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ARTICLE INFO ABSTRACT

Keywords: Aims: The effects of acute (100s) hypoxia and/or acidosis on Ca®" signaling parameters of human induced
L-type Ca(2+) channel pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) are explored here for the first time.

HY.POXi.a Methods and results: 1) hiPSC-CMs express two cell populations: rapidly-inactivating I, myocytes (t; < 40 ms, in
Acidosis 4-5 day cultures) and slowly-inactivating Ic, (t; = 40ms, in 6-8 day cultures). 2) Hypoxia suppressed I¢c, by
ISChemla, . . 10-20% in rapidly- and 40-55% in slowly-inactivating I¢c, cells. 3) Isoproterenol enhanced I¢, in hiPSC-CMs, but
Human induced pluripotent stem cells derived . . R . . . R . .
cardiomyocytes either enhanced or did not alter the hypoxic suppression. 4) Hypoxia had no differential suppressive effects in

the two cell-types when Ba?* was the charge carrier through the calcium channels, implicating Ca®*-dependent
inactivation in O, sensing. 5) Acidosis suppressed Ic, by ~35% and ~ 25% in rapidly and slowly inactivating Ic,
cells, respectively. 6) Hypoxia and acidosis suppressive effects on Ca-transients depended on whether global or
RyR2-microdomain were measured: with acidosis suppression was ~25% in global and ~37% in RyR2 Ca®"-
microdomains in either cell type, whereas with hypoxia suppression was ~20% and ~25% respectively in
global and RyR2-microdomaine in rapidly and ~35% and ~45% respectively in global and RyR2-microdomaine
in slowly-inactivating cells.

Conclusions: Variability in Ic, inactivation kinetics rather than cellular ancestry seems to underlie the action
potential morphology differences generally attributed to mixed atrial and ventricular cell populations in hiPSC-
CMs cultures. The differential hypoxic regulation of Ca®*-signaling in the two-cell types arises from differential
Ca®*-dependent inactivation of the Ca®*-channel caused by proximity of Ga®*-release stores to the Ca®*
channels.

L-type Ca®>* channels and Ca®*-induced Ca®" release (CICR), critical
for EC-coupling [6-9]; 2) regulation of the L-type Ca®>* channels and

1. Introduction

Ischemic heart disease and acute myocardial infarction are leading
causes of death from cardiovascular pathology in developing countries
[1]. Myocardial infarction often triggers arrhythmia when the human
heart is subjected to acute hypoxia during coronary occlusion or when
oxygen demands of the heart exceeds its work load [2]. The develop-
ment of cardiomyocytes derived from human induced pluripotent stem
cells (hiPSC-CMs), not only is a promising strategy for patient-specific
cell therapy [3,4], but also allows in vitro experimental approach to
study the mechanisms underlying cardiac pathology in human tissue
[5]. Recent reports suggest that hiPSC-CMs are a good in vitro electro-
physiological model of human cardiomyocytes because: 1) similar to
mature mammalian cardiomyocytes, hiPSC-CMs express robust levels of

Abbreviations: APs, action potentials; [Ca®*];,

calcium signaling by Ca®*, phosphorylation, and pharmacological
agents in hiPSC-CMs mimics closely that of mammalian cardiomyocytes
[10,11]. Encouraged by possible human-relevance of these reports, we
probed the pathophysiological effects of hypoxia and ischemia in
hiPSC-CMs [12]. Although there are a few reports on the effects of
chronic hypoxia in hiPSC-CMs [13-16], there are no reports on the
effects of acute hypoxia and acidosis on calcium signaling of hiPSC-
CMs. Since L-type cardiac Ca®* channels have been implicated in
oxygen-sensing of the rat heart [17] through a mechanism involving the
interaction of heme-oxygenase with CaM/CaMKII domain of L-type
Ca?* channel [18], it was critical to determine whether similar me-
chanism are also at play in human stem cell-derived cardiomyocytes

intracellular calcium-concentration; CDI, calcium-dependent inactivation; CICR, calcium-induced calcium release;

FKBP-GCaMP6, RyR2-targeted Ca?* biosensor; hiPSC-CMs, human induced pluripotent stem cell-derived cardiomyocytes; I¢c,, calcium current; ISO, Isoproterenol;
ROS, reactive oxygen species; rN-CMs, rat neonatal ventricular cardiomyocytes; RYR, ryanodine receptor; SR, sarcoplasmic reticulum
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thus obviating possible subtle species differences in the hypoxic re-
sponses and its adrenergic regulation between adult and neonatal rat
cardiomyocytes [19] and human heart.

Here we explored the effects of acute hypoxia and acidosis on
human iPS-derived cardiomyocytes and found that the susceptibility to
hypoxia and acidosis was partly dependent on the inactivation kinetics
of L-type Ca®* channels. Generally, two groups of cells were con-
sistently identified: those with rapidly inactivating Ic,, time constant ~
10ms and those with slowly inactivating Ic,, tau ~40ms. Our data
suggests that the older slowly inactivating Ic, cells were more sensitive
to hypoxia but not to acidosis as compared to younger rapidly in-
activating Ic, cells.

2. Methods
2.1. Cell culture of human pluripotent stem cells and cardiac differentiation

Human pluripotent stem cells (hiPSC-K3) obtained from Stephen
Duncan at Medical University of South Carolina [20] were routinely
cultured in E8 medium (Life Technologies/GIBCO) on Matrigel (BD
Biosciences) coated tissue culture plates with daily media change at
37 °C with 5% (vol/vol) CO,. Differentiation was performed following
the protocols of Xiaojun Lian et al [21]. Briefly, dissociated hiPSCs were
plated in 12 well plates with matrigel and then treated with 12 puM
CHIR 99021, a GSK3p inhibitor for 24 h in RPMI/B-27 without insulin.
72h after CHIR99021 treatment, 5mM IWP2, a wnt processing in-
hibitor, was added to culture with the same media for 48 h. After 48 h
of continued culture in RPMI/B-27 without insulin, the cells were
maintained in RPMI/B-27 medium with insulin for the rest of the time.

2.2. hiPSC-CMs dissociation

The hiPSC-CM cell lines were grown in culture for 30-40 days be-
fore dissociating and re-plating for electrophysiological and Ca®*
imaging experiments. The mechanical dissociation of hiPSC-CM clusters
into single cardiomyocytes has been made following the next protocol:
1) Visualize spontaneously beating EBs under the microscope, and
mechanically dissect them from the gelatin coated wells with a curved
23 G needle. 2) Aspirate the dissected EBs with their original medium
using pipette and transfer them to a 50 ml test tube. 3) Centrifuge the
EBs suspension within the test tube at a rate of 1000 rpm for 5 min. 4)
Re-suspend the EBs in 10 ml of fresh medium and transfer them to a
15 ml test tube. 5) Centrifuge at a rate of 900 rpm for 2 min. 6) Wash
the cells 3 x with PBS (centrifuge between washings at a rate of 900 rpm
for 2min). 7) Add 5ml of 1 mg/ml collagenase type IV solution (5 mg
collagenase IV-low Ca®* solution) to the centrifuged washed cells. 8.)
Incubate the solution with EBs in 37 °C bath for 5 min. 9) Incubate with
rotator for additional 45min in 37°C. 10) Centrifuge at a rate of
1000 rpm for 5min. 11) Re-suspend cells with 3 ml of re-suspension
solution. Incubate in 37 °C for additional 15min. 12) Centrifuge at a
rate of 1000 rpm for 5 min. The single hiPSC-CMs then were plated on
fibronectin (2.5 pg/ml)-coated glass coverslips in 6 well plates after
collagenase B treatment, and then incubated for 36-72h before their
use in electrophysiological or Ca®* imaging experiments.

