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Abstract

Background: Human embryonic stem cell-derived cardiomyocytes (hESC-CMs) show tremendous promise for
cardiac regeneration, but the successful development of hESC-CM-based therapies requires improved tools to
investigate their electrical behavior in recipient hearts. While optical voltage mapping is a powerful technique for
studying myocardial electrical activity ex vivo, we have previously shown that intra-cardiac hESC-CM grafts are not
labeled by conventional voltage-sensitive fluorescent dyes. We hypothesized that the water-soluble voltage-
sensitive dye di-2-ANEPEQ would label engrafted hESC-CMs and thereby facilitate characterization of graft electrical
function and integration.

Methods: We developed and validated a novel optical voltage mapping strategy based on the simultaneous
imaging of the calcium-sensitive fluorescent protein GCaMP3, a graft-autonomous reporter of graft activation, and
optical action potentials (0APs) derived from di-2-ANEPEQ, which labels both graft and host myocardium.
Cardiomyocytes from three different GCaMP3+ hESC lines (H7, RUES2, or ESI-17) were transplanted into guinea pig
models of subacute and chronic infarction, followed by optical mapping at 2 weeks post-transplantation.

Results: Use of a water-soluble voltage-sensitive dye revealed pro-arrhythmic properties of GCaMP3+ hESC-CM
grafts from all three lines including slow conduction velocity, incomplete host-graft coupling, and spatially
heterogeneous patterns of activation that varied beat-to-beat. GCaMP3+ hESC-CMs from the RUES2 and ESI-17 lines
both showed prolonged oAP durations both in vitro and in vivo. Although hESC-CMs partially remuscularize the
injured hearts, histological evaluation revealed immature graft structure and impaired gap junction expression at
this early timepoint.
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and line-to-line variation.

electrophysiology

Conclusion: Simultaneous imaging of GCaMP3 and di-2-ANEPEQ allowed us to acquire the first unambiguously
graft-derived oAPs from hESC-CM-engrafted hearts and yielded critical insights into their arrhythmogenic potential

Keywords: Human embryonic stem cells, Cardiomyocyte, Cell transplantation, Optical mapping, Cardiac

Background

Human embryonic stem cells (hESCs) have a number of
attractive properties for the repair of injured hearts, in-
cluding tremendous capacity for in vitro expansion and
the ability to differentiate into phenotypically unambigu-
ous cardiomyocytes [1-8]. The transplantation of hESC-
derived cardiomyocytes (hRESC-CMs) has been shown to
partially remuscularize injured hearts and to mediate
beneficial effects on contractile function in mouse, rat,
guinea pig, and non-human primate models of myocar-
dial infarction [9-16]. Our group has shown that these
cells form implants of human myocardium that are cap-
able of partial electrical coupling and synchronous con-
traction with host myocardium during systole, a sine
qua non of cardiac regeneration [13, 14]. However, we
found that hESC-CM transplantation in porcine and
non-human primate infarct models results in transient
bouts of non-lethal ventricular tachycardia [16, 17], per-
haps reflecting the immature phenotype of hESC-CMs
and the significant electrophysiological mismatch be-
tween graft and host myocardium. While there are other
remaining challenges related to scalability, graft cell im-
mune rejection, and tumor formation, this phenomenon
of graft-related arrhythmias has emerged as arguably the
greatest barrier to the successful development of hESC-
CM-based cardiac therapies. To address this issue, the
field must develop new, more powerful tools to investi-
gate the electrophysiological properties of hESC-CM-
engrafted hearts and to test strategies to improve their
electrical stability.

Our group has previously reported one approach to
obtain useful insights into the electrical integration of
hESC-CM grafts in normal and injured hearts [13]. For
this work, we generated transgenic hESC-CMs that sta-
bly expressed the calcium-sensitive fluorescent protein
GCaMP3 and exhibited robust fluorescent transients
with each contraction cycle [18-20]. We transplanted
these GCaMP3+ hESC-CMs into guinea pig [13, 14] and
non-human primate hearts [16], which were then har-
vested at various timepoints post-transplantation and
imaged ex vivo. By correlating the graft-autonomous
GCaMP3 fluorescent signal with the host electrocardio-
gram (ECG), we were able to determine which
GCaMP3+ hESC-CM grafts were electrically active and/

or coupled with the ventricular myocardium of the re-
cipient. In the guinea pig model, we found that all of the
hESC-CM grafts in uninjured hearts were reliably 1:1
coupled with host myocardium, but outcomes were
more complicated following transplantation into injured
hearts. When we transplanted GCaMP3+ hESC-CMs in
a subacute cardiac injury model (delivering cells at 10
days post-injury), we found that ~60% of engrafted
hearts later showed some regions of 1:1 host-graft coup-
ling [13]. The extent of electromechanical integration
was reduced when cells were injected into a chronic in-
jury model (at 28 days post-injury) with more established
fibrosis and contractile dysfunction, and, in this case,
only ~40% of recipient hearts showed 1:1 host-graft
coupling [14].

While this approach based on GCaMP3 imaging alone
has provided crucial insights into the integration of hESC-
CM grafts, it does have a number of important limitations.
First, GCaMP3 imaging yields no information as to elec-
trical activation of host myocardium, precluding study of
the complex spatiotemporal electrical interactions be-
tween graft and host tissue. Second, GCaMP3 senses the
rise in intracellular calcium, which is obviously delayed
relative to membrane depolarization. Moreover, because
GCaMP3 is a particularly slow calcium sensor [19],
GCaMP3 fluorescence transients substantially lag actual
electrical activation in hESC-CMs. One attractive route to
overcome these limitations would be to apply optical volt-
age mapping, a tool that has provided critical insights into
normal cardiac propagation and mechanisms of arrhyth-
mogenesis [21-28]. This technique involves labeling
hearts with a fluorescent voltage-sensitive dye, imaging
the resultant dye-derived optical action potentials (0APs)
with a high-speed camera or photodiode array, and post-
processing of this imaging data to extract electrophysio-
logical parameters of interest. Critical parameters includ-
ing the pattern of electrical activation, action potential
duration (APD), and tissue conduction velocity (CV) can
all be acquired by optical mapping, making it an attractive
tool for evaluating cell-engrafted hearts. There have been
previous attempts to apply this technology to study the
electrical activity of hESC-CM grafts after transplantation
into uninjured hearts [29, 30]. However, our group has
previously shown that hESC-CM grafts are not efficiently
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labeled by conventional voltage-sensitive dyes and that ob-
served oAPs are actually derived from host rather than
graft tissue [13].

We report here our efforts to overcome the above lim-
itations using a novel approach that involves the simul-
taneous imaging of GCaMP3, the aforementioned
genetically encoded calcium-sensitive fluorescent protein
that functions as a graft-autonomous reporter of graft
activation, and di-2-ANEPEQ, a water-soluble voltage
dye that labels both host and graft tissue. This approach
allows one to reliably distinguish between host- and
graft-derived 0APs and to obtain previously unavailable
electrophysiological measurements of hESC-CM graft
tissue in injured hearts.

Methods

Generation of wild-type and GCaMP3+ hESC-CMs

We created transgenic H7, ESI-17, and RUES2 hESC
lines that stably expressed GCaMP3 [18] via the targeted
insertion of a previously reported expression cassette
into the adeno-associated virus integration site 1
(AAVS1) “safe harbor” locus [13, 14]. In the case of H7
and RUES2 hESCs, this cassette was knocked-in by zinc
finger nuclease-mediated transgenesis [31], while ESI-17
hESCs were equivalently targeted by CRISPR/Cas9-me-
diated gene-editing [32]. Wild-type (WT) and GCaMP3+
hESCs were then expanded and differentiated into cardi-
omyocytes via a previously reported guided differenti-
ation protocol based on the sequential delivery of the
growth factors activin A and bone morphogenetic
protein-4 [9, 13, 33, 34]. By these methods, spontan-
eously beating cardiomyocytes were typically observed
on or before day 10. On day 19, hESC-CMs were transi-
ently heat-shocked with 42 °C medium to improve their
survival post-transplantation [35]. On day 20, hESC-
CMs were harvested enzymatically and cryopreserved as
previously described [33]. Cardiomyocytes >83% purity
were generated with this protocol as estimated by flow
cytometry for cardiac troponin T.

All hESC experiments were conducted with the ap-
proval of either the University of Washington ESC Re-
search Oversight Committee or the Canadian Institutes
of Health Research (CIHR) Stem Cell Oversight Com-
mittee (SCOC). Note that, while experiments were initi-
ated with the RUES2 hESC line when the laboratory was
at the University of Washington, all work with this line
had to be discontinued upon relocation to our present
institution (RUES2 hESCs are not included in the CIHR
SCOC registry of lines approved for use in Canada).

Spectral analysis of GCaMP3 and di-2-ANEPEQ in hESC-CMs
Spectrofluorimetry and spectral confocal microscopy
were used to define the excitation and emission spec-
tra of GCaMP3 and di-2-ANEPEQ (Invitrogen,
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Carlsbad, CA, USA) in intact cardiomyocytes. WT
and GCaMP3+ hESC-CMs were stained by incubation
with di-2-ANEPEQ (5uM) at 37°C for 10 min, spun
down, switched to dye-free buffer, and used immedi-
ately. For spectrofluorimetry  experiments, we
employed a Spectra Max M2 microplate reader (Mo-
lecular Devices, Sunnyvale, CA, USA) and 96-well
plates loaded with 2 x 10° hESC-CMs per well. Ab-
sorbance was measured from 350 to 700 nm in 5nm
steps, while emission was determined from 500 to
800nm in 5nm steps following excitation at 480 nm
(with a 495nm cutoff filter). Confocal experiments
were performed using a Zeiss LSM510-Meta confocal
microscope (Carl Zeiss GmbH, Gottingen, Germany) op-
erated in lambda-scanning mode, with excitation set to
488 nm and emission detected from 502 to 748 nm in
11nm steps. We also simultaneously recorded
GCaMP3 and di-2-ANEPEQ fluorescence transients by
confocal microscopy in time-series mode using 505—
530 nm and 650-754 nm bandpass filters, respectively.

