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ABSTRACT
Recent progress in embryonic stem cell (ESC) and induced pluripotent stem

cell (iPSC) research led to high-purity preparations of human cardiomyo-

cytes (CMs) differentiated from these two sources—suitable for tissue re-

generation, in vitro models of disease, and cardiac safety pharmacology

screening. We performed a detailed characterization of the effects of ni-

fedipine, cisapride, and tetrodotoxin (TTX) on Cor.4U� human iPSC-CM,

using automated whole-cell patch-clamp recordings with the CytoPatch�

2 equipment, within a complex assay combining multiple voltage-clamp

and current-clamp protocols in a well-defined sequence, and quantitative

analysis of several action potential (AP) parameters. We retrieved three

electrical phenotypes based on AP shape: ventricular, atrial/nodal, and S-

type (with ventricular-like depolarization and lack of plateau). To suppress

spontaneous firing, present in many cells, we injected continuously faint

hyperpolarizing currents of -10 or - 20 pA. We defined quality criteria

(both seal and membrane resistance over 1 GO), and focused our study

on cells with ventricular-like AP. Nifedipine induced marked decreases in

AP duration (APD): APD90 (49.8% and 40.8% of control values at 1 and

10 lM, respectively), APD50 (16.1% and 12%); cisapride 0.1 lM increased

APD90 to 176.2%; and tetrodotoxin 10 lM decreased maximum slope of

phase to 33.3% of control, peak depolarization potential to 76.3% of

control, and shortened APD90 on average to 80.4%. These results prove

feasibility of automated voltage- and current-clamp recordings on human

iPSC-CM and their potential use for in-depth drug evaluation and proar-

rhythmic liability assessment, as well as for diagnosis and pharmacology

tests for cardiac channelopathy patients.

INTRODUCTION

T
he last 60 years represented a glamorous period in

cardiac cellular electrophysiology and mathematical mod-

eling of cardiac action potentials (APs),1,2 marked by suc-

cessive identification of individual ion current components

that interplay to generate its well-known four phases. Cellular

preparations evolved steadily from Purkinje network fragments

(‘‘false tendons’’), used in 1951 by Draper and Weidmann3 in mi-

croelectrode impalement experiments, and then in voltage-clamp

experiments, allowing biophysical characterization of multiple K +

current components—the inward rectifier IX1 (renamed IK1) and de-

layed (outward) rectifier IX2 (comprising a fast component and a slow

component, named IKr and IKs),
4 the transient outward currents Ito1

5–8

and Ito2
9,10 (contributed by K + and Cl - ions, respectively), the

‘‘funny’’ or hyperpolarization-activated current If,
11 INa, the ‘‘slow

inward’’ calcium current (via L-type Ca2 + channels, ICaL),
12,13 and

others. Isolated cardiomyocytes (CMs) obtained via enzyme disso-

ciation and suitable for patch-clamp experiments were introduced

later, and stem-cell-derived, cultured CMs are the most recent de-

velopment in the field. These technology breakthroughs resulted in

improved in vitro assays of arrhythmogenic or antiarrhythmic effect

of drug candidates. Beyond cardiac risk assessment of drug effects at

whole organ or tissue level, accomplished with Langendorff-type or

myocardial wedge preparations, a highly successful approach during

the last decade was the testing of inhibitory effects of compounds on

human Ether-á-go-go related gene (hERG) channels expressed in

different cell lines using automated patch-clamp methods. The ra-

tionale of this approach is a peculiar structural feature of these

channels, underlying IKr. The lack of two proline residues (the ‘‘Pro-

X-Pro’’ sequence) in the C-terminal region of transmembrane helix

S6, lining the permeation pathway, and their replacement with a

more flexible motif (the Ile-Phe-Gly sequence for residues 655–657

in hERG),14 renders them ‘‘pharmacologically promiscuous’’ due to a

larger-than-normal inner vestibule that can be easily occupied by a

variety of chemical compounds. This results in open-channel block,

impaired repolarization, appearance of early after depolarizations

(EADs) in the cardiac AP that may synchronize and lead to severe

arrhythmias like torsades-des-pointes or polymorphic ventricular

tachycardia.15 According to current estimates, *40% of potential

drug candidate lead compounds have to be withdrawn from the re-

search pipelines due to arrhythmia risks via hERG blockade, not to

mention the innumerable complications and major financial losses

subsequent to withdrawal from the market of an already approved

and commercially available drug.16 However, a new paradigm, based

on experimental evidence of the last 10 years, is challenging the
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already classical high-throughput hERG screening. It considers that

many drugs discarded according to hERG-blocking criteria alone do

not bear in fact a clinically manifest ‘‘torsadogenic’’ risk. In an out-

standing study,17 Kramer et al. defined the MICE (Multiple Ion

Channel Effects) cardiac safety assay to have a better predictor for

clinical outcome. Based on screening of drug effects on multiple

channels, including at least hERG (IKr), Cav1.2 (ICaL), and Nav1.5 (INa),

and correlating these data with the known ‘‘torsadogenic’’ risks via

multiple logistic regression models, a model could be chosen with a

much better predictive value than hERG screening alone. However,

there were still a significant number of false-positive and false-

negative compounds, where the arrhythmogenic risk was incorrectly

predicted by the model. These findings have been endorsed by a

number of regulatory agencies and high-profile research institutes,

in the CiPA (Comprehensive in vitro Pro-Arrhythmia Assay)18 ini-

tiative. The aim of this initiative consists in assessment of proar-

rhythmia scores based on a combination of voltage-clamp

experiments on multiple cardiac ion channels, computer modeling of

pharmacological effects on cardiac AP using advanced cardiac cell

electrophysiology models,19 and—as a final control—AP recordings

in human stem-cell-derived CMs.