2.3. Electrophysiological recordings

Whole-cell Ca®>* currents (Ic,) was recorded using the perforated-
patch mode of the patch-clamp technique [22,23], induced by am-
photericin B (1 mg/ml) [24,25]. After waiting approximately 5-10 min,
series resistance fell below 20 MQ and tight seals (> 1 GQ) were
achieved using an intracellular solution composed (in mM): 145 Glu-
tamic Acid, 9 NaCl, 1 MgCl, and 10 HEPES, pH 7.2~7.3, adjust with
CsOH. Cells were bathed in a Tyrode’s solution composed of (in mM):
137 NaCl, 1 MgCl,, 2 CaCl, or 2 BaCl, (depending on the experimental
protocol), 5.3 KCl, 10 glucose, and 10 HEPES. The duration of different

Cell Calcium 78 (2019) 1-14

experimental treatments (Normoxia/Hypoxia and/or pH 7.4/pH 6.7,
with or without ISO in all the figures of the manuscript was always
100s, except for the washing of ISO in normoxia condition, lasting
often ~ 200s. In all experiments I, was recorded at room temperature
(22-25°C) using a Dagan voltage-clamp amplifier controlled by
pClamp-9 software running on a personal computer. Borosilicate patch
pipettes with 5-7 MQ resistance were prepared the previous hour using
a horizontal pipette puller (Model P-87, Sutter Instruments, CA). The
series resistance was monitored until it decreased to < 20 MQ, after
which the experiments were began. The liquid junction potential was
corrected before seal formation. In all recordings, the holding potential
was set at —40mV in order to inactivate Na™ channels. I, or Iz, were
activated by100-ms depolarizing voltage pulses to 0 mV. Ic, or Iz, were
measured at 5s intervals except when electrophysiological measure-
ments were combined with fluorescence measurements, in which case
they were measured 25 s intervals. The measured currents were filtered
at 1 or 10 kHz, digitized at 10 or 100 kHz, and plotted and analyzed in
terms of magnitude and time constants of their inactivation, using
Graph Prism (GraphPad Corp., San Diego, CA, USA) and pCLAMP 9.0
software. Membrane potential (Em) oscillations were registered using
the current-clamp configuration of the patch-clamp technique. The
holding potential was set at -50 mV in voltage clamp mode, and the
series resistance continuously monitored until it had decreased to <
20 MQ. After this the amplifier was shifted to the current-clamp mode,
(with no current “injection” applied). Only cells with leak currents
of < 5pA were used for experimental analysis. Cell size was estimated
from membrane capacitance measurements, a method commonly uti-
lized to obtain an estimate of the plasma membrane area of the cells,
providing an indirect indicator of the cell size. This approach is parti-
cularly useful in hiPSC-CMs which have few membrane invaginations
or t-tubular system at these stages of development [26,27]. Note that
earlier studies have shown a positive linear correlations between
membrane capacitance and cell volume in cardiomyocytes of several
species [28].

To study the effects of hypoxia on ionic currents, single voltage-
clamped hiPSC-CMs were perfused with external Tyrode’s solutions
equilibrated with atmospheric O, (normoxic) or 100% N, (hypoxic).
We bubbled hypoxic solutions for at least 1 h to make sure that nitrogen
displaces all the oxygen molecules from our reservoirs and then we
began the rapid application of the hypoxia solution by the perfusion
pipette placed in close proximity of the cell. Solution exchange took
place within 50 ms using an electronically controlled perfusion system
equipped with five barrels loaded with normoxic and hypoxic Tyrode’s
solutions containing varying electrolyte concentrations and pharma-
cological agents desired for the different type of experiments [29]. The
O, pressure was measured with a needle probe which registered < 5
mmHg for the hypoxic solutions both in the bubbled reservoirs and near
the port for solution outflow into the main chamber. HEPES (10 mM)
was used to buffer the extracellular solutions, which prevented changes
in the pH of the external solutions with bubbling of N,. Acidification of
the media to pH 6.7 was achieved by addition of isotonic HCL. The pH of
all solutions was carefully determined using a pH meter at room tem-
perature (~ 25 °C).

2.4. Fluorometric Ca®* measurements in voltage-clamped cells

Single isolated beating hiPSC-CMs were subjected to 100 ms depo-
larizing voltage-clamp pulses (-40 to 0 mV) that activated Ic, triggering
intracellular Ca®* transients. Intracellular global Ca®* signals were
measured with the fluorescent Ca?*- indicator dye Fluo-4 AM (2 pM,
Invitrogen), after 40 min of incubation of cells at 37 °C and 5% CO,. The
fluorescence probe and dye were excited at 460 nm using a LED-based
illuminator (Prismatix, Modiin Ilite, Israel) and gated aperture and
Ca2+-dependent fluorescent light (> 500nm) was detected with a
photomultiplier tube using a Zeiss Axiovert 100 TV inverted micro-
scope.
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Fig. 1. Two different time dependent kinetics of L-type calcium channels are expressed in cultured hiPSC-CMs. Panels A and B show examples of original traces of
calcium currents obtained from different hiPSC-CMs with variable ages in culture (4-8 days), activated by depolarization from -40 mV to 0 mV, exhibiting different
rates of inactivation: Rapidly inactivating Ic, (Panel A) and slowly inactivating Ic, (Panel B). Panel C shows a plot of the cell percentages that presented rapidly or
slowly inactivating I, vs. the age of the cells in culture. Panel D and E, presented as dot plots, represent the individual cell values of Ic, and Ca®>* current density
respectively vs. cell time in culture (4-8 days); the mean is represented by blue bars and the standard error of the mean by the red error bars. Panel F and G provide
frequency histograms and box and whiskers plots respectively showing the distribution of the inactivation time constant of the I¢, (t;) at the five different time in
culture (4, 5, 6, 7 and 8 days). The data were pooled in such a way that the number of observations with 0.00ms < t; < 10.00 ms were plotted in the column
7; = 10 ms and in the same way with the rest of observations. The data were fitted to a Normal Distribution with five different colors Gauss curve represented (dark
blue, red, green, yellow and light blue for hiPSC-CMs with 4, 5, 6, 7 or 8 days in culture respectively). Data distribution are presented also in box-and-whiskers plots
with the same colors/days in culture scheme: the line inside the box depicts median values, the size of the box is given by the distance between the 25th and the 75th
percentiles; right “whisker” reach the 90th percentile and left “whisker” the percentile 10th. Means are also represented inside the box with a cross symbol. Panel H
shows a scatter-graph plot of cell size (pF) vs. inactivation time constant (t;) from hiPSC-CMs with rapidly (O) and slowly (@) inactivating I¢,, hiPSC-CMs were
classified as expressing rapidly- (t; < 40 ms) or slowly-inactivating (t; > 40 ms) L-type Ca®* channels. Panel I is represented as a dot plot, showing the distribution
of individual cell values of I¢, increased (in % with respect to the I, peak under control conditions without ISO) during the treatment with 100 nM isoproterenol at
the time of the cells in culture (5-8 days). In panels C, D, E and I, for each of the different data groups, the number of cells (n) and the number of different cultures
conducted to obtain these data (N) are indicated in parentheses as (n, N). Data were presented as the mean *= SEM in this figure. We used one-way ANOVA with post-
hoc multiple comparisons using the Tukey’s multiple comparisons test for unpaired parametric comparisons. *P < 0.05; **P < 0.01; n.s.: not significant. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Focal RyR2 Ca®* micro-domains were measured using genetically
engineered virally introduced biosensors GCaMP6-FKBP targeted to
FKBP-12.6 (calstabin-2) binding site of RyR2 (K4q =250 nM,
Aex = 488 nm). The probe uses calmodulin as Ca®* chelator and green
fluorescent protein (GFP) as reporting fluorophor, which allows it to
sense the Ca®* in the micro-domains of dyadic clefts where CICR takes
place. For the probe and the fluorescent Ca®*- indicator dye the para-
meters of the Ca®" signals analyzed were the basal fluorescence (Fy)
and the peak of the Ca?" transient (AF).

