CMs. Pacing is achieved through optogenetic
stimulation of a subset of the cells. These cells synchronize the syncy-
tium through gap junction-mediated conduction. Readout is achieved
through expression of reporter proteins in a disjoint subset of the
cells. By segregating the paced cells from the readout cells, we ensure
that the recordings are free of stimulus artifacts.

Pacing of CMs is achieved through the use of a channelrhodopsin
variant called CheRiff (Hochbaum et al., 2014). CheRiff, derived from a
freshwater alga, has been shown to trigger APs in neurons with approx-
imately 9-fold lower blue light intensity than is required for the widely
used Channelrhodopsin 2 H134R actuator (Hochbaum et al,, 2014). We
show that optical stimulation of CheRiff expressed in a subset of CMs
can pace the entire syncytium through gap junction-mediated electrical
conduction.

Detection of AP and CT waveforms was accomplished through the
use of a fusion protein called CaViar (for ‘Ca®* and voltage indicator’
(Hou, Kralj, Douglass, Engert, & Cohen, 2014)) consisting of a red-
light-excited voltage indicating fluorescent protein, QuasAr2
(Hochbaum et al., 2014) with a blue-light-excited Ca® " indicating pro-
tein, GCaMP6f (Chen et al., 2013). The QuasAr2 and GCaMP6f constructs
have each been thoroughly characterized individually as well as in com-
bination in the CaViar construct (Hou et al., 2014). QuasAr2 has a rapid
response time (0.3 ms at 34 °C), high intrinsic sensitivity to voltage
changes (90% AF/F per 100 mV), although imperfect trafficking in
some cells reduces the effective sensitivity to 10-30% per 100 mV, no
photocurrent (Hochbaum et al., 2014) and negligible capacitive load
(Maclaurin, Venkatachalam, Lee, & Cohen, 2013). In neurons, expres-
sion of QuasAr2 did not perturb resting voltage, membrane resistance,
membrane capacitance, AP initiation voltage or AP waveform
(Hochbaum et al,, 2014).

The GCaMP6f indicator responds to Ca®™ with a fluorescence dy-
namic range of 52:1, a K4 of 375 nM, a Hill coefficient of 2.3 and an
Ca?™ off-rate of 3.9 s~ ! (Chen et al,, 2013). This sensor has been used
for high-resolution mapping of Ca?>* dynamics in hiPSC-derived CMs
(Huebsch et al., 2014). In primary CM, a membrane-targeted version
of the sensor showed 4-fold faster kinetics than the cytoplasmic variant,
and was shown not to disrupt endogenous Ca?>* handling (Kaestner et
al., 2014; Shang et al., 2014). The linker in the CaViar construct has
been optimized to eliminate steric interactions or energy transfer be-
tween the GCaMP6f and the QuasAr2. CaViar has been used to map si-
multaneous propagation of APs and CTs in embryonic zebrafish hearts
in vivo (Hou et al., 2014).

The combination of the CheRiff actuator and CaViar reporter form
the basis of the platform we call Cardiac Optopatch. To test Cardiac
Optopatch as a platform for cardiotoxicity screening, the effects of elev-
en compounds were measured at the endogenous beat rate and at two
optically stimulated rates. Pentamidine was tested under chronic condi-
tions, demonstrating the ability of long-term measurements. This study
provides a benchmark for rapidly evaluating cardiotoxic effects, includ-
ing AP morphology, kinetics and CTs, of clinically relevant compounds
in an optically paced cardiomyocyte preparation using fluorescent
proteins.

2. Methods
2.1. Cell culture and transduction with Cardiac Optopatch vectors

iCell® Cardiomyocytes, Cellular Dynamics Inc. (CDI) were cultured
in six-well plates following manufacturer instructions. Five days after
plating, hiPSC-derived CMs were transduced overnight with custom
made lentiviral vectors for either CaViar and/or CheRiff. Virus was re-
moved from the cells and 1.5 mL of maintenance medium added to
each well. The efficiency of viral delivery was ~90%.
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For voltage imaging, CaViar and CheRiff-expressing cells were resus-
pended, mixed and replated onto glass-bottom imaging wells. Dishes
(MatTek; 10 mm glass diameter, #1.5) were coated with 10 pg/mL
fibronectin (Sigma-Aldrich) in 0.1% gelatin overnight at 4 °C. Cells
expressing CaViar and CheRiff were trypsinized according to the
manufacturer's protocol, mixed at a ratio of 5:1 CaViar:CheRiff, and
then pelleted. The combined cells were then re-suspended in 2.1 mL
of maintenance medium and plated overnight at a density of
8.5 x 10* cells/cm? in 100 L of plating medium. Maintenance medium
(1.0 mL) was added to each dish and the cells were fed every 48 h.

