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Required Gk, to Suppress Automaticity of iPSC-CMs
Depends Strongly on Iy Model Structure
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ABSTRACT Human-induced pluripotent stem cells derived cardiomyocytes (hiPSC-CMs) are a virtually endless source of hu-
man cardiomyocytes that may become a great tool for safety pharmacology; however, their electrical phenotype is immature:
they show spontaneous action potentials (APs) and an unstable and depolarized resting membrane potential (RMP) because
of lack of Ixq. Such immaturity hampers their application in assessing drug safety. The electronic overexpression of I« (e.g.,
through the dynamic clamp (DC) technique) is an option to overcome this deficit. In this computational study, we aim to estimate
how much Ik, is needed to bring hiPSC-CMs to a stable and hyperpolarized RMP and which mathematical description of /x; is
most suitable for DC experiments. We compared five mature /7 formulations (Bett, Dhamoon, Ishihara, O’Hara-Rudy, and ten
Tusscher) with the native one (Paci), evaluating the main properties (outward peak, degree of rectification), and we quantified
their effects on AP features (RMP, V.., APDso, APDgy (AP duration at 50 and 90% of repolarization), and APDsy/APDqg)
after including them in the hiPSC-CM mathematical model by Paci. Then, we automatically identified the critical conductance
for 1 ( Gk1, criticar), the minimally required amount of Ix; suppressing spontaneous activity. Preconditioning the cell model
with depolarizing/hyperpolarizing prepulses allowed us to highlight time dependency of the /x; formulations. Simulations showed
that inclusion of mature /x; formulations resulted in hyperpolarized RMP and higher V..., and observed Gi. criricar @nd the effect
on AP duration strongly depended on /x4 formulation. Finally, the Ishihara I« led to shorter (—16.3%) and prolonged (+6.5%)
APDg in response to hyperpolarizing and depolarizing prepulses, respectively, whereas other models showed negligible ef-
fects. Fine-tuning of Gk, is an important step in DC experiments. Our computational work proposes a procedure to automatically
identify how much I« current is required to inject to stop the spontaneous activity and suggests the use of the Ishihara /x; model
to perform DC experiments in hiPSC-CMs.

SIGNIFICANCE In this work, we aim to contribute a method that will facilitate automated dynamic clamp (DC)

experiments in which I, is injected in induced pluripotent stem-cell-derived cardiomyocytes (iPSC-CMs). By introducing
Gk, criicas (Minimal /4 conductance needed to stop automaticity of iPSC-CMs), we are proposing a different approach to
setting up DC experiments. These are usually based on the injection of a fixed current density. In contrast, Gk, criticar IS @
parameter that depends on the cell under investigation. Our in silico approach analyzed analogies and differences between
Iy formulations without the confounding factor that can be brought by the variability of iPSC-CMs. It highlighted how much
the employed mathematical formulation of /x4 can affect Gk, criricas @nd the action potential waveform in DC experiments.

INTRODUCTION (1,2). In the cardiovascular area, the proarrhythmic potential
of a drug is the side effect reporting the highest number of
postapproval adverse events (2,3).

Torsades de pointes is a potentially fatal arrhythmia that
may occur when the repolarization of the ventricles is delayed.
Atthe cellular scale, block of the human ether-a-go-go-related
gene channels conducting the rapid delayed rectifier potas-
sium current (Ig,) is among the ones responsible for the de-
layed repolarization of the ventricles, which is detectable in

To be successfully placed on the market, a drug must be
effective (i.e., it must be able to hit the desired target at clin-
ically relevant concentrations) and safe (i.e., no side effects
that could compromise the function of organs should occur).
Insufficient efficacy and safety are responsible for almost
60% of the attrition rate in drug discovery and development
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reduced the risk of approving drugs that have the potential to
induce torsades de pointes by deprioritizing development of
drugs that block human ether-a-go-go related gene channels
or cause QT prolongation. However, the guidelines are
affected by low specificity (4). To overcome this problem,
the comprehensive in vitro proarrhythmic assay (CiPA)
initiative suggests an alternative paradigm to assess the
safety of a new compound in the preclinical and early clin-
ical stages (4,5). The paradigm shift consists of the hybrid
combination of in vitro and in silico human-specific models
(5). The first step in the CiPA paradigm focuses on the eval-
uation of the functional drug effects on inward currents
involved in the plateau phase, such as the long-lasting cal-
cium current (Ic,;) and the late sodium current (Iy,p),
and outward currents active during repolarization, such as
the slow delayed rectifier potassium current (/g,), the inward
rectifier potassium current (Ix;), and the transient outward
potassium current (/,,). At the second stage, the experi-
mental data are included into an in silico human adult ven-
tricular action potential (AP) model (6) that allows one to
investigate the behavior of the affected currents in an inte-
grated environment. Finally, the prediction of the drug’s ef-
fects is confirmed or disproved through in vitro experiments
using human-induced pluripotent stem cells (hiPSCs)
derived cardiomyocytes (hiPSC-CMs). Furthermore,
in silico hiPSC-CM models have been successfully em-
ployed to assess drug efficacy. Paci et al. (7) showed that
mexiletine and ranolazine, two multichannel blockers that
target Ing, Inar, Icar, and Ig,, are able to recover the AP
duration (APD) to physiological values in an LQTS3
hiPSC-CM population. In silico models of hiPSC-CMs
also help to quantitatively characterize the differences be-
tween hiPSC-CM and adult ventricular cardiomyocytes
(7). Indeed, the simulation of the pharmacological block
of ion currents showed that the two cells types respond in
different ways (8), giving a quantitative description of
such a difference.

hiPSC-CMs are a promising tool for drug efficacy and
safety testing. Because hiPSCs are obtained by reprogram-
ming adult somatic cells to a pluripotent state, they are a
virtually limitless source of cells with the same genome as
the donor. Their origin from human adult cells avoids ethical
issues associated with the use of human embryonic stem
cells, bridge the gap resulting from the use of animal
models, and bring personalized medicine closer. However,
hiPSC-CMs are characterized by an immature electrophys-
iological phenotype that limits their employment in drug
safety assessment (9). Unlike adult ventricular cardiomyo-
cytes, they show high levels of expression of the HCN
gene family (that encodes for the pacemaker current /)
and low levels of the KCNJ2 gene, responsible for Ig;.
The balance between ion channel types expressed by
iPSC-CMs results in a depolarized resting membrane poten-
tial (RMP), a slow maximal upstroke velocity (V) due to
the inactivation of sodium channels, and the absence of the
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plateau phase. Furthermore, because of the contribution of
I, hiPSC-CMs show spontaneous automaticity (9).