2.5. Chemical products

Chemical compounds to make saline solutions, as well as iso-
prenaline hydrochloride were purchased from Sigma (Sigma-Aldrich, St
Louise, MO, USA). Amphotericin B was acquired from Fisher Scientific
(Pittsburgh, PA, USA). Every experimental day, a stock solution of

isoprenaline hydrochloride was prepared in deionized water and am-
photericin B in DMSO. The inhibitors CHIR 99021 were acquired from
Selleckchem (Houston, TX, USA) and IWP2 from TOCRIS (Minneapolis,
MN, USA), E8, RPMI and B-27 culture mediums were purchased from
Life Technologies/GIBCO (Grand Island, NY, USA). The novel and po-
tent Cay1.3-highly selective antagonist, 1-(3-chlorophenethyl)-3-cyclo-
pentylpyrimidine-2,4,6-(1H,3H,5H)-trione [30], was purchased from
Calbiochem-EMD chemicals (San Diego, CA, USA).

2.6. Statistical analysis

Data are presented as scatter grams, showing the individual data
points of each cell together with the mean (represented in blue
line) + standard error of the mean (SEM, represented by the red error
lines). The number of cells and cultures are indicated in parentheses (n,
N). Paired or unpaired two-tailed Student’s t test was used to compare
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means according to the dependent or independent between the data set
to compare. A P value equal or smaller than 0.05 was selected as the
limit of significance. Significance levels were indicated with an in-
creasing number of asterisks (P < 0.05, %P < 0.01, ##xP <
0.001) and when not being significant by (n.s., P > 0.05). Data sets
were tested for normality (Kolmogorov-Smirnov normality test), an
assumption for the application of the Student’s t-test. We found that
some groups didn’t fit well to normal distributions, a nonparametric
statistical test was used (Mann-Whitney’s rank sum test to compare two
samples). In other cases, one-way ANOVA with post-hoc multiple
comparisons was used to establish if there were significant differences
between the means of 3 or more independent groups, not related to
each other. Scatter plot were used to explore the association between
cell size, the suppression of the I, by hypoxia and the tau inactivation
of the Ic,. The correlations between these variables were analyzed by
Pearson linear correlation coefficient. To analyze I¢, decay or tau in-
activation of the I, (ry), single exponential fits were applied to the
decaying part of individual Ic, traces using a simplex optimization al-
gorithm as follows: y = yo + {1 — [A; exp(— t / 7)1} where A; re-
present the amplitudes of the Ic, and t; represent the time constants of
inactivation respectively. To study the tail currents triggered by cal-
cium channel deactivation, the tail current time course of rapidly and
slowly inactivating I, cells were fitted by a bi-exponential equation
with a fast (t;) and slow (t5) time constants. The bi-exponential fitting
produces similar correlation coefficient average that using mono-ex-
ponential fitting (0.968 vs. 0.988) and precision (1e~* for both cases).
We also analyzed the peak amplitude of the Ic, tail for both cell types.
All statistical analysis was performed using GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA) and MS Excel (Microsoft, Redmond,
WA).

3. Results

3.1. Two different cell populations of hiPSC-CMs cultures based on Ca®*
channel inactivation kinetics

3.1.1. Pharmacological, biophysical and molecular characterization

Calcium currents were measured in hiPSC-CMs in 4 to 8 day cultures
using the perforated-patch mode of the whole-cell patch-clamp tech-
nique, (day zero was the day of the mechanical dissociation of hiPSC-
CM clusters into single cardiomyocytes). Unexpectedly, we found two
distinct populations of hiPSC-CMs based on the inactivation kinetics of
their I¢, (Fig. 1A and B). In one group of cells, Ic, inactivated rapidly
(t; = 21.40 = 1.16ms, n = 48 cells), while in another set I, in-
activated slowly (t; = 51.95 + 1.01 ms, n = 56 cells). The latter group
of cells were more abundant in older 6 to 8 day cultures (Fig. 1C, F).
These two cell types were found on each single day in culture, but the
percentage of cells with slowly inactivating Ic, was higher in older
cultures while those with rapidly inactivating I¢, decreased from 48.3%
at day 4 to 10.0% at day 8 of culture, Fig. 1C. A positive linear corre-
lation (r = 0.548 p < 0.0001) was found between the cell surface area
(pF) and the inactivation time constant of I¢, (t;), Fig. 1H. Smaller cells
(10-30 pF) had mainly rapidly inactivating I¢,, while cells larger than
30 pF had escalating slower inactivation kinetics. The dashed vertical
line at t; = 40 ms was arbitrarily set as separation of the two cell po-
pulations (open circles, t; < 40 ms, and those with much slower in-
activating Ic,, filled circles, t; = 40 ms).

The distribution of the inactivation time constant (t;) of I¢, in dif-
ferent days of culture could be differentiated into three main groups,
based on the center of bell-shaped distributions: first group, at 4 days’
culture centered at ~ 35 ms, second group, centered at ~55 ms at 5 and
6 days, and the third group, centered at ~85ms at 7 and 8 days of
culture (Fig. 1F). Box and colored whiskers plots (dark blue, red, green,
yellow and light blue) show the distribution of the ; for the 4, 5, 6, 7
days of culture, with median values of 36, 50, 50, 80 and 81 ms, re-
spectively (Fig. 1G).
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3.1.2. Biophysical analysis

We explored the possibility of whether the calcium channels ex-
pressed in the two cell types producing Ic, with rapidly or slowly in-
activating kinetics represent two different calcium channels (e.g.
Cayl.2 and Cayl.3) or whether the same population of channels
(Cay1.2) with different modulation of their CDI is responsible for the
differences in the kinetics of inactivation of the two cell types. The
analysis of kinetics of tail currents generated by deactivation of I, from
0 to -40 mVs in 60 cells fitted with two bi-exponential equation with a
fast (t1) and slow (t,) time constants, Fig. S1, shows that the mean fast
(1) and slow (t5) time constants for the deactivation of the I, tail were
not significantly different in the two cell types (Fig. S1 C and inset
traces a2 & b2), consistent with the same population of channels being
responsible for the two cell types.

3.1.3. Molecular experiments

In support of single population idea, we found that the level of
expression of Cayl.2 mRNA was markedly greater than Cay1.3 both in
the early (day4) or late (day7) developmental time in culture where
hiPSC-CMs with rapidly or slowly inactivating Ic, respectively, are
more frequently found (Fig. S2). Consistent with mRNA studies 10 uM
of a potent and selective Cay1.3 antagonist (1-(3-chlorophenethyl)-3-
cyclopentylpyrimidine-2,4,6-(1H,3H,5H)-trione) [30], failed to block
Ic, in hiPSC-CMs, where 2 or 10 puM nifedipine produced ~95% block
of Ic, (panel D, Fig. 2).

Pharmacologically also, the data suggests that one population of
channels is responsible for the two different inactivation kinetics, be-
cause we found similar nifedipine sensitivity even in the presence of
low concentrations of this dihydropyridine [31] and the same dose
response relation for the rapidly and slowly inactivating Ic, (Fig. 2).
These finding, therefore, suggest that only Cayl.2 subtype of L-type
calcium channel is expressed in hiPSC-CMs but its CDI is differentially
modulated during cell growth and development.

