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Abstract

Several studies have been reported in various domains from induction methods to utilities of somatic cell pluripotent
reprogramming. However, one of the major struggles facing the research field of induced pluripotent stem cell (iPSC)-derived
target cells is the lack of consistency in observations. This could be due to variety of reasons including varied culture periods post-
differentiation. The cardiomyocytes (CMs) derived from iPSCs are commonly studied and proposed to be utilized in the
comprehensive in vitro proarthythmia initiative for drug safety screening. As the influence of varied culture periods on the
electrophysiological properties of iPSC-CMs is not clearly known, using whole-cell patch clamp technique, we compared two
groups of differentiated ventricular-like iPSC-CMs that are cultured for 10 to 15 days (D10-15) and more than 30 days (> D30)
both under current and voltage clamps. The prolonged culture imparts increased excitability with high-frequency spontaneous
action potentials, robust increase in the magnitude of peak Na* current density, relatively shallow inactivation kinetics of Na*
channels, faster recovery from inactivation, and augmented Ca* current density. Quantitative real-time PCR studies of «-subunit
transcripts showed enhanced mRNA expression of SCNIA, SCN5A Na* channel subtypes, and CACNAIC, CACNAIG, and
CACNAII Ca** channel subtypes, in > D30 group. Conclusively, the prolonged culture of differentiated iPSC-CMs affects the
excitability, single-cell electrophysiological properties, and ion channel expressions. Therefore, following standard periods of
culture across research studies while utilizing ventricular-like iPSC-CMs for in vitro health/disease modeling to study cellular
functional mechanisms or test high-throughput drugs’ efficacy and toxicity becomes crucial.
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Introduction

Since the seminal discovery of the reprogramming to
pluripotency in somatic cells (Takahashi et al. 2007;
Takahashi and Yamanaka 2006; Yu et al. 2007), myriad studies
have been reported in variety of domains like methods of
pluripotency induction, differentiation, maturation to target cell
type, and utilities in terms of cell therapy, organ culture, preci-
sion medicine, and in vitro physiology/pathology modeling to
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study cellular functional mechanisms or high-throughput test-
ing of drugs’ efficacy and toxicity. However, as increasing
number of labs adopt induced pluripotent stem cell (iPSC)-
derived target cells, a major struggle facing the iPSC research
field is the lack of consistency in observations (Scudellari
2016). One of the commonly studied promising cell type is
the cardiomyocytes (CMs) derived from iPSCs. It is also pro-
posed to utilize human iPSC-CM in the comprehensive
in vitro proarrhythmia initiative for drug safety screening
(Gintant et al. 2017). However, these iPSC-derived CMs
(iPSC-CMs) are generally considered to be immature both
developmentally and electrophysiologically (Uosaki
et al. 2015; Veerman et al. 2015; Zuppinger et al. 2017)
(Sinnecker et al. 2014). In cardiac cell clusters derived from
even human embryonic stem cells, variability of action
potentials is reported both within and among the cell clusters
(Zhu et al. 2016). Moreover, the varied post-differentiation
culture periods followed in biochemical assays and functional
experiments in iPSC-CM (Ma et al. 2011; Moreau et al. 2017)
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can also influence the overall consistency and reproducibility
of the studies. Although most of the reported iPSC-CMs start
evincing spontaneous action potentials (“beating”) from day 3
following differentiation, it is challenging to use them in crit-
ical efficacy, safety, and mechanistic studies without knowing
the period in which stability and fidelity of the biophysical
properties of ion channels are attained. Temporal changes in
phenotype of human iPSC-CMs are evident in an earlier study
(Ivashchenko et al. 2013). Because the influence of varied
culture periods on the electrophysiological properties of
iPSC-derived ventricular-like CMs is not clearly known, we
compared the electrophysiological properties of two groups of
differentiated ventricular-like iPSC-CMs that are in post-
differentiation culture for 10 to 15 days (D10-15) and more
than 30 days (> D30). We report here that prolonged culture
imparts a robust increase in the magnitude of Na* currents,
faster recovery from inactivation without any change in the
activation-inactivation kinetics, enhanced mRNA expres-
sion of SCNIA and SCN5A channel subtypes accompanied
by augmented Ca®* current density, and elevated gene
expression of CACNAIC, CACNAIG, and CACNAII
channels.