Several studies (10—12) have demonstrated that compen-
sating for the low levels of I, improves the electrophysio-
logical phenotype of hiPSC-CMs, making its phenotype
more mature and more relevant for drug safety testing.
Apart from attempts to improve differentiation protocols,
two direct methods have been used to increase functional
expression of Ix; in hiPSC-CMs (e.g., through adenoviral
overexpression of /g, channels (13) or by applying the dy-
namic clamp (DC) technique to insert virtual Ix; conduc-
tance) (14,15). The DC is a refinement of the traditional
patch clamp. It allows one to interface the membrane poten-
tial of (one or more) cells with a computer running a real-
time simulation of ion channels or gap junctions. In this
way, it is possible to create a virtual electrical connection
between cells or add a virtual ion channel to the cell mem-
brane through a computational model that describes the time
course of that current in response to membrane potential of
the connected cell(s). The injected current can be fully
described by mathematical equations and parameters.
Through the tuning of the parameters, the amount of in-
jected current can be modulated precisely to adapt it to
the cell under investigation. The ability to fine-tune ion
channel conductance to each cell being tested is essential
when adding I, to hiPSC-CMs because too little will leave
the cells beating spontaneously, whereas too much Ik can
render the cell nonexcitable. Earlier work by Verkerk
et al. (11) indeed reported that the injection of /g, eliminates
the spontaneous activity of hiPSC and provides a more
physiological phenotype (11). Bett et al. (12) highlighted
that hiPSC-CMs respond like adult ventricular CMs to the
administration of BayK-8644 only if I, is injected. Studies
testing DC strategies to mature hiPSC-CMs have almost
exclusively used manual patch clamping, but recently, our
group successfully implemented DC-based Ik, injection in
hiPSC-CM on an automatic patch-clamping platform that
is capable of medium- to high-throughput drug screening
by recording from up to eight cells in parallel (16,17).

Fine-tuning of the Ik, conductance (Gg;) is an important
step in DC experiments, whether manual or automated patch
clamping is used. Higher throughput applications however
require an automated tuning procedure that can run unat-
tended. In this study, we propose an approach to establish
the required Gk, criric 11 @ Way that can be implemented
on automated patch-clamping platforms. We define
Gk eriticar @S the minimal value of conductance that is suffi-
cient to bring the cell to a stable and hyperpolarized RMP.
Identifying Gki, criricar 15 Televant because it allows one to
estimate the minimal amount of the injected Ik, for a cell,
and it can subsequently be used as a reference value when
G, is up- or downscaled, facilitating comparison of results
obtained from different cells. Next to the value of G, the
time- and voltage-dependent properties of the used compu-
tational model of Ix; affect the AP waveform. Several



studies have captured the electrophysiology of Ix; in a
computational model, providing descriptions with different
levels of detail (6,12,18-21). The choice of the Ix; model
used in DC experiments may therefore affect the
resulting APs.

In this study, we have employed in silico DC experiments
to explore the impact of Ig; on the immature hiPSC-CM
electrophysiologic phenotype. Our simulations have the
aim to 1) compare the effects on AP waveform of the six
different Ix; formulations (6,12,18-21) in the hiPSC-CM
computational model developed by Paci et al. (22), 2)
establish an algorithm to estimate Gki, cpiricar fOr the six
models, 3) assess how the up- and downscaling of G, rela-
tive to Gk, criricar affects the AP waveform, and 4) study the
effects of hyper- or depolarizing prepulses on AP waveform.

MATERIALS AND METHODS

hiPSC-CM model, /x; formulations and
identification of Gk1, criticar

We carried out the in silico experiments using the computational model of
hiPSC-CM developed by Paci et al. (22). The Paci model is robustly con-
strained by experimental data obtained by Ma et al. (20), who electrophys-
iologically characterized hiPSC-CMs. Furthermore, they quantitatively
investigate the mechanisms responsible for the immature electrophysiolog-
ical phenotype, assessing the effects on spontaneous activity and AP wave-
form through the replacement of a subset of native currents (I 1105 Icars
Ix1, Ik Ixs) with adult ventricular current formulations from the O’Hara-
Rudy model (6). The aforementioned characteristics make it a suitable
model for evaluating DC strategies through adding /x; conductances to
hiPSC-CMs.

In this study, we have evaluated all Ix; model structures available in the
literature, namely, those published by Bett et al. (12), Dhamoon et al. (18),
Ishihara et al. (19), Paci et al. (22), O’Hara-Rudy et al. (6), and ten Tusscher
et al. (21). The six Ig; formulations mainly differ in the presence (or
absence) of time dependency in their kinetics and how the rectification of
the outward current is described. A more detailed comparison between
the six /g, formulations is reported in Fig. 1 and Table 1. We set the extra-
cellular potassium ion concentration [K*], to 5.4 mM and the intracellular
concentration [K*]; to 150 mM, setting the reversal potential for the six cur-
rents at Ex = —88.8 mV.

To study how the different formulations of I, affect the AP waveform,
we paced hiPSC-CM cell models at 1 Hz, with a current stimulus of ampli-
tude 15.2 pA/pF and 5 ms of duration, able to elicit AP in all the six models
under comparison. The AP waveforms were quantitatively described
through five biomarkers: the RMP, maximal speed of depolarization during
the upstroke (V,,,a,‘,), the APD at 50 and 90% of repolarization (APDs, and
APDq), and the ratio APDsy/APDy, a biomarker to describe triangulation.