Accomplishment of this last approach (i.e., human stem-cell-

derived CM AP recordings) has benefited substantially from recent

progress in the field of CM differentiation starting from embryonic

stem cells (ESCs) or induced pluripotent stem cells (iPSCs),20 obtained

in turn from adult differentiated cells via transfection with pluri-

potency factor genes using the Yamanaka method21 or later variants

derived from it. Use of antibiotic resistance tags both for induction of

pluripotency and for redifferentiation resulted in high-purity (over

99% CMs) cellular preparations, suitable for automated electro-

physiology experiments.22 Commercial availability of human iPSC

(and ESC)–derived cardiomyocytes (hiPSC-CMs) allowed in recent

years development of a variety of high-throughput cardiac safety

pharmacology assays, based on optical AP and intracellular calcium

transient recordings,23 field potential recordings of AP propagation

and activation maps with multielectrode array devices,24 or imped-

ance measurements on CM monolayers with interdigitated elec-

trodes.25 Although each of these methods presents advantages as well

as shortcomings, in view of the CiPA guidelines, we consider that

automated patch-clamp technology offers the most complete and

accurate assessment of the proarrhythmic liability of a drug candi-

date, and in-depth exploration of its arrhythmogenic mechanisms at

cellular level. Therefore, the aim of our study was to prove and ex-

plore the feasibility of pharmacology studies using the CytoPatch� 2

automated patch-clamp equipment on commercial hiPSC-CM prep-

arations, including in-depth AP analysis, and to develop improved

assay protocols and quantitative analysis methods suitable to become

standard approaches for automated pharmacology screening.

MATERIALS AND METHODS
Cell Culture and Dissociation

Cor.4U� hiPSC-CM cells, obtained from human fibroblasts (de-

fined donors with complete medical history, including genetic family

history) upon retroviral transfection with the four pluripotency-

inducing Yamanaka factors, and further differentiated into CMs us-

ing proprietary protocols, were kindly provided by Axiogenesis

(Cologne, DE) as monolayers in 12.5- or 25-cm2 fibronectin-coated

flasks. They were further cultured for up to 10 days in fibronectin-

coated flasks, using a special medium provided by the cell supplier,

replaced twice weekly. For detachment, the monolayers were rinsed

twice with calcium- and magnesium-free phosphate-buffered saline,

incubated for 10 min at 4�C in the same solution and then treated

with TrypLE� Express (Life Technologies) for 2 min at 37�C, and

resuspended in a 1:1 mixture of culture medium and extracellular

solution.

Automated Electrophysiology Assays
Experiments were performed in parallel on four CytoPatch 2 de-

vices (Cytocentrics Bioscience GmbH, Rostock, DE). Silicon dioxide

microfluidic chips were used with two embedded quartz pipette tips

(2 mm in diameter) for simultaneous seal formation and recordings in

two cells, each pipette surrounded by a Cytocentering channel for

capture and coordination of cells out of the cell suspension to the

pipettes.26 The sequence to whole-cell configuration was fully au-

tomated, including chip filling, cell capture, gigaseal formation, and

patch rupture. Capacitive transient cancellation was also automated,

occurring in multiple stages: after gigaseal formation for fast ca-

pacitive transients, and after whole-cell achievement for slow ca-

pacitive transients. Subsequently, current densities were determined

using a well-defined sequence of voltage-clamp protocols (Table 1).

For INa: from a holding potential of - 90 mV, a 20-ms hyperpolar-

izing step at - 110 mV was used for monitoring electrical equivalent

circuit parameters, followed after a 100-ms pause by a 40-ms de-

polarizing step at - 10 mV. For ICaL: from a holding potential of

- 80 mV, a 200-ms depolarizing step at - 20 mV, used to activate and

then inactivate voltage-dependent Na + channels, was followed by a

100-ms step at - 40 mV, during which L-type Ca2 + channels, but not

Na + channels, were removed from inactivation, and a second 200-ms

test pulse at voltages between - 50 and + 50 mV, in 10-mV incre-

ments, was used to specifically activate ICaL. For IKr: from a holding

potential of - 70 mV, a first 2-s depolarizing step at 0 mV was applied

to activate hERG channels, followed by a second test pulse of equal

duration at - 50 mV, within the activation window, to reopen the

channels that inactivated during the first pulse, and the peak value

during this pulse was used to assess hERG current density.

After these voltage-clamp recordings, the amplifier was switched

to current-clamp mode, the fast capacitive transient compensation

was readjusted if necessary, and a well-defined sequence of protocols

was applied (summarized in Table 1). For excitability assessment,

CMs were paced with a series of injected current stimuli of different

durations and amplitudes, at 3-s intervals: 50 pA for 20 ms, 70 and

100 pA for the same duration, and 2 nA for 0.1, 0.5, and 1 ms.