Material and methods

Cells The iPSC-CMs were received as a gift from the Center for
Integrated Research on Cardiovascular Aging (CIRCA) of
Aurora Research Institute, Milwaukee, WI. About the genera-
tion of cells, briefly, Sendai virus reprogrammed human cardiac
fibroblast-derived iPSCs from ATCC, Manassas, VA, were
maintained in Geltrex® matrix-coated six-well plates in
Essential 8§ Flex medium. On day 0, iPSCs were treated with
GSK3 selective inhibitor CHIR99021 and medium was
changed on day 2. On day 3, cells were treated with another
small molecule IWR-1 (WNT inhibitor) to direct iPSC to a
cardiac lineage. By day 10, majority of iPSC were differentiated
into beating cardiomyocytes and were grown in RPMI-B27
without insulin for the next 3 weeks. The cells were screened
routinely for the presence and/or absence of lineage markers.
The differentiated cardiomyocytes were characterized by the
presence of sarcomeric «-actinin, troponin 1, and Cx43
assessed by expression, immunostaining, and flow cytometry.

General electrophysiology Standard patch clamp technique
was used in this study (Hamill et al. 1981). Action potentials
and ionic currents were recorded from single iPSC-CM with
whole-cell patch clamp technique, under current clamp and
voltage clamp configurations, respectively, at room tempera-
ture, using EPC 10 patch clamp amplifier (HEKA, Lambrecht/
Pfalz, Germany) and patch micropipettes with resistances of 3
to 5 M€ (Sutter Instruments Company, Novato, CA). Series
resistance and cell capacitance were compensated to between
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50 and 80% in all voltage clamp recordings. For spontaneous
action potential recordings under current clamp, iPSC-CMs
were held in zero input current and voltage changes were
recorded continuously. Na* currents were recorded by holding
the cell at —90 mV followed by depolarizing potentials in
10 mV increment. Extracellular bath solution perfusion was
continuous using gravity with solution exchange requiring ~
1 min. All the experiments were performed under HEPES-
buffered external solution containing the following (in mM):
NaCl, 150; KCI, 5.4; CaCl,, 1.8; MgCl,, 1; glucose, 15;
HEPES, 15; Na-pyruvate, 1 (pH 7.4 (NaOH)); and patch pi-
pette solution containing the following (in mM): KCl, 150;
NaCl, 5; CaCl,, 2; EGTA, 5; HEPES, 10; MgATP, 5 (pH 7.2
(KOH)). Steady-state inactivation of Na* currents was mea-
sured using two-step voltage protocols (prepulse from — 120
to +40 mV for 100 ms at an increment of 10 mV and a test
pulse of — 50 mV for 300 ms), whereas voltage dependence of
activation was calculated from peak current-voltage relation-
ships assuming a reversal potential of +40 mV. The time
course of recovery from inactivation of Na* channels was
studied using a double-pulse protocol in which two identical
voltage clamp pulses were delivered from a holding potential
(V) of =90 mV to a step potential of — 50 mV for 100 ms with
increasing interpulse interval (10 ms increment) at 0.2 Hz.
Ca** currents were recorded at V;, of —40 mV followed by
depolarizing potentials in 10 mV increment.

