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Abstract

Background and Objectives—The creation of cardiomyocytes derived from human induced
pluripotent stem cells (hiPS-CMs) has spawned broad excitement borne out of the prospects to
diagnose and treat cardiovascular diseases based on personalized medicine. A common feature of
hiPS-CMs is their spontaneous contractions but the mechanism(s) remain uncertain.

Methods—Intrinsic activity was investigated by the voltage-clamp technique, optical mapping of
action potentials (APs) and intracelular Ca2* (Ca;) transients (Ca;T) at subcellular-resolution and
pharmacological interventions.

Results—The frequency of spontaneous Ca;T (sCa;T) in monolayers of hiPS-CMs was not
altered by ivabradine, an inhibitor of the pacemaker current, It despite high levels of HCN
transcripts (1-4). HiPS-CMs had negligible I; and 14 (inwardly-rectifying K*-current) and a
minimum diastolic potential of -59.1+3.3mV (n=18). APs upstrokes were preceded by a
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depolarizing-foot coincident with a rise of Ca;. Subcellular Ca; wavelets varied in amplitude,
propagated and died-off ; larger Caj-waves triggered cellular sCaTs and APs. SCa;Ts increased in
frequency with [Ca2*],¢ (0.05-t0-1.8mM), isoprotererol (1uM) or caffeine (100uM) (n=5,
p<0.05). HiPS-CMs became quiescent with ryanodine receptor stabilizers (K201=2uM);
tetracaine; Na-Ca exchange (NCX) inhibition (SEA0400=2uM); higher [K*]out (5—8mM), and
thiol-reducing agents but could still be electrically stimulated to elicit Ca;Ts. Cell-cell coupling of
hiPS-CM in monolayers was evident from connexin-43 expression and Ca;T propagation. SCa;Ts
from an ensemble of dispersed hiPS-CMs were out-of-phase in but became synchronous through
the outgrowth of inter-connecting microtubules.

Conclusions—Automaticity in hiPS-CMs originates from a Ca2*-clock mechanism involving
Ca?* cycling across the sarcoplasmic reticulum linked to NCX to trigger APs.

Keywords

Human myocytes from stem cells; Spontaneous activity; Subcellular Calcium waves; Funny
current; Optical mapping of Calcium and action potentials; Cell-cell coupling

Introduction

A milestone of stem cell biology has been the generation of embryonic stem (ES) cells from
human blastocysts [1, 2] and their differentiation into cells of all three germ layers including
cardiomyocytes (CMs).[3, 4] Embryoid bodies (EBs) consisting of myocytes derived from
human ES cells (hES-CMs) have the ultra-structural, electrical and Ca%* cycling properties
of early-stage or developing myocytes.[3, 5] In contrast to mature ventricular myocytes,
hES-CMs (20-35 days post-differentiation) exhibit spontaneous excitability and
contractions which were attributed to hyperpolarization- activated cyclic nucleotide-gated
(HCN) channels or the pacemaker current, If that triggered voltage-gated Na* channels and
current (lyg) to elicit action potentials. [6] Evidence of their immature phenotype includes a
notable absence of Kir2.1 (the channel protein that encodes for the inward rectifying K*
current, lkq) and a lack of functional sarcoplasmic reticulum (SR) network. [5, 6] Enhanced
expression of Kir2.1in cultured hES-CMs ablated the pro-arrhythmic action potential traits.
[7] Based on action potential recordings from EBs, hES-CMs are heterogeneous in their cell
type and consist of a mixture of nodal, atrial and ventricular-like myocytes.[8]

The reprogramming of human fibroblasts into induced pluripotent stem cells (hiPSCs) [9,
10] has made it possible to generate patient specific iPSCs from a readily accessible source
of cells. hiPSCs possess similar proliferative properties to hESCs and the potential to
differentiate into CMs. CMs derived from human iPSCs (hiPS-CMs) are genetically
identical to the native donor CMs, avoid possible immune response in clinical applications
and ethical concerns faced by the procurement of hESCs. HiPS-CMs are comparable to
hES-CMs with similar differentiation pattern, action potential properties, distribution of cell
types (nodal, atrial and ventricular) and responses to a- and B-adrenergic stimulation.[11—
14] HiPS-CMs generated from patients with LEOPARD [15] or long QT syndrome [16, 17]
were shown to retain the expected characteristics of the patients’ cardiac phenotypes,
demonstrating great promise for patient specific diagnostics and treatments.[14, 17, 18]
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Studies of CaZ* handling in hES-CMs and hiPS-CMs have yielded contradictory results.
Studies reported a lack of contractile response to ryanodine and thapsigargin and a relatively
immature SR function in hES-CMs,[5, 19] or functional SR but with an immature Ca2*
cycling phenotype in 38% of hES-CMs[20] or operative Ca2*-induced Ca2* release despite a
leaky SR in hES-CMs enriched for ventricular-like cells.[21] A study of pacemaker
mechanisms in hES-CMs (11-21 days post-EB formation) found marked heterogeneities of
action potential shape and pacemaker properties yet all cells had substantial If levels.[22]
Spontaneous activity was reduced by It inhibitors in some but not all cells while other cells
responded to Na-Ca exchange (NCX) inhibitors and still others responded to both types of
inhibitors, suggesting that voltage and Ca2* clock mechanisms can co-exist. Blockade of
both I and Iycx did not eliminate pacemaker activity and the residual pacemaker current
was attributed to the turn-off of Ca2* activated K* channels (Ixca/SK4). Overexpression of
SK4 channels in embryonic stem cells leads to an increase in pacemaker cell differentiation
emphasizing its importance in the early development of the conduction system. [23] A
comparison of Ca2* handling properties of hES-CMs and hiPS-CMs reported that iPS-CMs
have smaller amplitude and slower Ca2* kinetics than hES-CMs suggesting that 20-days old
hiPS-CMs are more immature than hES-CMs.[24] Others found that hiPS-CMs have Ca2*
cycling properties of adult ventricular myocytes [25] and hiPS-CMs generated from a CPVT
(catecholaminergic polymorphic ventricular tachycardia) patient carrying a mutation in
RyR2 (cardiac ryanodine receptor) recapitulated the Ca%* signaling phenotype of the CPVT
syndrome.[25, 26] Despite these inconsistencies about CaZ* cycling properties, spontaneous
contractions of CMs are commonly used as evidence of successful differentiation to
cardiomyocytes from pluripotent stem cells. Yet, the mechanisms underlying automaticity
have not been systematically investigated making it difficult for hiPS-CMs to reach their full
potential as a therapeutic tool.