Cardiac injury and hESC-CM transplantation

All animal procedures were conducted with the approval
of the local institutional animal care committees of ei-
ther the University of Washington or University Health
Network (Toronto) in compliance with corresponding
national guidelines. We have previously described in de-
tail our methods for the cardiac cryoinjury procedure,
intra-cardiac cell injection, and subsequent harvesting of
the heart for ex vivo imaging [13, 14, 36]. In brief,
650-700 g male Hartley guinea pigs were anesthetized
with ketamine-xylazine induction, intubated, mechanic-
ally ventilated, and maintained with 1.5% isoflurane
anesthesia. A thoracotomy was performed, and cardiac
cryoinjury was induced by applying an 8-mm diameter,
liquid-nitrogen-cooled aluminum probe to the left ven-
tricular free wall four times for 30s each. At either 10
days (subacute model) or 28 days (chronic model) post-
injury, a repeat thoracotomy was performed, and the
heart was directly injected with 1x10°® GCaMP3+
hESC-CMs. Cells were delivered in a pro-survival cock-
tail of factors that we have previously shown enhances
graft retention and survival [9]. To prevent immune re-
jection of the graft cells, we treated the recipient animals
with a regimen of cyclosporine (SQ, 15 mg/kg/day x 7
days, followed by 7.5 mg/kg/day maintenance thereafter)
and methylprednisolone (IP, 2 mg/kg/day), starting 2 days
prior to cell injection and continuing until the heart was
harvested at euthanasia.

Simultaneous GCaMP3 and di-2-ANEPEQ imaging of
hearts ex vivo

Cryoinjured hearts with GCaMP3+ hESC-CM grafts
were harvested at 2weeks post-transplantation and
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immediately mounted on a modified Langendorff appar-
atus perfused with the following buffer (in mM): 25.0
NaHCO03, 1.2 MgSO,, 4.7 KCI, 118.0 NaCl, 1.2 KH,POy,,
11.0 glucose, 1.0 Na-pyruvate and 1.8 CaCl,, bubbled
with 95% O,/5% CO,, pH adjusted to 7.35, and warmed
to 37°C. To arrest motion during ex vivo imaging, the
perfusate was supplemented with blebbistatin (10 pM,
Cayman Chemical, Ann Arbor, MI, USA). To label
hearts with the conventional lipophilic voltage dye
RH237, hearts were either perfused with RH237-
containing buffer (40 pM) for 30 min or bolus-loaded
with RH237 (80 uM in 5 ml volume) over 5 min. Identi-
cal results were obtained with either method. To label
hearts with the water-soluble voltage dye di-2-ANEPEQ,
the latter was added to the perfusion buffer (20 pM con-
centration) and applied via continuous recirculation
loop. Supplementary Fig. S1A provides an overview of
the experimental protocol used to image hearts ex vivo
with di-2-ANEPEQ. First, hearts were rapidly excised,
mounted ex vivo on a modified Langendorff apparatus,
and allowed to stabilize electrically (~ 10 min). Next,
hearts were treated with blebbistatin in the perfusate to
arrest motion (~ 10 min) and baseline recordings were
made (“baseline,” ~10min). Then, recordings were
made while buffer containing both di-2-ANEPEQ and
blebbistatin was recirculated through the heart (“di-2-
ANEPEQ loading,” ~ 30 min), as well as after a switch
back to dye-free but blebbistatin-containing buffer (“di-
2-ANEPEQ washout,” ~ 30 min). During all periods, re-
cordings were made under either sinus rhythm or paced
conditions.

Supplementary Fig. S1B-C provides a detailed sche-
matic of the imaging system used to acquire GCaMP3
and voltage dye (RH237 or di-2-ANEPEQ) signals. In
brief, epicardial fluorescent transients were acquired
using either a modified epifluorescence dissecting micro-
scope (Nikon SMZ1000, Kawasaki, Kanagawa, Japan)
outfitted with a x 0.5 objective (N.A. 0.05, W.D. 123
mm) or directly through a dichroic system (Photomet-
rics DC2 dual-channel splitter, Tucson, AZ, USA) outfit-
ted with a collimating lens (25 mm, Navitar, N.A. 0.05,
W.D. 10 mm). Excitation light was provided by an exter-
nal mercury lamp (EXFO X-Cite 120 W, Mississauga,
Ontario, Canada) filtered to 450—490 nm. Fluorescence
emission was imaged through the DC2 outfitted with a
565 nm dichroic mirror to separate GCaMP3 and voltage
dye signals. The GCaMP3 emission signal (“green” chan-
nel) was bandpass-filtered to 500-530 nm, while the
voltage dye signal (“red” channel) was longpass-filtered
at 716+ nm for RH237 or 650+ nm for di-2-ANEPEQ.
These signals were simultaneously detected by two high-
speed, high-sensitivity EM-CCD cameras, either a pair of
Andor iXon 860 EM-CCDs (Andor, Belfast, UK) or a
pair of Evolve 128 EM-CCDs (Photometrics, Tucson,
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AZ, USA). Both cameras have an identical CCD60 sen-
sor with a 128 x 128 imaging array, so are essentially
interchangeable. The field of view (FOV) with these op-
tics was 2.3 x 2.3 cm.

During these ex vivo imaging experiments, a pseudo-
ECG was acquired using a PowerLab 430 Data Acquisi-
tion System (Model ML866) outfitted with a bioamplifier
(Model ML136, ADInstruments, Colorado Springs, CO,
USA), and the resultant signals were aligned with cam-
era outputs via Labchart software. For recordings ob-
tained under paced conditions, we used the PowerLab
430 system connected to a pencil-point concentric elec-
trode (325um outer diameter stainless steel, 125um
diameter inner iridium, FHC, Bowdoin, ME, USA)
placed into the LV apex. For a subset of experiments, we
obtained simultaneous intracellular voltage recordings
via sharp electrodes, using methods modified from Omi-
chi et al. [37]. For this, we impaled host or graft myocar-
dium with pure iridium-tipped (1-2 um diameter, 5 x
10° ohm) electrodes coated with parylene-C insulation
(World Precision Instruments, Shanghai, China). The re-
sultant signals were amplified using a high-impedance
intracellular  electrometer ~ with  variable-capacity
neutralization (Warner Instruments IE-251A intracellu-
lar electrometer, Hamden, CT, USA) and then fed into
the PowerLab system.

GCaMP3 and di-2-ANEPEQ imaging analysis

Custom Matlab (MathWorks) scripts were developed to
analyze imaging data. In brief, time-synchronized fluor-
escent images and ECG recordings (from Andor Solis or
Metamorph and LabChart software packages, respect-
ively) were imported into the Matlab environment, and
the former were subjected to the following sequence of
initial processing steps. First, the images were masked to
exclude signals outside the heart, then spatial, low pass
frequency, and temporal filters were applied to improve
signal quality. The results of filtering were then assessed
at the single pixel level before removing signal drift.
Next, the data was inverted for voltage dye-signals
(which exhibit a decrease in fluorescence intensity upon
tissue depolarization through the emission filters de-
scribed), and a pseudocolored movie of activation based
on the z-score of each pixel through time played to
screen to facilitate identification of active graft regions.
Next, we manually selected regions of interest (ROIs)
and plotted their mean fluorescence intensity over time
(with signals normalized to that of the region with the
largest range in hearts with multiple ROIs). Activation
maps of tissue were created by determining for each
pixel the timepoint associated with the maximal rate of
change in fluorescence activity between the initiation
and peak of a single activation [38]. To aid in this deter-
mination, further drift removal, normalization, and



Filice et al. Stem Cell Research & Therapy (2020) 11:417

careful utilization of a Savitzky-Golay filter were per-
formed. Conduction velocity (CV) vectors were then de-
termined from activation maps, given the known FOV.
Optical action potential durations (0APDs) and cycle
lengths were measured in Matlab software by selecting a
10 x 10 pixel ROI and manually determining the start
and end of each action potential (AP) from the region’s
mean fluorescence intensity through time. The oAPD
for a single graft ROI was then defined as the mean of
30 measured 0oAPDs. To rate-correct graft-derived
0APDs, we applied Fridericia’s formula [39], whereby the
corrected 0APD equals the measured oAPD divided by
the cube root of the measured cycle length.

Imaging of hESC-CMs and hESC-CM aggregates in vitro
0APs were recorded from WT and GCaMP3+ hESC-
CMs in vitro as both single cells and ~ 300 um diameter
aggregates. For the single-cell recordings, hESC-CMs
were plated onto gelatin-coated 23-mm glass-bottom
fluorodishes (WPI, Sarasota, FL, USA). After 4-5 days,
the cells were loaded with di-2-ANEPEQ (40 uM) for 5
min at 37 °C, then were transferred to dye-free buffer at
37 °C. Images were acquired using a x 20 objective and
an Olympus IX-7 inverted microscope outfitted with an
external mercury lamp (EXFO X-Cite 120 W, Missis-
sauga, Ontario, Canada), filtered to 450—490 nm, and the
same emission light path and EM-CCD cameras as de-
scribed above. To form the aggregates, 3.6 x 10° hESC-
CMs were aliquoted per well into the commercially
available AggreWell 800 system (StemCell Technologies,
Vancouver, British Columbia, Canada) as per the manu-
facturer’s recommendations. Eight days later, the formed
aggregates were loaded with di-2-ANEPEQ (20 uM) for
5min at 37 °C, then dispersed and transferred into 23-
mm fluorodishes for imaging at 37 °C. hESC-CM aggre-
gates were imaged using the modified epifluorescence
dissecting microscope and dual EM-CCD system de-
scribed above for ex vivo epicardial imaging. Both the
single-cell and aggregate preparations were field-
stimulated at 1 Hz using custom-made parallel 0.25 mm
diameter silver wire electrodes and the PowerLab system
(with pulse duration set at 5ms and voltage at 10V).
Analysis of in vitro optical recordings was performed
using custom Matlab scripts as described above. The
0oAPD from each single cell or aggregate was defined as
the mean of >4 measured 0APDs, and reported results
reflect at least > 12 recordings obtained from at least 3
differentiation runs per cell line.