For simultaneous voltage and Ca®* imaging, CheRiff-expressing cells
were replated in the periphery of each imaging chamber, with CaViar
cells replated in the center. MatTek dishes were prepared to segregate
CheRiff-expressing cells from CaViar-expressing cells. 8 mm-diameter
poly-dimethylsiloxane (PDMS) discs were treated with 10 pg/mL fibro-
nectin in 0.1% gelatin on one side for 10 min at room temperature. The
discs were dried and pressed onto the MatTek dish glass surface, slightly
offset. The remaining area of the glass was coated with 10 pg/mL fibro-
nectin in 0.1% gelatin and left overnight. Cells expressing the CheRiff
were trypsinized according to the manufacturer's protocol and re-
suspended in 50 pL of maintenance medium per dish. For plating,
50 pL of the CheRiff cells were added to the exposed glass surface and
allowed to sit for 40 min at 37 °C in 5% CO,. The PDMS discs were re-
moved, the glass surface washed with 150 pL of maintenance medium
and the remaining volume aspirated. Trypsinized CaViar cells were
then re-suspended in 100 L of maintenance medium per dish and plat-
ed overnight at a density of 7.0 x 10% cells/cm?. 1.0 mL of maintenance
medium was added to each dish and the cells were fed every 48 h.

2.2. Sample treatment prior to imaging

Cells were imaged 5-7 days post-replating (12-14 days post-thaw).
Prior to imaging, cells were incubated with 5 uM retinal in maintenance
medium for >30 min at 37 °C in 5% CO,. Exogenous retinal is added to
the dishes to ensure that all QuasAr2 proteins contain the chromophore
in the event that inadequate retinal is supplied in the cellular media.
Retinal-containing medium was removed from the dish and 1.5 mL of
warmed maintenance medium without phenol red, vitamins and
amino acids (referred to as cardiac imaging buffer) was added. Cells
were kept at 37 °C in 5% CO, for 30 min prior to imaging.

2.3. Preparation and storage of drug stocks and dilutions

Drugs were purchased as dried powders (Sigma-Aldrich). Com-
pounds were dissolved in DMSO, with the exception of E-4031 which
was dissolved in H,0, at a stock concentration of 10 mM. Compounds
were solubilized by vortexing the solution at room temperature until
dissolved. Stock solutions were stored at — 20 °C until use. Immediately
prior to use, drugs were diluted in cardiac imaging buffer. Addition of
100 pL of diluted stock to the dish achieved the final drug concentration.
A blank containing cardiac imaging buffer alone was prepared for each
drug. Drugs were kept at 37 °C in 5% CO, prior to use.

2.4. Spontaneous beating and paced action potentials

CMs expressing CaViar were exposed to whole-field illumination
with red laser light (N = 640 nm, 50 W/cm?) to excite fluorescence of
QuasAr2. Fluorescence was collected via a 20 x water immersion objec-
tive with a numerical aperture (NA) of 1.0 through a Cy5 emission filter
(Chroma). Signals were recorded on a sSCMOS camera (Hamamatsu) at
frame rates of 100 Hz or 500 Hz. Pulses of blue LED illumination
(6 ms, 0.5 W/cm? N\ = 488 nm) stimulated CheRiff, which paced the
entire syncytium through gap junction-mediated conduction.

2.5. Simultaneous imaging of voltage and Ca® ™"

Pulses of blue LED illumination (6 ms, 0.5 W/cm? \ = 488 nm) stim-
ulated CheRiff in the peripheral cells to pace the syncytium. Blue laser
light (A = 488 nm, 0.15 W/cm?) excited fluorescence of GCaMP6f in
the central cells. Red laser light (\ = 640 nm, 50 W/cm?) excited fluo-
rescence of QuasAr2 in the central cells. A dual-view imaging system
projected emission from GCaMP6f (525-575 nm) and from QuasAr2
(660-760 nm) onto adjacent halves of a sSCMOS camera, operating at a
frame rates of 100 Hz or 500 Hz.

2.6. Drug measurements

Imaging was performed on a custom-built epi-fluorescence micro-
scope. Cells were maintained at a temperature of 35-37 °C using a heat-
ed stage (Warner Instruments) and objective collar (Bioptechs). A
home-built environmental chamber maintained 100% humidity and
5% CO,.

The imaging protocol comprised measurement of spontaneous ac-
tivity (30 s), immediately followed by activity under 1 Hz and 2 Hz pac-
ing (15 s each), repeated in three fields of view (FOV). Drug addition
started with a blank, followed by within-dish dose-escalation. A vehicle
control was performed for DMSO at concentrations of 0.003%, 0.01%,
0.03%, 0.1% and 0.3%.

2.7. Analysis

Voltage traces were first corrected for photobleaching using a sliding
linear interpolation with a 2 s window. Each trace was scaled to report
fractional changes in fluorescence relative to baseline (AF/F). The first
derivative of each trace was used to locate the spike upstroke (maximal
dF/dt). In paced recordings, blue light stimulus artifacts were removed
by linear interpolation between the frames immediately before and
after the stimulus pulse. There was typically a 10 ms delay between
the onset of the blue pulse and the upstroke of the AP. Ca?™ traces
were not corrected for photobleaching. The spike timing was extracted
using the information from the voltage traces. Each Ca®™ trace was
scaled to fractional fluorescence units, AF/F.