Here, we studied the mechanisms underlying spontaneous electrical and mechanical activity
(through changes in Ca2* transients: CaT) of cultured hiPS-CMs using optical mapping of
action potentials (APs) and CaT and using the whole-cell voltage-clamp technique. CaT
were measured using low (Rhod-2/AM, Kp =500 nM) [27] and high (GCaMP2; Kp=146
nM [28] affinity Ca2* sensors to insure the detection of low amplitude intracellular Ca2*
(Caq) signals in monolayers of hiPS-CMs and single cells. lonic and pharmacological
interventions were applied to show that a Ca2*-clock mechanism involving Ca2* cycling
across the sarcoplasmic reticulum (SR) linked to membrane potential changes via the
sodium-calcium exchanger (NCX) is responsible for their spontaneous activity.

Maintenance and cardiomyocyte differentiation of human iPS cells

A human Y1 iPS cell line was generated from human fibroblast line HDF-a and were fully
characterized as previously described.[29] The following conditions were used for
cardiomyocyte differentiation[30] from Y1 iPSCs by forming EBs using the basal
StemPro®-34 medium (Invitrogen) as described in our previous studies[29, 30]: days 0-1,
BMP4 (5 ng/ml); days 1-4, BMP4 (10 ng/ml), bFGF (5 ng/ml) and Activin (1.5 ng/ml);
days 4-20, DKK1 (150 ng/ml) and VEGF (10 ng/ml). Cultures were maintained in a 5%
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C0O2/5% 0,/90% N environment for the first 20-days and were then transferred into a 5%
COo/air environment. All cytokines were purchased from R&D Systems. To study
dissociated hiPS-CMs, spontaneously beating EBs were dissociated by incubation with
1mg/ml collagenase B for 30 min at 37 °C, followed with 0.25% trypsin for 5 min at 37 °C,
and then plated on laminin-coated cover slips or dishes. The purity of our hiPS-CMs was
previously shown to be >80%. [31]

Optical Mapping of Human iPS-CMs

Cells were loaded with Rhod-2/AM [32] or infected with AAV-GCaMP2 to measure
intracellular Ca?* (Ca;)[33] and/or stained with di-4-ANEPPS or Pittsburghl (PGHI) to
measure voltage.[34] Cells were allowed to anchor on laminin coated plasticware and were
placed on the heated stage of an Olympus BX1f microscope. Optical mapping was
performed at high spatiotemporal resolution (100 x 100 pixels, 150 um x 150 ym; 100 Hz)
at 37°C using two SciMedia CMOS cameras (Ultima One) with a 100x100 pixel, as
previously described.[35] Excitation light intensity was carefully adjusted not to cause cell
damage due to phototoxicity. Membrane potential (V,) and intracellular Ca2* (Ca;) were
simultaneously measured in spontaneously beating hiPS-CM clusters or single cells
followed by various ionic or pharmacological interventions to manipulate automaticity.
K201 (3-(4-Benzylcyclohexyl)-1-(7-methoxy-2, 3-dihydrobenzo[f][1,4]thiazepin-4(5H)-
yl)propan-1-one) was synthesized and generously provided by Dr. Robert Strongin and Dr.
Jonathan Abramson (Portland State University). SEA0400 was the generous gift of Dr.
Andras Varro and Dr. Norbert L. lost (University of Szeged). Field electrical shocks were
applied to pace iPS-CMs.

Calcium mapping of hiPS-CMs with genetically encoded probes

Cells were genetically encoded with the Ca2* sensor GCaMP2 using an adeno-associated
viral vector AAV-GCaMP2 infection at MOI of 10° for 48 hours, as previously described.
[28]

Immunolabeling and fluorescence microscopy

HiPS-CMs were fixed in 2% paraformaldehyde in PBS, permeabilized in 0.1% Triton
X-100, washed in PBS, and blocked with 2% BSA in PBS. Fixed cells were incubated with
primary then secondary antibodies with extensive washings to remove unbound antibodies.
Cells were imaged with an inverted Nikon Eclipse TS100 microscope using a CCD camera
(Quantitative Imaging Corporation) and software from iVision (Biovision Technologies).
The following antibodies were used for fluorescence microscopy: anti-human Troponin T
from Lab Vision; anti-human a-Actinin from Sigma Aldrich and anti-Connexin 43/GJA1
from Abcam (1:200 dilution). Alexa 488 and Cy3- conjugated secondary antibodies were
purchased from Invitrogen; slides were also stained with DAPI (Invitrogen, 1:1000 dilution)
to visualize nuclei.

