APPLICATION NOTE

Unlocking the Cellular Secrets of Disease

Direct quantification of pharmaceutical effects on cardiac
action potentials in human stem cell-derived cardiomyocytes
INTRODUCTION
Each heartbeat results from a transient electrical depolarization, or cardiac action potential (Figure 1), that begins in
the sinoatrial node and propagates through the heart to contract the cardiac muscle cells (cardiomyocytes). Since the
1990’s, many FDA-approved drugs (e.g., cisapride, used to treat gastric reflux1) have been linked to action potential
arrhythmias and sudden cardiac deaths. Many proarrhythmic drugs inhibit potassium flux through the Kv11.1 channel
(aka the human Ether-à-go-go-Related Gene, or hERG), encoded by the KCNH2 gene.2 These drugs prolong the
cardiac action potential, the related QT interval, and the
time required for cardiomyocyte repolarization (Figure
1). These side effects increase the incidence of Torsade
de Pointes, a dangerous arrhythmia that can result in
sudden cardiac death.
The US FDA and other regulatory agencies now
require intensive testing of all drug candidates for
proarrhythmic effects prior to human clinical trials.3
Current preclinical cardiosafety testing systems use
electrophysiological methods to test compounds for
effects on cardiac action potentials in intact hearts,
tissue fragments, cardiomyocytes isolated from rabbits
or dogs, or non-cardiac cell lines engineered to express
the hERG channel.4,5 However, non-human model
systems and non-cardiac cell lines incompletely model
the physiology of human cardiomyocytes and may fail
to predict proarrhythmic effects in the clinic.
Cardiomyocytes differentiated from human stem cells
(hSC-CMs) exhibit the contractile phenotype of human
ventricular cardiomyocytes6,7 and represent a new
human model system for cardiosafety testing. Previous
studies using Vala’s Kinetic Image Cytometer® (KIC®)—
an automated, high-throughput digital microscopy
workstation designed to record images at high frame
rates—identified compounds that prolong cardiac action
potentials in hSC-CMs loaded with Fluo-4, a fluorescent
intracellular calcium indicator. This calcium transient

Figure 1. The relationship between the cardiac action potential
duration, hERG channel conductance, Torsades de Pointes (from
Grilo et al., 2010).
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data predicted the clinical proarrhythmic effects of test
compounds better than non-human in vitro systems
and rivaled the predictive value of data obtained by
administering the compounds to living canines.6–9
In this pilot study, we tested if Vala’s IC200 KIC® and
CyteSeer® (Vala’s cell image analysis software) can
directly quantify effects of compounds on the duration
of cardiac action potentials in hSC-CMs loaded with
FluoVoltTM, a molecular voltage sensor that increases

METHODS
hSC-CMs (NCardia, Cor.4U Cardiomyocytes) were
thawed and cultured in accordance with the protocols
suggested by the cell manufacturer in 96-well plates
featuring optically clear well bottoms (Cat. No. 655090,
Greiner, Monroe, NC, USA) and maintained at 37°C
and 5% CO2 for 6 days prior to imaging in culture
media from the cell manufacturer. hSC-CMs displayed
spontaneous beating within 48 hours of thawing. The
cells were loaded with FluoVoltTM (Thermo Fisher) as per
the manufacturer instructions in a loading buffer of 20
mM HEPES in HBSS that contained 200 ng/mL Hoechst
33342, a live cell nuclear stain.
Cells were loaded for 30 minutes at 37°C. The cells
were rinsed and test drugs dissolved in DMSO (final
DMSO concentration: 0.1%) were applied: nifedipine at
doses of 0.001, 0.01, 0.1, and 1 μM and dofetilide at does
of 0.33, 1.0, 3.2, and 10 nM (Figure 2). Overall, 10 wells
were treated with 0.1% DMSO alone and 5 wells were
treated with each dose of dofetilide or nifedipine. The
hSC-CMs were incubated with test compounds for 20
minutes prior to being imaged (incubation and imaging
were done at 37°C). Image acquisition was with a 20x
NA 0.75 objective.

in fluorescence when cells depolarize.10 We tested
two compounds with known effects on cardiac action
potentials: dofetilide, which prolongs cardiac action
potentials by inhibiting potassium flux through hERG; and
nifedipine, which shortens cardiac action potentials by
inhibiting calcium flux through L-type calcium channels.
Our results demonstrate that Kinetic Image Cytometry®
can quantify action potential duration from hundreds
of hSC-CMs. This method enables high-throughput,
accurate, and cost-effective cardiosafety testing.
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Figure 2. Plate map to demonstrate effects of nifedipine (nif) and
dofetilide (dof) on hiPSC-CMs.