The inter-beat interval was calculated by recording the average time,
in seconds, between AP upstrokes, whose timing was determined as de-
scribed above. AP50 and AP90 were calculated from the average beat
from each 100 Hz frame-rate movie. The AP width was the time be-
tween crossing 50% (or 10%) of the maximum fluorescence deviation
on the upstroke and the downstroke. Linear interpolation was used to
achieve sub-frame precision. The rise time was determined from
500 Hz movies. The upstroke was defined as the time for the fluores-
cence to travel between 30 and 70% of the full swing. Timing was calcu-
lated with sub-frame precision using linear interpolation. The reported
value was the mean rise time over all beats in a given trace. The Ca?*
transient was characterized by the amplitude of AF/F in the CT, averaged
over all beats in a given trace.

All error bars reported represent the standard error of the mean
across three FOV acquired in each of two dishes unless indicated other-
wise. All statistical comparisons were performed using a one-way
ANOVA with Dunnett's test for statistical significance. All P values are
considered significant if <0.05.

3. Results
3.1. QuasAr2 accurately and non-perturbatively reports AP waveforms

We first tested the capability of QuasAr2 to report AP waveforms by
comparing with a highly sensitive VSD, FluoVolt (Miller et al., 2012).
QuasAr2 was expressed under control of the CMV promoter in a subset
of hiPSC-derived CMs and all cells were labeled with FluoVolt. The two
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reporters absorb and emit at different wavelengths, so their signals
were readily separated and recorded simultaneously (Fig. 1).

Spontaneously beating cells expressing QuasAr2 and labeled with
FluoVolt showed bursts of fluorescence from each reporter, synchro-
nous with the beating. To test whether QuasAr2 accurately reported
the underlying AP waveform, we compared the FluoVolt and QuasAr2
signals recorded from the same cell. The two waveforms showed good
correspondence (<2% difference in AP50; Fig. 1A). To test whether ex-
pression of QuasAr2 affected the AP waveform, we compared FluoVolt
signals in neighboring cells 4- QuasAr2 expression. The FluoVolt wave-
form showed no detectable difference between cells 4+ QuasAr2 (Fig.
1A).

Because QuasAr reporters require high illumination intensity, we
tested for photobleaching or phototoxicity arising from imaging of Qua-
sAr2 in CMs. Fig. 1B shows the QuasAr2 fluorescence during 500 s of
continuous red laser illumination (50 W/cm?), with baseline drift re-
moved. The signal amplitude decreased by 12% during the acquisition
and showed a modest shortening of the AP50 (199 ms to 192 ms) and
AP90 (318 ms to 307 ms). This level of variability in AP width is within
the natural variation in spontaneously beating hiPSC-derived CMs.

3.2. CheRiff and CaViar form the Optopatch system to optically stimulate
and record voltage and Ca? ™ in hiPSC-derived CMs

To avoid artifacts from non-specific channelrhodopsin conductance,
cell expressing CheRiff alone were used to pace the syncytium. For de-
tection of AP waveform alone, cells expressing CheRiff and cells express-
ing CaViar were intermixed (Fig. 2). For detection of APs and CTs,
CheRiff-expressing cells were plated to the side of the syncytium, to
avoid spurious CheRiff activation by the blue light used to excite
GCaMP6f (Fig. 2B). Fig. 2C shows simultaneously recorded single-trial
fluorescence time traces for QuasAr2 and GCaMP6f, without filtering
or other post-processing. AP and CT waveforms could be detected for
spontaneous or paced beating at 1 Hz and 2 Hz.

3.3. Cardiac Optopatch as a platform for cardiotoxicity testing
We next tested the effects of drugs on cardiac AP dynamics at 37 °C.

We measured voltage transients in 8-10 cells per FOV, at three pacing
rates, three FOVs per dish, six drug concentrations (1 ‘blank’ with no

drug and 5 drug concentrations) and two dishes. The duplication over
dishes was to control for dish-to-dish variation.

Dish-to-dish variability across all of the studies was quantified using
‘blank’ measurements made immediately prior to compound addition.
Fig. 3 shows average AP and CT waveforms as well as dot density plots
comparing AP50, AP90, beat rate and rise time for spontaneously beat-
ing cultures and cultures paced at 1 Hz and 2 Hz. The pacing shortened
the AP in a rate-dependent manner and decreased dish-to-dish variabil-
ity in AP parameters (Fig. 3C). The AP50 was 391 4+ 61 ms (mean + s.d.)
in spontaneously beating cultures, 293 4 24 ms at 1 Hz pacing and
191 £+ 17 ms at 2 Hz pacing. AP90 showed a similar trend (528 +
79 ms for spontaneous beating, 422 4 40 ms for 1 Hz pacing, 293 +
23 ms for 2 Hz pacing), as did the rise time, but only at 2 Hz pacing
(3.9 & 1.0 ms for spontaneous beating, 3.3 4 1.1 ms for 1 Hz pacing,
2.8 4+ 0.4 ms for 2 Hz pacing). The dot density plot is also shown for
the spontaneous beat rate of the cultures (32.1 £ 7.6 beats/min).