Histological analysis of GCaMP3+ hESC-CM-engrafted
hearts

Histological endpoints were obtained using methods previ-
ously detailed by our group [9, 13, 40]. In brief, hearts were
evaluated by routine histochemical stains (hematoxylin-
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eosin, picrosirius red, Masson’s trichrome), brightfield
immunocytochemistry and/or immunofluorescence as pre-
viously reported [13, 17]. For immunostaining, we used pri-
mary antibodies against GFP (rabbit polyclonal), N-
cadherin (mouse monoclonal), connexin-43 (Cx43) (ob-
tained from A. Boynton), B-myosin heavy chain (clone
A4.951), and the human specific nuclei marker Ku80 (Cell
Signaling, Danvers, MA, USA), followed by detection with
species-specific biotinylated (Vector Labs, Burlingame, CA,
USA) or fluorescent (Life Sciences, Farmingdale, NY, USA)
secondary antibodies.

Host-graft contact was determined using histological
sections immunostained for GFP and counterstained
with picrosirius red. Graft expression of Cx43 and cad-
herin expression was assessed by confocal immunofluor-
escence using a Zeiss LSM 780 NLO confocal
microscope (Jena, Germany). All measurements were
performed by an observer blinded to hESC line and ex-
perimental condition.

Statistics

GraphPad Prism (GraphPad Software, La Jolla, Califor-
nia, USA) was used to perform all statistical analyses. All
data groups were first checked for normality by submis-
sion to the D’Agostino-Pearson omnibus test, and para-
metric data is presented as mean + standard error of the
mean. Two-sample comparisons were made using a two-
tailed Student’s ¢ test, paired or unpaired as appropriate
with Welch’s correction for unequal variances as neces-
sary. Multiple comparisons were made using one-way
ANOVA with Tukey’s multiple comparison test correc-
tion. A p value less than 0.05 was considered significant,
and asterisks (*) used in figures indicate a significant dif-
ference between experimental groups.

Results

Conventional, lipophilic voltage-sensitive dyes do not
label hESC-CM grafts, but the water-soluble dye di-2-
ANEPEQ does label graft tissue

Our group has previously reported that when hESC-
CM-engrafted hearts are stained with conventional lipo-
philic voltage-sensitive fluorescent dyes (e.g., RH237, di-
4-ANEPPS), these dyes label host but not graft tissue
[13]. To confirm this earlier finding, we transplanted
GCaMP3+ hESC-CMs into guinea pig hearts at 10 days
post-injury, harvested the engrafted hearts at 2 weeks
post-transplantation, and then imaged them ex vivo after
perfusion with the dye RH237 (1 = 3). For these imaging
experiments, we used a custom-built, dual-channel, EM-
CCD-based system to simultaneously acquire the RH237
(“red” channel) and GCaMP3 (“green” channel) signals.
As in our previous work [13], we consistently encoun-
tered hearts in which GCaMP3 fluorescence transients
activated independently from host myocardium, and yet
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RH237-derived 0APs from these same graft regions oc-
curred synchronously with the QRS complex of the host
ECG (Fig. 1la—d). Hence, while the genetically encoded,
graft autonomous indicator of graft activation
(GCaMP3) proves that these grafts were in fact
uncoupled from the host, the simultaneously acquired
voltage dye signal could be erroneously interpreted as
indicating 1:1 host-graft coupling. We were able to ac-
count for these apparently discordant results by trans-
versely sectioning these hearts after dye labeling and
examining them on a dissecting fluorescence stereo-
microscope. While all of the examined hearts showed
strong, uniform staining of host myocardium by RH237,
GCaMP3+ graft regions were entirely devoid of RH237
fluorescence (Fig. le). Taken collectively, these observa-
tions support our earlier conclusion that graft-derived
RH237-derived 0APs from such hearts are factitious,
and that these signals instead arise from subendocardial
host tissue located beneath the graft that shine through
to the epicardial surface [13].

To explain these findings, we hypothesized that lipo-
philic dyes such as RH237 fail to stain hESC-CM graft
tissue because the dye partitions fully into host tissue be-
fore reaching the relatively poorly-perfused graft, since
hESC-CM grafts are known to have an immature
sinusoidal-like vascular supply [41]. If this is correct, we
predicted that better labeling of hESC-CM graft tissue
might be obtained by the use of a water-soluble voltage-
sensitive dye. Water-soluble dyes have been used less
commonly in optical mapping experiments because they
have to be constantly supplied in the perfusate, but we
predicted that this situation might actually be advanta-
geous for the present application because it would allow
the dye to penetrate through to the graft. To test this,
we transplanted equivalently injured hearts with
GCaMP3+ hESC-CMs, harvested engrafted hearts at 2-
weeks post-transplantation, then perfused the latter with
the water-soluble voltage dye di-2-ANEPEQ (n=3). In
contrast to our prior experience with RH237, when these
hearts were transversely sectioned and examined, we ob-
served strong, uniform staining of both host and
GCaMP3+ graft tissue by di-2-ANEPEQ (Fig. 1f).

Di-2-ANEPEQ is spectrally separated from the graft-
autonomous calcium reporter GCaMP3 and reliably
reports myocardial electrical activity

While the preceding observations suggest that di-2-
ANEPEQ might be useful as a voltage reporter in hESC-
CM graft tissue, additional characterization of the dye
was required before proceeding to ex vivo testing of
dual-imaging of di-2-ANEPEQ and GCaMP3 fluorescent
signals as a strategy to map graft electrical activity. We
first used spectrofluorimetry to determine the excitation
and emission spectra of di-2-ANEPEQ  dye
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(Supplementary Fig. S2A). Next, we used confocal emis-
sion fingerprinting to precisely define the emission spec-
tra of GCaMP3+ and di-2-ANEPEQ-loaded hESC-CMs,
both at rest and during depolarization (Supplementary
Fig. S2B-D). Taken collectively, these studies showed
that both fluorophores can be efficiently excited at 488
nm and that their emission can be readily separated
using 500-530 nm band-pass (GCaMP3) and 650 nm
long-pass (di-2-ANEPEQ) filters. Further assisting their
spectral discrimination, depolarization causes changes in
the opposite direction with the preceding filter sets, i.e.,
cardiomyocyte activation produces an increase in GCaMP3
fluorescence intensity but a decrease in di-2-ANEPEQ
fluorescence (Supplementary Fig. S2E). That said, please
note that all di-2-ANEPEQ-derived oAPs hereafter have
been inverted (i.e., depicted as -AF/F) to match convention.

Because there has been very limited published experi-
ence with the use of di-2-ANEPEQ in cardiac optical
mapping, we next performed experiments to verify its
suitability as a myocardial voltage reporter. For this, we
first imaged uninjured (# =5) and injured (n = 3) guinea
pig hearts without grafts and consistently detected ro-
bust di-2-ANEPEQ-derived 0APs. We next correlated
host di-2-ANEPEQ-derived 0APs to simultaneously ac-
quired direct electrode recordings [37] and to RH237-
derived 0APs. For the latter, RH237 0APs were acquired
by loading and imaging the heart after recording and
washout of di-2-ANEPEQ signals. In both cases, we
found excellent correlations with di-2-ANEPEQ in terms
of activation times, AP morphology, and APDs (n =2)
(Supplementary Fig. S3A-F). For example, APDg, mea-
surements based on di-2-ANEPEQ and direct electrode
recordings were 154.2+2.4 vs 155.5+1.7ms (p=0.6),
while APDg, measurements based on RH237 and direct
electrode recordings were 146.2+1.5 vs 144.7 + 1.3 ms
(»p=0.3). Note that the amplitude of di-2-ANEPEQ
fluorescence transients was larger than those obtained
with RH237 in the same heart (4.7% vs 2.4% AF/F), an
encouraging finding given our goal of detecting 0APs in
graft tissue.

Host and graft-derived electrical activity can be reliably
detected via the simultaneous imaging of di-2-ANEPEQ
(host and graft voltage) and GCaMP3 (graft-only
intracellular [Ca®*];) fluorescent signals

Having validated the spectral compatibility of di-2-
ANEPEQ with GCaMP3 as well as its utility as a myo-
cardial voltage reporter, we next moved to test these two
fluorophores in combination for the optical mapping of
hESC-CM-engrafted hearts. We hypothesized that di-2-
ANEPEQ fluorescence (“red” channel) would report
electrical activity in both graft and host tissue, while
GCaMP3 fluorescence (“green” channel) would function
as a critical graft-autonomous reporter of graft
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activation. If successful, this approach would provide us
a reliable means of distinguishing between host- and
graft-derived electrical signals with high spatial and tem-
poral resolution.

To test this approach, we transplanted 1 x 10®
GCaMP3+ RUES2 hESC-CMs into cryoinjured guinea
pig hearts at 28 days post-injury (n=5). We then
harvested engrafted hearts at 2 weeks post-
transplantation and imaged them ex vivo using the
dual-channel CCD-based system and the experimental
protocol depicted in Supplementary Fig. S1. In brief,
each heart was perfused ex vivo, mechanically
arrested with blebbistatin and then imaged on both
channels before perfusion with di-2-ANEPEQ, during
perfusion with di-2-ANEPEQ, and during/after dye
washout. Hearts were imaged under both spontaneous
and paced conditions.