Cell size, estimated from membrane capacitance measurements in-
creased significantly with culture age, reflecting cell growth, ranging
from 27.50 * 3.19pF at day 4, to 31.61 = 2.01pF at day 5, to
45.69 = 3.22pF at day 6, to 50.97 = 4.73pF at day 7 and
69.98 * 9.29pF at day 8. Similarly, the Ca®* channel current in-

creased significantly, from 233.51 = 30.84pA at day 4, to
240.59 * 20.16 pA at day 5, to 371.94 + 53.11pA at day 6, to
413.87 *= 52.42 pA at day 7 and finally to 552.24 + 97.52pA at day 8

(Fig. 1A, B, D). However, Ca®>* current density did not change sig-
nificantly with the length of hiPSC-CMs in culture (8.49 + 0.60 pA/pF
at day 4, 7.61 = 0.54 pA/pF at day 5, 8.14 = 0.69 pA/pF at day 6,
8.12 + 0.75pA/pF atday 7 and 7.89 = 0.73 pA/pF at day 8, Fig. 1E),
suggesting that a gradual increase in the number of calcium channels
occurred with the cell growth. Fig. 1I shows the differential po-
tentiating effects of 100 nM isoproterenol (ISO) on Ic, as a function of
days in culture, ~85% enhancement of I¢, at day 7 as compared to day
6, and almost ~150% enhancement at day 8 with respect to day 5 or 6.

Action potential measurements in hiPSC-CMs cultures also reflected
the decay kinetics of Ic,, that is, cells with shorter action potentials
expressed rapidly inactivating I, (Fig. 3B, C, H), and interestingly had
a faster spontaneous pacing rate (Fig. 3A, I), while cells with longer
action potential expressed slowly inactivating Ic, (Fig. 3E, F, H), and
had much slower spontaneous pacing rates (Fig. 3D, I). Fig. 2G shows a
positive linear correlation (r = 0.75 p < 0.0005) between the APDgy,
(ms) and the inactivation time constant of Ic, (t;), rapidly inactivating
Ic, cells (t; ~ 20 ms) had mainly shorter APs (APDgy < 800 ms) at room
temperatures, while slowly inactivating Ic, cells (t; = 40 ms) displayed
progressively longer APs (APDg, = 800 ms). The dashed vertical line at
1; = 40 ms was chosen to denotes approximate separation of the two
cell populations (squares, t; < 40 ms, and those with much slower in-
activating Ic,, triangles, t; = 40 ms). Spontaneously developing APs
from rapidly inactivating Ic, cells also showed a significantly slower
upstroke velocity (Fig. 3J). The resting membrane potential of the two
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Fig. 2. Concentration-dependent blockade of the whole-cell Ca?* current elicited by nifedipine and a novel Ca,1.3 antagonist in hiPSC-CMs with different in-
activation kinetics. I, was recorded under the perforated-patch mode of the patch-clamp technique using 2mM Ca®* as charge carrier and calcium currents were
elicited by 100 ms depolarization pulses from -40 mV to 0 mV. Panel A show Ic, traces reduced after being perfused during 100 s with 100 nM nifedipine from hiPSC-
CMs with rapidly and slowly inactivating Ic,. Panel B show the time course of the I, blockade elicited by 100 nM nifedipine. In panel C are exposed the con-
centration-dependent blockade of the whole-cell I, peak elicited by nifedipine in hiPSC-CMs with rapidly and slowly inactivating I, with its corresponding values of
ICs, the sigmoidal concentration-response curves and the number of cells for each of the concentrations of nifedipine (10 nM, 100 nM, 200 nM and 2 uM) are shown
in parentheses for rapidly inactivating I¢, cells (red color) and slowly inactivating Ic, cells (black). Panel D show the inapparent effect suppressing I¢, of a novel and
selective Cay1.3 antagonist (1-(3-chlorophenethyl)-3-cyclopentylpyrimidine-2,4,6-(1H,3H,5H)-trione), in the subpanels inserted labeled as d, are represented Ic,
traces at control level (red traces), 10 uM Cay1.3 antagonist (purple traces) and normoxia wash out (green traces) belonging to one of the hiPSC-CMs with rapidly
inactivating I¢, and another with slowly inactivating Ic,. The subpanel inserted labeled as d, plotted the average blocking effect on Ic, by 10 uM of the Cay1.3
antagonist in both cell types. Inserted subpanel d; show the time course of the blockade effect of I¢, elicited initially by the Cay1.3 antagonist and then by nifedipine
10 puM from two single cells with rapidly and slowly inactivation kinetics. The number of cells (n) and the number of different cultures (N) are indicated as (n, N).
Data are mean = SEM. n.s.: not significant; by paired Student’s t-test (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article).

cell types (data not shown) was not significantly different (~ —52mV).

3.2. Hypoxia effects on cardiomyocytes derived from human induced
pluripotent stem cells

3.2.1. Suppressive effect of hypoxia on Ic, depends on its inactivation
kinetics

Acute hypoxia was created by reducing PO, rapidly (< 1s), ex-
changing the normoxic solution (equilibrated with ambient air, ~21%
0,) for a hypoxic solution (bubbled with 100% N,; PO, < 5 mmHg). Ic,
was activated with repeated depolarizations at 5s intervals from —40
to 0mV, to avoid possible activation of T-type Ca®* channels. Run-
down was minimized by using perforated-patch mode of the patch-
clamp technique, causing little or no significant decline in Ic, for per-
iods of 3min in normoxic solutions (Fig. 4C and D, empty circles).
Rapid application of hypoxic solutions produced ~ 5% initial reduction
of Ic, within the first 5s in both cell types, continued by a gradual
decrease in Ig, that stabilized within the first 60s at 16.7 + 2.6%
(n =8, N =4) in cells with rapidly inactivating Ic, (Fig. 4C, filled
circles). In slowly inactivating Ic, cells the suppression continued to
increase reaching steady-state levels of 52.30 *+ 9.4% (n =8, N = 3)
in ~100s (Fig. 4D, filled circles). In both cell types Ic, recovered to its
control levels in about 75 s following the return of normoxic solutions

(Fig. 4C and D filled circles, see also original tracing of Ic, in two re-
presentative myocytes, Fig. 4A and B).

A positive linear correlation (r = 0.566, p < 0.001) was found
between the degree of hypoxic suppression of Ic, and the rate of its
inactivation (scatter-gram and red correlation line, Fig. 4E). Despite the
great variability in the hypoxic suppressive effect, the slowly in-
activating population of hiPSC-CMs (the predominant cell types, Fig. 1)
were highly sensitive to hypoxia (~ 50% suppression), while hiPSC-
CMs with rapidly inactivating Ic, were mostly resistant (~ 15% sup-
pression) to acute hypoxia. Acute hypoxia also marginally, but not
significantly, slowed the mean Ic, inactivation time constant from the
normoxic values of 16.73 + 3.85ms and 43.21 + 10.29 ms, Fig. 4F.

3.2.2. Hypoxia effects on Ba®>* transporting calcium channels

The suppressive effect of acute hypoxia was enhanced from 18% to
35% in adult rat cardiomyocytes when Ba>* was charge carrier through
the channel [17,18]. Similarly, in rat neonatal cardiomyocytes sup-
pression of CDI by Ba®* or by increased intracellular Ca®>* buffering
strongly enhanced the suppressive effects of hypoxia in the rapidly in-
activating Ic, cells [19]. Fig. 5B shows that in hiPSC-CMs too, when
2mM Ba?* replaced Ca®*, acute hypoxia rapidly suppressed the cur-
rent within the first 5s, but in the slowly inactivating Ic, cells the
steady-state suppression after 100 s of hypoxia was significantly smaller
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Fig. 3. Action potentials properties are correlated with the Ic, decay kinetics expressed in heterogeneous hiPSC-CMs populations. Panels A and D show examples of

original traces of the action potentials (APs) spontaneously emitted during 35s by

hiPSC-CMs with rapidly or slowly inactivating I, respectively. Panels C and F

exhibit two samples of singles APs obtained from cells with rapidly and slowly inactivating Ic, and panels B and E display the original I, records. Panel G shows a

scatter-graph plot of the action potential duration at 90% repolarization (APDgg) (ms

) vs. inactivation time constant (t;) from hiPSC-CMs with rapidly (O) and slowly

(@) inactivating Ic,, hiPSC-CMs were classified as expressing rapidly- (t; <= 40 ms) or slowly-inactivating (t; > 40 ms) L-type Ca®>* channels. Panels H, I and J show

the distribution of individual cell values and the average values (blue line) of APDg,

hiPSC-CMs expressing rapidly (squares) or slowly (triangles) inactivating L-type Ca®*

AP frequency (Hz) and AP upstroke velocity, dV/dt (mV/ms), respectively from
channels. In the panels H, I, and J, for each of the different data groups (rapidly

or slowly inactivating Ic, cells), the number of cells (n) and the number of different cultures conducted to obtain these data (N) are indicated in parentheses as (n, N).