Cells followed the specified pacing regime, and voltage changes
were detected with fractional fluorescence changes of AF/F = 30% and
high signal-to-noise ratio (500:1 at 100 Hz frame rate; 200:1 at
500 Hz frame rate). In the un-paced culture, the AP width showed an
apparent decrease with increasing DMSO concentration: from 0% to
0.3% DMSO, AP50 decreased from 464 4+ 11 ms to 394 + 8 ms and
AP90 decreased from 600 4 23 ms to 512 4+ 15 ms (not shown). How-
ever, these results are explained by the increase in the spontaneous beat
rate from 25.8 4 0.9 to 28.8 4 2.4 beats/min over the course of 75 min
measurement. Under optical pacing conditions, the fractional changes
in AP parameters were approximately three-fold smaller: at 1 Hz from
0% to 0.3% DMSO, AP50 decreased from 315 4+ 8 ms to 292 + 10 ms
and AP90 decreased from 439 + 20 ms to 408 £ 19 ms.

3.4. Acute drug effects on AP waveform as measured by Cardiac Optopatch

To characterize pharmacological effects on APs, we tested com-
pounds with known mechanisms, including several hERG K™ and Na™
channel blockers, as well as some with multiple targets. A summary of
the effects of compound addition on voltage dynamics is shown in
Table 1, as determined using Optopatch.

Cisapride is a gastroprokinetic removed from the market due to car-
diac side effects arising from hERG block (Hennessy, Leonard,
Newcomb, Kimmel, & Bilker, 2008). In our Optopatch assay, cisapride
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Fig. 1. QuasAr2 reports cardiomyocyte (CM) action potentials (APs). (A) Comparison of the CM AP waveforms, as measured by the genetically encoded voltage indicator QuasAr2 and the
voltage-sensitive dye, FluoVolt. Cells were sparsely transfected with the QuasAr2 construct and then treated with FluoVolt dye. QuasAr2 was excited by red laser light with fluorescence
detection centered at 720 nm. FluoVolt was excited by 488 nm laser light with fluorescence detection centered at 525 nm. The top panel shows the simultaneously recorded AP waveforms
from a cell expressing QuasAr2 (red line) and labeled with FluoVolt (green line). The lower trace compares the FluoVolt AP waveform in the presence (FluoVolt™, QuasAr2™, green) and
absence (FluoVolt™, QuasAr2~, cyan) of QuasAr2 expression. (B) Phototoxicity and photobleaching measurement of QuasAr2. Cells were imaged under continuous red laser illumination
(~50 W/cm?) for 500 s. Expanded views of the fluorescence recording are shown in the lower panels. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Optogenetic constructs and plating schemes for simultaneous pacing, voltage and Ca>* measurement. (A) Schematic structures of optogenetic proteins used for pacing and
detection of voltage and intracellular Ca?*. The crystal structures of CheRiff and QuasAr2 have not been solved; the diagrams show homologous proteins. Pacing of CMs is achieved
through pulsed 488 nm LED illumination of CheRiff. The CheRiff construct is coupled to an eGFP tag for detection of CheRiff expression. A fusion protein called CaViar (Hou et al.,,
2014), consisting of QuasAr2 (Hochbaum et al., 2014) fused to GCaMP6f (Chen et al., 2013), was used for simultaneous voltage and Ca®* imaging. QuasAr2 was excited via red laser
light. GCaMP6f was excited via blue laser light. Cells were separately transduced with either CheRiff or CaViar vectors. (B) CM plating configurations. For simultaneous optical pacing
and voltage imaging, CheRiff cells (solid cyan circles) were co-mingled with CaViar cells (solid red circles). The yellow dotted line indicates a microscope field of view. For
simultaneous optical pacing and imaging of both Ca> ™ and membrane voltage, cells were plated to spatially segregate CheRiff-expressing cells to avoid optical crosstalk. The CheRiff-
expressing cells lay outside the imaging region. (C) Voltage traces for spontaneous beating (black), paced beating at 1 Hz (blue) and paced beating at 2 Hz (red). Optical pacing stimuli

are shown as cyan dashes. The simultaneous measurement of Ca?*
reader is referred to the web version of this article.)

had a pronounced effect on the AP waveforms (Fig. 4A, C). Under spon-
taneous beating, 0.1 uM cisapride increased AP90 (from 536 + 8 ms to
851 + 4 ms, Fig. 4C). The spontaneous beat rate remained constant be-
fore decreasing sharply at 1 uM. At 1 uM, EADs were observed, along
with a dramatic increase in the AP90 to 1200 4+ 210 ms (Fig. 4A, C).
The effects of additional hERG channel blockers, E-4031 and
terfenadine, are summarized in Table 1.