Figure 2 depicts the findings from a representative im-
aging experiment obtained from a cryoinjured heart in
which the visible hESC-CM graft was uncoupled from
the host myocardium (i.e, in which graft-derived
GCaMP3 fluorescent transients occurred in no relation-
ship to the host ECG or the applied rate of stimulation).
Prior to perfusion with di-2-ANEPEQ dye, we detected
strong GCaMP3 fluorescence transients in graft ROIs in
the GCaMP3 (“green”) channel with no “bleed-through”
of this signal into the di-2-ANEPEQ (“red”) channel (see
left-most traces in Fig. 2b, d). Upon perfusion with di-2-
ANEPEQ), we observed a differential time-course of dye
labeling in host and graft tissue, an outcome consistent
with our hypothesis that hESC-CMs grafts have rela-
tively sluggish perfusion. Maximal labeling of host tissue
occurred 4.5+ 0.3 min after the addition of dye to the
perfusate, while graft tissue took 13.4+1.1min to
achieve maximal labeling. As expected, ROIs in host
myocardium showed di-2-ANEPEQ-derived 0APs that
occurred in 1:1 synchrony with the host ECG (and the
applied stimuli in the case of paced hearts), and 0APs
from host tissue within the injury zone showed a smaller
amplitude than o0APs from intact host myocardium
(2.4+0.1% vs 4.7+ 0.3% AF/F). At early timepoints fol-
lowing the onset of dye perfusion, graft ROIs also
showed equivalently timed but smaller-amplitude oAPs
that we attribute to host tissue located deep under the
graft. However, over time, these same graft ROIs showed
the gradual emergence of graft-derived oAPs that were
superimposed on the continuing host-derived 0APs (see
the middle traces in Fig. 2b, d). Proving their graft ori-
gin, these graft-derived oAPs always occurred synchron-
ously with the simultaneously acquired, graft-
autonomous GCaMP3 fluorescence transients and not
necessarily with the host ECG, as expected for intra-
cardiac grafts that may or may not be coupled with host
myocardium [13, 14]. The durations of graft-derived
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0APs were also distinct from their counterparts in host
tissue, as detailed further below.

Interestingly, we observed the reverse sequence with
regard to dye washout from host and graft tissues. Host
tissues lost all detectable 0oAPs within 13.6 + 1.6 min
after the switch to di-2-ANEPEQ-free perfusate, while
graft tissue showed graft-derived oAPs—now no longer
with the superimposed host-derived oAPs—that per-
sisted for at least 30 min. At this late time point, graft-
derived 0APs were typically smaller in amplitude relative
to those before washout, but they still had a mean AF/F
of 2.3+0.2% that allowed for reliable quantitation (see
right-most traces in Fig. 2b, d for representative traces
during dye washout). This differential tissue labeling
over time provided us with two independent means to
reliably discriminate between graft- and host-derived sig-
nals. First, we correlated between graft-derived oAPs
based on di-2-ANEPEQ and the simultaneously acquired
graft-autonomous GCaMP3 signals and always found
good agreement between the two reporters. Graft cycle
lengths measured independently by the two reporters
showed a correlation coefficient of R*=0.995, and, as
shown in Fig. 2e, f, graft activation maps recorded on
the “red” and “green” channels showed similar patterns
of spatial activation. Second, by performing serial dye
wash-in and washout experiments, we were able to reli-
ably identify graft- and host-derived di-2-ANEPEQ
signals.

To further validate the reliability of this system to dis-
tinguish between host- and graft-derived electrical sig-
nals, we attempted direct microelectrode recordings of
engrafted hearts during dual-imaging of GCaMP3 and
di-2-ANEPEQ. While technically very challenging, we
were able to simultaneously acquire direct electrode re-
cordings from graft tissue in a single heart (of 4
attempted). In this case, we observed excellent temporal
agreement between the di-2-ANEPEQ and directly re-
corded APs, with graft APDg, based on di-2-ANEPEQ
data being 232.6 + 4.8 ms, and APDy, derived from dir-
ect electrode recordings being 234.0 £ 3.0 ms (Supple-
mentary Fig. S4).

Optical mapping outcomes from injured hearts
transplanted with GCaMP3+ hESC-CM grafts

Given this capacity to reliably detect and distinguish be-
tween host- and graft-derived electrical activity, we ad-
vanced to experiments to investigate how parameters
including cell line, the timing of cell transplantation, and
spontaneous versus paced conditions might affect the
electrical behavior of engrafted hearts. To examine this,
we transplanted GCaMP3+ hESC-CMs from each of the
three cell lines (RUES2, H7, and ESI-17) into cryoinjured
guinea pig hearts at either 10 or 28 days post-injury (n =
3-5 per condition). Due to restrictions that arose during
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Fig. 2 Reliable detection of host and hESC-CM graft electrical activity by simultaneous di-2-ANEPEQ and GCaMP3 imaging. A representative
cryoinjured heart with GCaMP3+ hESC-CM graft tissue (RUES2 line) imaged before, during, and after perfusion with di-2-ANEPEQ. a Still image
depicting the epicardial surface of this heart as acquired on the GCaMP3 (“green”) channel. White and yellow dotted lines indicate the boundaries of
the cryoinjury zone and hESC-CM graft tissue respectively, and four ROIs have been selected representing viable host (H1), injured host (H2), and two
distinct graft regions (G1 and G2). b Mean GCaMP3 fluorescence activity from ROls identified in a, acquired before, during, and after di-2-ANEPEQ
perfusion. In this case, both graft regions were uncoupled from the host and from each other, so GCaMP3 fluorescence transients occurred
independently of the applied stimuli (black trace below panel d). ¢ Corresponding still image on the di-2-ANEPEQ (“red”) channel. d Simultaneously
acquired di-2-ANEPEQ fluorescent signals from these same ROls before, during, and after di-2-ANEPEQ perfusion. Black arrowheads indicate graft-
derived 0APs, seen superimposed over smaller amplitude 0APs from underlying host tissue. e, f Representative activation maps for graft tissue in this
same heart based on di-2-ANEPEQ (e) and GCaMP3 (f) optical signals. Activation time (in ms) is expressed relative to the first active site within the ROI
on a given channel. Note the two graft regions activated independently but have been displayed with the same activation time scale

experiments, the RUES2 line was not tested at the 10- That said, graft formed using the different parental
day timepoint. Qualitatively similar di-2-ANEPEQ dye lines showed striking differences in other key electro-
wash-in and wash-out kinetics was noted across all con-  physiological parameters. First, all RUES2 and ESI-17
ditions, and grafts from all lines showed similar oAP  hESC-CM grafts displayed very long 0APDs (APDg, of
amplitudes. 756 £ 76 ms and 464 + 8 ms, respectively) that were not
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Fig. 3 Electrophysiological properties of hESC-CM graft tissue from three GCaMP3+ lines after transplantation into injured hearts. Optical
mapping outcomes by experimental model (subacute versus chronic) for hESC-CMs derived from three different parental hESC lines. a Mean graft
optical action potential durations at 90% repolarization (0APDgo). b Mean graft oAPDg, for these same experimental conditions after applying
Fridericia’s rate correction. ¢ Percentage of hESC-CM graft area visible from the epicardial surface in each recipient heart that showed 1:1 host-
graft coupling during imaging at 2 weeks post-transplantation. d Mean graft area, expressed as the percentage of the injury area occupied by
graft as viewed from the epicardial surface. e Mean graft conduction velocity. n = 3-5 hearts per condition, **p < 0.01, ***p < 0.001
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observed in grafts formed with their H7 counterparts
(APDyq of 272 +21 ms, p<0.01) (Fig. 3a). These differ-
ences in 0APD persisted after correcting for differences
in firing rate (with mean rate-corrected APDgy, values of
594 £33 ms, 429+ 7ms vs 297 + 15 ms for RUES2, H7,

and ESI-17 hESC-CM graft, respectively (Fig. 3b). There
were also major differences in the electromechanical in-
tegration of grafts formed with each of the three parental
hESC lines (Fig. 3c). Across the 22 hearts imaged across
all conditions, 7 hearts (or 32%) had at least one graft
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region that was found to be coupled with host myocar-
dium. Consistent with our prior reports [13, 14], host-
graft coupling was typically more extensive in the case of
grafts formed in the subacute (10 days post-injury) versus
chronic (28 days post-injury) model. In the subacute injury
model, we found at least some regions of coupled graft in
4 of 5 ESI-17 hESC-CM recipients and 1 of 3 H7 hESC-
CM recipients. When analyzed on a per heart basis, a
mean of 34.8% of the total visible graft area was found to
be 1:1 coupled in ESI-17 recipients versus 33.3% in H7 re-
cipients. Coupling was consistently poor in the chronic in-
jury model across all three lines. Here, only 2 of 5 ESI-17
hESC-CM recipients showing any regions of 1:1 coupled
graft (corresponding to a mean of 16.6% of the visible graft
area per heart), while no regions of 1:1 coupled graft were
detected whatsoever in either H7 or RUES2 hESC-CM
recipients.

Although grafts formed using hRESC-CMs from the three
different parental lines showed differences in their oAPDs
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and host-graft coupling outcomes, we did not find signifi-
cant differences in other parameters including visible graft
area (Fig. 3d) or graft CV (Fig. 3e). Interestingly, graft CV
in all hearts was significantly slower than in adjacent host
myocardium (< 25%). In addition to slow graft CVs that
could potentially drive reentrant arrhythmias, all imaged
grafts showed instances of other potentially pro-
arrhythmic behavior including propagation along vec-
tors opposite from that in host tissue and/or spatial
patterns of activation that varied from beat-to-beat
(see Supplementary Movie File 1). Moreover, in one
heart with GCaMP3+ H7 hESC-CM graft, we found
that the graft was 1:1 coupled with the host, but that
it was the graft that paced the host rather than the
other way around. Indeed, when imaged a time-point
at which both host and graft tissue were loaded with
di-2-ANEPEQ, electrical activation in graft was
actually found to precede that of host myocardium
(Supplementary Movie File 2, Fig. 4a—d).
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Fig. 4 Optical mapping with di-2-ANEPEQ confirms hESC-CM grafts can act as an ectopic pacemaker. A cryoinjured heart with GCaMP3+ H7
hESC-CM graft was imaged under spontaneous conditions (no external pacing), and the graft was found to pace host myocardium. a Still image
showing the epicardial surface of the heart on the di-2-ANEPEQ channel with the boundaries of cryoinjury scar and graft indicated by white and
yellow dotted lines, respectively. Base of the heart to the upper left, apex to lower right. b di-2-ANEPEQ fluorescent signals and ECG trace for this
heart with the timing of the ectopic graft-paced beat depicted in panel ¢ indicated by the black arrowhead. ¢ Activation map for a representative
graft-paced beat, showing the earliest activating area (blue) starts in the coupled graft footprint, then propagates outward towards the LV base
and apex (white to red). d Activation map for a representative host-paced beat, with earliest activation (blue) initiating at the LV apex, then
propagating towards the LV base and finally back apically to activate the graft (white to red). Note the slower kinetics of the graft-paced versus
host-paced beat. Also, note that both activation maps represent information from a single beat
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Structure and gap junction expression in hESC-CM-
engrafted hearts by histology