The identification of Gk, cyiricar fOr €ach Ig, formulation was performed
using the bisection algorithm in the unpaced hiPSC-CM. We performed the
search in a range from 0 to 10 times the original (published) value. If the
membrane potential of the cell was <—40 mV and with a difference be-
tween the minimal and maximal values over a period of 50 s that
was <1 mV, the cell was defined as quiescent, and the current Gg; was
stored as Gg1 jign- On the contrary, if the cell showed spontaneous activity
or failed to repolarize, Gk was stored as Gk jow; Gki employed in the next
step was calculated as (Gk1igh + Gk1,ow)/2. The Gg, value that made the
cell quiescent and hyperpolarized was then challenged with a single
external stimulus and the bisection search was carried out again. The algo-
rithm stopped when the difference between G jign and Ggj o Was lower
than a tolerance set to 0.1% of the original value of Gg;.

Critical Conductance of /x4 in iPSC-CMs
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FIGURE 1 Comparison of the Ig; I-V curves of the six Ix; models for the
original (published) Gk, value. Ex is marked by the vertical dashed line. To
see this figure in color, go online.

As a proof of principle, in vitro experiments were carried out to deter-
mine Gk, ¢riricar 0 hiPSC-CM in a DC experiment using a custom DC sys-
tem as described in Goversen et al. (16). Manual patch-clamp recordings
were done at 37°C and followed the protocol outlined in Fig. S5. Cover-
slips with hiPSC-CM were superfused with a bath solution containing
NaCl 130 mM, KCI 4 mM, CaCl, 1.8 mM, MgCl, 1.2 mM, NaHCO;
18 mM, HEPES 10 mM, and glucose 10 mM. Pipettes had resistances be-
tween 2 and 4 MQ when filled with a pipette solution containing KCI
10 mM, K-gluconate 125 mM, CaCl, 0.6 mM, MgCl, 2 mM, HEPES
5 mM, sucrose 30 mM, Na, ATP 4 mM, and EGTA 5 mM. Liquid junction
potential (+13.8 mV) was calculated using pCLAMP 10 and corrected a
priori.

The effect of increasing or decreasing G, was investigated by running
AP simulations paced at 1 Hz, using values for Gk in a range from 0- to
10-fold Gk1, criticar » increasing G of 0.25 x Ggi crisical-

The last protocol aimed to reproduce the experiment by Ishihara et al.
(23), using hyper-/depolarizing current prepulses. Before the pacing stim-
ulus that triggered the AP, 50 ms current prepulses of 5 and —0.5 pA/pF
were applied to respectively hyperpolarize or depolarize the voltage mem-
brane. The combination of the prepulses and the pacing stimulus was
administered at 1 Hz for 30 s.

Comparing the influence of cell-to-cell variation
between iPSC-CMs and between I, formulations

The Paci 2013 model is based on the data collected by Ma et al. (20) using
hiPSC-CMs. To address the variability between cells that is encountered in
experiments, we identified Gk cyisicq; fOI €ach Ig, formulation under inves-
tigation in a population of 22 cell-specific iPSC-CM models, published
earlier by Lei et al. (24). In brief, Lei et al. (24) adapted the Paci 2013 model
on the base of voltage clamp experiments carried out on hiPSC-CMs, by
scaling the maximal conductance (S/F) of Iy, (x0.69), I,z (x0.80), Ik,
and the maximal activity of Iy,c, (pA/pF) (tailored for each cell, the values
are reported in Table 2). Next, we assessed the variability of the AP
morphology while pacing the cell-specific models at 1 Hz.

Hardware and software

The Paci-based hiPSC-CM models including the six Ix; formulations were
encoded in CellML and solved using OpenCOR (version 0.6) (25) and on
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TABLE 1 Main Characteristics of the Six /x4 Formulations
Experimental
Ik, Formulation Data Source Transient Steady State Rectification Conductance Reference
Bett adult human NP steady state only voltage dependent constant (12,37)
ventricular cells
Dhamoon guinea pig Kir2.1 NP steady state only voltage dependent constant (10,18)
in HEK293
Ishihara mouse Kir2.1 v v two channel populations sensitive [K™], dependent (19,38)
in HEK 293 to [Mg**]; and [SPM];
O’Hara-Rudy adult human inactivation v voltage dependent [K "], dependent [K™], dependent 6)
ventricular cells gate
Paci hiPS-CM NP steady state only voltage dependent [K"], dependent Gg; x1.1 (20,22)
ten Tusscher adult human NP steady state only voltage dependent [K™], dependent (21,37)
ventricular
and atrial

NP, not present; v, implemented.

the Cardiac Electrophysiology Web Lab (available at https://travis.cs.ox.ac.
uk/FunctionalCuration/) (26). Simulations done using OpenCOR were per-
formed on a macOS High Sierra (10.13.6) Apple computer (Apple, Cuper-
tino, CA) equipped with 2.9 GHz quad-core Intel Core i7 (Intel, Santa
Clara, CA). We used a variable step method for stiff problems (backward
differentiation formula) implemented in the CVODE library. The currents
and the state variables of the models were stored and displayed with a
0.1 ms time step. The cell models achieved steady-state conditions when
the difference of the norm of the state variable vector at the beginning
and at the end of the AP was lower than 10, The extraction of AP wave-
form features and plots were performed in MATLAB (release R2018a; The
Mathworks, Natick, MA).