We next tested several Na™ channel blockers including flecainide
(Fig. 4B, D). Flecainide, at 1 Hz pacing, increased the AP90 from
465 + 7 ms to 616 4 2 ms at 3 uM (Fig. 4D). The rise time increased
from 2.6 £ 0.1 ms to 9.4 ms at 3 pM. At 3 pM, cells showed a cessation
of spontaneous beating and at 10 pM stopped beating all together
(Fig. 4B). The effects of the Na™ channel blockers lidocaine and quini-
dine are summarized in Table 1.

Finally, two drugs showed no effects at any concentrations tested.
Amiodarone, which exhibits Class I, I, IIl and IV properties, showed no
significant changes with increasing concentration in either of the mea-
surements. Similarly, chromanol had no effect on the AP waveforms.

3.5. Acute drug effects on AP waveform and CT dynamics as measured by
Optopatch

We next tested three compounds using simultaneous measurement
of voltage and Ca?™. A summary of the effects of compound addition on
voltage and calcium dynamics is shown in Table 1.

As in the voltage-only measurements, DMSO addition showed little
effect on the AP waveforms or CTs. The measured amplitude of the cal-
cium transients slightly decreased throughout the experiment due to

(magenta) is shown at each pacing condition. (For interpretation of the references to color in this figure legend, the

photobleaching of the GCaMP6f sensor; at 1 Hz pacing the amplitude
decreased from AF/F = 0.13 + 0.01 to 0.08 4+ 0.01 at 0.3% DMSO. At
the spontaneous beat rate, the AP50 decreased from 352 + 1 ms to
278 + 7 ms and AP90 decreased from 481 4+ 3 ms to 392 + 4 ms at
0.3% DMSO, respectively. This decrease is consistent with the observed
increase in spontaneous beat rate from 34.7 £+ 1 bpm to 42.6 +
1 bpm. This change was smaller in paced cultures. At 1 Hz pacing, the
AP50 decreased from 275 £ 2 ms to 252 4+ 3 ms at 0.3% DMSO and
AP90 decreased from 420 + 1 ms to 356 + 2 ms at 0.3% DMSO.

Nifedipine affected voltage and calcium transients in both spontane-
ously beating and paced cultures (Fig. 5). Most notably, the calcium am-
plitude showed a decrease from AF/F = 0.12 4+ 0.02 to 0.08 + 0.02
under 1 Hz pacing conditions at the lowest concentration tested
(0.01 uM), and continued to decrease to 0.02 4= 0.01 at 0.3 uM. At 1 Hz
pacing, AP50 decreased from 307 + 6 ms to 171 4 18 ms at 0.03 pM
as did AP90 from 407 4+ 2 ms to 251 4 22 ms before the spontaneous
beat rate exceeded the pacing rate (Fig. 5B). The syncytium stopped
beating at 1 uM nifedipine. The effects of additional Ca>* channel effec-
tors, verapamil and digoxin, are summarized in Table 1.

3.6. Cardiac Optopatch reports chronic drug effects on AP waveform

We next tested whether Optopatch reported effects from chronic
drug exposure. Pentamidine causes prolonged QT and TdP in patients
due to a reduction of hERG trafficking (Cordes et al., 2005; Kuryshev
et al., 2005). We observed a gradual change in the AP waveform in the
presence of pentamidine (Fig. 6). In the absence of pentamidine, beating
was regular over the course of 44 h (Fig. 6A). At 1 UM pentamidine, CMs
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Fig. 3. Dish-to-dish variability of AP and CT parameters. (A) Average AP and (B) CT waveforms at spontaneous and paced regimes. (C) Dish-to-dish variability of AP and CT parameters
before compound addition. Dot density plots for the AP50, AP90, AP rise time and spontaneous beat rate showing dish-to-dish variability across different beat rates. AP parameters
show reduced variability with pacing, as indicated by the tighter clustering of data points. Black horizontal lines indicate the mean of the distributions.

showed no acute change in AP waveform (Fig. 6B). However, at 20 h, the
AP waveform showed clear AP90 prolongation, and at 44 h, EADs were
detected. At 10 uM pentamidine, we observed a dramatic AP90 prolon-
gation after 20 h (Fig. 6C). Cells did not beat at 44 h. These measure-
ments demonstrated that the Cardiac Optopatch system can probe
long-term effects of drug exposure.