Data acquisition and analysis Signals were filtered at 5—
10 kHz (3 dB, four-pole Bessel) and digitized at 10—100 ps.
Patchmaster data files were converted to axon binary file
(ABF) formats using the ABF Utility program (Synaptosoft,
Fort Lee, NJ) and were analyzed by Clampfit 10.1 (Molecular
Devices, Sunnyvale, CA) or Igor Pro 6.0 (WaveMetrics,
Portland, OR). Nonlinear and linear curve fittings were per-
formed with Clampfit while Boltzmann fits were performed
either in Clampfit or GraphPad Prism (La Jolla, CA).
Conductance-voltage curves were calculated from the peak
current according to the equation (G, = Ino/(V— Ena) Where
V is the test pulse potential and Ey, the reversal potential
extrapolated from the current (/)-voltage (V) relationship.
The activation curves (G-V) were fitted using the Boltzmann
function G/Gax = /{1 + exp[(V— V) )/k]}, where G/G pax 18
the normalized Na* conductance, V;, is the potential of half-
maximum activation, and k is the slope factor. Data fittings
with exponential functions, /=) A,exp(— #/1;) + C, were car-
ried out using Clampfit. Data are presented as the means and
SE of n observations. P < 0.05 was considered significant (un-
paired t test).

Real-time PCR of Nay-a and Cay-a subunit genes Total RNA
was isolated from iPSC-CMs using Trizol Reagent
(Thermo Fisher Scientific, Waltham, MA) according to
the manufacturer’s instructions. RNA concentrations were
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evaluated spectrophotometrically using the NanoQuant on
the Tecan Infinite M200 plate reader (Tecan Group,
Mannedorf, Switzerland). Total RNA (500 ng) was used
for reverse transcription using the miScript RT II kit with
the supplied HiFlex buffer (Qiagen, Valencia, CA).
Quantitative (q) PCR was performed on the
LightCycler®480 II System (Roche, Pleasanton; CA) in a
total reaction volume of 25 ul/well in LightCycler®
Multiwell 96, white reaction plate, using the predesign
TagMan® Assay 5'-FAM reporter and 3'-MGB quencher
(Thermo Fischer Scientific, Walthman, CA) for the follow-
ing primers: SCN1A (Hs00374696), SCN2A
(Hs01109871), SCN3A (Hs00366902), SCN4A
(Hs001109480), SCNS5A (Hs00165693), SCNSA
(Hs00274075), SCN9A (Hs01076699), SCN10A
(Hs01045137), SCN11A (Hs00204222), CACNAIC
(Hs00167681), CACNAIG (Hs00367969), and CACNAII
(Hs01096207); (Part No. 4453320) using TagMan®
Universal Master mix (Thermo Fischer Scientific,
Walthman, CA) and 10 ng diluted cDNA per well with
GAPDH (Hs02786624) (TagMan® assay reagent) served
as internal control. The amplification conditions were
95 °C for 10 min, followed by 40 cycles of 95 °C for
15 s, 60 °C for 1 min, 72 °C for 40s, and 1 cycle of
65 °C for 1 min, 97 °C continuous, and 40 °C for 30 s.
Data were normalized against GAPDH reference gene and
differences in the values of steady-state levels of mRNA
were calculated (Pfaffl 2001). Fold change was calculated
by taking the ratio of > D30 to D10-15.

Results and discussion

The major findings of this study are that prolonged post-
differentiation culture of iPSC-CMs causes changes in the
following single-cell electrophysiological properties and
channel expressions: (1) relatively high frequency of sponta-
neous APs; (2) robust increase in the Na* currents; (3) rela-
tively shallow inactivation kinetics of Na* channels; (4) faster
recovery from inactivation of Na* channels; (5) significant
increase in the expression of Nay /1.1 and Nay 1.5 channel sub-
types; (6) enhanced Ca®* current density; and (7) augmented
expression of Cay 1.2, Cay3.1, and Cay3.3 channel subtypes.

Action potential properties

The effect of prolonged culture post-differentiation on the excit-
ability of ventricular-like iPSC-CMs was determined by analyz-
ing the spontaneous AP recordings under current clamp. The AP
parameters such as the interval(s), maximal diastolic potential
(MDP, mV), peak (mV), amplitude (peak-to-peak magnitude,
mV), maximum rise slope (dV/dt, V/s), and durations measured
at various percent levels of re-polarization amplitudes [action