Our group has previously examined in detail the com-
position of hRESC-CM grafts as well as their structural ef-
fects on recipient hearts [9, 12—14, 16, 42], but here we
performed focused histological studies intended to spe-
cifically address whether differences in scar size, graft
size, graft distribution, or intercalated disc structure
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might account for the observed differences in the elec-
trical behavior of grafts formed with cardiomyocytes de-
rived from different hESC parental lines. As in our
previous work, all hESC-CM recipient hearts showed ir-
regular grafts of human myocardium that were mostly
located within the cryoinjury scar (Fig. 5a—d), and we
observed no significant obvious differences in terms of
scar size or graft area between experimental groups.
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Fig. 5 Histological analysis of injured hearts with GCaMP3+ hESC-CM grafts. a Representative cryoinjured heart with GCaMP3+ ESI-17 hESC-CM graft
immunostained for beta myosin heavy chain (3-MHC) (muscle, red) and human-specific Ku80 nuclear protein (graft nuclei, brown) and counterstained
with aniline blue (scar tissue, blue). Graft tissue within the box is shown at higher magnification to the right. b Graft size by histomorphometry,
expressed as the percentage of injury area occupied by graft. n = 3-5 hearts per condition. ¢ Confocal photomicrograph of cryoinjured heart with
GCaMP3+ H7 hESC-CM graft near the border zone, immmunostained for GCaMP3+ (anti-GFP antibody, green) and B-myosin heavy chain (3-MHC,
red). d Adjacent histological section stained with Masson’s trichrome stain. @ Confocal photomicrograph of GCaMP3+ H7 hESC-CM graft near border
zone immunostained for GCaMP3+ (anti-GFP antibody, green) and Cx43 (red). While grafts consistently exhibited a lower level of Cx43 expression than
host myocardium, occasional scattered Cx43 gap junction plaques were observed (white arrowheads). f Adjacent histological section immunostained
for GCaMP3+ and N-cadherin (red). Qualitatively similar patterns of Cx43 and N-cadherin expression were observed by grafts formed by ESI-17 and
RUES2 hESC-CMs, as well as grafts with or without GCaMP expression (data not shown)
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Interestingly, there was no obvious correlation be-
tween the presence or extent of host-graft coupling
by optical mapping and either graft size or distribu-
tion by histology. Indeed, we found multiple hearts in
which there was abundant host-graft contact by hist-
ology and no 1:1 host-graft coupling during mapping,
and conversely, other instances in which the majority
of the graft was isolated in scar tissue by histology
and yet was coupled.

To rule out a difference in intercalated disc struc-
ture between grafts formed with cardiomyocytes from
different hESC-CM lines, we immunostained recipient
hearts with antibodies against the major gap junction
protein connexin-43 (Cx43) and the adherens junction
protein N-cadherin. Consistent with our prior work
[9, 13, 17], we found Cx43 in graft tissue formed
from all three lines to be lower than in adjacent host
myocardium and, where present, to be uniformly dis-
tributed throughout the sarcolemma rather than local-
ized to the intercalated discs (Fig. 5e). Grafts formed
from all three lines also showed comparable levels of
N-cadherin expression, in this case, with strong im-
munoreactivity that approached that of host myocar-
dium but again lacked subcellular localization to the
intercalated discs (Fig. 5f).

GCaMP3 expression can prolong the action potential
duration of hESC-CMs

In prior work, our group has used patch-clamp tech-
niques to obtain measurements of APD in WT hESC-
CMs on the order of ~ 200 ms [8, 40]. Our finding here
of unusually long APDs in both GCaMP3+ RUES2 and
ESI-17 hESC-CM grafts led us to speculate that
GCaMP3 expression itself might be contributing “off-
target,” AP-prolonging effects that might also be ob-
served in cardiomyocytes prior to transplantation. To
test this hypothesis, we performed in vitro optical volt-
age recordings from individual or submillimeter aggre-
gates of WT versus GCaMP3+ hESC-CMs generated
from each of the three parental hESC lines. For this, cells
and aggregates were stained with the fluorescent
voltage-sensitive dye di-2-ANEPEQ, then their oAPs
were imaged during field-stimulation. Consistent with
our earlier in vivo observations, WT and GCaMP3+ H7
hESC-CMs showed similar 0oAPDs, but GCaMP3-
expressing cardiomyocytes from the ESI-17 and RUES2
hESC lines both showed significantly prolonged oAPDs
relative to their respective WT counterparts (Fig. 6 and
Supplementary Fig. S5A&B). This AP-prolonging effect
was observed in GCaMP3+ hESC-CMs derived from
multiple transgenic clones from the affected lines (Sup-
plementary Fig. S5C) and with multiple methods of car-
diac differentiation (data not shown).
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Discussion

hESC-CMs are a promising cell source for potential
novel regenerative therapies, but concerns about the risk
of graft-related arrhythmias have highlighted the need
for new tools to investigate their electrophysiological
properties in vivo. Optical mapping is an attractive ex-
perimental modality for this application, and our efforts
to apply this technology here led to several observations
of interest. First, we confirmed our earlier findings that
it can be very challenging to distinguish between hESC-
CM graft- and host-derived optical voltage signals; in
fact, in our hands, conventional lipophilic voltage dyes
do not label hESC-CM graft tissue at all. To overcome
this problem, we tested a novel strategy based on the
simultaneous imaging of a graft-autonomous reporter of
activation (hESC-CM grafts expressing GCaMP3) and
the water-soluble voltage dye di-2-ANEPEQ (which
stains both graft and host). In brief, after a sufficient
duration of perfusion with di-2-ANEPEQ, graft regions
showed the superposition of two signals: graft-derived
0APs (that always occurred in synchrony with the graft-
autonomous GCCaMP3 signal) and host-derived oAPs
(that occurred in synchrony with applied stimulation
and resulted from host myocardium located deep to the
graft that shined through the scar to the epicardial sur-
face). However, during washout, labeling was much
more rapidly lost from host myocardium, resulting in
the transient isolation of graft-derived oAPs (although
the amplitude of these graft-derived 0APs is typically di-
minished from the peak of dye labeling). Hence, while
problematic for the longer-term goal of remuscularizing
the injured heart with electrically integrated new myo-
cardium, the phenomenon of uncoupled hESC-CM
grafts (such as that depicted in Fig. 2) was actually useful
for the purposes of demonstrating the reliability of our
approach because both the GCaMP3 and graft-derived
di-2-ANEPEQ signals were synchronized with each
other throughout but they occurred in no relation to
electrical activation in host muscle. Interestingly, how-
ever, uncoupled grafts do appear to fluctuate somewhat
in the periodicity of their spontaneous firing over time,
again as illustrated by the time-course experiment
depicted in Fig. 2.

This approach allowed us to acquire the first, unam-
biguously graft-derived oAPs from hESC-CM tissue in
injured hearts, and to reveal potentially pro-arrhythmic
behavior by hESC-CM graft tissue including incomplete
host-graft coupling, slow graft CVs, spatially abnormal
patterns of graft activation that varied from beat to beat,
and graft-induced ectopy. That said, our imaging system
has a number of important advantages and disadvan-
tages that warrant further discussion. The principal ad-
vantage of our approach is that it provides two
independent means of reliably distinguishing between
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Fig. 6 Optical action potentials in WT versus GCaMP3+ hESC-CMs in vitro. a Fluorescence traces derived from representative WT (upper) or
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mean 0APDqq values for WT versus GCaMP3+ hESC-CMs from each of the three parental lines when recorded as single cells. Note that, using
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graft- and host-derived electrical signals: both the
simultaneously-acquired, graft-autonomous GCaMP3
signal and the option of performing serial wash-in and
wash-out experiments to isolate graft-derived oAPs via
the differential labeling kinetics of di-2-ANEPEQ in host
and graft tissue. The differential time-course of di-2-
ANEPEQ labeling between graft and host is likely a con-
sequence of the relatively poor perfusion of graft tissue,
and this fact should be kept in mind during any experi-
ments in which engrafted hearts are treated with
pharmacological agents that may take longer to reach
the graft. Another potential advantage of di-2-ANEPEQ
is that, as a water-soluble dye, it can be used without
solvents such as DMSO which are required to deliver
conventional lipophilic dyes.

Our approach of dual-imaging di-2-ANEPEQ and
GCaMP3 signals also has its limitations. First, in contrast
to lipophilic dyes that are typically introduced as a bolus
[43], di-2-ANEPEQ must be constantly perfused through
the heart (via a recirculation loop) to acquire oAPs.
While we did not observe differences in the electrical ac-
tivity of hearts loaded with either di-2-ANEPEQ or
RH237, off-target effects of dyes and other agents are
always a potential concern when continuously applied
for long periods of time. Second, wash-in and wash-
out experiments can be technically challenging to per-
form, and they provide a relatively narrow time-
window for pharmacological or electrophysiological
interventions because graft oAPs can only be reliably
isolated and detected for ~10min during dye wash-
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out. Further, serial wash-out experiments increase the
total duration of each imaging study, necessitating an
ex vivo heart preparation that is stable for at least a
couple of hours. The GCaMP3 fluorescent signal is
also subject to some degree of photobleaching over
longer experimental timelines.

It should be noted that we used blebbistatin to mech-
anically arrest hearts during imaging, and perfusion with
this agent causes a high-degree of autofluorescence in
myocardium at wavelengths that overlap with GCaMP3
[13, 44, 45]. In our own experiments, we found that this
actually helped to accentuate the border between viable
muscle and the cryoinjury scar since the background
fluorescence caused by blebbistatin was significant only
in intact myocardium. However, if graft were ever large
enough to generate a macroscopic motion (not the case
here), poor penetration of the uncoupler into the scar and
graft might result in motion artifacts that could affect the
shape of the graft oAP. Next, while blebbistatin has been
extensively used in past electrophysiological studies with
pluripotent stem cell-derived cardiomyocytes in vitro
without reports of significant off-target effects [46-51], we
cannot rule out the possibility of such effects in vivo or
that subtle line-specific differences that may have contrib-
uted to the graft outcomes reported here.