Data were presented as the mean + SEM in this figure. *P < 0.05; **P < 0.01;
references to colour in this figure legend, the reader is referred to the web version

(39.5% * 2.9%, Fig. 5B, vs. 52.30 *= 9.4%. Fig. 4D) than in Ca%™
transporting channels, suggesting an additional calcium-dependent
hypoxic suppressive effect. The mean inactivation time constant of Ig,
in hiPSC-CMs was not significantly altered by hypoxia (Fig. 5D). In this
set of 10 cells, 4 of them with rapidly inactivating Ic, in 2mM Ca®*
(ti < 40ms), increased their tau inactivation becoming slowly in-
activating when the solution was replaced to normoxic Ba®>* solutions
(Fig. 5A, t; = 40 ms). Even though in some of the slowly inactivating
Ica cells 2mM Ba?* failed to increase the inactivation kinetics sig-
nificantly (Fig. 5A), the amplitude of the current increased from ~40%
to ~100% in all 10 cells, see panel A of Fig. 5 (the rapidly inactivating
Ic, cell in 2mM Ca2?* with tau inactivation of 17.2ms increased to
59.5ms in 2mM Ba®*). The average suppressive effect of hypoxia in
extracellular Ba®>* was slightly smaller, but not significantly, in the
rapidly inactivating Ic, cells (35.4 = 5.7% vs 41.3 + 3.8%), see red
insert box in panel C of Fig. 5. These finding strongly support the as-
sertion that the rapidly inactivating Ic, is not transported by T-type
channels since the inactivation kinetics and current amplitude of the
low threshold T-type channel are not significantly altered by replacing
Ca®* with Ba®* [32,33].

Accordingly, the slow inactivation of the calcium channel, hap-
pening either innately in a population of hiPSC-CMs, or induced by
transport of Ba>* through the channel appeared to sensitize the channel
to hypoxia, suggesting that the rapid inactivation of the calcium
channel, mediated by CDI, is protective against hypoxia.

3.2.3. Regulation of the phosphorylated L-type calcium channels by hypoxia
in cells with rapidly or slowly inactivating I¢,
Phosphorylation of the carboxyl tail of the alC and B-subunits of

by unpaired two-tailed Student’s t-test in this figure (For interpretation of the
of this article).

the L-type calcium channel by PKA is known to facilitate Ic, [34,35].
Fig. 6 shows that 100nM isoproterenol (ISO) increased Ic, by
90.21 *= 36.72% in the cells with rapidly inactivating I¢, (Fig. 6C) and
by 86.48 + 27.97% in the cells with slowly inactivating I¢, (Fig. 6D).
In isoproterenol treated hiPSC-CMs hypoxia suppressed Ic, by
37.57 £ 23.16% in cells expressing the rapidly inactivating Ic,
(Fig. 6C) and by 51.39 + 23.86% in cells with slowly inactivating Ic,
(Fig. 6D). Note that ISO not only did not protect against hypoxia in
either cell type, but in fact enhanced the effect of hypoxia on the rapidly
inactivating Ic, cells (37.5 * 23.1% suppression in ISO treated cells,
Fig. 6C, vs. 16.7 = 2.6% suppression in control cells Fig. 4C, see also
the effect of only hypoxia after ISO washout on the time course of the
current., Fig. 6 C, 11.9 * 6.3% Ic, suppression).

The hypoxia effects were also examined on the kinetics of in-
activation of I, in phosphorylated and control cells (Fig. 6E and F). The
data suggests that ISO significantly reduced t; in phosphorylated slowly
inactivating Ic, hiPSC-CMs under normoxic conditions, but had no ef-
fect under hypoxic conditions (Fig. 6B and F). A positive linear corre-
lation (r = 0.6394, p < 0.001) was found between the degree of hy-
poxic suppression of Ic, and the rate of its inactivation (scatter-gram
and red correlation line, Fig. 6E), despite the great variability in the
hypoxic suppressive effect between the two cell types. Thus, we con-
clude that PKA-mediated phosphorylation does not protect the channel
against the suppressive effects of hypoxia in hiPSC-CMs. These results
are consistent with those reported in adult rat cardiomyocytes [17,18]
or in rN-CMs [19] and contrasts sharply with those described for adult
guinea pig cardiomyocytes [36].
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Fig. 4. Acute hypoxia differentially affects to the hiPSC-CMs with rapidly or slowly inactivating Ic,. Panels A and B show examples of original traces of calcium
currents obtained from two different hiPSC-CMs, activated by depolarization from -40 mV to 0 mV, exhibiting different rates of inactivation as well as differing
degrees of suppression during acute hypoxia (black traces). Panels C and D display time courses of suppression of Ic, during 2 min of hypoxia stimulus (N, top bar,
black circles) in hiPSC-CMs with rapidly and slowly inactivating Ic, respectively. Time courses with white circles represent a set of hiPSC-CMs under normoxic
condition during 200 s. Panel E shows a scatter-graph of hypoxic suppression of I, vs. inactivation time constant (t;) from hiPSC-CMs with rapidly ([J) and slowly (A)
inactivating I¢, with the correlation line associate represented in red. Panel F show in a dot plot format the distribution of individual cell values and the average t;
values of I, (blue line) before, during, and after exposure to hypoxia for each of the two cell types. In the panels C, D, and F, for each one of the different data groups,
the number of cells (n) and the number of different cultures conducted to obtain these data (N) are indicated in parentheses as (n, N). Data were presented as the
mean * SEM in this figure. n.s.: not significant; by paired two-tailed Student’s t-test in this figure (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

3.3. Effects of acidification and ischemia (hypoxia plus acidosis) on rapidly
and slowly inactivating hiPSC-CMs

Because episodes of ischemia result not only in tissue hypoxia, but
also to acidosis due to lactic acid accumulation [37], in another set of
experiments we measured the combined effects of acute acidification
and hypoxia. The combined effects of hypoxia plus acidosis were stu-
died as to approximate “ischemia” in our hiPS-derived CMs. After 5s of
acidosis (pH, 6.7) Ic, was suppressed faster and by a greater degree in
rapidly- than the slowly-inactivating Ic, cells; 22.13 *= 8.63% vs.

6.42 + 3.17%, Fig. 7B and F. In both cases suppression of Ic, con-
tinued for ~50s until steady-state levels were achieved. The final
suppressive effects of acidosis were larger, but not significantly, in ra-
pidly inactivating Ic, cell-type (37.85 = 5.95% vs. 25.76 * 4.83%),
Fig. 7A, E, C and G.

The suppressive effect of ischemia (100 s of combined acidosis and
hypoxia) on Ic, were similar in magnitude in both cells types,
45.14 = 5.42% in rapidly inactivating Ic, vs. 47.7 = 4.28% in slowly
inactivating I, (pink trace records of the Fig. 7A, E and panels B, C, F
and G of Fig. 7). Unexpectedly, the combined effects of acidosis and
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(green traces). Panel B displayed the time course of suppression of Iz, during 100 s by hypoxia stimulus (N5 top bar) in a set of hiPSC-CMs. Panel C shows a scatter-
graph plot of the hypoxic suppression degree of Iy, vs. inactivation time constant (t;) of Iz, traces from hiPSC-CMs just after 100 s of hypoxia, with black or white
triangles are distinguished the cells that have rapidly or slowly inactivating I¢, in the presence of 2mM Ca®*, the red insert box represent the average blockade by
hypoxia in the presence of extracellular Ba®* in cells with rapidly or slowly inactivating Ic,. Panel D show, in dot plot format, the distribution of individual cell values
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mean * SEM in this figure. n.s.: not significant; by paired two-tailed Student’s t-test in this figure. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article).

hypoxia were not additive in the slowly inactivating I¢, cells as they
were in rapidly inactivating hiPSC-CMs (Fig. 7C, vs. 7 G).