potential duration (APD);g, APD3g, APD4y, APD7, APDgy,
APDy()] were measured and analyzed between the two groups:
D10-15 and >D30. Only the iPSC-CMs with APs that had a
ratio of greater than 1.5 in APD3y_40/APD7y g0 (Ma et al. 2011)
were considered ventricular-like. Prolonged culture significantly
(P <0.05) reduced the interval between spontaneous AP (D10—
15: 15+6 s (n=4) vs >D30: 7+2 s (n=11)) and relatively
depolarized maximum diastolic potential (D10-15: —69 +
3mV (n=4) vs >D30: —59+4 mV (n = 11)) without any effect
on all other AP parameters (Fig. 1). Therefore, the primary effect
of prolonged culture is an increased frequency of spontaneous
firing, indicating an enhanced excitability of iPSC-CMs. A range
of values for MDP and beats per minute of human ventricular-
like iPSC-CM APs have been reported earlier from — 57 to —
75 mV and 28 to 72, respectively (Hoekstra et al. 2012; Itzhaki
etal. 2011; Ma et al. 2011). Our observations of MDP fall within
this range but the interval between APs are quite long in the
D10-15 group. Prolonged culture has relatively depolarized the
MDP by ~ 10 mV, which although appears to have no significant
role in the excitability of the iPSC-CMs as the frequency of AP
generation is significantly increased, probably that the repolari-
zation is hyperpolarized—enough to recover the Na* channels
from inactivation.

Voltage dependence and activation/inactivation
kinetics of Na* channels

Human iPSC-CMs express Na* channels (Moreau et al. 2017),
which are important to generate a cardiac AP (Morad and Tung
1982). The cardiac Na* current contributes to the AP upstroke
in ventricular cardiomyocytes (Berecki et al. 2010). Therefore,
we analyzed the biophysical characteristics of Na* channels to
determine the changes, if any, caused by prolonged culture. Na*
currents were recorded under voltage clamp from a V), of —

90 mV with depolarizing test pulses (500 ms) stepped at a 10-
mV increment (Fig. 2a). The current-voltage relationship of
Na" currents (Fig. 2b) showed significantly higher magnitude
of peak currents normalized to cell capacitance (D10-15: — 17

+ 8 pA/pF, n=4;>D30: — 130 £ 42 pA/pF, n=5), without any
shift in the voltage dependence of activation in >D30 group
cells. The mean capacitances were not significantly different
between D10-15 (36 £9 pF) and > D30 (49 =9 pF). The mem-
brane excitability is also influenced by voltage-dependent acti-
vation and steady-state inactivation of Na* channels (Amaya
et al. 2006). Steady-state inactivation of Na* currents was mea-
sured using two-step voltage protocols as represented in Fig. 2c¢.
The voltage dependence of activation and inactivation in both
D10-15 and > D30 groups was measured as described in the
methods and fit by the Boltzmann function to determine the
voltage (V;),) for half-maximal activation or inactivation and
the corresponding slope factors (Fig. 2d). The values of V;, of
activation of Na* channels were not significantly different after
prolonged culture [-59+4 mV, k=3+2 (D10-15), n=3; —
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Fig. 1 Action potentials (APs) were recorded from human induced
pluripotent stem cell-derived ventricular-like cardiomyocytes (iPSC-
CM) at room temperature under whole-cell configuration of patch
clamp method. Refer text for details. Representative current clamp
recordings of spontaneous APs from iPSC-CMs cultured for 10 to

57+£2mV, k=2+1 (>D30), n= 5] while the values of V;,, of
inactivation were —62+2 mV, k=8 +2 in D10-15 (n=3) and

15 days (D10-15; left) and for more than 30 days (>D30; right).
Bottom table lists the different AP parameters between the two groups.
Interval: beat rate interval; MDP: maximum diastolic potential; Peak:
peak voltage; Amp: amplitude; dV/dt,,,,: maximal rate of depolarization;
APD: AP duration at different levels of repolarization

—66+1 mV, k=4=+1 in the > D30 groups (n=>5). The corre-
sponding slope factors (k) of activation and inactivation of Na*
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Fig. 2 a Representative Na* current (/) traces were elicited by the
voltage protocol as shown in the inset (left) in both D10-15 (left) and
>D30 (right) groups. b Graph depicts the current-voltage relationship
with significantly higher peak /v, density (normalized to cell
capacitance) in the > D30 group. ¢ Representative recordings of steady-
state inactivation of Na* currents that were measured using two-step
voltage protocols (inset bottom left: prepulse from — 120 to +40 mV
for 100 ms at an increment of 10 mV and a test pulse of —50 mV for
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Voltage (mV)