Arguably the most important limitation of the ap-
proach developed in this study (but also an important
note of caution for the field) is that GCaMP3 expression
itself appears capable of significantly altering the electro-
physiological properties of hESC-CMs. Indeed, in our
hands, GCaMP3 exerted significant AP-prolonging ef-
fects on cardiomyocytes derived from two different
hESC lines (RUES2 and ESI-17), both in vitro and after
transplantation into injured hearts. AP prolongation was
observed in recordings from both individual transgenic
cardiomyocytes and submillimeter multicellular aggre-
gates. This phenomenon was unexpected, as to our
knowledge, no one has previously reported such off-
target effects by GCaMP3 expression. Indeed, transgenic
mice created with systemic and cardiomyocyte-restricted
overexpression of the closely related GCaMP molecule
GCaMP2 had seemingly normal cardiac function [19].
While beyond the scope of the present study, we intend
future work to investigate the mechanistic basis of this
AP prolongation in GCaMP3+ RUES2 and ESI-17
hESC-CMs, including the examination of individual
ionic currents in WT versus transgenic myocytes under
voltage-clamp.

Notwithstanding these limitations, the imaging ap-
proach developed in the present study allowed us to ob-
tain important new insights into the electrophysiological
properties of hESC-CM grafts in injured hearts. In
addition to acquiring previously unknown parameters
such as graft CV and APD, we were able to directly
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observe complex host-graft electrical interactions and
extrapolate to outcomes at the organ level. For example,
in the case of the heart depicted in Supplementary
Movie File 2 and Fig. 4, we found that the same graft
could at various time-points either reliably capture and
follow the host rhythm or act as an ectopic pacemaker
driving the host tissue instead. To our knowledge, this
represents the first direct demonstration of graft ectopy
(e.g., by optical methods), but it is entirely consistent
with recent observations from our group based on elec-
troanatomic mapping following hESC-CM transplant-
ation in a swine infarct model [17]. The fact that this
ectopy was episodic also has important implications to
the arrhythmogenic potential of hESC-CMs, and it
would be informative to conduct similar experiments
during challenge with physiological or pharmacological
stressors. This behavior also underscores the value of
optical mapping with separate graft and host reporters,
as it can otherwise be quite challenging to discern
exactly what is driving what, especially under conditions
in which both graft and host have similar intrinsic rates
[13].

Another finding of interest was the relative low level
of host-graft integration, particularly with hESC-CM
grafts derived from two of the three hESC lines tested
(H7 and RUES2). There are multiple factors that could
have contributed to this outcome. One obvious explan-
ation for the lack of host-graft coupling would be an ab-
sence of physical contact between host and graft, but
this parameter did not obviously vary in histological sec-
tions between grafts from different lines. We also specu-
late that failure to couple could result from a functional
block to integration. Such a block might be due to low
levels of Cx43 gap junction expression in graft tissue
and/or delays in recovery and depolarization after a pre-
ceding long AP (as was frequently observed in these ex-
periments). Low expression and/or isotropic distribution
of Cx43 gap junctions may have also contributed to the
very slow graft CVs found in this study (with a mean
graft CV of <10 cm/s for each of the three hESC lines
versus ~ 50 cm/s for guinea pig LV myocardium [52].)

Finally, we anticipate that the optical approaches de-
veloped in this report will be very useful for testing new
approaches to improve graft electrical integration and
function (e.g., transplantation of more mature hESC-
CMs or hESC-CMs with enhanced Cx43 gap junction
expression), as well as for exploring how recipient pa-
rameters may affect these same outcomes. For example,
while here we used male and relatively young (~ 8-week-
old) animals in the present experiments, we intend fu-
ture work to address how graft electrophysiological func-
tion may differ in male versus female or young versus
aged recipients. Next, while we have compared out-
comes in both subacute and chronic cardiac injury
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models, it will be important to investigate how co-
morbidities or pharmacological treatments that might be
encountered in human patients with ischemic cardiomy-
opathy (e.g., chronic ischemia, inotropic drugs) may
affect graft electrophysiology. Finally, we are particularly
interested to understand the molecular basis of the line-
to-line differences in electrophysiological behavior noted
in vivo (for example, the shorter oAPDs and apparently
better host-graft electromechanical integration of H7
hESC-CM grafts as depicted in Fig. 3). Numerous inves-
tigators have previously described significant line-to-line
variation in the electrophysiological phenotype of pluri-
potent stem cell-derived cardiomyocytes in vitro [53,
54], perhaps as a consequence of epigenetic “memory”
[55], and we observed similar heterogeneity when re-
cording 0APs from hESC-CM or hESC-CM aggregates
in vitro (Fig. 6). It is thus perhaps unsurprising that such
variation would be comparable (or even magnified)
in vivo. At present, we can only speculate that this vari-
ation reflects underlying differences in ion channel and/
or gap junction expression in graft cardiomyocytes, but
we anticipate future studies that will correlate optical
mapping outcomes with transcriptomics on graft
myocardium.

Conclusions

In conclusion, this study described a novel optical strat-
egy to investigate the electrical behavior of injured hearts
with hESC-CM graft tissue based on the simultaneous
imaging of GCaMP3 and the water-soluble voltage dye
di-2-ANEPEQ. Using this approach, we observed mul-
tiple potentially pro-arrhythmic behavior by hESC-CM
grafts including incomplete host-graft electromechanical
integration, graft ectopy, and slow graft CVs that could
predispose to reentry. Grafts tissue formed with cardio-
myocytes from different lines showed significant hetero-
geneity in electrophysiological parameters; for example,
RUES2 and ESI-17 hESC-CMs both showed long APDs
that appear to be attributable at least in part to GCaMP3
expression. We expect that application of the tools and
models described in this report will provide future in-
sights into the electrophysiology of intra-cardiac grafts
and will prove useful in testing strategies to further im-
prove graft integration and electrical function.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01919-w.

Additional file 1: Supplementary Fig. S1. Experimental imaging
protocol and cardiac optical mapping system. A: Overview of typical
experimental protocol used to image hearts ex vivo before, during and
after perfusion with di-2-ANEPEQ. B&C: Schematic of the dual EM-CCD-
based imaging system (B) with details of the filter set used for excitation
(€). In brief, excitation light was collimated and bandpass filtered to 450-
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490 nm before being reflected onto the Langendorff-mounted heart.
Emitted light was collected and split into the “green” and “red” channels
first by a 565 nm longpass dichroic mirror inside the DC2 dual-channel
splitter. The “green” channel (e, GCaMP3) signal was then further band-
pass filtered to 500-530 nm before being imaged by an EM-CCD camera,
while the “red” channel (i.e, voltage dye) signal was longpass filtered at
650+ nm for di-2-ANEPEQ imaging or 716+ nm for RH237 imaging be-
fore being imaged on a separate EM-CCD camera operated
simultaneously.

Additional file 2: Supplementary Fig. S2. Spectra of GCaMP3 and di-
2-ANEPEQ in hESC-CMs in vitro. As Absorbance (ABS) and emission (EM)
spectra of di-2-ANEPEQ by spectrofluorimetry after loading into hESC-
CMs. Note di-2-ANEPEQ-loaded hESC-CMs absorb with a peak at ~ 488
nm and emit with a peak at ~ 600 nm. B: Emission spectra of WT hESC-
CMs before and after loading with di-2-ANEPEQ, as determined by con-
focal lambda scanning. C: Emission spectra of GCaMP3+ hESC-CMs dur-
ing systole and diastole (solid and dotted traces, respectively). D:
Emission of GCaMP3+ hESC-CMs after loading with di-2-ANEPEQ as re-
corded in both systole and diastole. GCaMP3 mediates a large increase in
emission signal during systole, while di-2-ANEPEQ emission exhibits a
small spectral shift to the left (best seen in the magnified inset depicting
signal at longer wavelengths). The shaded areas denote filter sets se-
lected to separate these fluorophores in all subsequent experiments. E:
Mean fluorescence activity over time in a single GCaMP3+ hESC-CM after
loading with di-2-ANEPEQ, using the filter sets depicted in panel D. Note
that while GCaMP3 fluorescence increases upon depolarization, di-2-
ANEPEQ fluorescence decreases at the emission wavelengths selected for
detection (> 650 nm).

Additional file 3: Supplementary Fig. S3. di-2-ANEPEQ reliably reports
myocardial electrical activity. Still images and fluorescence traces on the
“red” channel from a naive heart (uninjured and not transplanted) ac-
quired after di-2-ANEPEQ loading (A&B), after di-2-ANEPEQ washout
(C&D), and then after loading with RH237 (E&F). These fluorescent 0APs
(red traces) were recorded simultaneously and showed good temporal
agreement with direct voltage recordings via sharp electrode (black
traces). G. Still image (left) and voltage activation map (right) from a
naive heart.

Additional file 4: Supplementary Fig. S4. Simultaneous di-2-ANEPEQ
imaging and direct electrode recording of hESC-CM graft electrical activ-
ity. A cryoinjured heart with hESC-CM graft (H7 line) was impaled with a
sharp electrode within the graft tissue to correlate the di-2-ANEPEQ-de-
rived voltage signal with direct intracellular voltage recordings. Az Epicar-
dial still image taken on the di-2-ANEPEQ channel, showing the
uncoupled hESC-CM graft footprint (yellow dotted line) inside the cryoin-
jury region (white dotted line) and the recording electrode positioned in
graft tissue. Two ROls are indicated: one in host myocardium outside the
cryoinjury zone and one in hESC-CM graft tissue overlying the tip of the
recording electrode. B: Simultaneously acquired oAPs for these two ROIs,
as well as the simultaneously acquired direct voltage and ECG recordings.
Note the excellent temporal correlation between the direct electrode re-
cordings and di-2-ANEPEQ-derived 0APs from this hESC-CM graft, which
was uncoupled from the host.