4. Discussion

Advances in drug screening for safety (Hardy, Lawrence, Standen, &
Rodrigo, 2006; “International Conference on Harmonisation; guidance
on S7B Nonclinical Evaluation of the Potential for Delayed Ventricular
Repolarization (QT Interval Prolongation) by Human Pharmaceuticals;
availability. Notice,” Federal Register, 2005; Ma et al., 2011) and efficacy
(Itzhaki et al.,, 2011; Yazawa et al,, 2011), new stem cell-based therapies
(Segers & Lee, 2008) and improved understanding of cardiac develop-
ment (Panakova, Werdich, & Macrae, 2010) all necessitate new ap-
proaches to simultaneously measure voltage and calcium dynamics,

Table 1

with increased throughput, high dynamic range of spatio-temporal res-
olution and the ability to make both acute and chronic measurements in
vitro and in vivo (Kaestner & Lipp, 2011; Leyton-Mange et al., 2014;
Mandel et al., 2012). The CiPA initiative encourages creation of a more
reliable assay to predict cardiac toxicity in vivo. One approach to
cardiotoxicity screening is to use VSDs, which have been used to record
AP waveforms from intact hearts since the 1970’s (Entcheva & Bien,
2006; Panakova et al., 2010; Salama & Morad, 1976), in cultured
cardiomyocytes since the early 1990’s (Fast & Kleber, 1993; Windisch,
Ahammer, Schaffer, Muller, & Platzer, 1995) and more recently from
human iPSC-derived cardiomyocytes (Park, Lee, Tung, & Yue, 2014;
Ren et al,, 2011). However, dye-mediated phototoxicity is a concern
and repeated imaging is a challenge. Dye-mediated phototoxicity is
most acute for single-cell measurements, which require high magnifica-
tion and consequently high illumination intensity.

Measurements of multiple modalities can distinguish among possi-
ble drug mechanisms of action. Simultaneous measurements with a
VSD and a Ca ™ sensitive dye have been applied in intact guinea pig

Summary of the effects of compound addition on select features of the action potential and calcium waveforms. For each drug, the concentration at which the observed physiological effect
first occurred is listed. The symbols ‘1 20%’ and ‘| 20%' indicate that the listed parameter increased or decreased by ~20%, respectively, relative to the addition of a ‘blank’ containing no drug.
A dash mark (-) implies that no effect was observed. ‘Stop beating’ refers to the lowest concentration at which beating stops completely at both spontaneous beating and paced conditions
in at least one field of view. Cells that did not adhere to the specified pace rate were omitted from consideration. Abbreviations: EADs, early after depolarizations; N/A, not applicable.

AP50 AP50 AP90 AP90 AP rise time Stop Ca®* amplitude Ca®* Amplitude Ca®™* Flux ca’t
Compound  120% 120% 120% 120% 120% EADs beating 120% 120% stops Sparks?
Quinidine - 10 uM 1uM - 1uM 3uM - N/A N/A N/A N/A
Lidocaine 10 uM - 10 uM - 10 M - 100 pM N/A N/A N/A N/A
Flecainide ~ 1uM - 1uM - 1uM 3uM 10 UM N/A N/A N/A N/A
Amiodarone - - - - - - - N/A N/A N/A N/A
E-4031 - 0.1 uM - 0.03 uM - - N/A N/A N/A N/A
Verapamil - 0.1 uM - 0.1 uM 0.1 uM - 1uM - 0.1 uM 1M Yes
Nifedipine - 0.01pM - 0.01pyM  0.01 uM - 1M - 0.01 uM 0.3 uM Yes
Cisapride - - 001puM - 0.1 uM 1M - N/A N/A N/A N/A
Digoxin - 1M 1uM - 1uM - 3 uM 0.3 uM 1M 3uM Yes
Terfenadine - 1uM - - 1uM - 10 uM N/A N/A N/A N/A
Chromanol - - - - - - - N/A N/A N/A N/A
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Fig. 4. Alterations in the AP waveform induced by cisapride and flecainide. Fluorescence (AF/F) versus time for (A) cisapride and (B) flecainide, for spontaneously beating cells (top, black),
cells paced at 1 Hz (middle, blue) and 2 Hz (bottom, red). Cells were treated with sequentially increasing concentrations of drug. Cisapride induced EADs. (C) Change in AP90 as a function
of cisapride concentration. (D) Change in AP90 and rise time as a function of flecainide concentration. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

hearts (Choi & Salama, 2000) and in centimeter-scale cultures of human
iPSC-derived cardiomyocytes (Herron, Lee, & Jalife, 2012; P. Lee et al.,
2012). Simultaneous measurement of voltage and Ca® * with genetically
encoded indicators has until recently been impossible due to the

spectral overlap of GFP-based fluorescent proteins. The far red spectrum
of the QuasArs resolves this challenge.

AP and CT waveforms are both highly sensitive to the beat rate. In
spontaneously beating cultures, drugs can affect this rate, leading to
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Fig. 5. Alterations in the AP waveform and Ca®* transients induced by nifedipine. (A) Average normalized AP and (B) average (AF/F) CT waveforms at 1 Hz pacing for the nifedipine

concentrations tested (cyan to magenta; lowest to highest concentration). (B) Quantificati

ion of the AP50, AP90, rise time, CT amplitude and spontaneous beat rate.
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Fig. 6. Alterations in the AP waveform following chronic treatment with pentamidine. Fluorescence (AF/F) versus time at 0, 20 and 44 h after pentamidine addition.

changes in the waveform parameters that mask direct effects of the
drug on particular ion channels. Pacing with field stimulation electrodes
is standard practice, but risks contamination of the culture, a particular
concern for long-term measurements. Combination of optogenetic
pacing and voltage imaging has recently been achieved with a
channelrhodopsin actuator and a red VSD (Park et al., 2014). The Cardi-
ac Optopatch platform allows for a genetically encoded approach, which
is desirable to alleviate concerns about phototoxicity and to enable cell
type-specific labeling.