RESULTS

hiPSC-CM AP waveform is strongly influenced by
Ix1 model structure

A first comparison between the six Ig, formulations was
made by plotting the steady-state current generated by the
models at voltages between —120 and +10 mV (see
Fig. 1). The Dhamoon model shows the highest outward
peak (8.5 pA/pF at —69.5 mV), whereas Ix; from the
O’Hara-Rudy model shows the lowest outward peak current
density (0.91 pA/pF at —77.1 mV). The Paci model, con-
structed using experimental data obtained from immature
hiPSC-CMs, is remarkably different from the other models,
which are based on experimental data from adult myocytes

TABLE 2 AP Waveform Parameters of hiPSC-CM Models
Including the six Ix; Formulations at Gk, originar

RMP APDsy  APDg APDsy/
Model (mV) Ve (VIs)  (ms) (ms)  APDgy (—)
Paci (unpaced) —76.9 249 366 487 0.75
Bett —86.8 157.5 58 153 0.38
Dhamoon —88.1 160.9 101 133 0.76
Ishihara —87.8 157.9 84 163 0.57
O’Hara-Rudy —-20.4 NA NA NA NA
Paci —-77.2 57.9 302 453 0.67
ten Tusscher —86.1 136.4 258 431 0.60

The APDso/APDy ratio provides a quantification of the shape of the AP
waveform.
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or heterologous expression systems, and reaches the out-
ward peak (0.99 pA/pF) at more depolarized potentials
(—46.1 mV). The model structures also differ in the rectifi-
cation: the Dhamoon model shows Ik, density close to zero
at depolarized potentials (V,, > 0 mV), whereas the O’Hara-
Rudy model already reaches small current densities
around —40 mV. The Bett model differs markedly at posi-
tive potentials, showing a clear positive linear growth.

Next, we simulated paced APs using the Paci models
incorporating the six Ig; models. Analysis of AP waveform
allows quantification of the effects of the Ix; formulations.
The cell models that include the Dhamoon and the Paci
I formulations show the most hyperpolarized and depolar-
ized RMPs and the fastest and the lowest V. (—88.1 mV,
160.9 V/s, and —77.2 mV, 57.9 V/s, respectively). The key
role played by Ik, in repolarization becomes clear when
comparing APDsq and APDg values. On one hand, the ac-
tivity of Ix; during the plateau and phase 3 of the Bett model
leads to shorter AP durations (APDso = 58 ms, APDgg =
153 ms). On the other hand, in the model including the
O’Hara-Rudy formulation, the low amplitude of Ik is not
sufficient to successfully repolarize the membrane potential
that settles to a stable but depolarized RMP (—20.4 mV), as
also reported by Paci et al. (22).

Calculating the ratio of APDsy and APDgy ( APDsy/
APDy) gives some additional insight about the repolariza-
tion course. Values close to 0.5 result from APs with a trian-
gular shape for which the plateau phase is virtually absent
and the repolarization is monotonic, whereas values close
to 1 occur when phase 3 is steep, and thus the final phase
of repolarization is fast. The Bett model shows a value
(APDsy/APDgy = 0.38) that is coherent with a triangular
waveform, whereas the Dhamoon model has APDsy/
APDy, = 0.76, consistent with a steep phase 3 repolariza-
tion. The Ishihara, the Paci, and ten Tusscher models
show APDso/APDyy > 0.5 (0.57, 0.67, 0.60, respectively).

To get a better understanding of the influence of the six
models on emerging AP waveforms, we compared the AP
waveforms and underlying I, current profiles (see Fig. 2).
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FIGURE 2 (A) AP waveforms elicited by pacing the Paci hiPSC-CM model incorporating the six different Ik, formulations at 1 Hz, with the original Gg;.
The bottom trace displays the original hiPSC-CM Paci model without pacing, which shows the spontaneous activity that is typical of hiPSC-CMs. (B-G) V,,
and Ig; time courses of the hiPSC-CM cell models including the six Ix; formulations are shown. The model including O’Hara-Rudy I, formulation
failed to repolarize after 70 s; here, we report the transition from successful to failing repolarization (fourth trace in A and E). To see this figure in color,
go online.

This showed a clear effect of Ix; model structure on the
AP waveform. The Dhamoon I, shows the largest outward
peak (8.5 pA/pF), as expected from the steady-state
I-V characteristic. The Bett current is active throughout
all AP phases but mostly during the plateau phase
(~1 pA/pF), during which the other models produce cur-
rents of negligible amplitude. The Ishihara Ik, contributes

generated by the Paci model, which also shows the least
hyperpolarized RMP (—77.2 mV).

Scaling relative to Gk, criricas facilitates
comparison of I; models or cells

The critical value of Gk (Gk1, criricar ) 1S an estimation of the

to the early phase 3 of the AP, starting earlier during
the repolarization phase than the Dhamoon, Paci, and ten
Tusscher Ig; models. The Dhamoon model shows
the largest peak (8.5 pA/pF) during late repolarization at
which it contributes to a fast final repolarization toward
the RMP. The Dhamoon and the Ishihara models both bring
the RMP (—88.1 and —87.8 mV, respectively) close to Ex
(—88.8 mV) by conducting a current density of
~0.8 pA/pF. The lowest I, density during phase 4 is

minimal number of Ik, channels that is required on the cell
membrane to suppress automaticity, to make the cell 1) quies-
cent, 2) with an RMP that is stable and close to Eg, even when
the cell is perturbed with an external stimulus. After estab-
lishing Gg1, crisicar Tor all six Ix; models, we observed two
different behaviors. When incorporating the Bett, Dhamoon,
Ishihara, or ten Tusscher models, the hiPSC-CM models
become quiescent with G, values that are lower than those
in the original Ig; models (see Table 3), with a decrease of

TABLE 3 AP Features of the 1 Hz Paced hiPSC-CM Models for Gx1 = Gk, critical

Model G, original (SIF) Gk, criticat (SIF) 4Gk (%) ~ RMP (mV) Viax (VIS)  APDso (ms)  APDgy (ms)  APDsy/APDg (—)
Bett 1000 685.8 —-314 —85.9 145.0 85 242 0.35
Dhamoon 1000 129.4 —87 —84.0 112.8 301 541 0.56
Ishihara 2500 989.7 —60.4 —85.9 132.3 238 458 0.52
O’Hara-Rudy 190.8 279.8 +46.6 —86.7 112.8 349 686 0.51
Paci 28.149 433 +53.8 —80.1 85.1 242 367 0.66
ten Tusscher 5405 3170 —41.3 —83.7 108.2 306 546 0.56

AGk;, variation (in %) between the original and critical value of Gk1; Gk, criricar> Critical value of Kir2.1 conductance that brings RMP to stable and hyper-

polarized values; Gk, origina» default value of Kir2.1 conductance.