The instrument navigated to each well in the dish,
captured a single image of the nuclei (Hoechst 33342),
and then recorded 20 seconds of action potential activity
(FluoVoltTM) at 32 frames per second. A single field of
view (0.58 mm2) was imaged per well, visualizing 600
to 700 individual hSC-CMs per well. Image acquisition
was accomplished in a fully automated fashion and
required less than 30 minutes. Images were analyzed
with CyteSeer® (Vala’s cell image analysis program),
which identified each nucleus in the field of view and
quantified changes in FluoVoltTM fluorescence in nearby
regions of the cell using a cytoplasmic mask (Figure 3).
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Figure 3. Identifying iPSC-CMs
in the field of view. iPSC-CMs
were seeded in a 96-well dish
and loaded with FluoVolt (green)
and Hoechst 3342 (blue). A, Full
field of view. B, Cytoplasmic
mask and cell ID numbers
assigned by CyteSeer® (area in
A at higher magnification).

RESULTS
FluoVoltTM readouts from DMSO-treated hSC-CMs
feature transient depolarizations ~5 milliseconds in
duration that correspond to the cardiac action potential
under basal conditions. CyteSeer® consistently resolved
action potentials for each cell in the field of view (Figure
4). As expected, the hERG blocker dofetilide increased
action potential duration, while the L-type calcium
channel blocker nifedipine had the opposite effect.
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We used the time point at which the voltage had decayed
to 50% of its maximum value (Action Potential Duration
at 50%, or APD50) to further quantify the compounds’
effects on action potential kinetics (Figures 5 and 6).
In Figure 6, each bar represents APD50 data derived
from ~3,000 to ~10,000 cells and demonstrates the
low variation in the APD50 across the wells. Dofetilide
increased action potential duration at 3.2 and 10 nM,
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Figure 4. Voltage transients are independently measured for every cell in the field of view. A, Voltage transients are shown for cardiomyocytes
exposed to DMSO (transients are displayed for 20 out of 616 in the field of view). B, Voltage transients are shown for cells exposed to dofetilide,
a compound that inhibits hERG channel conductance. C, Voltage transients are shown for cells exposed to 1 µM nifedipine, which inhibits calcium
flux through L-type calcium channels.
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while nifedipine decreased action potential duration at 0.1 and 1.0 μM. These results demonstrate that this assay can
quantify both prolonging and shortening effects of test compounds on cardiac action potentials in a human model
of cardiomyocytes.

Figure 5. Quantification of APD50. Traces are shown for iPSC-CMs treated with DMSO (A), 10 nM dofetilide (B) or 1 µM nifedipine (C). The
duration of the AP at the 50% decay point (APD50) is shown (dotted line).
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Figure 6. Dose-dependent effects of dofetilide and nifedipine
on the cardiac AP. Each bar represents the mean ± SD for n=
10 (DMSO) or 5 (test treatments) wells per condition. Statistical
significance was determined via ANOVA followed by Dunnett’s test.
* p < 0.05; **, p < 0.01; **** p < 0.0001 vs. DMSO controls.
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DISCUSSION
With the current global concerns over drug-induced
arrhythmia, the US FDA and regulatory agencies
worldwide have mandated testing of candidate
pharmaceuticals for proarrhythmic effects.3 Because
hSC-CMs model human cardiomyocyte physiology more
accurately than current preclinical testing systems, there
is much interest in using them for cardiosafety testing.11
The data above demonstrate that Vala’s instrumentation
(the IC200 KIC®) and image analysis software (CyteSeer®)
can directly quantify effects of chemical compounds
on cardiac action potential kinetics in hSC-CMs. While
only APD50 data is shown in this report, CyteSeer®
reports many other kinetic parameters, including action
potential duration at the 30% and 90% decay points, rise
times for the upstroke, and decay times. CyteSeer® can
also report parameters relevant to cardiac physiology
that cannot be readily ascertained by traditional
electrophysiological methods, including propagation of
action potentials and kinetic synchrony across a sample
of cardiomyocytes.
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CONCLUSIONS
This report demonstrates that Vala’s IC200 KIC® and CyteSeer® can measure voltage transients in hSC-CMs loaded
with FluoVoltTM, which is relevant for cardiosafety testing. Vala’s technology can also measure voltage in hSC-CMs
derived from individuals with mutations in cardiac ion channels that cause prolonged action potentials. Previous
studies have applied Vala’s technology to elucidate the role of microRNAs in cardiac calcium transients during
heart failure12 and to identify FSTL1 as an endogenous cardiac protein with proliferative effects that could be
targeted to treat infarctions.13 Vala’s IC200 KIC® can also quantify action potentials and calcium transients in adult
cardiomyocytes and other excitable cells such as neurons or skeletal muscle to derive data relevant to research
in neurodevelopment, neurodegeneration, or muscular dystrophies. Thus, the IC200 KIC® is a versatile automated
microscopy workstation with broad applications across biomedical and cell biology research.
CONTACT US
Please contact Vala Sciences, Inc (www.valasciences.com/contact) for more information about purchasing an
instrument, which includes a copy of CyteSeer®. We also provide drug discovery or safety screening services using
our technologies.
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