Afterward, a series of three 10-s steps with hyperpolarizing injected

current values of 0, - 10, and - 20 pA was applied to induce cessa-

tion of spontaneous occurrence of APs; the injected current that

stopped spontaneous APs was applied subsequently in all protocols
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as holding current. For AP-shape characterization we applied a un-

ique stimulus of 400 pA and 10-ms duration. Based on the results of

these first stimulation protocols, it was decided for which of the two

cells to continue the assay sequence. For assessment of AP duration

(APD) adaptation, a series of 5 sweeps, each containing 11 stimuli

(2 nA, 0.5 ms), at progressively increasing interstimulus intervals—

300, 650, 1,000, 1,350, and 1,700 ms—was applied to study adaptation

of APD; this sequence was repeated after each concentration of

pharmacological compound. To facilitate the effect of voltage- or use-

dependent compounds, a series of sweeps containing 3 stimuli of 2-nA

Table 1. Voltage-Clamp and Current-Clamp Protocols Applied for iPSC-Derived Cardiomyocyte Automated
Electrophysiology and Pharmacology Assay

Voltage-Clamp Protocols

Prepulse Interpulse interval Test pulse

Step

Current

Tested

Holding

Potential Duration Amplitude Duration Amplitude Duration Amplitude

Initial Increment Steps

1 INa - 90 mV 20 ms - 110 mV 100 ms - 90 mV 40 ms - 10 mV 0 mV 1

2 ICaL - 80 mV 200 ms - 20 mV 100 ms - 40 mV 200 ms - 50 mV 10 mV 11

3 IK DR - 70 mV 100 ms - 50 mV 2,000 ms 0 mV 2,000 ms - 120mV 0 mV 1

IK1

If

Current-Clamp Protocols

Stimulus

Step Name Duration Amplitude

Interstimulus

Interval

Number of

Repetitions

Holding

Current

Condition

of Application

1 Excitability protocol 20 ms 50 pA 3 s 1 0 pA Control

20 ms 70 pA 3 s 1 0 pA Control

20 ms 100 pA 3 s 1 0 pA Control

0.1 ms 2 nA 3 s 1 0 pA Control

0.5 ms 2 nA 3 s 1 0 pA Control

1 ms 2 nA 3 s 1 0 pA Control

2 Spontaneous AP suppression 10 s 1 0 pA Control

10 s 1 - 10 pA Control

10 s 1 - 20 pA Control

3 AP-shape study 10 ms 400 pA 1 0/ - 10/ - 20 pA Control

4 Pacing for voltage- or

use-dependent compounds

0.5 ms 2 nA 3 s Variable 0/ - 10/ - 20 pA Control/drug

5 Pacing for APD adaptation 0.5 ms 2 nA 300 ms 11 0/ - 10/ - 20 pA Control/drug

0.5 ms 2 nA 650 ms 11 0/ - 10/ - 20 pA Control/drug

0.5 ms 2 nA 1,000 ms 11 0/ - 10/ - 20 pA Control/drug

0.5 ms 2 nA 1,350 ms 11 0/ - 10/ - 20 pA Control/drug

0.5 ms 2 nA 1,700 ms 11 0/ - 10/ - 20 pA Control/drug
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amplitude and 0.5-ms duration at 3-s intervals was repeatedly applied

initially and during dispensing of pharmacological compounds.

The last two protocols were iterated for each tested drug and

concentration, and stability plots were automatically generated for

the resting potential (RP) and APD90 (APD from maximum upstroke

velocity to 90% recovery from peak depolarization to RP) of each AP

in a sweep during the pacing protocol with 3 stimuli at 3-s intervals.

Solutions and Chemicals
The extracellular solution had the following composition (in mM):

140 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose, and 15

sucrose. The pH was adjusted to 7.40 with 1 M NaOH and the os-

molality to 320 ( – 5) mOsmol/kg with 1 M sucrose, and the storage

temperature was 4�C. The intracellular solution contained (in mM):

100 K gluconate, 20 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 11 EGTA-KOH,

4 ATP-Mg2 + , 3 phosphocreatine-Na2-H2O, and 9 sucrose. The pH was

adjusted to 7.20 with 1 M KOH and the osmolality to 295 ( – 5)

mOsmol/L and then it was stored in 10-mL aliquots at - 20�C, thawed

before usage, and applied for up to 4 h. The pharmacological com-

pounds used for experiments were nifedipine (N7634; Sigma,

St. Louis, MO), cisapride (Sigma C4740), and tetrodotoxin (TTX;

BN0518; Biotrend, Zurich, CH). Working solutions were prepared

from stock solutions in dimethyl sulfoxide (for nifedipine and cisa-

pride) or aqueous stock solution (for TTX), at dilutions of 0.1% or

higher.

Data Analysis
For each assessed cell, the automated protocols yielded values of

seal resistance (Rseal), values for the components of the equivalent

electrical circuit in whole-cell configuration (cell capacitance, Cm;

membrane resistance, Rm; and series resistance, Rs), as well as for the

fast capacitive transient cancellation (Cfast). The offset potential for

each channel was determined prior to cell capture and used subse-

quently to correct current-clamp recordings. For voltage-clamp

protocols, the peak and baseline current values were automatically

measured. For current-clamp recordings, we developed software

routines (available in the Supplementary Materials; Supplementary

Data are available online at www.liebertpub.com/adt) for automated

measurement of the following AP characteristics: RP; maximum

slope of fast depolarization (phase 0), dVm/dtmax; peak depolarization

Fig. 1. Types of action potential (AP) and firing activity in human induced pluripotent stem cell–cardiomyocytes (hiPSC-CMs). (A) The three
main types of AP encountered in cultured hiPSC-CM preparations: ventricular, atrial/nodal, and S-type (ventricular phase 0, but no
plateau). (B) Suppression of spontaneous firing with different initial spiking frequencies in two hiPSC-CMs by injection of a faint hy-
perpolarizing current (three 10-s steps with injected current of 0, - 10, and - 20 pA).
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potential, Vpeak; and various APD (APD10, APD50, and APD90). All

data are reported as mean – SD (standard deviation) or mean – SEM

(standard error of the mean), as appropriate. Statistical analysis was

performed using Student’s t-test for independent or correlated sam-

ples, or two-way analysis of variance (ANOVA), at a critical value of

P = 0.05.