The Optopatch measurements precisely reflect the underlying AP
and CT waveforms, but as with most optical assays, do not report abso-
lute voltage or Ca® ™. Thus the assays are insensitive to perturbations
that subtly shift the resting voltage or baseline Ca? . However, the car-
diac action potential waveform is sensitive to resting membrane poten-
tial, and changes in APD are expected if compounds induce a shift in
resting voltage. The calcium dynamics are reported with high signal-
to-noise ratio by using a membrane-tethered GCaMP variant. Expres-
sion of the sensor at the plasma membrane has demonstrated faster dy-
namics than cytoplasmic versions, and furthermore reports Ca>* sparks
and waves. While these events were not the subject of our analysis, they
were often seen in our movies.

Optopatch also offers a new dimension to testing delayed drug
cardiotoxicity. Drugs with delayed cardiotoxic effects (Cordes et al.,
2005; Kuryshev et al., 2005), (Molife et al., 2007) present a challenge
for conventional hERG assays. The chronic measurements with pentam-
idine demonstrate the ability of the Optopatch assay to address this
challenge. The assays performed here were performed on single-well
cultures, but parallelization to multiple wells for higher throughput
can be achieved through standard engineering measures.

In evaluating a prospective cardiotoxicity assay, one must distin-
guish between the measurement modality and the cellular substrate.
As a substrate for cardiotoxicity screening, hiPSC-derived CMs replicate
some, but not all physiological aspects of adult ventricular myocytes.
Excitation-contraction coupling is a well-defined property of adult pri-
mary cardiomyocytes. Calcium mismanagement has been used in the
past as a hallmark for pathology and maturity of cells. Within physiolog-
ically relevant pacing rates, the hiPSC-derived cardiomyocytes
responded with action potential shortening upon increases in stimu-
lation frequency, as do adult human myocytes. However, we ob-
served a decrease in CT amplitude at elevated beat rate (Fig. 2),
while an increase in CT amplitude at elevated beat rate has been re-
ported for primary human atrial myocytes (Llach et al., 2011).
Human embryonic stem cell-derived cardiomyocytes (hESC-CMs)
showed expression of calcium handling proteins more similar to
fetal than to adult ventricular myocytes, suggesting a mechanism
for the difference in calcium transient morphology between the
two (Liu, Fu, Siu, & Li, 2007). HiPSC-CMs exhibit a further

suppression of amplitude and slower kinetics of the calcium tran-
sient than hESC-CMs, indicating an even greater immaturity of calci-
um handling (Y. K. Lee et al., 2011). A shift to a fetal gene expression
pattern of calcium homeostatic proteins has been well characterized
in failing human myocardium, supporting our hypothesis that the in-
verse calcium vs. frequency relationship observed in hiPSC-derived
CMs is due to a lack of maturity and/or a similarity in phenotype to
pathological heart tissue (Fisher, 1995).

Some compounds, including hERG, Na™ and Ca?™ channel effectors,
elicited responses which deviated from anticipated physiological re-
sponses. The increases in AP90 induced by cisapride and E-4031 are
consistent with their mechanism as hERG blockers. EADs were observed
for cisapride but only occasionally for E-4031. E-4031 is a commonly
used positive control, with potent and selective hERG blocking proper-
ties. Canine in vivo and purkinje fiber studies using E-4031 have
shown APD prolongation at concentrations ranging from <1 nM-
30 nM, respectively (Faivre, Forest, Gout, & Bril, 1999; Webster et al.,
2001). Our results observed significant APD prolongation at 100 nM, a
higher concentration than reported by others using similar hiPSC-CMs.
For example, Peng et al. and Ma et al. reported a >66% prolongation of
APD90 at 30 nM in electrically paced cells (1 Hz), with subsequent
EADs at 100 nM in spontaneous or slower paced cells (0.5 Hz) (Ma et
al., 2011; Peng, Lacerda, Kirsch, Brown, & Bruening-Wright, 2010).
Non-invasive MEA measurements on hiPSC-CMs reported arrhythmic
activity at concentrations =10 nM (Guo et al., 2013; Harris et al., 2013;
Nakamura et al., 2014). The recent observation that AP waveform de-
pends on plating density (Du et al., 2015) suggests that this variable,
not standardized between research groups, may explain some of the
variability within the literature and the different results obtained here.
The paucity of data on cells from the same source, studied on the
same platform, under identical conditions makes it difficult to form a
consensus on pharmacological effects.