Electrophysiology

HiPS-CMs were seeded at a density of 20,000 — 40,000 viable cells in DMEM (Dulbecco’s
Modified Eagle Medium)/FBS (fetal bovine serum) media on twelve 15-mm cover-slips
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coated with 0.1% (w/v) gelatin (Sigma) solution placed in 12 well plates, and incubated for
at least 2 days at 37° C, 5% CO», before recording. Action potentials (APs) and ionic
currents were recorded from single hiPS-CMs using the whole-cell patch clamp technique at
room temperature using AxopatchlD, Digidata 1322A, and pClamp 9 (Axon Instruments)
for data amplification, acquisition and analysis. Electronic expression of Ik was applied
using a Cybercyte dynamic clamp system (Cytocybernetics). The electrical signature was
used as a criterion to classify myocytes as either ventricular, atrial or other as previously
described.[36, 37] Of 31 cells, 21 were classified as ventricular (68%), 6 as atrial (19%) and
3 as other (<1%). Micropipettes had resistances of 2—4 M. Patch pipettes contained (mM):
140 KCI, 1 MgCl,, 5 EGTA, 5 ATP (Mg?* salt), 5 Nay-creatinephosphate, 0.2 GTP, and 10
HEPES, pH 7.4. The extracellular solution contained (in mM): 144 NaC1, 5.4 KClI, 1
MgCl,, 2.5 CaCly, 5.6 glucose, and 10 HEPES, pH 7.4. Total currents were obtained by
applying voltage steps from —120 mV to +40 mV for 2,000 ms from a holding potential of
-90 mV. Ikq and I were recorded by applying voltages ranging from -140 mV to +20 mV
for a duration of 2,000 ms from a holding potential of —40 mV. Recordings were taken
before and after adding 1 mM BaCl;, to the bath solution. The Ik, component of the current
was obtained by taking the peak barium sensitive component, by subtracting the barium
treated current from the control. | component of the current was estimated to be negligible
from the nearly linear barium insensitive current at the end of the 2,000 ms pulse.

Total RNA was extracted using Qiagen RNeasy Kit. cDNA was synthesized using
SuperScript 11 reverse transcriptase (Invitrogen), according to manufactory’s instruction.
Real time PCR was performed in triplicates using SYBR green PCR mix (Invitrogen).
Human Cyclophilin G was used as an endogenous control. The primers used are listed in
Table 1.

As in our previously established methods [10], we differentiated hiPS cells into
cardiomyocytes by first forming embryoid bodies (Figure 1A). Immunostaining of hiPS-
CMs showed abundant expression of a-actinin, cardiac troponin T and atrial natriuretic
peptide (ANP) (Figure 1). The mRNA levels for cardiac troponin T (cTNT), voltage-gated
Na* channel (SCN5a), nerve growth factor (NGF), and the hyperpolarization-activated,
cyclic nucleotide-gated channels, isoforms 1-4 (HCN 1-4) of pacemaker channels increased
following differentiation to CMs (Figure 1A, i.v.). The message levels for HCN2 and HCN4
isoforms may be most relevant to hiPS-CMs because they may underlie the fast and slow
components of human cardiac l¢ in the atrium and ventricle.[38] HCN2 and HCN4 were also
shown to be co-localized in sinoatrial rabbit myocytes through functional interactions with
the adapter protein SAP97.[39]

Simultaneous measurements of APs and intracellular free Ca2* (Ca;) were recorded using
PGHI and Rhod-2/AM from clusters of spontaneously beating hiPS-CMs shown in Figure
1B. The shape and time-course of APs recorded from individual cells within the cluster had
ventricular-like APs. Note that several properties are typically associated with ventricular
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rather that pacemaker-like cells: 1) a stable resting potential, 2) a high AP plateau, 3) a rapid
AP downstroke or ‘phase 3’ repolarization, and 4) a tight V,, to Ca; (excitation-contraction)
coupling. A plot of AP durations as a function of cycle length (CL) demonstrates
particularly long AP durations consistent with human ventricular-like APs.

Confluent monolayers were formed after dissociating the hiPS-EBs and then seeding them
on laminin-coated coverslips for 2-5 days. The hiPS-CMs in monolayers revealed an
organized sarcomeric a-Actinin structure and exhibited extensive cell-cell coupling via
connexin 43 (Figure 1C). Both confluent and isolated hiPS-CM(s) contracted spontaneously
(supplementary movie 1 and 2, respectively). APs in beating hiPS-CMs had elevated plateau
phases and long APDs that prolonged with longer cycle lengths. Automaticity was observed
for up to 3 months post CM seeding.

Contributions of If and Ik, currents to automaticity in hiPS-CMs

The pacemaker potential in sinoatrial node cells has been traditionally attributed to a current
activated by hyperpolarization and modulated by cAMP, called the funny current, Iz and the
channel encoding HCN family of genes. The HCN2 and HCN4 isoforms may be most
relevant to hiPS-CMs because they have been reported to underlie the fast and slow
components of I in the atrium and ventricle [38] and are co-localized in sinoatrial rabbit
myocytes through functional interactions with the adapter protein SAP97. [39] We showed
that expression of the HCN family of genes [40] was up-regulated in beating hiPS-CMs;
furthermore, a slow diastolic depolarization or pacemaker potential was occasionally (<5%
of cells) recorded optically in our hiPS-CMs (supplementary Figure 1A). Thus, we tested the
contribution of I to automaticity in our hiPS-CM clusters by adding ivabradine, a selective
inhibitor of I¢ to the bathing medium while recording spontaneous Ca;Ts (sCa;Ts) optically.
As shown in Figure 2A(i), ivabradine at relatively high concentrations of 3 and 9 uM did not
alter the rate of sCa;Ts (p>0.7, n=8 separate confluent beating hiPS-CM monolayers; Figure
2A(iii) top panel). The failure to suppress the frequency of sCa;Ts after I inhibition suggests
that within the ensemble of hiPS-CMs, the cells or group of cells controlling automaticity
did not rely on I; and other factors were responsible for their spontaneous activity.

Due to concerns that ivabradine might be ineffective at blocking I; in hiPS-CMs, alternative
approaches were tested: a) titrations of extracellular [K*] ([K*]ex) and b) direct
measurements of I¢ by voltage-clamp. An accepted feature of the slow diastolic
depolarization (in the range of =70 to —45 mV) is that shifts to more positive potentials via
an increase in [K*]ex (5 to 25 mM) results in an increase in firing rate. [41-43] As shown in
Figure 2A(ii), raising [K*]ex from 4 to 8 and to 12 mM accomplished the opposite effect and
caused a significant decrease of sCa;Ts (p<0.01 after 60 seconds, n=5; Figure 2A(iii) bottom
panel); sCa;Ts ceased at 12 mM [K*]ey.