3.4. Hypoxia and acidosis effects on global and focal Ca®* signaling in
hiPSC-CMs

The effects of acute hypoxia and acidosis on global and focal cyto-
solic Ca®* transients were also measured using Fluo-4 AM and
GCamP6-FKBP targeted to RyR2 microdomains. Ca;-transits were trig-
gered by 100 ms depolarizing pulses followed by 1 s rapid puff of 3 mM
caffeine. The rise of global cytosolic Ca>* by caffeine and the in-
tegration of the activated Na*-Ca®* exchange current, Iycx, [38] pro-
vided two estimates of SR calcium content. Ic,, Incx, focal RyR2 p-do-
main (GCaMP6-FKBP signals), the global cytosolic Ca®* transients
(Fluo-4 AM signals), and the diastolic [Ca?*]; (baseline fluorescence,
F,) were all measured and quantified as fluorescent ratios.

a) Global cytosolic Ca*™ : The global diastolic Ca®* levels of the rapidly
and slowly inactivating Ic, hiPSC-CMs were not significantly dif-
ferent (~0.3-0.4 vs ~ 0.25-0.35 arbitrary fluorescence units—- AFU-
respectively), and acidosis or hypoxia did not seem to alter the
diastolic Ca?* significantly (Fig. S3, traces C, D, I, J, and panel E and
K). Global systolic Ca?™ transients, though similar in the two cell

types, were marginally higher in the slowly inactivating Ic, cells
(~0.10-012 vs ~0.07-0.10 AFU, Fig. S3, tracings C, D, I, J and
panels F and L). Acidosis decreased the global systolic [Ca®*];
slightly. There was a tendency for larger effects in the rapidly in-
activating I, cells (25.0% vs 20.2%, compare traces C & D and
panel F of Fig. S3). Hypoxia, on the other hand, was more effective
in suppressing the systolic Ca?* transients in the slowly inactivating
compared to rapidly inactivating Ic, cells (35.1% vs. 19.2%, traces I,
J and panel L of Fig. S3), consistent with the suppressive effect of
hypoxia on I¢, (36.6% vs. 20.9%, tracings G, H and panel L, of Fig.
S3). It is critical to note that in the latter set of experiments, cells
were incubated in Fluo-4 AM, which is likely to have altered the
Ca®™ buffering capacity of the cells, and as such the effects of hy-
poxia and acidosis maybe dampened as compared to the set of ex-
periments where the perforated patch clamp technique was used to
monitor Ic, (Figs. 4 & 7).

b) Focal Ca®* transients: Diastolic Ca®™ levels, measured in RyR2 p-
domains using GCamP6-FKBP, were slightly but not significantly
higher in rapidly inactivating Ic, cells, (Fig. S4, traces C&G), and
acidosis or hypoxia did not substantially modify this parameter in
either cell type (Fig. S4 and S5, traces C, G and panel J). In marked
contrast, however, acidosis substantially (37%) reduced the systolic
GCaMP6-FKBP Ca*" signals in both cell types (Fig. S4, traces C, G
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Fig. 6. Phosphorylation effects of isoproterenol (ISO) on calcium channels of hiPSC-CMs with rapidly or slowly inactivating I¢, in normoxia and hypoxia conditions.
Panels A and B show examples of original traces of rapidly and slowly inactivating Ic, respectively, obtained from two different hiPSC-CMs, activated by depo-
larization from -40 mV to 0 mV and exposed to the following consecutive treatments: 1) red traces, normoxia control condition; 2) dark blue traces, initial treatment
with 100 nM ISO in normoxia; 3) green traces, shift to the hypoxic condition maintaining the ISO treatment; 4) light blue traces, return to the normoxia condition
after ISO washout; 5) yellow traces, second subsequent hypoxia stimulation without ISO, 6) black traces, final return to the normoxia condition. Panels C and D
displayed time courses (in hiPSC-CMs with rapidly and slowly inactivating Ic, respectively) of modulation of Ic, by ISO perfused during 200s (ISO bar) at the
consecutives conditions of normoxia and hypoxia, represented by the sequence of O, and N, top bars, respectively. Panel E shows a scatter-graph plot of hypoxic
suppression of I¢, vs. t; from hiPSC-CMs with rapidly ([]) and slowly (A) inactivating I, with the respective correlation line found represented in red. Panel F shows,
in a dot plot format, the distribution of individual cell values and the average t; values of Ic, (blue lines with SEM represented by red error bars) under normoxic and
hypoxic conditions with or without ISO for each of the two cell types. Note here that the plotted data in the temporary course have a consider standard error of the
mean (SEM) during the ISO treatment in both cell types due to the large variability that has ISO enhancing Ic, in hiPSC-CMs (different aspect as we found in rN-CMs)
and how this error is reduced as the washout of the ISO progresses (final part of the temporary course of the panels C and D). In the panels C, D, and F, for each one of
the different data groups, the number of cells (n) and the number of different cultures conducted to obtain these data (N) are indicated in parentheses as (n, N). Data
were presented as the mean + SEM in this figure. **P < 0.01; n.s.: not significant; by paired two-tailed Student’s t-test in this figure. Mann-Whitney rank-sum test.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

and panel I). I¢, density was similarly suppressed by acidosis in the caffeine-induced Iycx (~ 0.6 to 0.8 x 10~ 2 M), in the two cell types
rapidly and slowly inactivating Ic, cells (30% vs 23% respectively, (Fig. S4 L), and was reduced similarly on exposure to 100s of
Fig. S4, traces A, E and panel I). There was no or little difference in acidosis by 35% in both cell types (Fig. S4 B, F and L). On the other
the Ca®* content of the SR, calculated from the integral of the hand, hypoxia differentially suppressed the systolic GCaMP6-FKBP
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hypoxia and control pH 7.4; 3) green traces, back to the initial control treatment (normoxia and pH 7.4); 4) yellow traces, normoxia and low pH 6.7; 5) pink traces,
hypoxia and acidosis combined; 6) black traces, back to normoxia and pH 6.7; 7) light blue traces, washout period to normoxia and pH 7.4. Panels B and F displayed
time courses (in hiPSC-CMs with rapidly and slowly inactivating Ic, respectively) of the I, suppression by acidosis (pH = 6.7 bar) and/or hypoxia (N, bar). Panels C
and G represents, in dot plots format, the distribution of individual cell values and the average of Ic, blocked (blue lines with SEM represented by red error bars) by
hypoxia, acidosis, and both interventions together for both cell types. In the panels B, C, F and G, for each one of the different data groups, the number of cells (n) and
the number of different cultures needed to obtain these data (N) are indicated in parentheses as (n, N). Data were presented as the mean + SEM in this figure.
Differences between rapidly and slowly inactivating I¢, cells in hypoxia, acidosis and both stimuli together. **P < 0.01; n.s.: not significant; by unpaired two-tailed
Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Ca®* signals in the two cell types (25% in the rapidly vs 45% in the
slowly inactivating I, cells), panels C, G and panel I, Fig. S5. This
differential effect may reflect the differences in I¢, suppressive effect
of hypoxia on the slowly inactivating Ic, cell type (42% vs 16% in
the rapidly inactivating I¢, cells), compare panels A, E and I, of
figure S5. The Ca®* content of SR was also suppressed by 100s
exposure to hypoxia to a greater degree in the slowly inactivating Ic,
cells (50% vs 26% in rapidly inactivating Ic, hiPSC-CMs), Fig. S5 B,

F and L. Similar reductions in the SR Ca®* store were also noted
when the store content was quantified by measurements of fluor-
escence of GCamP6-FKBP signals (panel K, tracings D, H of Fig. S5).