Biophysical Journal 117, 2303-2315, December 17, 2019 2307



Fabbri et al.

31.4, 87, 60.4, and 41.3%, respectively. On the other hand,
the Paci and O’Hara-Rudy models needed an increase of
Gk (+53.8 and +46.6%, respectively) to stabilize RMP;
this means that these two models do not provide enough
Ig in their original formulation to stop the automaticity.
Time course of membrane potential and IK1 are depicted
in Fig. S2.

Fig. 3, A-F depicts the AP waveform with Gk, values
ranging between 0 and 10X Ggq, cyiricar - The downscaling
of Gk, resulted in longer APDs and a depolarized RMP
when the cells were able to repolarize. Progressively
increasing Gk, resulted in a faster repolarization process
with a smaller APDsy and APDy (Fig. 3, G and H). A higher
amount of Iy is also responsible for a hyperpolarized and
stable RMP (Fig. 3 I) that gets close to Eg. The inset in
Fig. 3 I shows that for a conductance corresponding to
Gk, critical » RMPs are still quite different: the hiPSC-CM
model including the Paci formulation is the most depolar-
ized (—80.1 mV), whereas the model including the
O’Hara-Rudy formulation is the most hyperpolarized
(—86.7 mV).

For all Ix, models, the upstroke velocity Vmax (Fig. 3 J)
increased with increasing Gg; values from ~0.5 to 2x
Gk1. criicas @and then stabilizes at values around 150 V/s

for larger Gk, values. For Gg; > 7.5% Gki, criticar and >
9.25% Gk, criricar» T€SPectively, the pacing stimulus was
no longer sufficient to trigger an AP when using the Ishihara
or the O’Hara-Rudy models (Fig. 3, C and D, see insets).
Together with Gk (yisicar > this behavior suggests that there
is a range for the amount of Ik, that should be injected into
the cell, providing indications for in vitro experiments.

Gik1, critical Shows limited variability between cell-
specific iPSC-CM models

Variation in AP waveform between hiPSC-CM is well
known, and this may influence the G .yiricas Value required
in a DC experiment for maintaining quiescence of a partic-
ular cell. To test this, we employed 22 -cell-specific
iPSC-CM models, tailored on the Paci 2013 model, with
variations in ion currents based on voltage clamp data
(24). For each cell-specific model, we identified Gk1, criricar
using the six /., formulations we wanted to assess. Fig. 4 il-
lustrates the range of the 22 Gk .yiricar Values obtained for
each I, formulation. Gk .,isices did not follow a normal dis-
tribution; therefore, we described them through the median
and 25th and 75th percentiles. Median Gk, criricar Was 598.6
(Ik1 according to Bett), 104.2 (Dhamoon), 827.2 (Ishihara),
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FIGURE 3 (A-F) AP waveforms at varying G, formulations. Note how a Gg; value that is too large prevents the pacing stimulus from triggering an AP
for cell models that include Ishihara et al. (19) and O’Hara-Rudy et al. (6) Ik, (insets in C and D). Light colors code for low G values, and dark colors code
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28.2 (Paci), 251.2 (O’Hara-Rudy), and 2510 S/F (ten
Tusscher). Within the six populations of cell-specific
models, we found a limited range for Gk1, criricas : the pop-
ulation including the I, according to Paci reported the
largest variation of the 25th and 75th percentile from the
median Gk, criticar (—2.47 and +2.82%, respectively),
whereas the models including the other I, formulations
showed variations lower than 1%. Table S1 reports in detail
the cell-specific Gk, criricas 1dentified for each cell.

To test if our findings with the cell-specific models were
reflected in in vitro experiments, a small set of DC experi-
ments was done using hiPSC-CM. We injected Ik, using
the formulation by Ishihara and determined Ggi. crirical
(see Figs. S5 and S6). In in silico experiments, conditions
are ideal, and we were able to check if the membrane poten-
tial was stable and in steady state during a 50-s-long time
window for many tested Gg; values. During in vitro exper-
iments, membrane potential is less stable because of noise,
and testing many 50-s iterations of the bisection algorithm
takes more time than typically feasible in patch-clamp ex-
periments. For the aforementioned reasons, we did not
implement a bisection algorithm but instead started from a
large G, value (5000 S/F), which was decreased in steps
of 500 S/F. The average Gk, criricr Was 2750 £ 660 S/F
(n = 4), with values ranging from 1000 to 4000 S/F, con-
firming the cell-specific nature of the Gk, cyiricar Parameter.
In three additional cells, slightly more than 5000 S/F was
needed to suppress minimally remaining automaticity, but
the correct value could not be obtained before the experi-
ment expired.

The comparison between the median G, ¢yiricq; found in
the cell-specific models and the one identified in the initial
models used earlier (Fig. 4 B) helps to get more insight in
the differences between cells. In the cell-specific models,
for all the included Ik, formulations, the Gk, cyisicar Value
observed was lower than the one identified in the initial

Paci 2013 models. The distance between the initial Paci
2013 and the cell-specific models was the highest in the
models including Ik, according to Paci (—38.2%), whereas
it reached —12.3% when the models included the O’Hara-
Rudy /g, formulation. The difference among Gk, crisicar IN
the other Ig; formulations was within the boundaries set
by Paci and O’Hara-Rudy /g, models.