RESULTS
Quality Criteria and Assay Validation

In the afore-mentioned conditions we consistently obtained high-

quality seals with all hiPSC-CM preparations. Beyond the automated

validation of cell capture, gigaseal cell-attached configuration, and

whole-cell configuration, yielded by the CytoPatch 2 software during

Table 2. Quality Criteria and Assay Validation Parameters for hiPSC-Derived Cardiomyocytes
at Different Time Intervals In Vitro

Days In Vitro

Parameter 10 11 12 13 15

Successful cell catch 38 30 14 38 21

Catch failure (%) 24.0 11.8 22.2 13.6 16.0

Good-quality seala 27 28 12 35 16

Good-quality whole-cell configurationb 15 22 8 20 5

Good-quality whole-cell configuration (%) 55.6 78.6 66.7 57.1 31.3

Good-quality cardiomyocytec 13 12 4 9 3

Good-quality cardiomyocyte (%) 48.1 42.9 33.3 25.7 18.8

Spontaneous AP (%) 44.4 50.0 41.7 68.6 25.0

Induced AP (%) 77.8 92.9 91.7 74.3 87.5

Spontaneous AP cessation at - 10 pA (%) 0.0 7.1 8.3 17.1 6.3

Spontaneous AP cessation at - 20 pA (%) 3.7 3.6 8.3 11.4 6.3

APD 90 (ms) (median) 400 700 500 800 1,000

APD 90 (ms) (mean – SD) 529 – 328 1,230 – 981 819 – 646 1,094 – 884 1,020 – 730

dVm/dt max (V/s) (mean – SD) 62.4 – 27.5 64.1 – 16.1 59.6 – 16.0 59.6 – 19.9 54.2 – 24.6

Stability after 10 min (%) 88 92 100 100 100

Cm (pF) (mean – SD) 45.8 – 32.3 39.2 – 23.0 39.8 – 20.0 38.3 – 31.2 35.5 – 27.8

INa density (pA/pF) 119.6 – 67.3 131.1 – 94.8 162.0 – 49.1 201.5 – 218.4 406.7 – 799.2

ICaL density (pA/pF) 2.74 – 2.84 2.87 – 1.91 2.23 – 1.60 4.84 – 8.27 3.43 – 4.05

IK DR density (pA/pF) 1.28 – 1.42 0.62 – 0.50 0.93 – 0.35 1.42 – 1.99 3.16 – 4.68

Ito density (pA/pF) 0.77 – 1.14 0.71 – 0.71 1.04 – 1.72 0.61 – 0.75 0.04 – 0.13

Ventricular AP 18 21 8 26 12

Atrial/Nodal AP 1 1 1 2 0

S-type AP 5 3 2 2 2

Successful compound application 8 10 3 10 12

aRseal ‡ 1 GO.
bRseal ‡ 1 GO, Rm ‡ 1 GO.
cRP < - 50 mV, APD90 > 200 ms, ventricular AP shape (APD50/APD90 ‡ 0.7).
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an experiment, we established additional quality criteria for the seal

(both Rseal and Rm larger than 1 GO) and the cell type as inferred from

the AP (RP < - 50 mV, APD90 larger than 200 ms, ventricular AP

shape with APD50/APD90 ‡ 0.7). We identified three main AP

morphologies, as shown in Figure 1A—ventricular, atrial, or nodal—

and a special type, called S-type (S for short). Ventricular CMs fea-

tured generally more negative RP compared with the other two types,

a fast phase 0, and a consistent plateau; atrial/nodal cells had more

depolarized RP, slower phase 0, and quite often sustained sponta-

neous firing, with a slow diastolic depolarization during RP, while S-

type cells presented a fast, typical ventricular phase 0, but completely

lacked a plateau. In cells with spontaneous rhythmic firing, we at-

tempted to drive the RP to more negative values and suppress en-

dogenous pacing, via continuous injection of a faint hyperpolarizing

current of - 10 or - 20 pA, a maneuver that proved successful in

most cases, as shown in Figure 1B. In these cells the minimum hy-

perpolarizing current that suppressed spontaneous pacing was ap-

plied in all subsequent current-clamp protocols, to study stimulus-

triggered AP. In Table 2 we show a comparison of several quality

parameters for iPSC-CMs at different ages in culture. Generally there

was a tendency of decrease in propensity of seal formation with

advance in culture age, as well as an increase in the average and

median APD90; the best results were obtained before 2 weeks in vitro.

In Figure 2 we show voltage-clamp recordings using three distinct

voltage protocols, and in Table 2 average current densities of INa, the

inactivatable component of ICaL, IK DR measured at the end of plateau

at + 40 mV, and Ito at the beginning of this voltage step.