Additional file 5: Supplementary Fig. S5. In vitro optical action
potentials from cardiomyocytes from multiple hESC lines. A, B:
Representative fluorescence traces from WT or GCaMP3 cardiomyocyte
aggregates generated from either the H7 (A) or RUES2 (B) hESC lines.
Aggregates were simultaneously imaged on the di-2-ANEPEQ (“red”, volt-
age) and GCaMP3 (“green”, intracellular calcium) channels during pacing
at 1 Hz. While oAPD was similar between WT and GCaMP3+ H7 hESC-CM
aggregates, GCaMP3+ aggregates from the RUES2 line typically showed
0APD prolongation relative to their WT counterparts. C: To rule out the
possibility that the apparent AP-prolonging effect of GCaMP3 was just re-
flective of idiosyncratic hESC clones, 0APs were acquired from hESC-CM
aggregates formed from four different GCaMP3+ ESI-17 hESC lines. Cardi-
omyocytes from all four clones showed similar increases in 0APD relative
to WT controls.

Additional file 6: Supplementary Movie File 1. GCaMP3+ hESC-CM
grafts commonly activate along vectors distinct from host tissue and with
variable spatial propagation patterns. Representative cryoinjured and
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GCaMP3+ hESC-CM engrafted heart with the graft exhibiting beat-to-
beat changes in spatial activation that are all distinct from the direction
of activation in host tissue (host tissue activation not shown). In this
movie, graft activation from the GCaMP3 channel is shown at one tenth
speed over a still image of the injured heart oriented with the apex at
the right, base at the left. Graft activation is pseudocolored black to indi-
cate resting tissue, and white to indicate depolarized tissue. Note this
GCaMP3+ H7 hESC-CM graft was uncoupled from the host heart.

Additional file 7: Supplementary Movie File 2. GCaMP3+ hESC-CM
graft acting as an ectopic pacemaker. A cryoinjured heart with GCaMP3+ H7
hESC-CM graft was harvested at 14 days post-transplantation, loaded with
di-2-ANEPEQ, and imaged ex vivo during spontaneous beating (i.e, no
external pacing). This video shows the dynamic epicardial di-2-ANEPEQ
fluorescent signal, which reports electrical activation in both host and graft
tissue, as well as the time-synchronized host ECG, both displayed at one-
twentieth actual speed. The heart is oriented with the apex on the right and
the base on the left. Host and graft voltage activation have been pseudo-
colored with black indicating rest and white depolarization. Note that
during the first, second, and fourth beats shown, electrical activation
actually begins first in hESC-CM graft tissue located near the center of the
heart. Only during the third beat, in what could otherwise be interpreted as
a premature ventricular contraction, does electrical activation initiate
normally in host tissue near the left ventricular apex.

Abbreviations

AP: Action potential; APD: Action potential duration; APDgg: Action potential
duration at 90% repolarization; CV: Conduction velocity;

ECG: Electrocardiogram; FOV: Field of view; fps: Frames per second; hESC-
CM: Human embryonic stem cell-derived cardiomyocyte; LV: Left ventricular;
OAP: Optical action potential; oAPD: Optical action potential duration;

ROI: Region of interest; WT: Wild-type

Acknowledgements
The authors wish to thank Drs. Beiping Qiang, Hassan Masoudpour, and Elya
Quesnel for expert technical assistance.

Authors’ contributions

DF, WD, and MAL contributed to the conception and design of these
experiments. JLS, PDL, WZZ, KDH, TSV, RR, NS, and MWK contributed to the
methodology. DF, WD, ES, NM, BVB, and JDOC contributed to the
investigation. DF, WD, NS, and MAL contributed to the writing, reviewing,
and editing. MAL contributed to the funding acquisition. All authors read
and approved the final manuscript.

Funding

This work was supported by funding from National Institutes of Health
grants PO1-HL094374 (to MAL), RO1-HL117991 (to MAL), RO1-GM055632 (to
PDL), and R21-HL122882 (to NS), as well as from the McEwen Stem Cell Insti-
tute, the Peter Munk Cardiac Centre, the John R. Evans Leaders Fund/Canad-
ian Foundation for Innovation, and the University of Toronto’s Medicine by
Design/Canada First Research Excellence Fund initiative.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author upon reasonable request.

Ethics approval and consent to participate

All hESC experiments were conducted with the approval of either the
University of Washington ESC Research Oversight Committee or the
Canadian Institutes of Health Research (CIHR) Stem Cell Oversight
Committee (SCOC). All animal procedures were conducted with the approval
of the local institutional animal care committees of either the University of
Washington or University Health Network (Toronto) in compliance with
corresponding national guidelines.

Consent for publication
Not applicable.

Competing interests
MAL is a founding investigator and consultant for BlueRock Therapeutics.

Page 17 of 18

Author details

'Department of Bioengineering, University of Washington, Seattle, WA 98195,
USA. “Institute for Stem Cell & Regenerative Medicine, University of
Washington, Seattle, WA 98195, USA. 3McEwen Stem Cell Institute, University
Health Network, 101 College Street, Rm 3-908, Toronto, ON M5G 1L7,
Canada. “Peter Munk Cardiac Centre, University Health Network, Toronto, ON
M5G 2N2, Canada. °Fred Hutchinson Cancer Research Center, Seattle, WA
98109, USA. 6Departmem of Biology, University of Washington, Seattle, WA
98195, USA. "Department of Pathology, University of Washington, Seattle,
WA 98195, USA. ®Department of Biomedical Engineering, G. Washington
University, Washington, DC 20052, USA. “Department of Pharmacology &
Physiology, G. Washington University, Washington, DC 20052, USA.
“Department of Laboratory Medicine & Pathobiology, University of Toronto,
Toronto, ON M5G 1L7, Canada.

Received: 21 May 2020 Revised: 13 August 2020
Accepted: 1 September 2020 Published online: 25 September 2020

References

1. Mummery C, Ward D, van den Brink CE, Bird SD, Doevendans PA, Opthof T,
et al. Cardiomyocyte differentiation of mouse and human embryonic stem
cells. J Anat. 2002;200:233-42.

2. Kehat |, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, et al.
Human embryonic stem cells can differentiate into myocytes with structural
and functional properties of cardiomyocytes. J Clin Invest. 2001;108:407-14.

3. Xu G Police S, Rao N, Carpenter MK. Characterization and enrichment of
cardiomyocytes derived from human embryonic stem cells. Circ Res. 2002;
91:501-8.

4. He J-Q MaY, Lee Y, Thomson JA, Kamp TJ. Human embryonic stem cells
develop into multiple types of cardiac myocytes: action potential
characterization. Circ Res. 2003;93:32-9.

5. Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den
Brink S, Hassink R, et al. Differentiation of human embryonic stem cells to
cardiomyocytes: role of coculture with visceral endoderm-like cells.
Circulation. 2003;107:2733-40.

6. Binah O, Dolnikov K, Sadan O, Shilkrut M, Zeevi-Levin N, Amit M, et al.
Functional and developmental properties of human embryonic stem cells-
derived cardiomyocytes. J Electrocardiol. 2007;40:5192-6.

7. Sartiani L, Bettiol E, Stillitano F, Mugelli A, Cerbai E, Jaconi ME.
Developmental changes in cardiomyocytes differentiated from human
embryonic stem cells: a molecular and electrophysiological approach. Stem
Cells Dayt Ohio. 2007;25:1136-44.

8. Lundy SD, Zhu W-Z, Regnier M, Laflamme MA. Structural and functional
maturation of cardiomyocytes derived from human pluripotent stem cells.
Stem Cells Dev. 2013;22:1991-2002.

9. Laflamme MA, Chen KY, Naumova AV, Muskheli V, Fugate JA, Dupras SK,
et al. Cardiomyocytes derived from human embryonic stem cells in pro-
survival factors enhance function of infarcted rat hearts. Nat Biotechnol.
2007;25:1015-24.

10. Caspi O, Huber |, Kehat I, Habib M, Arbel G, Gepstein A, et al.
Transplantation of human embryonic stem cell-derived cardiomyocytes
improves myocardial performance in infarcted rat hearts. J Am Coll Cardiol.
2007;50:1884-93.

11. van Laake LW, Passier R, Monshouwer-Kloots J, Verkleij AJ, Lips DJ, Freund C,
et al. Human embryonic stem cell-derived cardiomyocytes survive and
mature in the mouse heart and transiently improve function after
myocardial infarction. Stem Cell Res. 2007;1:9-24.

12. Fernandes S, Naumova AV, Zhu WZ, Laflamme MA, Gold J, Murry CE.
Human embryonic stem cell-derived cardiomyocytes engraft but do not
alter cardiac remodeling after chronic infarction in rats. J Mol Cell Cardiol.
2010;49:941-9.

13. Shiba Y, Fernandes S, Zhu W-Z, Filice D, Muskheli V, Kim J, et al. Human ES-
cell-derived cardiomyocytes electrically couple and suppress arrhythmias in
injured hearts. Nature. 2012;489:322-5.

14.  Shiba Y, Filice D, Fernandes S, Minami E, Dupras SK, Biber BV, et al. Electrical
integration of human embryonic stem cell-derived cardiomyocytes in a
guinea pig chronic infarct model. J Cardiovasc Pharmacol Ther. 2014;19:
368-81.

15. Leor J, Gerecht S, Cohen S, Miller L, Holbova R, Ziskind A, et al. Human
embryonic stem cell transplantation to repair the infarcted myocardium.
Heart Br Card Soc. 2007,93:1278-84.



Filice et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

(2020) 11:417

Chong JJH, Yang X, Don CW, Minami E, Liu Y-W, Weyers JJ, et al. Human
embryonic-stem-cell-derived cardiomyocytes regenerate non-human
primate hearts. Nature. 2014,510:273-7.

Romagnuolo R, Masoudpour H, Porta-Sdnchez A, Qiang B, Barry J, Laskary A,
et al. Human embryonic stem cell-derived cardiomyocytes regenerate the
infarcted pig heart but induce ventricular tachyarrhythmias. Stem Cell Rep.
2019;12:967-81.

Kotlikoff MI. Genetically encoded Ca2+ indicators: using genetics and
molecular design to understand complex physiology. J Physiol. 2007,578:
55-67.

Tallini YN, Ohkura M, Choi B-R, Ji G, Imoto K, Doran R, et al. Imaging cellular
signals in the heart in vivo: cardiac expression of the high-signal Ca2+
indicator GCaMP?2. Proc Natl Acad Sci U S A. 2006;103:4753-8.