We further assessed the behavior of the cell-specific
models by eliciting APs with external stimuli at 1 Hz, using
the cell-specific Gg1, criricar - RMP was hyperpolarized, close
to Ex and within a limited range (Fig. 5 A; Fig. S3), consis-
tent with the low variability of Gk, criricar - Ix1 contributes to
stabilization of RMP. We compared the contribution of the
Iy formulations by measuring the average I, current den-
sity during the diastolic interval, just before the external
stimulus (Fig. 5 B). The amount of current is comparable be-
tween the six Ig; formulations but consistent with the less
negative RMP, the population that includes the Paci Iy,
model reported a lower average Ik, density during the
diastolic interval. APDsy and APDgy, showed stronger vari-
ability (Fig. 5, C and D), which is consistent with the cell-
specific variations in Ig, and Iy,c, current densities. The
population including /g, according to Bett showed the short-
est APDy (287 ms), whereas the others are included within
300 and 450 ms. For a detailed overview of the AP wave-
form of the cell-specific models, see Fig. S3 and Table S1.

Reproducing the effect of prepulses on APD
requires time dependence of Ik,

Although most Ix; models do not include a time constant in
the equations describing rectification, experimental data have
demonstrated an effect of time dependence of I, channel
rectification (23), as brief prepulses given before the pacing
stimulus have been shown to affect APD in guinea pig
ventricular cardiomyocytes. Specifically, a hyperpolarizing
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prepulse caused faster repolarization, that is, a shorter APD,
whereas a depolarizing prepulse led to APD prolongation. It
was demonstrated that Ix; was the current underlying this
behavior because of the different availability of open chan-
nels at hyperpolarized/depolarized membrane potentials.
We tested whether prepulses affect the APD in the initial
hiPSC-CM models with the six different Ix; models because
contribution of Ik, to variation in repolarization duration can
affect the outcome of DC experiments aimed testing proar-
rhythmic properties of drugs. Fig. 6, A1-6 and B1-6 depict
the AP waveforms and Iy profiles of the last beat of a train
of paces of the six hiPSC-CM models. At first sight, it is clear
that the hiPSC-CM model including the Ishihara I, formula-
tion is the only one to show significant effects on AP, as the
hyperpolarizing current prepulse caused APDy prolongation
(+6.5%), whereas the depolarizing prepulse shortened
APDgy, (—16.3%) with respect to the AP elicited with no pre-
step, reproducing qualitatively the experimental data. The ef-
fects observed in the other AP models were negligible (see
Table S2). For the O’Hara-Rudy model, this was surprising
because this Ix; model does include a time constant in the
description of rectification by including an instantaneous
rectification factor (Rk1,.) and an inactivation gating vari-
able (xgi,.). In the simulations of hiPSC-CM with the
O’Hara-Rudy I, closer inspection of the behavior of these
parameters showed that xg; was only minimally affected by
the prepulses, ranging between 1 and 0.993 (minimal value
obtained with the hyperpolarizing prepulse; see Fig. S4, G-
I). Fig. 6 C1-6 shows Ig; phase plots in which I, density
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is plotted against V,, during repolarization, similar to a phase
diagram depicting V,, versus V,,. The Ishihara formulation
provided different amounts of Ix; in response to the pre-
pulses. In dynamic conditions, the Ix; phase plots are
different from I, in steady state, showing a larger amount
of Iy, available also at more depolarized potentials. In partic-
ular, when the cell is preconditioned with a hyperpolarizing
prepulse, it is possible to notice a further smaller Ix; peak
(0.66 pA/pF) at —38.5 mV responsible for the APD short-
ening. In contrast, no appreciable differences were observed
with the other models in which the I, phase plots overlapped
the steady-state IV curve. Therefore, the Ik, formulation that
we consider the most suitable to implement in DC experi-
ments is the one according to Ishihara et al. (19).

DISCUSSION

hiPSC-CMs are a promising tool for drug safety screening and
to study cardiac arrhythmia mechanisms. They represent a
pillar in the CiPA initiative and allow researchers to study
the effects of drugs on AP morphology in an integrated cellular
environment with similarities to human adult cardiomyocytes.
The main characteristic that hampers their application in as-
sessing drug safety is their spontaneous activity that leads to
an unstable and depolarized RMP (V,, > —60 mV). Previous
studies demonstrated that is possible to improve the “imma-
ture” phenotype of hiPSC-CM through the overexpression of
Iy, either by virally overexpressing I, channels in the cells
(13) or through “electronic expression” using the DC
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technique (11,12,16,27). DC is a powerful technique because it
is able to mimic Ig; carried by biological ion channels.
Although it is not able to reproduce the molecular interactions
that real Ix; channels can participate in, DC does allow fine
control of the amount of /g, added and allows the experimen-
talists to change it “on the fly,” adapting it to characteristics
(e.g., maturity, AP waveform, cell size) of the cell under
investigation.

Our study aims to answer two main questions. 1) How
much /g, has to be injected to stop the automaticity with
a stable RMP? 2) Which is the most suitable /x; mathemat-
ical formulation to employ during in vitro DC experi-
ments? We addressed these two questions through a
computational approach, using the Paci et al. model (22)
as a virtual hiPSC-CM and simulating DC experiments.
To this end, we 1) compared a subset of Ix; formulations
present in literature and assessed how they affect the AP
waveform of the simulated hiPSC-CM, 2) identified the
minimal amount of virtual Ix; channels needed to stop
the automaticity through the parameter Gk criricar» 3) inves-
tigated the effects on AP waveform features of down-/up-

scaling of I, and 4) tested the capability of the Ig;
formulations to reproduce experimental data reporting
APD dependency on hyper- or depolarizing prepulses
through an Ix,-specific mechanism.

Ix1 formulation and its effects on AP waveform

The comparison of the steady-state I-V curves highlights the
differences between the Ix; formulations under investigation.
The original Paci et al. (22) model includes Ik, characterized
by a low outward peak current at depolarized potentials
(~—46 mV). The other Igx; models derived from adult
cardiomyocyte models show substantial differences in the
outward peak current or in the degree of rectification. The
peak outward current density ranges between 1 (O’Hara-
Rudy et al. (6)) and ~8 pA/pF (Dhamoon et al. (18)). The
I, formulation according to Bett et al. (12) shows a low de-
gree of rectification, with substantial /g, density also at more
depolarized potentials. The Ishihara et al. (19) Ix; formula-
tion has a more complex mathematical formulation compared
to the other models and quantitatively describes how the
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block exerted by intracellular cations as Mg®" and poly-
amines can affect the ion channel gating.