Response to External Pacing
In most recordings we encountered the problem of overshooting

and damped oscillations of transmembrane potential (Vm) during

phase 0—rapid depolarization, with the automatically established

settings for Cfast, and the time constant of the compensation feed-

back circuit (KRM), that in this study were not readjusted when

switching to current-clamp mode. We found a practical solution to

this problem via subsequent off-line numeric filtering of the voltage

traces with the Gaussian filter of Clampfit (Axon Instruments, part of

Molecular Devices, Sunnyvale, CA) after conversion of the raw data

to Axon Text File (atf) format. In Figure 3A we show an overlay of an

unfiltered AP and the same signal after Gaussian filtering at a 60-Hz

cutting frequency (fc). Generally the AP waveform was not distorted

significantly, except for phase 0, where the rising slope was diminished.

Fig. 2. Voltage-clamp recordings in hiPSC-CMs. (A) Voltage-dependent Na + current. (B) Separation of L-type Ca2 + current from Na + current
based on difference in recovery from inactivation at - 40 mV. (C) Voltage protocol for separation of inward and outward currents. The 0-
current level is marked with a dotted line.
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We could quantify this effect using a formula for the 10% to 90%

risetime (trise10–90) in response to a step stimulus of a Gaussian filter27:

trise10 - 90 = 23=2 rg erf - 1(0:8) = 0:3396=fc

where rg is the standard deviation of the Gaussian function of the

filter, and erf - 1 the inverse error function. For the chosen fc value of

60 Hz we obtained a trise10–90 of 5.66 ms, which corresponds, in the

case of a maximal voltage change of 150 mV, to an upper limit in

depolarization slope dVm/dt of 26.5 V/s, which is low compared with

typical values in ventricular CMs. Therefore we have measured dVm/

dtmax in unfiltered AP traces, and the other quantitative AP param-

eters (RP, peak depolarizing potential Vpeak, APD10, APD50, and

APD90) in filtered recordings, using

self-written software routines.

In Figure 3B we show various

patterns of response to repeated ex-

ternal current stimuli (rectangular

pulses with duration of 0.5 ms and

amplitude of 2 nA), applied at dif-

ferent pacing frequencies, to char-

acterize APD adaptation. In the upper

trace there is an incomplete repolar-

ization after each stimulus, due to a

fast pacing rate (300-ms interstimu-

lus interval) in a cell with longer

APD, similar to a high-degree block

for atrio-ventricular conduction,

while in the middle trace we have the

more common finding of a 2:1 block

(each second stimulus elicits an AP).

In the lower trace there is a phe-

nomenon of APD alternans: long AP

alternating with shorter ones. The

main explanation of this phenome-

non, already retrieved in the 1962

model of Denis Noble for a Purkinje

fiber,1 is a pronounced activation of

delayed rectifier K + currents during a

longer pulse, and therefore a larger

K + conductance during the subse-

quent AP, rendering it shorter than

the previous one.

Effects of Nifedipine, Cisapride,
and TTX

After defining the succession of

pacing protocols and their timing for

the current-clamp assay, and after

checking the stability of AP param-

eters in control conditions, we per-

formed pharmacology trials for three

prototype compounds: nifedipine, a

typical L-type Ca2 + channel blocker;

cisapride, a medium-potency hERG

blocker with relatively quick onset of

effects and recovery during wash-

out; and tetrodotoxin (TTX), able to

block the relatively TTX-resistant

Nav1.5 cardiac-voltage-dependent

Fig. 3. AP shape and response to external pacing. (A) An AP showing overshoot and damped
oscillations during phase 0, and their removal by numeric filtering at 60 Hz corner frequency with a
Gaussian filter; a consequence is lowering of phase 0 slope. (B) Rapid external pacing can result in
impaired AP generation—recordings resembling a high-degree stimulus:response (S:R) block
(upper trace), a 2:1 block (middle trace), or APD alternans (lower trace).
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Na + channels at concentrations in the medium micromolar range. In

Figure 4A we show representative AP recordings with these three

compounds at different concentrations. For nifedipine, the main ef-

fect is a progressive shortening of the AP plateau and triangular-

ization of its shape; for cisapride a marked prolongation of the

plateau, sometimes without return to RP until the next stimulus, and

in some instances EAD during phase 3; and for TTX a marked

slowdown of phase 0 and decrease in Vpeak. The effects of nifedipine

at 1 and 10 mM on APD90, APD50, and APD10, at different pacing

frequencies, are shown in Figure 4B. Both concentrations of nifedi-

pine exert saturating effects, resulting in marked decreases in APD90

and APD50. A two-way ANOVA was performed for APD90 and

APD50 values with 1 mM nifedipine, taking interstimulus interval-

specific values. For APD90 both variables exerted significant effects:

F = 213 (83.23% of total variance), P = 0.0001 for the presence of drug

vs. control; F = 9.73 (15.21% of total variance), P = 0.0244 for pacing

frequency. For APD50 only the presence/absence of drug produced

significant results: F = 181.98 (94.08% of total variance), P = 0.0002.

The quantitation of pharmacological effects of these three com-

pounds on different AP characteristics is presented in Table 3, where

significant changes, from a mechanistic point of view, expressed as

relative percentage values in the presence of drug versus control, are

typed in bold. Thus, the main effect of nifedipine is a reduction in

APD50 (to 16% and 12% of control values for 1 and 10 mM, respec-

tively), a less-pronounced reduction in APD90, and decrease of

APD50/APD90 ratios from 0.8 to roughly 0.2, corresponding to the

afore-mentioned AP triangularization. For cisapride, the main effect

is a pronounced increase in APD90, while for TTX it is the decrease in

maximum slope of phase 0 to one-third of control values, together

with reduction in Vpeak and a slight APD shortening. The same effects

are presented graphically in Figure 5, where individual average

values recorded in the same cell in control conditions and then after

drug application are connected with lines.