Consistent with the ivabradine and [K*]ey results, measurements of the barium sensitive and
insensitive currents in the range of —140 and 0 mV revealed that I and Ik, were negligible
(Figure 2B, a and b). The average current to voltage relationship for late (2000 ms) (panel a)
and early (peak, panel b) currents showed the absence of inward rectification (lx1) compared
to adult acutely isolated human cell currents (panel c) and very small difference from the
initial currents, suggestive of little or no time-dependent activation of I; (Figure 2B). The
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Ba?* sensitive currents from our myocytes was similar in magnitude to those measured from
commercially available iCell hiPS cells (CDI, Wisconsin). Ik, was extremely low density
compared to adult acutely isolated human cell currents calculated from the O’Hara-Rudy
model (panel d).[44]

To determine the nature of pacemaking activity in hiPS-CMs, the diastolic depolarization
was measured in 18 dispersed cells under whole cell current-clamp mode. As shown in
Figure 2C, two types of pacemaking activity were observed; the first (n=11/18 cells) showed
a first phase of depolarization immediately following the minimum diastolic potential,
followed by a typical “flat’ period prior to the initiation of an AP. Afterdepolarization
preceded the AP upstrokes (arrows) typical of a spontaneous Ca2* release event or ‘delayed
afterdepolarization’ (DAD). The second type of pacemaking activity was observed less
frequently (n=3/18 cells) and showed pacemaker activity with diastolic depolarization
preceding action potentials. Even for these hiPS-CMs, spontaneous depolarizations
consistent with DADs were observed (Figure 2C, right trace) and 4/18 cells were
sufficiently depolarized to show no spontaneous activity unless stimulated.

Spontaneous SR Ca?* release or non-voltage gated cytosolic Ca2* elevation in hiPS-CMs

In single hiPS-CMs expressing the genetically encoded Ca2* indicator, GCaMP2,
spontaneous non-voltage triggered cytosolic Ca2* elevations were consistently recorded
(supplementary Figure 1B). The spontaneous Ca2* elevations appeared typically from 2-3
sites, were out-of-phase and led to Ca; wavelets that propagated within the cell (5-10 pm).
Most subcellular Ca; wavelets propagated locally and failed to trigger a synchronous CaT
throughout the cell. However, successive Ca; wavelets started from the same site, increased
in amplitude and intermittently triggered a full amplitude cellular CaT. Figure 3A(i)
illustrates fluorescence images from an isolated hiPS-CM (field-of-view = 50x50 um?)
expressing GCaMP2 and taken at various time points. Here, Ca; elevation started at site ‘a’
at 0.76s, propagated to ‘b’ at 0.84s then ‘c’ at 0.92s followed by a cellular CaT at 1.5s. The
next Caj wavelet started at site ‘c’ at 2.86s propagated to ‘b’ and ‘a’ at 2.96 and 3.06 s and
then died off. Figure 3A(ii) shows the superposition of Cai traces from sites a, b and c. with
box 1 equivalent to the images from 0.6 to 1.5 sand box 2 to images labeled 2.86 to 3.06s.
Note that the CaT at 1.5 s is followed by two Ca;j wavelets at 3.1 and 4.8 s that die off. An
expanded time-sweep of the Ca; traces in box 1, shows that subcellular SR Ca2* release
from three sites (a, b and c) were out-of-phase, with site a preceding b and c and were
followed by a cellular synchronous CaT (Fig. 3A-ii, Box 1). The out-of-phase Ca; wavelets
that followed the CaT at 1.5 s remained small in amplitude and did not precede a
synchronous cellular CaT (Box2).

Figure 3B illustrates subcellular Caj wavelets in one myocyte that elicit a synchronous
cellular CaT in the same cell and in an adjacent myocyte. At time-points 4.2, 4.4 to 4.66 s,
Caj elevation starts at sites d, and propagates to site e then f where it triggers a synchronous
cellular CaT (Figure 3B-i, 2" Ca; transient, arrow). In this case, the CaT spreads to the
adjacent cell (Figure 3B panel 4.7 sec), most likely through the propagation of an AP. The
superposition of Ca;j traces from sites d, e and f show the local Ca; wavelets that are
prominent in all three sites and the time-shifts of the synchronous CaT at the three sites
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(Figure 3B(ii) top traces). CaTs in cell 2 follow each CaTs in cell 1 consistent with tight
coupling between cell 1 and 2 (Figure 3B(ii) bottom traces).

The spontaneous Ca; elevation in hiPS-CMs suggests a Ca2*-clock mechanism as the basis
of their automaticity. Experimental and computational studies have previously shown that
the frequency of spontaneous Ca; release from local Ca%* release units increases with
increasing external Ca2* due to greater SR Ca2* loads. [45] As shown in Figure 4A, the
frequency of spontaneous activity of hiPS-CMs was dependent on the external Ca2*
concentrations ([Ca2*],). In these preparations, [Ca2*], was systematically increased and
then decreased to demonstrate that changes in [Ca2*], changed the incidence of stochastic
Caj waves, the amplitude of CaT and controlled automaticity (n=4). The analysis exposed a
statistically significant correlation between [Ca?*], and frequency of spontaneous activity
(Figure 4A right boxplot).

Figure 4B illustrates an example of spontaneous Ca; transients before and after p1-
adrenergic stimulation with isoproterenol (1 uM). As in adult myocytes, isoproterenol
increased the rate of spontaneous activity in all hiPS-CM preparations (n=4/4). Intriguingly,
isoproterenol promoted diastolic Ca2* elevations (arrows, Figure 4B, bottom trace) were
increased in incidence and amplitude to increase the frequency of automaticity. The
chronotropic response implicates a role for SR Ca?* release and re-uptake via SERCA
pumps in hiPS-CMs. The presence of functional SR in hiPS-CMs was tested by the
additions of 100 or 500 uM caffeine in the medium which is known to activate RyR2
opening and cause SR Ca2* release. Low dose of caffeine increased basal Ca2* and
automaticity, while a high dose lead to SR Ca2* release (Figure 4C).