In silico experiments allowed us to assess the effects of the
aforementioned properties on the AP waveform, avoiding dis-
turbances caused by the high variability of AP waveform in
real hiPSC-CMs (11). When the evaluated Ix; formulations
replace the native one in the Paci et al. (22) model, RMP be-
comes stable and hyperpolarized. This holds true for models
with all tested I, formulations when paced at 1 Hz, but the
I, formulated according to O’Hara-Rudy et al. (6) leads to
stable but depolarized RMP (—20.4 mV), as showed by Paci
et al. (22). These results highlight that the amount of I, pro-
vided by the O’Hara-Rudy et al. (6) model in the original
formulation is not enough to stabilize RMP to hyperpolarized
values. Simulations confirmed the link between hyperpolar-
ized RMP and Vmax; the overexpression of Ig; brings the cell
to a different working point (i.e., the gating variables are in a
different state), unveiling I, that is responsible for a faster up-
stroke. A strong I is responsible for a faster repolarization
(see the steep phase 3 in the hiPSC-CM model including the
formulation according to Dhamoon et al. (18)), and this char-
acteristic, together with a strong rectification, leads to APDsy/
APDgratios >0.5. On the other hand, the low degree of recti-
fication in the Bett et al. (12) formulation is responsible for a
substantial current (~1 pA/pF) at depolarized potentials that
abolished the plateau phase. Our results are in agreement
with the study by Verkerk et al. (11) that included in the
Paci et al. (22) model the I, formulations according to Meijer
van Putten et al. (27), Bett et al. (12), and Rocchetti et al. (28).
In their simulations, they reported a stable and hyperpolarized
RMP, a faster V,,mx, and a faster repolarization. As reported in
our simulation, they also showed that Bett et al. (12) I,
dramatically shortened the APD.

How much /i, should be injected to suppress
spontaneous activity?

Earlier studies employing DC to inject Ix; in hiPSC-CMs have
typically standardized the amount of added I, relative to cell
capacitance (e.g., a fixed peak outward current density). In
this study, we have described an alternative approach based
on the critical Gy, defined as the parameter that depicts the
minimal number of Ig; channels on the cell membrane needed
to bring the membrane potential to hyperpolarized and stable
values, thereby suppressing the spontaneous activity. Our DC
experiments in hiPSC-CM indeed confirm that different cells
have a different Gk, cyiricar Value (Fig. S6).

In our simulations, the identification of Gk ¢riricas fOr €ach
model showed a substantial decrease (up to —87%) for the I,
formulations according to Bett et al. (12), Dhamoon et al. (18),
Ishihara et al. (19), and ten Tusscher et al. (21). AP waveform
analysis of the simulated AP highlights the correlation between
Gk and RMP: higher G leads to more hyperpolarized RMP
(seealsothe Gg; — V curveinFig. S1). The AP morphology of
the six cell models remains quite different, mainly because of
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the different degree of rectification (especially for Bett et al.
(12)) and time dependency (Ishihara et al. (19) and O’Hara-
Rudy (6)), not described by the steady-state I-V curves. On
the other hand, the cell models that include Ik, according to
Dhamoon et al. (18) and ten Tusscher (21) (both of them
without time dependency) show similar behavior because
they have comparable G, (see Fig. S1 B).

Upscaling G, stabilizes RMP toward potentials close to
Ex, speeds up the upstroke (higher V), and hastens the
repolarization (shorter APDsy and APDgg). This behavior
is coherent with Meijer van Putten et al. (27), who carried
out DC experiments scaling the “electronic” Ig; density
from 1 to 10 pA/pF. The identification of Gk cyiricar TEPIE-
sents the first step during DC experiments and, using the
same [x; formulation, allows comparison of cells under
investigation (because they are in the same state), poten-
tially reducing the intrinsic variability between cells.

The intrinsic variability among cells was computationally
investigated by tailoring the hiPSC-CM Paci model in a cell-
specific way, according to Lei et al. (24). Simulations high-
lighted that variations in Ggq, .iicar between the cell-specific
models are small compared to the variation observed between
the six different I, formulations tested. Using Gk crisicar tO
tune DC experiments will lead to a stable and hyperpolarized
RMP with reduced variability between cells. Variability of
APD and AP waveforms showed in Lei et al. (24) is preserved,
also after addition of Ix; as in our simulations. Variability
within the same cell line was shown experimentally by Verkerk
etal. (11), studying hiPSC-CMs with and without /¢ addition
with DC.

The APD observed in the cell-specific models showed me-
dian values comparable to the APD observed by Britton et al.
(29) in human adult ventricular trabeculae under control con-
ditions (=300 ms; see Fig. 2 in (29)) and by O’Hara-Rudy
et al. (6), who studied small epicardial tissues (=280 ms;
see Fig. 7 in (6)). Except for the models including the Bett
I formulation, all showed a median APDgyq value that was
higher than the mean value reported by Britton et al. (29)
and O’Hara-Rudy et al. (6). Therefore, upscaling relative to
Gk, criricas May be a strategy to make the repolarization faster
and to close the gap between in silico and experimental data.
Upscaling Gg; in a range between one and two times the
identified critical value brings the AP features close to the
experimental range, also in the initial Paci model.

The cell-specific models required slightly lower Gk ¢ iricar
values to stop the spontaneous activity than the initial Paci
model. A difference between the identified values may be ex-
plained by the variability between AP waveform in the cell-
specific models.

Which Ik, formulation should be used in DC
experiments?