DISCUSSION
In this study we have proven that automated whole-cell patch

clamp recordings of iPSC-derived CMs can be performed to charac-

terize cardiac APs and to assess drug effects on the APs. In particular

Fig. 4. Pharmacological effects of nifedipine, cisapride, and tetrodotoxin (TTX). (A) Changes in the shape of AP induced by different
concentrations of nifedipine, cisapride, and TTX (concentrations are indicated for each AP trace; recordings are low-pass filtered at 60 Hz).
(B) Effects of nifedipine at 1 and 10 mM on APD90, APD50, and APD10 values (in ms), depending on the pacing frequency. Experiments in
Cor.4U� cardiomyocytes. Number of cells included in each dataset: nifedipine 1 mM (control: n = 6; drug: n = 6 for pacing intervals 300–
1,000 ms; n = 3 for 1,350 ms; n = 2 for 1,700 ms); nifedipine 10 mM (control 2: n = 3 for 650 ms; n = 4 for 1,000, and 1,350 ms; drug: n = 4 for
300–1,350 ms); error bars represent SD. Color images available online at www.liebertpub.com/adt
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we have shown that whole-cell recordings with high GO seal resis-

tances can be obtained reproducibly with the CytoPatch 2 equipment,

and that cardiac AP can be induced and recorded, offering com-

parable results with those obtained in manual patch-clamp

studies.22,28–30

In particular it is possible to characterize and quantify cell frac-

tions in terms of the quantitative features of the AP, that is, to dis-

tinguish between atrial, nodal, and ventricular types of AP, and to

determine the yield of successful recordings. In this respect, it was

encouraging for us to find proportions of ventricular, atrial, and

nodal CMs, according to AP morphology,30–33 as well as quantitative

AP parameters,28,30–36 similar to those reported in previous electro-

physiology studies on stem-cell-derived CM preparations. Therefore,

this method is adequate for use in the batch control of iPSC-CMs, for

Table 3. Pharmacological Effects on AP Characteristics

APD50 APD10

Assaya RP (mV) dVm/dtmax (V/s) Vpeak (mV) APD10 (ms) APD50 (ms) APD90 (ms) APD90 APD90

Control - 88 – 10 100 – 18 55 – 6 26 – 19 301 – 91 377 – 97 0.786 – 0.080 0.064 – 0.033

Nifedipine 1mM - 76 – 8 87 – 15 50 – 6 8 – 2 49 – 18 188 – 83 0.268 – 0.048 0.051 – 0.017

Nifedipine 1 lM
control (%) 86.4 87.5 90.9 31.5 16.1 49.8 34.1 79.7

Control - 77 – 13 118 – 24 70 – 8 10 – 5 378 – 140 479 – 158 0.782 – 0.102 0.021 – 0.007

Nifedipine 10mM - 64 – 18 87 – 57 80 – 20 9 – 3 45 – 20 196 – 75 0.228 – 0.053 0.053 – 0.020

Nifedipine 10 lM
control (%) 83.1 73.9 114.3 94.0 12.0 40.9 29.2 252.4

Control - 56 – 3 51 – 48 61 – 19 202 – 273 1,383 – 27 1,590 – 84 0.870 – 0.031 0.123 – 0.166

Cisapride 0.1mM - 52 – 5 36 – 39 54 – 16 156 – 142 1,496 – 199 2,801 – 61 0.548 – 0.010 0.067 – 0.062

Cisapride 0:1 lM
control (%) 92.9 70.0 88.5 77.1 108.2 176.2 63.0 54.5

Control - 69 – 10 49 – 30 55 – 12 177 – 166 1,054 – 770 1,176 – 823 0.877 – 0.052 0.126 – 0.081

Cisapride 1 mM - 67 – 8 45 – 33 58 – 20 163 – 162 1,130 – 574 1,616 – 852 0.741 – 0.173 0.098 – 0.073

Cisapride 1 lM
control (%) 97.1 91.4 105.5 92.3 107.3 137.4 84.5 77.8

Control - 74 – 6 68 – 15 59 – 16 196 – 300 933 – 881 1,121 – 828 0.695 – 0.268 0.126 – 0.109

TTX 10mM - 67 – 12 22 – 19 45 – 10 319 – 333 708 – 623 901 – 640 0.678 – 0.228 0.262 – 0.173

TTX 10 lM
control (%) 90.5 33.3 76.3 162.5 75.8 80.4 97.6 207.9

Student’s t-test for independent samplesb, two-tailed: P value

Nifedipine 1mM 0.009 0.204 0.199 0.025 4.9$10 - 6 0.001 1.3$10 - 8 0.351

Nifedipine 10mM 0.060 0.105 0.136 0.691 9.8$10 - 10 1.6$10 - 6 4.0$10 - 16 3.6$10 - 5

Cisapride 0.1mM 0.440 0.929 0.735 0.851 0.510 0.004 0.049 0.698

Cisapride 1 mM 0.734 0.349 0.751 0.889 0.849 0.384 0.096 0.548

TTX 10mM 0.212 0.055 0.092 0.670 0.620 0.618 0.905 0.136

aAssays performed on Cor.4U� cells; data are expressed as mean – SD; number of cells included: n = 6 for nifedipine 1 mM, n = 4 for nifedipine 0.1mM, n = 2 for

cisapride 0.1mM, n = 6 for cisapride 1mM, and n = 6 for TTX 10 mM; figures in bold indicate main pharmacological effects.
bWe applied the variant for independent and not-paired samples because parameter values for each cell and in each tested condition (initial control values and during

drug application) represent averages of average values at different pacing frequencies, and in certain experimental conditions we could not measure parameters at all

pacing rates due to incomplete repolarization; however, the statistical significance would have been even stronger and the P values lower if we would have applied the

paired tests to complete datasets.