Tian L, Hires SA, Mao T, Huber D, Chiappe ME, Chalasani SH, et al. Imaging
neural activity in worms, flies and mice with improved GCaMP calcium
indicators. Nat Methods. 2009;6:875-81.

Fast VG, Kléber AG. Cardiac tissue geometry as a determinant of
unidirectional conduction block: assessment of microscopic excitation
spread by optical mapping in patterned cell cultures and in a computer
model. Cardiovasc Res. 1995;29:697-707.

Fast VG, Darrow BJ, Saffitz JE, Kiéber AG. Anisotropic activation spread in
heart cell monolayers assessed by high-resolution optical mapping. Role of
tissue discontinuities. Circ Res. 1996;79:115-27.

Girouard SD, Pastore JM, Laurita KR, Gregory KW, Rosenbaum DS. Optical
mapping in a new guinea pig model of ventricular tachycardia reveals
mechanisms for multiple wavelengths in a single reentrant circuit.
Circulation. 1996;93:603-13.

Laurita KR, Girouard SD, Rosenbaum DS. Modulation of ventricular
repolarization by a premature stimulus. Role of epicardial dispersion of
repolarization kinetics demonstrated by optical mapping of the intact
guinea pig heart. Circ Res. 1996;79:493-503.

Qian Y-W, Sung RJ, Lin S-F, Province R, Clusin WT. Spatial heterogeneity of
action potential alternans during global ischemia in the rabbit heart. Am J
Physiol Heart Circ Physiol. 2003;285:H2722-33.

Ding C, Gepstein L, Nguyen DT, Wilson E, Hulley G, Beaser A, et al. High-
resolution optical mapping of ventricular tachycardia in rats with chronic
myocardial infarction. Pacing Clin Electrophysiol PACE. 2010;33:687-95.

Kay M, Swift L, Martell B, Arutunyan A, Sarvazyan N. Locations of ectopic
beats coincide with spatial gradients of NADH in a regional model of low-
flow reperfusion. Am J Physiol Heart Circ Physiol. 2008;294:H2400-5.
Rogers JM, Walcott GP, Gladden JD, Melnick SB, Kay MW. Panoramic optical
mapping reveals continuous epicardial reentry during ventricular fibrillation
in the isolated swine heart. Biophys J. 2007;92:1090-5.

Xue T, Cho HC, Akar FG, Tsang S-Y, Jones SP, Marbdn E, et al. Functional
integration of electrically active cardiac derivatives from genetically
engineered human embryonic stem cells with quiescent recipient
ventricular cardiomyocytes: insights into the development of cell-based
pacemakers. Circulation. 2005;111:11-20.

Kehat I, Khimovich L, Caspi O, Gepstein A, Shofti R, Arbel G, et al.
Electromechanical integration of cardiomyocytes derived from human
embryonic stem cells. Nat Biotechnol. 2004;22:1282-9.

Hockemeyer D, Soldner F, Beard C, Gao Q, Mitalipova M, DeKelver RC, et al.
Efficient targeting of expressed and silent genes in human ESCs and iPSCs
using zinc-finger nucleases. Nat Biotechnol. 2009;27:851-7.

Jiang Y, Zhou Y, Bao X, Chen C, Randolph LN, Du J, et al. An ultrasensitive
calcium reporter system via CRISPR-Cas9-mediated genome editing in
human pluripotent stem cells. iScience. 2018,9:27-35.

Xu C, Police S, Hassanipour M, Li Y, Chen Y, Priest C, et al. Efficient
generation and cryopreservation of cardiomyocytes derived from human
embryonic stem cells. Regen Med. 2011;6:53-66.

Zhu W-Z, Van Biber B, Laflamme MA. Methods for the derivation and use of
cardiomyocytes from human pluripotent stem cells. Methods Mol. Biol.
Clifton NJ. 2011;767:419-31.

Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, Murry CE. Cardiomyocyte
grafting for cardiac repair: graft cell death and anti-death strategies. J Mol
Cell Cardiol. 2001;33:907-21.

Zhu W-Z, Filice D, Palpant NJ, Laflamme MA. Methods for assessing the
electromechanical integration of human pluripotent stem cell-derived
cardiomyocyte grafts. Methods Mol Biol Clifton NJ. 2014;1181:229-47.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 18 of 18

Omichi C, Lee MH, Ohara T, Naik AM, Wang NC, Karagueuzian HS, et al.
Comparing cardiac action potentials recorded with metal and glass
microelectrodes. Am J Physiol Heart Circ Physiol. 2000,279:H3113-7.

Efimov IR, Huang DT, Rendt JM, Salama G. Optical mapping of repolarization
and refractoriness from intact hearts. Circulation. 1994;90:1469-80.
Fridericia LS. The duration of systole in an electrocardiogram in normal
humans and in patients with heart disease. 1920. Ann. Noninvasive
Electrocardiol. Off. J. Int. Soc. Holter Noninvasive Electrocardiol. Inc 2003;8:
343-351.

Laflamme MA, Gold J, Xu C, Hassanipour M, Rosler E, Police S, et al.
Formation of human myocardium in the rat heart from human embryonic
stem cells. Am J Pathol. 2005;167:663-71.

Weyers JJ, Schwartz SM, Minami E, Carlson DD, Dupras SK, Weitz K, et al.
Effects of cell grafting on coronary remodeling after myocardial infarction. J
Am Heart Assoc. 2013;2:¢000202.

Zhu W-Z, Xie Y, Moyes KW, Gold JD, Askari B, Laflamme MA. Neuregulin/
ErbB signaling regulates cardiac subtype specification in differentiating
human embryonic stem cells. Circ Res. 2010;107:776-86.

Salama G, Choi B-R, Azour G, Lavasani M, Tumbev V, Salzberg BM, et al.
Properties of new, long-wavelength, voltage-sensitive dyes in the heart. J
Membr Biol. 2005,208:125-40.

Kolega J. Phototoxicity and photoinactivation of blebbistatin in UV and
visible light. Biochem Biophys Res Commun. 2004;320:1020-5.

Fedorov W, Lozinsky IT, Sosunov EA, Anyukhovsky EP, Rosen MR, Balke CW,
et al. Application of blebbistatin as an excitation-contraction uncoupler for
electrophysiologic study of rat and rabbit hearts. Heart Rhythm. 2007;4:619-
26.

Maddah M, Heidmann JD, Mandegar MA, Walker CD, Bolouki S, Conklin BR,
et al. A non-invasive platform for functional characterization of stem-cell-
derived cardiomyocytes with applications in cardiotoxicity testing. Stem Cell
Rep. 2015:4:621-31.

Du DTM, Hellen N, Kane C, Terracciano CMN. Action potential morphology
of human induced pluripotent stem cell-derived cardiomyocytes does not
predict cardiac chamber specificity and is dependent on cell density.
Biophys J. 2015;108:1-4.

Zhu R, Millrod MA, Zambidis ET, Tung L. Variability of action potentials
within and among cardiac cell clusters derived from human embryonic
stem cells. Sci Rep. 2016;6:18544.

Blazeski A, Lowenthal J, Zhu R, Ewoldt J, Boheler KR, Tung L. Functional
properties of engineered heart slices incorporating human induced
pluripotent stem cell-derived cardiomyocytes. Stem Cell Rep. 2019;12:982—
95.

Goldfracht |, Protze S, Shiti A, Setter N, Gruber A, Shaheen N, et al.
Generating ring-shaped engineered heart tissues from ventricular and atrial
human pluripotent stem cell-derived cardiomyocytes. Nat Commun. 2020;
11:75.

Limpitikul W, Christoforou N, Thompson SA, Gearhart JD, Tung L, Lipke EA.
Influence of electromechanical activity on cardiac differentiation of mouse
embryonic stem cells. Cardiovasc Eng Technol. 2010;1:179-93.
Veeraraghavan R, Salama ME, Poelzing S. Interstitial volume modulates the
conduction velocity-gap junction relationship. Am J Physiol Heart Circ
Physiol. 2012,302:H278-86.

Hannes T, Wolff M, Doss MX, Pfannkuche K, Haustein M, Miller-Ehmsen J,
et al. Electrophysiological characteristics of embryonic stem cell-derived
cardiomyocytes are cell line-dependent. Cell Physiol Biochem Int J Exp Cell
Physiol Biochem Pharmacol. 2015;35:305-14.

Lopez-Redondo F, Kurokawa J, Nomura F, Kaneko T, Hamada T, Furukawa T,
et al. A distribution analysis of action potential parameters obtained from
patch-clamped human stem cell-derived cardiomyocytes. J Pharmacol Sci.
2016;131:141-5.

Tompkins JD, Riggs AD. An epigenetic perspective on the failing heart and
pluripotent-derived-cardiomyocytes for cell replacement therapy. Front Biol.
2015;10:11-27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Generation of wild-type and GCaMP3+ hESC-CMs
	Spectral analysis of GCaMP3 and di-2-ANEPEQ in hESC-CMs
	Cardiac injury and hESC-CM transplantation
	Simultaneous GCaMP3 and di-2-ANEPEQ imaging of hearts ex�vivo
	GCaMP3 and di-2-ANEPEQ imaging analysis
	Imaging of hESC-CMs and hESC-CM aggregates in�vitro
	Histological analysis of GCaMP3+ hESC-CM-engrafted hearts
	Statistics

	Results
	Conventional, lipophilic voltage-sensitive dyes do not label hESC-CM grafts, but the water-soluble dye di-2-ANEPEQ does label graft tissue
	Di-2-ANEPEQ is spectrally separated from the graft-autonomous calcium reporter GCaMP3 and reliably reports myocardial electrical activity
	Host and graft-derived electrical activity can be reliably detected via the simultaneous imaging of di-2-ANEPEQ (host and graft voltage) and GCaMP3 (graft-only intracellular [Ca2+]i) fluorescent signals
	Optical mapping outcomes from injured hearts transplanted with GCaMP3+ hESC-CM grafts
	Structure and gap junction expression in hESC-CM-engrafted hearts by histology
	GCaMP3 expression can prolong the action potential duration of hESC-CMs

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