4. Discussion

Human fibroblast derived developing cardiomyocytes grown in

cultures, express two cell types based on the kinetics of inactivation of
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Rapidly Inactivating I, hiPSC-CMs
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Slowly Inactivating I, hiPSC-CMs
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— pH 6.7

Scheme 1. Ca®>* handling by hiPSC-CMs during acute hypoxia and acidosis. Two cell-type populations of hiPSC-CMs were identified based on the kinetics of I,
inactivation during growth in culture. Smaller, 3-4days hiPSC-CMs expressed predominantly rapidly inactivating Ic, (panel A), shorter action potentials, faster
spontaneous pacing rates, whereas larger 6-8days hiPSC-CMs expressed mostly slowly inactivating Ic, (panel B) and showed wider APs and slower spontaneous
pacing rates (“Ventricular type APs”). Acute hypoxia suppress Ic, to a greater degree in slowly inactivating I, hiPSC-CMs (~ 40%, panel E) compared to rapidly
inactivating I, cells (~15%, panel C). Suppressive effect of acute acidosis on Ic, (~35%, pH 6.7) was not cell-type dependent (panel D and F). Focal RyR2 Ca®*
microdomains were suppressed in a similar range to I, inhibition. Acute hypoxia suppresses Ic, in rapidly inactivating cell population by a mechanism involving
Ca®*-dependent inactivation (insert in panel A), while mitochondrial Ca®>* uptake may also contribute to I¢, suppression in slowly inactivating cell population (insert

in panel B).

their L-type Ca%* channels. This finding may, in part, be responsible for
the heterogeneity of action potential duration observed by many in-
vestigators working in this field and taken as evidence for the ancestral
heterogeneity of hiPSC-CM cultures expressing atrial, ventricular, and
conduction tissue cell-types. While the suppressive effects of hypoxia on
Ic, depended critically on the cell type expressing slowly or rapidly
inactivating Ca®>* channels, acidosis effects were independent of cell
types. The stronger suppressive effects of hypoxia on slowly in-
activating I¢, cells was consistent with the idea that Ca%* dependent
inactivation protects the channel against hypoxic suppression (Scheme
1), somewhat similar to that found in adult and neonatal rat cardio-
myocytes where suppression of CDI by Ba®* [17-19], or Ca®* over-
buffering [19] enhanced the hypoxia’s suppressive effects. Un-
expectedly, hypoxia was more effective in suppressing Ca®* signaling
measured at the RyR2 micro-domains rather than in global cytosolic
space, suggesting variable effects of hypoxia on calcium signaling
pathway.

4.1. Development of rapidly and slowly inactivating I, in hiPSC-CMs
cultures

In early 4 day cultures of hiPSC-CMs, I, magnitude was small and
cultures contained similar percentages of rapidly and slowly in-
activating L-type I¢, cells (Fig. 1A, C, and D). In older 7-8 day cultures,
as the magnitude of I, and cell size increased, the cultures appeared to
express mostly the slowly inactivating I¢, cell types (Fig. 1B, C and D).
This finding is somewhat similar to those of neonatal rat cardiomyo-
cytes where the first 5 days cultures express predominately the rapidly
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inactivating L-type Ic, cells, while older cultures have predominantly
the slowly inactivating Ic, cell types [19,39]. This is in sharp contrast to
Ic, measured in one week old cultures of adult rat cardiomyocytes,
where only rapidly inactivating L-type Ic, was measured [17,18].

Three possible mechanisms were considered to be responsible for
the expression of the two kinetically different Ic, cell types: 1) a larger
surface to volume ratio in smaller cells of early cultures, where Ca®*
influx and release could be more effective in activating CDI than in the
older cells with larger volumes (Scheme 1); 2) variable expression of
molecular determinants of CDI (for instance, CaM, CaM-binding sites
and the IQ-like domain) in developing hiPSC-CMs; and 3) culture-age
dependent expression of Cay1.2 and Cay1.3. Since the inactivation ki-
netics of Ic, were similarly affected, in hiPSC-CMs with rapidly or
slowly inactivating Ic,, when Ba®* was the charge carrier through the
Ca?* channels (Fig. 5C) and the tail-current deactivation kinetics of the
two cell types were not significantly different (Fig. S1), variable ex-
pression of molecular determinants of CDI was considered unlikely. On
the other hand, the linear correlation of cell size and the rate of Ic,
inactivation, in more than 150 cells (Fig. 1H), supports the cell size and
the ultrastructural proximity of Ca®* stores to plasma membrane as the
more likely possibility, see also rN-CMs data [19].

The possibility that the two cardiomyocytes types resulted from
differential expression of two calcium channel types, (Cayl.2 &
Cay1.3), was also not supported by the finding that the level expression
of Cayl.2 mRNA was markedly greater than Cayl.3 both in the early
(day4) or late (day7) culture cells (Fig. S2). Additionally, the failure of
the selective Cayl.3 antagonist (1-(3-chlorophenethyl)-3-cyclo-
pentylpyrimidine-2,4,6-(1H,3H,5H)-trione) [30] to block Ic, in hiPSC-
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CMs, where 2 or 10 uM nifedipine produced ~90-95% block of Ic,
(panel D of Fig. 2), plus the effectiveness of low concentrations of ni-
fedipine in equally suppressing the current in the two cell types,
strongly supports the single rather than two channel types possibility
(Fig. 2). Our findings suggest that only Cay1.2 subtype of L-type cal-
cium channel is expressed in hiPSC-CMs producing 2-different kinetics
of inactivation.

4.2. Regulation of calcium channels by hypoxia or acidosis in hiPSC-CMs

Although the consequences of hypoxia and acidosis on Ic, have been
studied by a large number of labs in adult rat or guinea-pig ventricular
myocytes [17,18,36,40-43] or in rN-CMs [19,44,45] very little in-
formation has been published about the combined effects of these in-
terventions in modulating Ic, and calcium signaling, especially in
hiPSC-CMs [46]. Fig. 4C, D shows that the suppressive effect of hypoxia
on I, varied quantitatively in cells with rapidly or slowly inactivating
Ica (~15% vs. ~45%, respectively). Since the slowly inactivating Ic,
hiPSC-CMs are more abundant at the end of first week in culture
(~75% vs ~25%), hiPSC-CMs appear to be more vulnerable to acute
hypoxia as compared to rA-CMs that express mostly the rapidly in-
activating Ic, in the first week of development in culture, showing only
~10-20% hypoxic suppressive effect on I, [17,18]. This disparity in
effects of hypoxia on hiPSC-CMs did not occur when Ba®* was the
charge carrier through the Ca®* channel (Fig. 5), implying that CDI was
critical in protecting against the hypoxic suppression of Ic,. On the
other hand, the suppressive effect of acidosis was significantly larger in
rapidly inactivating Ic, hiPSC-CMs (~ 38% vs. ~26%, Fig. 7), in sharp
contrast to that reported for rN-CMs where the acidosis suppressive
effects were similar in both cell types. In both cell types, there was an
initial fast suppression of Ic, in the first 5 s of exposure to acute acidosis,
presumable caused by binding of protons to the Ca®>* permeation site of
the channel pore [47-49], and/or neutralizing the membrane surface
charges and thereby altering the gating of the channel [S0-52]. Note,
that this effect was significantly larger in rapidly inactivating Ic, hiPSC-
CMs (~22% vs. ~6%, Fig. 7B and F). The slow phase of acidosis
suppression of Ic,, following the initial rapid phase, could be the con-
sequence of a smaller but continued acidification (~0.1 pH units) of
intracellular milieu in perforated patch clamped conditions, secondary
to extracellular acidification, previously reported [53-57].