Additional experiments were carried out to characterize the Ca* handling properties of
hiPS-CMs. The RyR2 stabilizer, K201 gradually suppressed the rate of spontaneous activity
of hiPS-CMs (n=4/4) until the cells became quiescent; of note, the cells could still be
stimulated to fire APs and CaT (Figure 5A). K201 at 2 uM has negligible off-target effects.
Tetracaine, an inhibitor of RyR2, and ryanodine were also tested to determine if spontaneous
activity relied on spontaneous SR Ca2* release via RyR2 opening. Tetracaine (5 uM)
reduced the rate (Figure 5B) and ryanodine (10 uM) abolished spontaneous activity in hiPS-
CMs (not shown).

More recent studies have attributed the pacemaker to the forward mode of the Na-Ca
exchanger (NCX) which links a Ca2* clock mechanism consisting of Ca2* cycling by the SR
to rhythmical changes in membrane potential.[45] Figure 5C shows that inhibition of NCX
with SEA0400 (2 uM) gradually slowed down and eventually arrested automaticity (n=4/4).

The oxidation-reduction state of critical sulfhydryl groups is known to regulate SR Ca%*
release via RyR2 where thiol oxidizing agents promote channel opening and reducing agents
promotes its closure and interruption of SR Ca2*-leaks.[46—48] Addition of the membrane
permeable reducing agents N-Acetyl-L cysteine (NAC=10 mM) to hiPS-CMs for 5 minutes
reduced the rate of spontaneous activity (Figure 6A). Similar findings were obtained with 1
mM ascorbic acid (AA). Captopril was shown to act as a membrane permeable thiol
reducing agent that decreases the open probability (P,) of RyR2.[48] As shown in Figure
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6B, Captopril (1mM) slowed down the rate of spontaneous CaT in minutes and interrupted
automaticity within 15 min (4 out of 8 beating clusters). In the presence of captopril,
contractions could still be triggered by electrical pacing (lower panel). Similar results were
obtained with other sulfhydryl reducing agents (dithiothreitol, DTT=1 mM, not shown).
Although NAC And captopril are nonselective sulfhydryl reducing agents, these findings
suggest that RyR2 are particularly prone to thiol oxidation resulting in an increase in the
open probability (P,) of RyR2 and leakier RyR2, which enhances spontaneous Ca2* release.

Subcellular Ca2* waves could be responsible for the automaticity, but it is unclear how
subcellular calcium waves synchronize spontaneous intercellular contractions. Clusters of
hiPS-CMs and individual cells within the cluster were highly synchronized and exhibited
stable rates of contraction (Figure 7A, supplementary movie 3). In dispersed CMs,
contractions were highly irregular and adjacent cells contracted out-of-phase (Figure 7B,
supplementary movie 4). In time, synchronization improved and propagation of contraction
was observed in large cluster of iPS-CMs which became eventually tightly coupled. In a
dense cluster of hiPS-CMs, intercellular synchronization and propagation of electrical wave
are likely mediated by gap junctions, consistent with the high levels of connexin 43
expression (Cx43, Figure 1C). Intriguingly, intercellular synchronization of spontaneous
contraction was occasionally observed in remote hiPS-CMs that were over 200 um apart
(Figure 7C, panel a, supplementary movie 5). High resolution optical imaging on sparsely
distributed hiPS-CMs stained with a membrane-bound voltage sensitive dye revealed a
complex intercellular network of microfibers (Figure 7C, panel ¢). Intercellular
synchronization between dispersed cells was observed through the synchronization of Ca;
transients and hiPS-CM interconnections via micro-tubules (Figure 7C panels a and b). Cell-
cell coupling implies that in an ensemble of hiPS-CMs, the spontaneous pacemaker activity
of the cell with the fastest beating rate controls the rate of contractions and automaticity of
the ensemble. In a coupled ensemble, synchronization is mediated by the propagation of APs
and the AP upstroke will precede the rise of Cai except in the fastest cell that controls
automaticity. As a cautionary note, cell-cell coupling of seemingly remote cells should be
carefully considered in voltage-clamp experiments to avoid loss of spatial voltage control.

Table 1S in the supplement summarizes the statistical analysis for each intervention
presented in this study.

Discussion

In adult hearts, voltage-gated Ca2* cycling is an essential component of the initiation of
cardiac contraction and the regulation of cardiac gene expression via various Ca2*-
dependent signaling pathways. Such Ca2* signaling is also involved in cardiac cell growth
and functional maturation during early embryonic stages of cardiomyocytes.
Experimentally, the suppression of Ca2* entry via L-type Ca2* channels (LTCCs), as a
consequence of deletion of the al subunit of LTCCs, results in poor cell growth and failed
chamber formation during embryogenesis.[49] Similarly, in engineered 3D cardiac tissues
(utilizing iPS-CMs), forced contraction (by electrical stimulation) was beneficial for their
structural and functional maturation.[50] Thus, spontaneous contractions in immature iPS-
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CMs may play a critical role in their functional and structural maturation, even in non-
pacemaker cells.