300 ms) in both D10-15 (left) and > D30 (right) groups. d Voltage
dependence of steady-state activation and inactivation of Na* currents.
Normalized peak conductance (squares) and steady-state inactivation
curves (circles) of Na* currents are shown. The curves were fit by
Boltzmann function to determine the voltage (V) for half-maximal
activation or inactivation and the corresponding slope factors. Data are
expressed as means + SE (n =3-5), analyzed by unpaired Student’s # test
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channels in D10-15 and > D30 groups showed a shallow slope
for inactivation after prolonged culture. Prolonged culture did
not significantly affect the activation kinetics of Na* channels
compared with the D10-15 group while relatively slowed
down the inactivation kinetics. The time-dependent increase
in the expression of the Na* current is similar to previous re-
ports in stem cell-derived cardiomyocytes from mice (Malan
et al. 2011) and humans (Barbuti and Robinson 2015;
Ivashchenko et al. 2013; Sheng et al. 2012). Interestingly, the
dV/dt,,.x of APs was not different between the two groups
although the Na* current density is high following prolonged
culture. This could be due to similar functional availability of
Na* channels at the time of AP generation between the groups.
Single-channel studies may be required to determine the actual
functional availability of these channels (Ross et al. 2010).

Recovery of Na* channels from inactivation

We analyzed the recovery of Na* channels from inactivation
using a paired-pulse protocol as illustrated in Fig. 3a, bottom.
Identical clamp pulses (P;, P,) were delivered from a V), of —
90 mV to a step potential of —50 mV with a variable
interpulse interval (10-ms increment, P;—P,) at 0.2 Hz. The
current during P, (1) relative to the current during P, (I;) was
plotted as a function of the P—P, reactivation interval (Az) as
shown in Fig. 3b. Monoexponential function was applied to fit
the reactivation curves to assess the reactivation time con-
stants. Prolonged culture significantly hastened the recovery
with a faster recovery time constants (15 ms [95% CI, 14—
17 ms, n=35]) of Na" channels from inactivation compared
with the D10-15 group (74 ms [95% CI, 65-83 ms, n=3]).
Therefore, the generation of high-frequency spontaneous APs
and hyper-excitability could be due to faster recovery rate of
Na* channels from inactivation states after prolonged culture.
The delay in the recovery from inactivation of Na* channels in

a  D10-15 b
0 nA—qr—ﬁvwmmmm t
e
2nA g
= D30 50 ms -
0nA- W 8
=
g
o
X
1
50 mV 0O ms -50 mV
At
-90 mV P, P,—

Fig. 3 Recovery from inactivation of Na* channels. a Superimposed
typical tracings of Na* current recovery in ventricular-like iPSC-CM
from D10-15 (top) and >D30 (bottom) groups. Voltage protocol is
shown in bottom inset as P; and P, identical pulses delivered at
varying P, and P, interval (Af). b P, current normalized to P, current

125+

100+

754

50+

25+

the D10-15 group could probably be due to a lower fraction of
Na" channels having entered inactivated states (slow inactiva-
tion) causing slower recovery (Blair and Bean 2003).