The aim of adding Ig; to hiPSC-CMs using the DC tech-
nique is to bring about an electrophysiological phenotype



that is as close to that of human adult CMs as possible
because this will improve their predictive qualities in drug
safety testing. The hyper-/depolarizing current prepulse pro-
tocol exposed the time-dependent properties of the Ix,
formulation under investigation. The Ix; model based on
experimental data from undiseased adult human ventricular
cardiomyocytes by O’Hara-Rudy et al. (6) includes an
instantaneous rectification factor (Rg ) and an inactiva-
tion gating variable (xx; ), described by a first-order ki-
netics. Despite the theoretical time dependency, the
hiPSC-CM model including the O’Hara-Rudy Ik, formula-
tion shows a near perfect overlap between the steady-state
IV curve and the Ik, phase plots in all the tested conditions
(control, hyperpolarizing, and depolarizing prepulse).
Closer inspection of the simulation results demonstrated
very minimal variation in xg;. This behavior can be ex-
plained by the voltage dependence of the xgi » parameter
for potentials in the AP range. Indeed, for V,, > —90 mV,
the inactivation variables saturate to 1 (as also described
in the original study by O’Hara-Rudy et al. (6); Fig. 2 B).
The minimal variation in the inactivation parameters makes
the time dependency of the O’Hara-Rudy I, formulation
almost negligible (see Fig. S4) and explains the overlapping
of the IV curves.

In contrast, the Ik, phase plots derived from the simula-
tions using the Ishihara model show clear differences with
the Ik, steady-state I-V curve. The three Ik, phase plots
show a substantial current at more positive potentials
because of the presence of a transient component. The tran-
sient component is determined by the influence of [Mg>*];,
polyamines (spermine ([SPM];), and spermidine ([SPD],))
present in cardiomyocytes. The I phase plots show various
amounts of transient /x| due to the different degree of relief
of Mg " block. The hyperpolarizing prepulse, preceding the
pacing stimulus, opens more channels, which can later
become blocked by Mg®" ions at depolarized potentials.
The Ik, channels blocked at depolarized potentials become
again available during repolarization, providing a stronger
Iy that shortens the APD. Vice versa, a depolarized pre-
pulse reduces the amount of channels available for the bind-
ing with Mg*" ions, leading to a weaker Iy, during
repolarization and thus a prolonged APD, as previously
shown by Ishihara et al. (19) employing the comprehensive
guinea pig cell model (Kyoto model; see Fig. 4 C in Ishihara
et al. (19)). The transient component of I is an important
aspect of I, because it can contribute to variation in APD
and therefore proarrhythmia.

Toward a mature electrophysiological phenotype

The third pillar of the CiPA initiative proposes to employ
in vitro hiPSC-CMs to confirm the effects of a novel drug
predicted by a comprehensive in silico model. hiPSC-CMs
and adult ventricular CMs show qualitatively consistent re-
sponses to some, but not all drugs (9,20,30). Recently, two
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computational studies (8,31) quantitatively reported on the
main electrophysiological differences between hiPSC-CM
and adult ventricular CMs by comparing the Paci 2013
and O’Hara-Rudy models. Paci et al. (22) investigated the
discrepancies between hiPSC-CM and adult ventricular
CMs by simulating the effects of pharmaceutical block of
several membrane currents. They observed that the most
relevant differences emerged during the block of /¢, and
Ix because of the overexpression of Iy,c, and a reduced
repolarization reserve in hiPSC-CM. Gong and Sobie (31)
systematically investigated the differences between
hiPSC-CM and adult ventricular CM models and designed
a mathematical approach to predict the effect of a drug on
adult CMs based on recordings from hiPSC-CMs exposed
to the drug. This approach is highly accurate when using
in silico models; however, its in vitro validation is not
easy to achieve: the availability of adult ventricular cell is
scarce, and the variability between hiPSC-CM is likely to
decrease the accuracy.

hiPSC-CMs with a mature electrophysiological pheno-
type are not available yet. Approaches such as increasing
I via dynamic clamping or ectopic overexpression of the
KCNJ2 bring the AP waveform closer to that of an adult hu-
man cardiomyocyte. Combining this technique with the
mathematical methods to extrapolate findings to adult hu-
man cardiomyocytes (such as proposed by Gong and Sobie
(31)) may bring us closer to a predictive human cardiomyo-
cyte model.

CONCLUSIONS

In this exploratory in silico study, we addressed the issue of
the immature electrophysiological profile of hiPSC-CMs.
From the simulations, it can be concluded that 1) the elec-
tronic expression of Ig; according to Ishihara et al. (19) is
able to successfully stop the automaticity of hiPSC-CMs
and shows time-dependent properties that may be important
for the evaluation of drug safety, and 2) the definition of
Gk, crisicar Allows researchers to tailor the amount of Ix;
for each cell, reaching an RMP comparable to adult CMs.
Gk1. criicar Will be a sensitive parameter during in vitro
DC experiments; it will be a sort of a fingerprint that char-
acterizes every cell under investigation. The automatic iden-
tification of Gg1, criricar Will further facilitate implementation
of DC on multichannel automated patch-clamp platforms,
overcoming the low throughput that characterizes the com-
bined use of manual patch clamping and DC.

Limitations

The in silico results we reported in our work are based on the
hiPSC-CM model published by Paci et al. in 2013 (22).
More recently, updated or adapted versions of this model
were published (32,33). Adoption of these two new
hiPSC-CM computational models is likely to lead to slightly
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different values for Gki, criricss When comparing the six Ig;
formulations. In this study, we addressed potential hiPSC-
CM model dependency of our conclusions by building
cell-specific models based on the Paci 2013 model and the
approach by Lei et al. (24). Indeed, the identified G, criricar
values were slightly different but still very comparable to
the values found using the initial Paci 2013 model. Kernik
et al. (34) recently published their hiPSC-CM model based
on several experimental data sets, collected in different lab-
oratories. Because the model development is different with
respect to the aforementioned models, the identification of
Gk eriticar 10 that model would bring further information
about model dependency and cellular variability. Further-
more, this study used pacing at 1 Hz, a decision that was
informed by our earlier work using human stem-cell-derived
cardiomyocytes (35,36). Using lower or higher pacing fre-
quencies may affect the observed G, values.

. critical

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.08.040.
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