In sinoatrial nodal or pacemaker cells, the mechanisms underlying automaticity remain
somewhat controversial with two competing mechanisms that have been proposed to explain
pacemaker activity: a) “voltage clock” driven by the activation of |; at negative membrane
potentials (-60/-70 mV), or b) a “Ca2* clock” consisting of Ca2* cycling across the SR
linked to membrane currents via Incx.[40, 51] Considerable evidence was presented in
favor of both mechanisms leading to the conclusion that they are not mutually exclusive and
both partake in rhythm regulation.[52]

Automaticity in hiPS-CMs

One possible mechanism is that an inward current generated by s is responsible for a slow
diastolic depolarization and when the voltage reaches the threshold potential of L-type Ca2*
channels, the activation of Ic, | initiates a ‘CaZ*” action potential and automaticity. The
HCN family, which encodes for I, are not only expressed in SA node cells but are
prominently found in ventricular myocytes of newborn rat hearts and in pathological
conditions such as mild to severe hypertrophy and following myocardial infarction.[53-55]
In human ventricular myocytes, HCN4 and HCN2 mRNA levels are readily detected (HCN4
> HCNZ2) but the funny current, I is barely detectable, except in hypertrophic ventricular
myocytes where mMRNA and |; are markedly upregulated.[53, 56]

Spontaneous activity of embryoid bodies or dispersed cardiomyocytes from hiPS-CMs
occurred in cells with ventricular-like APs (e.g. long durations and prominent plateau
phases) that differ markedly from the AP of SA node pacemaker cells. However, in an
ensemble of synchronously beating hiPS-CMs, it is possible that one or more cells with I
currents maintain the spontaneous activity of the group irrespective of whether or not the
cells exhibit SA node-like or ventricular-like action potentials. However, we found that
although expression levels of HCN family was moderately elevated, Is was not responsible
for automaticity in clusters of hiPS-CMs because ivabradine did not alter the rate of
spontaneous activity, even at high concentrations; at 3 and 9 uM ivabradine, I; is expected to
be blocked by ~67% and >80% respectively. [57] Consistent with the lack of ivabradine
response, I density was not measurable in any of the cells that were voltage-clamped
(n=19). Pacemaker mechanisms in hES-CMs [22] are in sharp contrast to our findings in
hiPS-CMs where It was not detected and |5 inhibition did not alter pacemaker activity.

Automaticity can also be promoted by suppressing lx1 which in adult working myocardium
results in spontaneous AP generation. Such a mechanism also contributes to automaticity in
ES-CMs where lk1 is negligible due to the down regulation of KCNJ2 expression, which
encodes for inwardly-rectifying K* channels. The loss of 11 reduces the K* conductance
and shifts the resting potential to more positive values, rendering the cells more excitable
and more prone to spontaneous activity. Consistent with this mechanism, the forced
expression of Kir2.1 in ES-CMs[7] or the electronically expressed Ik 4 in hiPS-CMs[36]
increased Ik, and suppressed spontaneous AP firing. Here we showed that I4 in hiPS-CMs
was minimal which makes these cells prone to spontaneous activity, requiring a relatively
small depolarizing current to reach the threshold potential of Na* or Ca2* channels and
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thereby trigger an AP. Such a depolarizing current can be provided by a spontaneous release
of Ca2* from the SR, causing an elevation of cytosolic Ca2*, activation of the forward mode
of the sodium-calcium exchanger (NCX), an inward Iycyx depolarizing current and an AP.

Several lines of evidence support spontaneous SR Ca?* release as the controlling mechanism
of automaticity in hiPS-CMs: 1) Subcellular optical recording of Ca2* reveals frequent non-
voltage triggered local Ca2* waves that propagate and die-off, with larger amplitude Ca;
waves precede a spontaneous beat. 2) Increasing external Ca2* systematically increased the
frequency of spontaneous activity by increasing cellular Ca?*, accelerating SR Ca2* uptake
and release and thereby speeding the Ca2*-clock.[45] 3) An increase of external [K*],
slowed-down and then stopped spontaneous activity, a finding consistent with a Ca* clock
rather than an ls-mediated mechanism since high [K*] tends to increase the Na* conductance
of HCN channels and the rate of AP firing in pacemaker cells.[42] 4) K201 (2uM), a
selective stabilizer of the cardiac ryanodine receptor (RyR2), [58] inhibited spontaneous SR
Ca?* release, intracellular Ca?* waves and spontaneous activity. 5) Ryanodine or caffeine or
inhibition of Iycy interrupted SR Ca?* cycling and stopped spontaneous activity which
indicates that Ca; elevation and the associated increase in Iycx generate spontaneous
activity.

It is unclear why the frequency of automaticity varies in different preparations of hiPS-CMs;
but a few hypotheses emerge from the data. Reactive oxygen species (ROS) and the
subsequent increase in oxidative stress have traditionally been attributed to cause
pathogenesis of cardiovascular disease such as cardiac hypertrophy and fibrosis in adult
mammalian hearts.[59] However, recent experimental studies revealed that moderate degree
of ROS activity, which mediates diverse signaling pathways, is an essential compartment of
developmental process of cardiomyocytes. Furthermore, ROS is specifically known to
contribute to genomic stability of stem cell derived CMs. Once ROS activity is augmented
in SC-CMs, it can activate CaMKII, which augments Iy, and I, and eventually leads to
intracellular Na* and Ca?* overload.[60] In turn, ROS-mediated hyperactivity of CaMKII
can directly increase P, of RyR2 which in combination with CaMKIl-mediated SR Ca?*
overload can facilitate spontaneous SR Ca2* release and automaticity.[61] The immature
structure of troponin C in early stage of hiPS-CMs could reduce cytosolic Ca2* buffering to
facilitate SR Ca2* loading and spontaneous SR Ca?* release.