Gene expression of Na* channel subtypes

Enhanced Na* current magnitude and increased frequency
spontaneous APs following prolonged culture could be due
to increased expression of Na* channels. Several subtypes
of voltage-dependent Na* channels are expressed in human
iPSC-CMs (Moreau et al. 2017). Therefore, we measured
the changes in mRNA expression, if any, induced by
prolonged culture post-differentiation, using quantitative
real-time PCR technique. Transcripts of Na* channel -
subunit subtypes, including Nayl.1 (SCNIA),
Nay1.2(SCN2A), Nay1.3(SCN3A), Nay1.4(SCN4A),
Nay1.5(SCN5A), Nayl.6 (SCN8A), Nay1.7 (SCNYA),
Nay 1.8 (SCNI10A), and Nay1.9 (SCNI11A), were detected
and analyzed in iPSC-CMs from both D10-15 and > D30
groups. Cardiac Na* current is mediated by voltage-gated
sodium channels composed of the pore-forming alpha-sub-
units and the accessory beta-subunits. Various Na* channel
alpha-subunits are variedly expressed in the mammalian
heart with differential responsiveness to various pharmaco-
logical agents (Catterall 2012; Sakakibara et al. 1992).
While the Nay 1.5 is the most expressed subunit in the
human heart representing the bulk of the Na™ channels
(DeMarco and Clancy 2016), diverse subtypes of voltage-
dependent N* channels are reported to be expressed in
human iPSC-CMs (8). As depicted in Fig. 4, there was a
7.5- and 38-fold increase in SCNIA and SCN5A channel
subtypes at mRNA level, respectively, following
prolonged culture. The differences observed in the fre-
quency of spontaneous APs, magnitude of Na* currents,
and recovery of Na* channels from inactivation in iPSC-

o D10-15
m >D30

i T T T 1
0 50 100 150 200 250

P,-P, interval (ms)
and plotted vs P,—P, interval (Af). The reactivation curves were fitted
with a monoexponential function of the form /= Aexp(— #/7). Prolonged
culture (> D30; filled squares) hastened the recovery rate (15 ms) of Na*

channels from inactivation in relation to D10-15 groups (74 ms). Data are
expressed as means + SE (7 =3-5, unpaired Student’s ¢ test)
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Fig. 4 Quantitative analysis of mRNA expression of Na* channel
subtypes by real-time PCR. Analysis of transcripts of c-subunits of Na*
channels [Nay1.1 (SCNIA), Nay1.2 (SCN2A), Nay1.3 (SCN3A), Nay1.4
(SCN4A), Nay1.5 (SCN5A), Nay1.6 (SCNSA), Nay 1.7 (SCN9A), Nay1.8
(SCN10A), and Nay1.9 (SCN1IA)] in iPSC-CMs from D10-15 and >
D30 groups, showed significant fold increase in Nay1.1 (7.5-fold) and
Nay 1.5 (38-fold) channel subtypes in the >D30 group. The mRNA
expression o-subunits of Na* channels were normalized to GAPDH
and fold changes were calculated by taking the ratio of >D30 to D10—
15 days

CMs of > D30 group following prolonged culture could be
related to increased expression of Nayl.l and Nayl.5
channel subtypes. Auxiliary subunits have also been
shown to influence the biophysical processes of activation
and inactivation of Na* channels and oligomerization of
individual channels, in addition to modulate gating and
regulate expression (DeMarco and Clancy 2016; Moreau
et al. 2017; Patton et al. 1994). More studies are required to
determine the influence of prolonged culture, if any, over
the expression of auxiliary subunits of Na* channels.