In the case of Na™ channel block, both anticipated and unanticipated
effects were observed. Flecainide and quinidine showed an increase in
rise time consistent with their mechanism as Class la Na* channel
blockers and led to EADs at 1 and 3 pM, respectively. E-4031 also in-
creased AP rise time, suggesting an interaction with cardiac sodium
channels in addition to its known action on hERG. Alternatively, a
depolarizing shift in the resting membrane potential has been observed
for selective hERG blockers, which may induce similar sodium channel
inactivation-dependent shifts in rise time (Gibson, Yue, Bronson,
Palmer, & Numann, 2014; Ma et al., 2011). Frequency-dependent in-
creases in rise time were not observed across drugs tested and most
preparations did not respond to 2 Hz pacing after exposure to Na™
channel blockers. Inability to respond to increased pacing may be, in
part, due to the frequency-dependent increase in sodium channel
potency observed for Class 1 exhibiting compounds.
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Ca?™ modulators produced the expected drug effects. Decreases in
CT amplitude for nifedipine and verapamil are consistent with their
mechanism as L-type Ca®* channel blockers, while the increase in CT
amplitude for digoxin is consistent with its mechanism as a positive
inotrope.

For most compounds tested (with the exception of chromanol and
amiodarone), we observed a dose-dependent reduction in the signal
amplitude. Cisapride, for example, showed a decrease in signal ampli-
tude between 0 and 0.1 uM of 14%. At the highest concentration, we
observed EADs and a decrease in the signal amplitude by 30% relative
to no drug added. Measurements of photostability establish that
photobleaching is responsible for a negligible portion of this decrement
in signal amplitude. Thus it is likely that the reductions in signal ampli-
tude reflect real changes in the membrane voltage. Nifedipine, for
example, showed a dramatic reduction in both the Ca?* and voltage
amplitudes with increasing dose (Fig. 5B). The block of Ca®™ channels
by nifedipine leads to an increase in the beat rate and a reduction in
the AP amplitude that correlates well with the reduction in Ca?* ampli-
tude. These effects are consistent with nifedipine's mechanism of action.

Lastly, some compounds showed no effect upon addition to iPSC-de-
rived CMs. The absence of responses to chromanol implies that the cells
lack a substantial Is current, likely a consequence of the immaturity of
these cells. The lack of effects of amiodarone are more difficult to recon-
cile. Amiodarone is commonly prescribed as an antiarrhythmic, as it ex-
hibits sodium (15.9 pM), calcium (1.9 uM) and hERG (0.86 uM) block to
varying degrees (Kramer et al., 2013). Clinically, amiodarone has been
associated with “slowed sinus nodal discharge rate, lengthened A-V
nodal conduction time, increased atrial and ventricular monophasic ac-
tion potential duration and refractory periods.” (Zipes & Troup, 1978). A
study in hiPSC-CMs reported a reduction in spontaneous beat rate up to
100 uM (Yokoo et al.,, 2009), while a similar study reported significant
increases in beatrate from 1 to 10 uM (Mehta et al.,, 2013). In the present
study, we observed no effect on AP duration, rise time or spontaneous
beat rate from 0.3-3.0 pM, which compares well to a recent study by
Gilchrist et.al. (Gilchrist, Lewis, Gay, Sellgren, & Grego, 2015). Thus the
effects of amiodarone are quite variable in hiPSC-CM platforms and re-
quire further investigation. Additional work with a broader array of
compounds will be required to develop a detailed map of drug effects
in vitro to clinical outcomes in vivo.

Our study, as well as others in the literature, has confirmed the het-
erogeneous population of cardiomyocytes present in hiPSC-derived
CMs (Fig. 1). The cardiomyocytes used for this study are claimed to be
>95% pure according to the manufacturer's specifications, with relative
contributions of 50% ventricular, 25% atrial and 25% nodal cells. As is the
case in the human heart, regional differences in pharmacology have
been observed and often serve as the basis for specificity of drugs. For
example, atrial-selective drugs exploit the presence of Kv1.5 and the rel-
atively depolarized membrane potential (Ravens, Poulet, Wettwer, &
Knaut, 2013). Because our current analysis captures APs from a discrete
population of cells, it is plausible that differences in pharmacology ob-
served arise from statistical averaging over the mixed population. Fu-
ture work will entail the design of cell-type specific vectors for
targeted expression in either ventricular, atrial or nodal cell populations,
a capability uniquely afforded by genetically encoded indicators.

These data demonstrate that the Optopatch technology provides a
means to non-invasively study hiPSC-derived cardiomyocytes to better
characterize their native phenotype and the cardiotoxic effects of novel
chemical entities. The use of fluorescent proteins to study complex elec-
trophysiology is also amenable to increased throughput using automa-
tion and multi-well plate based platforms, providing increased
flexibility to capture myocyte physiology. The ability to pace the CMs re-
duces the rate-dependent changes in AP and CT waveforms, which
would otherwise mask the effects of many compounds. Differences in
some pharmacological responses within the literature and between
the literature and the present measurements highlight the importance
of defining standard cell culture and measurement conditions. This

platform should prove useful in reaching one of the major goals of the
CiPA initiative, namely an in vitro assay with hiPSC-derived CMs for
the accurate reporting of cardiotoxic effects of drug compounds.
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