The current data provides compelling evidence that in hiPS-CMs automaticity is caused by
spontaneous SR Ca?* release which activates the Na-Ca exchanger which in the forward
mode provides the depolarizing current needed to trigger an action potential. Hence, hiPS-
CMs with a ventricular-like phenotype lacking typical pacemaker properties can drive
automaticity. The pharmacological and ionic interventions applied in these experiments
indicate that these cells have a functional SR. These findings improve our understanding of
Ca?* handling in hiPS-CMs, a necessary step towards the development of patient-specific
cell based therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

iPSC inducible pluripotent stem cells

CM cardiomyocytes

hiPS-CMs human cardiomyocytes derived from iPS cells

ESCs embryonic stem cells

hESCs human ESCs

Cay intracellular Ca%*

SR sarcoplasmic reticulum

APs action potentials

CaT intracellular CaZ* transients

RyR2 cardiac ryanodine receptor

K201 (1,4-benzothiazepine)

NCX sodium-calcium exchanger

DTT dithiothreitol

SAN sinoatrial node

CX43 connexin 43

l¢ funny current

lk1 inwardly rectifying K*-current

HCN hyperpolarization-activated cycling nucleotide-gated channel
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Figure 1. Characterization of iPS-derived cardiomyocytes

A: Immuno-staining of beating embryoid bodies of hiPS-CMs. i) a bright-field image, ii)
immune-staining of CTNT (red), Actinin (green) and a nuclear stain, DAPI (blue), iii)
immuno-staining of cardiac troponin T (CTNT, red), atrial natriuretic protein (ANP, green),
a marker for late stage atrial or fetal CMs, and DAPI (blue) and iv) quantitative real time
PCR using RNA isolated from undifferentiated hiPS cells and beating embryonic bodies of
cardiac troponin T (cTNT), nerve growth factor (NGF) and the hyperpolarization activated
cycling nucleotide gated channels (HCN 1 and 4) that underlie the pacemaker ‘funny’
current. Experiments were performed in triplicates.

B: Simultaneous measurement of intracellular Ca2* (Ca;) transients and V,, changes in
embryoid bodies of hiPS-CMs. i) a bright-field (left) and a fluorescent image of PGH1
stained spontaneously beating embryoid bodies of hiPS-CMs, ii) simultaneous optical
recording of Ca;j transients and membrane potential (V) changes at a marked pixel (pixel
resolution=1.5%1.5um), and iii) the relationship between action potential duration (APD)
and cycle length (CL).

C: Immunolabeling and optical measurement of Vp, changes in a spontaneously beating
hiPS-CM monolayer. i) immunostaining of CTNT (red), actinin (green) and a nuclear stain,
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DAPI (blue) (left) and connexins 43 (Cx-43,green) and a nuclear stain, DAPI (blue), ii)
optical measurement of V,, changes, and iii) the relationship between APD and CL.
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Figure 2. Pacemaker activity in dispersed hiPS-CMs
A: i) lvabradine, an inhibitor of I, had no effect on spontaneous activity at concentrations of

3 and 9 uM even though the hiPS-CMs activity slowed down by increasing external [K*],
from 4 to 8 mM. ii) An increase in extracellular K* from 4-8 mM decreased the rate of
spontaneous activity in embryoid bodies (n=5/5). iii) Statistical comparison of spontaneous
contraction in hiPS-CMs.

B: Early and late currents estimate a very small Iz and I, Panel a: Current-to-voltage (1-V)
plot of barium sensitive, insensitive and difference currents at the end of a 2000 ms pulse.
Each data point represent the average of the current recorded in going from a holding
potential of —40 mV to test potentials between —140 to 0 mV in steps of 10 mV. The cells
were then treated with Ba2* (1 mM) and the Ba?* sensitive current was taken as the
difference between the control and the Ba2* treated current; n=12 hiPS-CMs (10 ventricular
and 2 atrial). Panel b shows data from the same cells for peak inward current. Panel c:
Current-to-voltage relationship of background currents surrounding EK for comparing
relative magnitude of lk; currents in iCell (Cellular Dynamics International) prepared hiPS-
CMs versus scale preparation of hiPS-CMs in normal Tyrode’s solution. Each data point
represents the peak current recorded from =120 mV to —60 mV from a holding potential of
-90 mV (n=19 and n=10 respectively). Panel d: Barium sensitive (early, from panel b, 1x1)
currents in hiPS-CMs were compared to Iy currents calculated for human ventricular
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myocytes. The early barium sensitive current density per cell in panel B was plotted against
the O’Hara Rudy model [44] for I1. Current density was normalized to cell capacitance and
expressed in pA/pF.

C: Two examples of pacemaking activity in hiPS-CMs measured using whole cell
recordings in the current-clamp mode. The first hiPS-CM (left) showed the typical “flat”
period prior to initiation of an AP, with a preceding abrupt depolarization typical of a
spontaneous Ca?*-release event or a delayed afterdepolarization, DAD (arrows), the second
(right) occurred less frequently and showed the appearance of pacemaker activity, even in
such runs, spontaneous “DAD” behavior was noted (arrow). In this group, there were 11
ventricular, 4 atrial and 3 other cell type.
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Figure 3. Subcellular Caj waves and spontaneous contractions in isolated hiPS-CMs
A: i) Maps of normalized Ca;j taken at different time-points reveal a sequence of subcellular

Ca?* release and local wave propagation occurring during diastole. The first subcellular
wave was initiated at at site a (at 0.76s) and propagated to site b (0.84s) then ¢ (0.92s) (see
top panels) then a large synchronous SR Ca?* release filled the cell at 1.5s. The next
subcellular Ca; elevation started near site ¢ (2.86s), propagated c to b (2.96s) then to a
(3.06s). Field of view was 50 x 50 um?. For GCaMP2 fluorescence, Aeycitation Was 48020
nm and Aemission Was 510+15 nm.

ii) Shows the time course of fluorescence traces of Ca;j recorded from sites a, b, and c at
slow (top traces) and fast (bottom traces) sweep speeds. The superposition of Ca; signals
from sites a, b and ¢ reveal the time-course and relative amplitude of subcellular waves. The
small subthreshold local Ca; elevations were typically 1/4 of the full amplitude of cellular
CaTs. At fast sweep speed (Box 1), the subcellular Ca; wave started at site ‘a’ and
propagated to ‘b’ then ‘¢’ before eliciting a CaT that produced a global Ca;j elevation
throughout the cell (A, panel at 1500 ms). The next two sequences of subcellular Ca;
elevations started at site ¢ (Box 2) and propagated to b then a; the sequence was repeated
twice followed by a full size CaT.