Although the suppressive effects of ischemia (hypoxia plus acidosis)
on Ic, of hiPSC-CMs were equivalent (~45%) in both cell types
(Fig. 7B, C, F, G), there was an additive effect of hypoxia plus acidosis in
only rapidly inactivating I¢c,, suggesting that in addition to blocking of
the channel and heme-oxygenase activation [18], hypoxia may also
suppress Ic, by metabolic inhibition of mitochondrial ATP hydrolysis
leading to further intracellular acidosis [57,58] that additionally and
differentially suppresses Ic, in the two cell types (Scheme 1). The quick
and reversible suppressive effects of hypoxia when Ba®>™ is the charge
carrier through the channel (Fig. 5A, B), seen also in rat cardiomyocytes
[18,19,591, supports the idea that cardiac L-type Ca®* channel can
sense O, directly through a mechanism independent of the time-de-
pendent activation of, for instance, ROS, hypoxia-inducible factors
(HIF), ADP or ATP. Even though the molecular nature of this rapid O,
sensing mechanism remains not fully understood, the finding that
heme-oxygenase 2 (HO-2) inhibitors block the suppressive effects of
hypoxia on I¢, is consistent with the possibility that heme-oxgenase
bound to CaM/CaMKII binding motif of C-carboxyl terminal of L-type
Ca?* channel may render the channel O, sensitive [18]. The finding
that specific inhibitors of HO-2 and CaMKII, similarly and reversibly
suppressed Ic, in hiPSC-CMs as hypoxia, i.e. producing similar Ic,
blocking pattern without additive effects (Fig. S6), suggests the same
pathway might be involved in the Ic, suppression.
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4.3. Acidosis and hypoxia modulation of calcium signaling

In hiPSC-CMs incubated with the Fluo-4 AM, to measure global
cytosolic Ca®*, acidosis or hypoxia had a proportional effect on Ic,-
triggered Ca®* release as expected from its direct suppressive effect on
Ic, and CICR (Fig. S3,F, L), consistent with rN-CMs, where acidosis or
hypoxia had a small effect on Ig,-triggered Ca®>* release [19]. On the
other hand, in hiPSC-CMs infected with genetically engineered probes
(GCaMP6-FKBP), to measure RyR2 Ca?" microdomains, acidosis (Fig.
S5 I) alone suppressed the focal Ca® ™ -transients to a greater extent than
that expected from suppression of Ic,. The average reduction in the SR
Ca®* content, calculated from the integral of the caffeine-activated
Incx, during acidosis or hypoxia (Figs. S4 L and S5 L) was proportional
to the suppression of Ic, (Figs. S4 I and S5 I, lower dot plots) and its
accompanying Ca® " -transients (Figs. $4 I and S5 I, upper dot plots) for
both cell types. Unexpectedly, only in the slowly inactivating Ic, hiPSC-
CMs there was a significant reduction in the SR Ca?* content by
acidosis and hypoxia (Figs. S4 L and S5 L). The suppression of focal
Ca®™, but not global Ca®*, signals by hypoxia or acidosis appears to be
consistent with suppressive effects of these interventions on SR Ca®*
content and suggests that focal Ca®"-transients may better represent
the pathophysiological regulation of CICR. Extracellular acidosis also
modulated Ic, gating and slowed the activation of Ic, in hiPSC-CMs
(Fig. S3 A, B and S4 A, E) consistent with previous reports in rabbit and
guinea pig ventricular myocytes [48,60,61] as it delayed the activation
of Incx and their corresponding calcium transients (Fig. S4B, D, F, H).

4.4. Beta-adrenergic modulation of hypoxic effects

In adult guinea pig ventricular cardiomyocytes, hypoxia enhances
the affectability of the L-type Ca>* channel to the -adrenergic agonists
[36]. In sharp contrast in rN-CMs [19], or adult rat cardiomyocytes
[17,18], isoproterenol application under hypoxic conditions enhanced
Ic, suppression. In support of these results metabolic inhibition such as
ischemia, almost completely suppressed Ic, that was enhanced by [3-
adrenergic agonist isoproterenol in adult frog cardiomyocytes [57]. In
hiPSC-CMs even though ISO enhanced I¢, significantly (~90%) in both
cell types (Fig. 6C, D), B-adrenergic phosphorylation did not protect the
channel against hypoxia either in rapidly inactivating Ic, (~ 17% in
control vs. ~37% suppression in ISO) or in slowly inactivating cell
types (~50% suppression of Ic, in control or phosphorylated channels)
Fig. 6. The phosphorylation of L-type Ca?* channel in normoxic con-
ditions reduced significantly the 7; of the I¢, (~36%) only in the slowly
inactivating Ic, hiPSC-CMs, but hypoxia reversed this effect (Fig. 6A, B
and F), this may result from B-adrenergic phosphorylation accelerating
and synchronizing cardiac RyR2 response per unit of single L-type Ca>*
channel [62], making CICR more efficient and enhancing CDI. Since
rapidly inactivating Ic, hiPSC-CMs appear to be more resistant to hy-
poxia, it is likely that the enhancement of CDI may also desensitize the
channel to hypoxia. It remains unclear as to why ISO has a significantly
different time-dependent effect in culture of hiPSC-CMs (Fig. 1I) when
the density of I¢, remains unchanged (Fig. 1E).

4.5. Physiological and biophysical implications

It is generally assumed that hiPSC-CM cultures have mixed cellular
populations, representing atrial, ventricular, and conducting/pace-
maker cells. These assumptions are primarily based on measured action
potential morphologies: i.e. longer action potentials with prominent
plateaus are assumed to be ventricular, while those with shorter plateau
phases are identified as atrial, and those showing diastolic depolariza-
tion as pacemaker/conducting cells. In fact, this classification is arbi-
trary and might be misleading, because: 1) Recording of action poten-
tial using patch pipette is invasive and may critically alter the native
intracellular milieu and create leaks and cellular run down. If the action
potential is to be measured reliably, great care must be taken not to
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introduce holding current from the amplifier, a difficult undertaking
unless ultra-tight giga-seal is achieved in current-clamp recording mode
[63-671; 2) there is likely to be more than one cell population based on
expression of rapidly and slowly inactivating Ic, (Fig. 1 and 3, Scheme
1); 3) variability in cell size, and juxtaposition of SR Ca>™ store element
vis-a-vis sarcolemmal Ic, will also affect the action potential mor-
phology (Scheme 1); 4) The robust Ca®" signaling and very low ex-
pression of Ik; in hiPSC-CMs would trigger spontaneous beating char-
acteristics that are often associated with pacemaking/conducting cells.
Thus, the variability in action potential morphology is more likely to
arise from variability in cellular morphology and Ic, kinetics, in par-
tregulated by the intracellular Ca™* stores, than by the developmental
origins of the myocytes (Scheme 1). In this sense, we present new
evidence that heterogeneous hiPSC-CMs populations previously re-
ported to reflect atrial and ventricular cell types based on the differ-
ences of their APs morphology are most likely caused by the I, decay
kinetics in a homogenous, but growing cell population (Fig. 3), rather
than cell ancestry.

Although differential expression of Cay1.2 and Cay1.3 could in part
be responsible for the two cell-type populations described above, our
pharmacological intervention as well as mRNA expression levels mea-
surements do not support this possibility. The more likely possibility is
the changes in cellular morphology and the expression levels of SR
Ca®* stores with cell growth in culture vis-a-vis the surface membrane
expression of Ic, that produces the two cell populations [19,68-71].
This and previously published works suggest that Ca*>* dependent in-
activation protects the channel against hypoxic suppression. This me-
chanism is not only regulated by the proximity of SR Ca®>* pools to the
sarcolemmal L-type Ca®* channels, but also by the mitochondria con-
tribution to the intracellular calcium homeostasis that critically de-
termines the variability of inactivation kinetics and thereby the degree
to which the myocyte is affected by hypoxia.
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