Changes in Ca>* currents

The importance of Ca>* to the function of heart was dis-
covered over 120 years ago by Sydney Ringer when he
found that the heart would not beat if Ca®* was absent
(Ringer 1883). Ca®* is also proven to be the link between
excitation and cardiac contractility that starts during the
upstroke of the AP leading to L-type Ca®* channel opening
(Bodi et al. 2005; Nerbonne and Kass 2005). Therefore, we
determined the effect of prolonged culture on the whole-
cell Ca®* currents in human iPSC-CMs. After confirming
that the cells are ventricular-like based on their respective
action potentials under current clamp, Ca®* currents were
recorded under voltage clamp from a V;, of —40 mV with
depolarizing test pulses (500 ms) stepped at a 10-mV in-
crement up to + 50 mV (Fig. 5a). Earlier reports have dem-
onstrated the presence of L-type Ca** currents in human
iPSC-CM with varied biophysical characteristics including
peak current density, across studies (Ivashchenko et al.
2013; Ma et al. 2011; Yazawa et al. 2011). In our study,
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the current-voltage relationship of Ca** currents (Fig. 5b)
showed significantly higher magnitude of peak currents
normalized to cell capacitance (D10-15: —3+1 pA/pF,
n=4; >D30: —6+1 pA/pF, n=6, P=0.04) in >D30
group cells, without any shift in the voltage dependence
of activation. The control peak current density is in accor-
dance with the previous report of 3.3 pA/pF by Yazawa
et al. (2011)), while much lower from another study (Ma
et al. 2011). Our observations fall within the reported am-
plitudes of the maximal current density in human isolated
native ventricular cardiomyocytes that range from 2.2 to
10.2 pA/pF (Hoekstra et al. 2012; Magyar et al. 2000;
Mewes and Ravens 1994). The variations across iPSC-
CM studies could be due to different experimental condi-
tions related to temperature, extracellular Ca®* concentra-
tion, intracellular Ca®* buffering, etc., making absolute
comparisons less feasible. Enhanced Ca®* current magni-
tude following prolonged culture could be due to increased
expression of Ca®* channels. Therefore, we also deter-
mined the effect of prolonged culture on the gene expres-
sion levels of a-subunits of Ca®* channel subtypes includ-
ing Cay1.2 (CACNAIC), Cay3.1 (CACNAIG), and Cay3.3
(CACNAII). As depicted in Fig. Sc, following prolonged
culture (>D30), there was a significant fold (0.5 to 2) in-
crease in gene expression of Cay1.2, Cay3.1, and Cay3.3
channel subtypes. Cay1.2 encoded by CACNAI1C genes
constitute the alpha-subunit of the /c,r, whereas
CACNAI1G and CACNAI1H genes encode for the Cay3.1
and Cay3.3 subunits that form the transient Ca>" current
(Icar)- Even though the transcripts for x-subunits of T-type
Ca”* channels are also detected in this study, we did not
see any clear functional activity of these channels in iPSC-
CMs between the voltage range of —70 to —50 mV, in
concordance with earlier reports (Ma et al. 2011), while
another study detected small T-type currents in about 8%
of cells on day 37 and 50% of cells on day 45 (Ivashchenko
et al. 2013) which probably may be non-ventricular-like
cells. In human native ventricular cardiomyocytes, T-type
Ca”* channels are reported to be functionally absent in
health and become functionally expressed only in patho-
logical conditions (Ono and lijima 2010).

Taken together, prolonged post-differentiation culture of
human ventricular-like iPSC-CMs affects the excitability,
single-cell electrophysiological properties, and ion channel
expressions. At which period of culture, the biophysical
characteristics of ion channels become stable, and thereby,
steady excitability requires a longer temporal study.
Moreover, culture periods affect pharmacological respon-
siveness (Ivashchenko et al. 2013), which is highly likely
due to these altered ion channel electrophysiology.
Therefore, following standard periods of post-differentiation
culture across research studies while utilizing ventricular-like
iPSC-CMs for in vitro health/disease modeling to study
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Fig. 5 a Representative Ca®* current (Ic,) traces were elicited by the
voltage protocol as shown in the inset in both D10-15 (left) and > D30
(right) groups. b Graph depicts the current-voltage relationship with
significantly higher peak /¢, density (normalized to cell capacitance) in
the > D30 group. Data are expressed as means = SE (n =3, unpaired ¢
test). ¢ Quantitative analysis of transcripts of o-subunits of Ca* channels

cellular functional mechanisms or test high-throughput
drugs’ efficacy and toxicity becomes crucial.

Study limitations

In this study, two post-differentiation culture periods of human
ventricular-like iPSC-CMs were selected based on some of the
earlier reports (Ma et al. 2011; Moreau et al. 2017). We ob-
served spontaneous action potentials, which are usually asso-
ciated with an immature phenotype, even in the > D30 group.
Therefore, further studies with longer post-differentiation cul-
ture periods may be required to determine when spontaneous
action potentials cease, to assess whether this is due to imma-
ture phenotype or innate characteristic of iPSC-derived ven-
tricular-like cardiomyocytes.
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