B: i) Example of subcellular small amplitude Ca; release that can dissipate and self-
terminate or amplify to precede a global Ca; release. A local Ca; wave initiated at site ‘e’
propagated but self-terminated without producing a full size Ca; transient. In contrast, a Ca;
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wave initiated at site ‘f’ propagated, was amplified and preceded a global Ca; release. Field-
of-view was 75 x 75 um?2. ii) Optical traces of Ca; recorded at site d, e, and f (top) and in
two neighboring cells (bottom). Premature CaTs were unsynchronized but global CaTs were
synchronized in these coupled cells with ~100ms time delays.

C: Temporal delay between AP and Cai upstrokes. An ensemble of dispersed hiPS-CMs,
optical APs and CaTs were simultaneously recorded. In (i), the cells were paced at 1 s cycle
length resulting in the expected Vm to Cai coupling where Vm preceded Cai by 9.3+1.9 ms.
In contrast when the dispersed cells were not paced but exhibited spontaneous automaticity,
Cai preceded Vm by 1+0.4 ms, (n=5 preparations of dispersed cells).
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Figure 4. Modification of automaticity in hiPS-CMs by [C:.512+]0 titration and changes in RyR2

open probability

A: Frequency of intrinsic contractions is [Ca2*], dependent. The rate of spontaneous
contractions in a cluster of hiPS-CMs is [Ca?*], dependent. Raising or lowering [Ca?*],
from 0.5 mM, significantly increased or decreased the frequency of spontaneous
contractions, respectively. Statistical analysis of the frequency of Ca; transients
demonstrated a tight correlation between frequency and [Ca?*], (right panel)

B: Chronotropic response of hiPS-CMs to 3 adrenergic stimulation. Infusion of 1uM of
isoproterenol significantly increases in frequency of spontaneous contraction in a cluster of
hiPS-CMs (left traces). Statistical analysis of frequency of contractions for 5 preparations of
iPS-CMs. Premature CaTs were gradually developed to full transients under 1uM of

isoproterenol administration.

C: Frequency of spontaneous contraction is caffeine sensitivity. After administration of 100
UM caffeine, spontaneous contraction of hiPS-CMs was gradually increased (left top panel).
500uM of caffeine infusion emptied SR and stopped spontaneous contraction of hiPS-CMs

(left bottom panel). Statistical comparison of frequency of spontaneous contraction before

and after 100 uM caffeine infusion
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Figure 5. Manipulations of RyR2, and NCX and its efficacy on spontaneous contraction in hiPS-

CMs

A: K201 (2 uM), a selective RyR2 stabilizer gradually decreased the frequency of
spontaneous contraction in a cluster of hiPS-CMs and eventually terminated spontaneous
contraction (n=5/5). HiPS-CMs remained excitable by electrical stimulation. After 2 min of
K201 exposure, a ~2-fold decrease in frequency of automaticity was statistically significant
(right panel)
B: Similar effects of 5uM tetracaine infusion on spontaneous contraction in hiPS-CMs

C: SEA0400 (2 pM), an inhibitor of the forward mode of NCX suppressed spontaneous
contractions in a cluster of iPS-CMs; an effect that was reversible by washing out SEA0400
(right trace) (n=4/4).
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Figure 6. Modification of automaticity in hiPS-CMs by RyR2 redox state
A: Anti-oxidant agents, N-Acetyl-L-Cysteine (NALC) and ascorbic acid (AA) significantly

reduced automaticity of hiPS-CMs (n=10).

B: The membrane permeable thiol reducing agent, captopril (1 mM) slowed-down the rate
of spontaneous contractions in 10 min (top trace) and stopped automaticity within 15 min
(n=3/6). Contractions of iPS-CMs rendered quiescent by captopril were triggered by

electrical stimuli (arrows).
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Figure 7. Intercellular communication
A: Propagation of spontaneous contraction in a dense cluster of hiPS-CMs. A left panel is a

picture of a cluster. A middle panel is an activation map. A green arrow indicates the
direction of propagation. A right panel shows superimposed calcium traces at site a, b, and c.
B: Unsynchronized and irregular contraction in remote hiPS-CMs. A picture of sparsely
distributed hiPS-CMs (left panel). Superimposed calcium traces from cells 1 and 2 (right
panel).

C: Intercellular synchronization of contraction between a cluster and satellite hiPS-CMs
connected to each other via microfiber. Panel a) shows a picture of remote hiPS-CMs (left
panel) and superimposed Ca; traces of cells 1, 2 and 3 (right traces). Another example of
synchronization is shown through a fluorescence image of membrane-bound voltage-
sensitive dye (PGH1) (panel b) and Ca; traces of a cluster and a satellite hiPS-CMs. A high-
resolution fluorescence image of a cluster of hiPS-CMs using a membrane-bound dye
reveals a complex network of microfibers that underlie intercellular coupling among CMs
that are far apart (30-50 um) (panel c). All panels have dimensions of 150 um x150 pum.
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List of primers used for RT-PCR

Table 1

Forward Reverse

Cyclophilin | CATCTGCACTGCCAAGACTGA TTCATGCCTTCTTTCACTTTGC
CTNNT2 AGCCCAGGTCGTTCATGCCC GCCTCGATCAGCGCCTGCAA
SCN5A TCACTCGCTCTTCAACATGC AGGTGTAAATGGCGGTGAAG
NGF GAGCGCAGCGAGTTTTGGCC ATGCACCTCAGTGTGGCCAG
HCN4 CGCATTGGCAAGAAGAACTCCA | AGTGGGCCATCTCCCGGTCAT
HCN1 GCCATGCTGAGCAAGTTGAG TCAGCAGGCAAATCTCTCCA
HCN2 AGCGACTTCAGGTTCTACTGG ACCACGTGCGCAGATACTTC
HCN3 CAAATCTGGGCCTGAGCCTA CAGGTCCCAGTAAAACCGGA
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