RP, resting potential; dVm/dtmax, maximum slope of AP phase 0 (upstroke); Vpeak, peak depolarization; APD10, 50, 90, duration from moment of maximum depolarization

slope to recovery of 10%, 50%, or 90% of the difference between Vpeak and RP.
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example, during the in-production control or the validation before

using a batch of these cells in high-throughput assays. As an integral

part of the optimization process for iPSC-CM differentiation, it can be

applied to help drive derivation procedures to a particular cell type. It

is possible that the peculiar S-type encountered in our experiments

(Fig. 1 and Table 2)—that is, CMs with fast ventricular-like phase 0,

but lacking a plateau—is a consequence of increased production or

impaired scavenging of reactive oxygen species,37 and that further

precautions aimed to diminish these phenomena may increase the

percentages of mature ventricular-like iPSC-CMs. However, our

assay is not limited to the development of iPSC-derived CMs, but is

expected to be applicable as well for patient-specific stem-cell-

derived CMs,38–40 as preliminary experiments suggest,41 or ESC-

derived CMs.

We have shown that spontaneous firing activity, that is, the oc-

currence of APs, can be efficiently suppressed by constant injection

of a small negative current during the current-clamp recordings.

There is considerable experimental support and a solid theoretical

background justifying this method of ex-

ternal current injection to suppress spon-

taneous rhythmic firing. Thus, previous

studies based on dynamic system analysis

and bifurcation theory methods applied to

various models of sinoatrial or ventricular

CMs,42–47 taking a constant externally ap-

plied current as parameter and assessing its

influence over a wide range of values, have

shown distinct intervals of stable dynamic

equilibrium at a steady Vm or stable limit

cycles representing sustained oscillations,

that is, spontaneous pace-making. The

transitions between these regimes occur at

Hopf bifurcation points in the parameter

space of the model. In pacemaker cells slow

diastolic depolarizing currents, such as If,

exert the function of driving the system

away from a stable equilibrium point to

a sustained oscillatory regime; therefore,

opposing this action via a steady injection

of a faint hyperpolarizing current seems

perfectly reasonable. In addition to sup-

pressing spontaneous pacing, this method

has the advantage of rendering Vm more

negative, close to a typical ventricular RP

of - 80 to - 90 mV, rendering more phys-

iological occupancies of various kinetic

states of voltage-dependent channels dur-

ing RP, and removing more channels from

voltage-dependent inactivation, thus in-

creasing their availability for the next AP.

By this it is possible to apply a well-defined

activation pattern as needed for a system-

atic assessment of drug effects on ventric-

ular APs. This is of particular interest as the FDA is working together

with other drug authorities and pharmaceutical industry and aca-

demia representatives on a new paradigm for the cardiac safety

screening18 (the CiPA initiative), and the assessment of drug effects

on cardiac APs measured in whole-cell current-clamp recordings in

combination with multiple voltage-clamp protocols, as proposed by

the MICE approach,17 may become an integral part of it.

A problem in current-clamp AP recordings with patch-clamp

amplifiers, especially in the case of fast neuronal APs, is the distor-

tion of AP shape by the resistive feedback amplifier headstage during

rapid Vm changes due to limited input impedance. The problem is

alleviated to a great extent in modern patch-clamp amplifiers by

injection in current-clamp mode of the Cfast cancellation signal to the

I–V converter input via capacitive coupling. In this setting, however,

complete Cfast compensation may result in overshoot and oscillations

during rapid variations in Vm, as we encountered in most recordings

during phase 0 of the AP (Fig. 3). Recommendations of other am-

plifier manufacturers to avoid this problem include reduction of Cfast

Fig. 5. Effects of nifedipine, cisapride, and TTX on different AP characteristics: maximal slope
of fast depolarization (phase 0) (dVm/dtmax) (relative to control), APD50 and APD90 (relative
to control), and the ratio APD50/APD90. For the first three parameters control values were
considered as 100%. Control data (C) are plotted in the left columns, and those in the
presence of the drug (D) in the right columns, with error bars omitted for clarity. Connections
are drawn between averaged data recorded in the same cell in the two conditions (control and
drug application). Statistically significant differences (P < 0.5, paired nondirectional Student’s
t-test) are marked with asterisks. Number of cells included: nifedipine 1mM (n = 6) and 10 mM
(n = 4), cisapride 0.1 mM (n = 2) and 1 mM (n = 6), and TTX 10 mM (n = 6).
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compensation by 0.5 to 1 pF compared to the value found in voltage-

clamp mode, or even inclusion of Cslow compensation, and a low-pass

filtering of rectangular stimulus signals to decrease in steepness the

ascending wavefront. We found as a convenient solution for removal

of oscillations during fast Vm rises a numeric low-pass filtering of the

acquired signal during analysis of recordings, instead of changing

the Cfast settings automatically established within voltage-clamp

protocols, since the effects on signal frequency bandwidth should be

similar. To avoid the resulting reduction in maximal Vm slope during

phase 0, we measured this parameter on unfiltered recordings, and

the average values obtained in control conditions, around 100 V/s,

were similar to expected values at room temperature for typical adult

ventricular CMs, given the fast upstroke velocity of 100–200 V/s

found in AP simulations based on INa kinetics measured in early

patch-clamp experiments on isolated CMs.48–50 Another good

agreement with simulation studies using advanced ventricular CM

electrophysiology models, for example, the Luo-Rudy I model,51 was

the variable pattern of response to external pacing stimuli with fast

repetition rate; we retrieved stimulus:response (S:R) ratios of 5:1 to

2:1 for basic cycle length values of 300 ms, and the well-known beat-

to-beat APD alternans (Fig. 3B). Likewise, pharmacological effects on

AP characteristics of the three tested compounds were in good

agreement with those reported in previous studies on hiPSC-

CMs22,30; for nifedipine, marked reductions in plateau durations

(with APD90 and especially APD50 shortening) and a triangular-

ization of AP shape reflected in decrease of APD50/APD90 ratios; for

cisapride, APD lengthening and proarrhythmogenic phenomena

such as EADs; and, for TTX at 10 mM, large reductions in phase 0

slope and peak depolarization potential, and a moderate decrease in

APD90, due to its well-known blocking effects, in the micromolar

range, on voltage-dependent Na + channels, including TTX-sensitive

Ca2 + currents via a subpopulation of cardiac Na + channels.52

Another important issue in iPSC-CM electrophysiology experi-

ments is the stability in time of approached cells, including seal

parameters and access resistance that were carefully monitored in

each voltage-clamp recording; lack of mechanical contractility, and

lack of significant rundown of various transmembrane ion current

components due to changes in intracellular signaling pathway state

of activation; membrane trafficking of channel proteins; and a va-

riety of other modulatory factors. A challenge in many electro-

physiology studies on these stem-cell-derived CM preparations

is the progressive rundown of ICaL, in connection with variable

phosphatidyl-inositol (4,5) bis phosphate (PIP2) levels, variable in-

tracellular Ca2 + levels leading to calcium-dependent inactivation of

L-type Ca2 + channels,53–55 and variable phosphatidyl inositol (3)

kinase (PI3K) activity levels, leading to changes in phosphorylation

and activity of protein kinase B (or Akt1)56 and calmodulin kinase II

(CaMKII),57,58 a known modulator of Cav1.2 and Nav1.5 cardiac-

voltage-gated channels. In our experimental conditions, using a

physiological intracellular solution without fluoride but with high

calcium buffering capacity (11 mM EGTA) and sufficient energy and

substrate supplies for phosphorylation, L-type Ca2 + current rundown

could be kept under fairly good control, and APD attained stable

values in control conditions over the entire duration of the current-

clamp assay due to the stable seals obtained with the Cytocentering

technology.

In conclusion, using a special cytocentering technology im-

plemented in the CytoPatch 2 automated patch-clamp equip-

ment,26,59,60 we could systematically approach human iPSC-derived

CM preparations from commercial suppliers, obtaining very high

seal resistances and whole-cell membrane resistances with physi-

ological external and internal solutions. Voltage-clamp and cur-

rent-clamp protocols were combined in a complex assay devised for

quantitative characterization of drug effects on ventricular AP and

in-depth screening of their proarrhythmogenic risk. Although fur-

ther improvements in cellular preparation and assay are necessary,

the preliminary results are promising. Further, our assay can be

applied to human patient iPSC-derived CMs, offering new per-

spectives for diagnosis and treatment of cardiac channelopathy

patients.
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Abbreviations Used

Akt1¼ serine-threonine protein kinase B (oncogene of

transforming retrovirus AKT8, isolated from AKR

mouse spontaneous thymoma cell line)

ANOVA¼ analysis of variance

AP¼ action potential

APD¼ action potential duration

CaMKII¼ calmodulin kinase II

CM¼ cardiomyocyte

DAD¼ delayed after-depolarization

dVm/dtmax¼maximal slope of rapid depolarization (upstroke)

EAD¼ early after-depolarization

EGTA¼ ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-

tetraacetic acid

ESC¼ embryonic stem cell

hERG¼ human Ether-á-go-go related gene

ICaL¼ L-type (large, lasting, high-voltage activated)

Ca2 + current

If¼ funny (hyperpolarization-activated) current

IK1 (or IX1)¼ ventricular inward rectifier K + current

IKr¼ fast component of delayed rectifier K + current

IKs¼ slow component of delayed rectifier K + current

INa¼ voltage-dependent Na + current

iPSC¼ induced pluripotent stem cell

Ito¼ transient outward current

IX2 (or IK DR)¼ delayed rectifier K + current

PI(3)K¼ phosphoinositide (3) kinase

PIP2¼ phosphatidyl-inositol (4,5) bis phosphate

RP¼ resting potential

S:R¼ stimulus:response

SD¼ standard deviation

SEM¼ standard error of the mean

TTX¼ tetrodotoxin

Vm¼membrane potential

Vpeak¼ peak depolarizing potential
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